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1. Introduction

The CERN organization (from French Conseil Européen pour la Recherche Nucléaire) is the world’s
largest center for particle-physics research. In the heart of CERN lies the LHC particle accelerator where
several experiments are located. To name a few: ALICE (A Large Ion Collider Experiment), ATLAS
(A Toroidal Lhc ApparatuS), CMS (theCompact Muon Solenoid), LHCb (the Large Hadron Collider
beauty), LHCf (the Large Hadron Colliderforward) and TOTEM (TOTal Elastic and diffractive cross

section Measurement)

The TOTEM experiment is dedicated to forward hadronic phenomena. It measures the total proton-
proton cross section, elastic scattering differential cross section in a wide kinematic range and a large

spectrum of diffractive processes.

Let us also remark that the elastic scattering — a process, where the protons undergo just a glancing
collision and stay intact — is intimately connected with the proton’s structure. Thus by studying the elastic
scattering, one can learn about the structure of the proton.

TOTEM detectors register particles which collide in interaction point 5. There are such detectors as
tracking telescopes - T1 and T2 installed in close proximity of IP5 and a system of movable Roman Pots
which are designed to detect leading protons at a few millimetres from the beam centre [26].

Each Roman Pot contains 10 silicon detectors which can register protons by one of 512 silicon strip.
These detectors are placed perpendicularly - 5 in U direction and 5 in V direction discussed later. That
way it is possible to reconstruct track of single proton passing by RP but when there are 2 and more

protons we need a new approach to resolve the ambiguity and correctly perform tracks reconstruction.

1.1. Work objectives

The research objective is to validate a new algorithm to reconstruct tracks of multiple protons passing

detector at the same time - later we will call these tracks multitracks - and the phenomena "multitracking".

1.2. Work Content

In this thesis we will devote the second chapter to understand the multitracking reconstruction prob-
lem. We will present TOTEM architecture (especially Roman Pots system) and CMSSW software frame-

work which is used by CMS and TOTEM experiment for simulation and reconstruction. Then we will

10



1.2. Work Content 11

introduce current reconstruction algorithm and its limitations in case of multitracking. Finally we will
discuss the proposed multitracking reconstruction algorithm.

In the third chapter we will show methodology used to implement proposed algorithm. At first we will
focus on data chosen to serve as an input. These data were gathered during LHC fills: 4499, 4505, 4509,
4510, 4511. They are stored in tree like structures in .root files. We will perform analysis how many
events are affected by multitracking problem. Then, we will discuss how algorithm was implemented
using pandas, numpy and scipy.optimize python packages.

In the fourth chapter, we will analyze our input data. We will focus on the volume and data struc-
tures used by TOTEM experiment and our algorithm. Moreover we will discuss how many single and
multitracking tracks may be reconstructed from detector readouts from any of Roman Pot groups.

In the fifth chapter we will present the results produced by algorithm. We will check validity on
single and multi track cases. In case of single track we will perform comparison to previously calculated
tracks, and in case of multi tracks we will compare expected track distribution with these provided by
algorithm.

The sixth chapter is dedicated to results discussion. We will analyze whether results were such as

expected, how well tracks were fitted and what could be improved in the future.

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
CERN



2. The TOTEM experiment

The TOTEM experiment aims at a deeper understanding of the proton structure. Physics researches

are possible thanks to measurements of total proton-proton cross-section, elastic scattering and diffractive

processes at the LHC. Those measurements are based on data provided by movable beam-pipe insertions

- so-called Roman Pots. Main task of Roman Pot is to register passing proton by its silicon sensors and

then CMMSSW software aims to reconstruct the proton track.

For now it is possible to reconstruct track of the single particle going through the detector at a given

time. The objective of this thesis is to prove that reconstruction of multitrack is also possible and valid

thanks to the new reconstruction algorithm.

2.1. TOTEM experiment architecture

TOTEM has been built at the LHC accelerator at CERN. It is located at interaction point 5 (IP5)

together with CMS experiment.

2.1.1. TOTEM detectors

LHC

M0
HiRadMat
2011 MM TT60
]
AD

m

SPS

-

ATLAS

PS
[ 1959 (628 m) |

n-ToF -
[ 2001 | H
LINAC 4
neutrons

% LINAC 3

lons

Leir

Figure 2.1: TOTEM. Telescope detectors. [19]
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2.1. TOTEM experiment architecture 13

In TOTEM there are four telescope detectors - T1 and T2 (accordingly 9m and 13,5m from IPS5) as
well as 24 so-called Roman Pot detectors (210 - 220m from IP5).

NS — (CMS detector in gray) detail at IP5
| I ‘
| r— A
[ Iz—] !

CRICETAT ‘_]i S

—l 5
HE/A Eﬂ_ '|
—— 1 \z =1 AWV
/,{*’.\’f‘ — Ly e ;L
B l — J I I a T d
9m T1 T2
135m -

Figure 2.2: TOTEM. Telescope detectors. [21]

In the figure we can see T1 and T2 detectors (marked on red) together with those belonging to CMS
experiment. T1 and T2 register particles emerging IP 5 with angles: 18-90 [mrad] and 3-10 [mrad].

Sector 45 Sector 56

Station 2 Station 1 Y Station 1 Station 2
24 20 4 0 X 100 104 120 124

22 23 m m ‘103‘ ’102’ ‘123‘ ‘122‘
I — I I — I —

IP 5

25 21 5 1 101 105 121 125

220m 210m 210m 220m

Figure 2.3: TOTEM. The Roman Pot System

The goal of TOTEM is to explore physics of protons emerging from collisions at very small angles
(even on the order of tenths of milliradian). This is the reason why Roman Pots are located in stations
over 200 meter away from interaction point. On both arms there are 2 stations with 6 Roman Pots. Inside
one station there are 4 vertical Roman Pots - 2 top (blue ones), 2 bottom (green ones) and 2 horizontal
(yellow ones). As we can see each Roman Pot has its assigned ID.

Each Roman Pot contains 10 silicon detectors with 512 silicon strips in each. They are capable to
register (via VFAT controllers) passing proton in its readout direction.

They consists of 512 silicon strips and are oriented in perpendicular U and V direction (as shown
below). 5 silicons are oriented in U, and 5 in V direction. The RP sensors are placed at 10 ¢ + 0,5 [mm]

from the beam. [19]

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
CERN



2.2. Framework CMSSW 14

~ 50 L 50 L —
g i B* =1535m | B*=2m
- ] L i
- 0 0 _
_50 1 1 | 1 |
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Figure 2.4: Hit distribution depending on 5*[19]

It is worth to mention that between telescope detectors and Roman Pots there are many magnets
which keeps the beam inside the beam pipe, and form the beam size. These magnets settings are called
the optics of the LHC. Different optics result in different proton tracks and finally different hit distribution
registered by RPs.

2.1.2. Coordinate systems

We define xyz (global) coordinate system in the following way. The x axis points outside LHC ring,
y axis points upwards (against gravity) and the z axis overlaps with beam axis. Each silicon detector is
located on a well defined z coordinate. We have also information about the x and y coordinates of the
silicon detector center. Strips in silicon detectors are located in the so-called U and V directions. They
correspond to x and y directions rotated by 45 degree. Each silicon has its own readout-direction (it
is the perpendicular direction to the strips directions). When the proton hits silicon strip its position is

described by the distance (in the readout-direction) between detector’s center and the activated strip.

2.2. Framework CMSSW

After detectors register hits we need some software which enable us to perform analysis and tracks

reconstruction. Here CMSSW meets our expectations.

2.2.1. CMSSW processing model

CMSSW is a collection of software built around Event Data Model and Services needed by the
simulation, calibration and alignment, and reconstruction modules that process event data.
The CMSSW event processing model consists of one executable cmsRun and many configurable

modules managed by the Framework. In order to use cmsRun - CMSSW executable - user need to

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
CERN



2.2. Framework CMSSW 15

top-1

hor-1

bot-1

Figure 2.5: Coordinate systems. Source: [19]

provide python configuration file where following things are specified:

data to use

— which module to execute

settings for each module

order of modules execution (path)

event filters

— output files

Data between modules are passed in Event structure which is a C++ object container. All objects

from Event may be individually or collectively stored in ROOT files.

2.2.2. Totem Software architecture

TOTEM uses framework provided by CMSSW with its own modules. Typical flows are shown in the
figure 2.6
We can distinguish five main parts of TOTEM software:

— simulation - based on Monte Carlo simulations, responsible for generation of physics events,
applying smearing effects to simulated bunches (energy, vertex and angular smearing), simulation

of transport from IP5 to detectors, and finally simulation of sensor responses

— reconstruction - mainly responsible for reconstructing particle tracks and physics based on data

provided by sensors

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
CERN



2.2. Framework CMSSW 16

| event generator |

simulation

beam smearing

Geant4 + proton

raw data
transport
Sensor response !

R raw-data
and electronics A
. . validation
i simulation

—_ ||

fz.ist stat.lon . fast. {picr )
simulation simulation \

\
- trigger
clusterization analysis

I RECO

raw-data

trigger

data quality monitor

pattern

r\ | recognition

station track one-RP track
fit fit

track-based profile physics

alignment alignment reconstruction

alignment

reconstruction

Figure 2.6: TOTEM software overview. [19]

— alignment - special reconstruction and analysis with RP alignment applied

— raw-data - experimental data preprocessing

— trigger - trigger-related analysis.

2.2.3. Reconstruction preprocessing

The objective is to reconstruct proton tracks when multiple particles hit sensor at the same time. Thus
the algorithm will take as an input the product of pattern recognition. Let us explore in more details with

what kind of data will we begin our reconstruction process.

After detectors are hit, data acquisition system (DAQ) stores VFAT output in raw data type. Next
these data are validated and - if valid - stored in DIGI format. It may happen that several following strips
are activated during the hit, then we need to count those strips as a one hit. This is the main idea of
clusterization after which the RECO data type is being created. Inside RECO we will find position of
each cluster expressed as distance from the center of the sensor. The next step is to recognize which hits

(inside same RP, from silicon detectors with same read-out direction) may form a straight line in Uz or
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non

Vz coordinate system described in 2.1.2. With those "u" and "v" lines, and associated hits we are ready

to perform multi track reconstruction.

2.3. State of the art

In this section we would like to examine the nowadays approach to track reconstruction and its
limitations when facing multi track problem. Currently reconstruction is done per Roman Pot. Pattern

recognition algorithm provide lines in Uz and Vz planes. Those are projections of the reconstructed track.

2.3.1. Pattern recognition

As mentioned in 2.2.3 we will begin with pattern recognition as this step provides data on which we
will run our reconstruction algorithm.The aim of pattern recognition is to group reconstructed points of
the detectors of a given Roman Pot that belong to the same proton track. [26] As the RP contains 5 pairs
of silicon detectors in two readout direction u and v, the search can be performed independently for both
directions.

Currently used pattern recognition algorithm is based on an optimization of Hough transformation
pattern search. [19]

We can parametrize the line pattern by a slope a and an intercept b

q=a(z—z) +0,

where zg refers to the center of the RP. The aim of Hough transform is to assign each point (z, ¢q) (q

stands for u or v) a line in the ab space according to following equation:

(2,4) —b=—(z—20)a+q.

The Hough transform is visualized in the figure 2.5. There we can observe that colored points (which
are supposed to form a line) are transformed to lines which intersect in a close area. Meanwhile the black
point (probable noise) is transformed to a line which does not intersects with others in close proximity.
Applying Hough transform reduces our problem to an cluster search.

Cluster search algorithm consists of four major steps.

1. Assign weights. We assign each hit a weight w = 0(/o, where o is the uncertainty of the hit and
oo = 66/+/12pm is the uncertainty of a 1-strip cluster. The weight of the line crossing is the sum

of weights of corresponding hits.

2. Build clusters. To build a cluster we iterate over crossings and try to add them to existing clusters.
We assume that the cluster position is expressed with a. and b.. Where a, is a weighted sum over
all contributing crossings: a, = Ya;w;/Xw;. The b, is counted accordingly. Given a and b - the

coordinates of crossing, we perform following tests:

la — ac| < clusterSizey/2
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Figure 2.7: Hough transform visualization. On the left we can see five lines representing 5 detectors
oriented in same direction. The horizontal ticks represent silicon strips. Dots represent hits. On the right
we can see Hough transform. The P unit (pitch) is equal to distance between two strips. The ag is equal
to P/d where d is the distance between two silicon detectors. [19]

|b —be| < clusterSizep/2

If both are passed we add crossing to cluster, otherwise a new cluster is created.

3. Compute clusters weight. For each cluster we calculate a weight as a sum of the weights of the

hits involved in the crossing.

4. Determine valid clusters. Take the cluster with highest weight. If the weight is less than

threshold, stop. Otherwise treat cluster as a recognized pattern and store associated hits.

The constants used in described algorithm were determined empirically and set to following values:

clusterSize, = 3ag
clusterSizey, = 4P
maxHitsPer PlaneToSearch = 4
minPlanesPer ProjectionToSearch = 3
threshold = 3

After the lines patterns are recognized we are ready to move to the reconstruction algorithm.

2.3.2. Reconstruction of elastic events

TOTEM, as the name indicates (TOTal Elastic and diffractive cross section Measurement) run re-
searches on elastic and diffractive interactions. We will describe only reconstruction of the elastic events.
This reconstruction is based on linear track fit.

In [2.3.1] we described u, v lines pattern recognition which easily leads us to track fit on one RP-

level. Unfortunately due to limited RP thickness (3 cm) and little angle of the track (with respect to the
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beam) only hit position (x and y) may be reconstructed with acceptable precision. At a distance of 3
centimeters track deviation is negligible. Thus silicon strips - distant from each other by 66um - cannot
properly measure v, and v, angles.

Having fitted tracks per each RP, the global track reconstruction algorithm comprises with three steps:

1. Hit selection. The objective of this phase is to select only hits associated with the actual track.
That is to suppress background and tracks from secondary interactions. We calculate ((s)/L(s)
for each hit and apply the road search algorithm [18]. Then we choose the road with the highest

weight and proceed only if there is at least one hit on both sides.

2. Fitting. In this phase we perform three fittings: left-arm fit, right-arm fit and global fit with corre-
sponding hits.

3. Cut application. In the last phase we want to distinguish elastic scattering events by exploiting
symmetry of angles and positions on both arms. We investigate left-right differences and apply cut

on vertex and angular tolerances.

This way we have reconstructed proton tracks from elastic scattering events.

2.3.3. Multitracking problem

Having recognized one u and one v line we have two projections of track line in perpendicular planes.
Thus it is easy to reconstruct the line of a track using basic algebra. Let us ask a question: What happens
when more than one u and v lines are recognized? Such situation leads us to an ambiguity, hence we
do not know which u projection matches v projection. This problem is referred as multitracking problem,
as there are many particles passing passing RP at a same time, and there exist more than one possible hit

point. The pictures below will help us to visualize the problem.

Figure 2.8: Multitracking problem in one Roman Pot. Two silicon detectors register two hits each. Pos-

sible tracks may lead through each of diagonal pairs of points.

Traditional reconstruction algorithm can be used only when no ambiguity occurs. The multitracking

phenomena requires new approach which will be discussed in details in section 2.4.
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2.4. Multitracking Algorithm

As far we got to know the TOTEM architecture, the currently used reconstruction algorithm and we

were introduced to multitracking problem. Let us investigate further this phenomena.

2.4.1. Problem description

We have seen that many » and v lines recognized on one RP-level results in the ambiguity. This is
not the only challenge we have to face during multitracking reconstruction. Situation is similar when
we consider reconstruction between Roman Pots. Following picture will introduce the so-called "ghost

tracks".

=

Figure 2.9: Multitracking in two Roman Pots - ghost tracks. The green lines represent real tracks, whereas

the red lines show ghost tracks.

The ghost tracks are the track that satisfy detectors readouts but do not show the real way of proton.
In order to reject false tracks we need an additional validation. The solution was introduced in Totem
upgrade proposal.

According to technical report [9] one station (more precisely far unit of first station) is rotated by 8
degrees. The enhancement enables us to validate tracks and reject the ghost ones. Pictures below show
the enhancement and its effect.

Rotated unit results in different orientation of silicon detectors and hence we are able to perform
validation as shown below.

The ghost tracks, although satisfy hits in two Roman Pots, fail to satisfy the hits from tilted one. We

will use that fact in the last phase of proposed multitracking algorithm.

2.4.2. Algorithm description

The aim of this algorithm is to provide track line as a set of following parameters:

(z,y, 2z, dz,dy, dz)

Where:
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Figure 2.10: Drawings of the rotated RP units. The view is directed along the outgoing beam. [9]

Figure 2.11: Reconstruction with rotated silicon detectors.

— x,, z are the coordinates of the track’s starting point in the global coordination system
— dx,dy, dz are the components of the unit vector which indicates the track direction.

Algorithm will take as an input the recognized v and v lines as well as the associated hit positions.

Before we move on with algorithm’s steps description we need to define following terminology:

Event - collision of proton bunches in IP5 and associated detector readouts

Roman Pot group - set of Roman Pots located on the same arm (left or right) and in the same

orientation (horizontal, top or bottom). There are 6 groups in total.

UV combination - pair of v and v lines from the same Roman Pot in the given event

Fishing Roman Pot - the Roman Pot with the most number of UV combinations in a given event

and Roman Pot group

Fitting Roman Pots - all Roman Pots from Roman Pot group except Fishing Roman Pot.
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Data preparation
In order to start algorithm we need to divide our data set on chunks. In each chunk there are v and v

lines from specified event and Roman Pot group. Then we can distinguish three main algorithm phases:

1. Combinatorics
2. Fitting

3. Fishing

The following picture will help us understand algorithm flow, its input and output.

Pattern Recognition Multitracking Module
Module

For each event and Roman Pot:
. set of valid track lines

Combinatorics (o zoxdyaz). )

Set of lines combinations

For each event and Roman Pot:
e U lines vector @ {(upvuvy) .. 3 +
e Vlines vector associated hits Physics Reconstruction
e  associated hits Module
> Fitting

Set of track lines:

{(x.y,z,dx,dy,dz)... }

Fishing

Figure 2.12: Multitracking Module data flow

Combinatorics phase

This phase has two steps and affects only data from fitting Roman Pots. In first step we work only on
one Roman Pot level. In each Roman Pot we combine all u and v lines to create UV combinations (every
possible pair of v and v). The auxiliary drawing is shown below in Figure 2.11.

After the one RP level combinations are ready we start to combine them between Fitting Roman
Pots.

Let us count the total number of combinations. If we assume that:

Up - number of « lines in first of Fitting Roman Pot, assume Uy = 2

Vo - number of v lines in first of Fitting Roman Pot, assume Vj =2

U1 - number of « lines in second of Fitting Roman Pot, assume U; = 2

V1 - number of v lines in second Roman Pot, assume V7 =2

The number of all combinations (/V,) is expressed with equation:
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Possible pairs:

- ___J

Figure 2.13: Combinatorics phase inside one Roman Pot

Combinations:

N
AN

Figure 2.14: Combinatorics phase between Fitting Roman Pots

Ne=Upx Vo xUy x V3

With our assumption there would be:

2%2%2%x2 =16

combinations and it is only the most simple example of multitracking problem. The output of this
phase is set of (ug, vo, u1, v1) combinations.

Fitting phase

Having determined UV combinations it is time for fitting phase. The aim of which is to determine
a track line. The figure 2.13 depict the process. We want to represent each hit - related to any of u or v
line from combination - as a line in global coordinate system, which would represent the hit silicon strip.
Then we want to find a best fit line for those silicon strip lines.

The goal is achieved by least square method which simply minimizes the sum of squared residuals
(differences between silicon strip lines and a fitted track line).

Fishing phase
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Roman Pot 1

Roman Pot 2

Figure 2.15: Fitting Phase. The solid green lines represent hit strips in « direction and solid blue lines -

hit strips in v direction. The dashed yellow line represent fitted track line

In this phase we want to validate tracks obtained by fitting. To do so we use hits related to u and v

lines from fishing Roman Pot. For each track we measure the weight which says how good does it fit this

third Roman Pot. Tracks with lowest weights are considered as the real ones and passed further as the

multitracking module output.

We have described multitracking problem, discussed connected experiment architecture update and

outlined algorithm concept. In the following chapters we will study implementation process.

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at

CERN
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In order to prove the correctness of the multitracking algorithm, we have implemented it and per-
formed the validation process using data collected from the TOTEM experiment detectors in October
2015. Due to the size of the data, we were forced to parallel our computations. For this purpose, we used
the Prometheus supercomputer from Academic Computer Center Cyfronet AGH in Cracow.

During the implementation, we used such tools as SWAN and CMSSW 2.2. We have also utilized
python libraries for big data analysis, processing and visualization such as numpy, pandas and matplotlib.

We paid particular attention to the following problems:
— scalability of the algorithm with respect to the data size

— transformation of tree structured data provided by CMSSW framework into the records used by

our algorithm

— reconstruction of the correct geometry of the detectors.

3.1. Data to analyze

The analyzed data origin from data taking process performed in October of 2015. During such data
taking there are many fills where bunches of protons are injected into LHC and accelerated to almost
the speed of light. Each fill is assigned with id. Our data where gathered during fills with following ids:
4499, 4505, 4509, 4510, 4511. At the time of those fills the optics of LHC was set to 5+ = 90m

It is worth emphasizing the size of the input data, namely:
— 6230 .root files with a total size of 6,59 TB

— Each file contains data from 2 * 10° events

— In total, there were 1,2 % 10'° recorded events.

To store such a big amount of data the EOS [1] (open source distributed filesystem (DFS) developed
at CERN) was used. This file system is accessible from LXPLUS - a CERN cluster of PCs running Linux.

In order to investigate what C++ data types are stored in .root files we used a CMMSW tool named
edmDumpEventContent. Results are shown below.

This tool provided us with information about data type as well as the origin module and process

which produced each data.
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Type Module Label Process
RPFittedTrackCollection "RPSingleTrackCandCollFit" " "rpReconstruction"
RPRecognizedPatternsCollection "NonParallelTrackFinder" " "rpReconstruction"
RPReconstructedProtonCollection "RP220Reconst" " "rpReconstruction"
RPTrackCandidateCollection "NonParallelTrackFinder" " "rpReconstruction"
Totem: :RawEvent "source" " "rpReconstruction"
TotemDigiCollection<T1DetId,T1DigiVfat> "Raw2DigiProducer" "t1DataOutput" "rpReconstruction"
TotemDigiCollection<T1DetId,T1DigiWire> "Raw2DigiProducer" "t1DataOutput" "rpReconstruction"
TotemDigiCollection<T2DetId,T2DigiVfat> "Raw2DigiProducer" "T2Digivfat" "rpReconstruction"
TotemDigiCollection<T2DetId, T2PadDigi> "Raw2DigiProducer" "T2PadDigi" "rpReconstruction"
TotemDigiCollection<T2DetId,T2StripDigi> "Raw2DigiProducer" "T2StripDigi" "rpReconstruction"
edm: :DetSetVector<RPDigCluster> "RPClustProd" " "rpReconstruction"

edm: :DetSetVector<RPRecoHit> "RPHecoHitProd" " "rpReconstruction"

edm: :DetSetVector<RPStripDigi> "Raw2DigiProducer" "rpDataOutput" "rpReconstruction"

edm: :TriggerResults "TriggerResults" " "rpReconstruction"
map<Totem: :FramePosition,VFATStatus> "Raw2DigiProducer" "conversionStatus" "rpReconstruction"
map<unsigned int,unsigned int> "Raw2DigiProducer" "t2DataOutput" "rpReconstruction"
vector<RPCCBits> _"Raw2DigiProducer" "rpCCOutput" "rpReconstruction"

Figure 3.1: Dumping .root file content

struct Line {
typedef std::vector<RPRecoHit> HitCollection;

double a; ///< slope in rad
double b; ///< intercept in mm
double w; ///< weight

HitCollection hits; ///< corresponding hits
Line(double _a = 0., double

}

_b =0., double _w = 1.) : a(_a), b(_b), w(_w) {}

std::vector<Line> uLines, vLines; ///< the recognized lines

Figure 3.2: RPRecognizedPatterns data structure

The type of our interest was RPRecognizedPatternsCollection, where for each Roman Pot in a given
event we could find vectors of u and v lines together with associated hits. Each RPRecotHit contains
detector ID, position (represented by one double with value of hit distance from the silicon detector

center) and its uncertainty.

3.2. Geometry of detectors

Silicon detectors become damaged over the time. Of course some the most exposed to the beam ra-
diation parts become damaged more quickly. If they become unable to register particles we may shift
detector inside Roman Pot and use unaffected regions to continue readouts. Thus during each fill detec-
tors may have different alignment. We need to remember about detectors placement in reconstruction
algorithm.

Silicon geometry is described in XML files based on Detector Description Language (DDL) [8]. We

can distinguish two kinds of geometry:
— ideal as declared in a design phase

— real it is the ideal geometry + alignment corrections. Alignment takes into account such things like

metrology and motors. Also remember that Roman Pots are movable devices.

There are separate XML files with detector geometry for each fill. We will access geometry informa-

tion via Geometry/TotemRPGeometryBuilder.
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3.3. CMSSW

The data origins from CMSSW framework. To access it we implemented module - the EDAnalyzer
- which took as an input the .root file. Then we processed event by event with use of a handle - namely
Handle<RPRecognizedPatternsCollection> - by which we were able to access vector of u and v of
each Roman Pot and store related hits to a flat .root file. We used that file as an input for our python

multitracking algorithm.

3.4. SWAN and Python Algorithm

Each Ixplus user has access to SWAN, where one can create jupyter notebooks and use installed

Python libraries. We have used the following libraries:
— root_numpy to read content of .root files
— pandas to create dataframes
— scipy.optimize to perform algorithm’s fitting phase

We have created dataframes from .root data, based on which we have analyzed how many events are
affected by multitracking.

In order to begin reconstruction we need to know the exact location of each of the silicon sensors. This
kind of data we got from Geometry/TotemRPGeometryBuilder module. Configuration of this module
required .xml file with distances from the beam of each Roman Pot as well as file containing alignment
of every silicon detector.

During implementation we have tried a new approach, reconstructing proton tracks based on 3RP

data at once. Roman Pots were divided into the following groups:
— top
— bottom

— horizontal.

To make a proof of concept we have determined a tracks that are a simple lines in 3D space. The lines
were determined using the scipy python library with the minimization function optimize.minimize We

were trying to minimize the chi squared function based on sum of distances from hit lines to the track:

2
X (flf(), Yo, 20, Uz, Uy; UZ)

We consider track as a well fitted when normalized x* function is lower than 1, that is:

2
X7<1
n—ndof

Where:
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— n - number of hit lines taken to fitting
— Ngoy - number of degrees of freedom - basically it is the number of parameters of x? function

This comply with intuition - the more hits taken to fitting, the better results we should get.

The results were satisfactory (the tracks passed through the detectors, with the accuracy of the dis-
tance between the strips). However, due to the amount of data, and the performance of the original
reconstruction algorithm, the time (> 1s) to determine a single track was unacceptable.

Then we tried to find tracks using scipy.optimize.least_squares . The results were obtained much

faster - one order of magnitude smaller execution time per track.

3.4.1. Pseudocode

The psuedocode presented in the following page give us an insight what happens during each of
algorithm phases. At the beginning we load our data to pandas dataframe. We will perform reconstruction
process within distinct pairs of eventlds and grouplds if and only if there will be hit registered in all of
three Roman Pots from a given group. Then we are choosing the fitting Roman Pots and the fishing one.
For fitting Roman Pots we set the all possible combinations of # and v lines in the combinatorics phase.

During fitting phase for each combination we compute track line using python scipy.optimize library.

After the all track lines are set. We perform fishing phase during which we reject the false pairs of

tracks and choose the only one which is correct.

3.4.2. Code structure

In this subsection we will discuss the structure of the implemented software.

Configuration HitLinesConfig

Dataframes i l

avg_by_rp_and_direction.csv
‘geom_rp.csv Y HitLi
‘geom_silicon.csv

hit_lines.csv
TOTEMLinesDfUtility UVCoordinateSystem ]-

I R

TOTEMLinesDfProvider <— TOTEMLinesProvider «——

LeastSquaresBasedAlgorithm

MinimizationBasedAlgorithm
TOTEMComparator

TrackDfProvider \_’ scipy.optimize
T TrackRecord l
ol «—— SolutionNormalizator

TrackDfUtility :‘:e‘::l?ng

Figure 3.3: Code structure overview
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Algorithm 1 Multitracking Algorithm
1: hits_df <« pandas.Dataframe(eventld, groupld,rpld,u_line_no,v_line_no

2: siliconld, direction, line_no, position)
3: event_group_distinct < distinct(pair(eventld, groupld)) in hits_df
4: for all event_group_pair in event_group_distinct do

5: if distinct(rpld) < 3 then

6: continue

7: end if

8: fishing_rp < rpld with max(u_line_no * v_line_no)

9: fitting_rps <« distinct(rpld)\{ fishing_rp}

10 RP,, RP, < fitting_rps

11:

12: for all rpld in distinct(rpld) do = Combinatorics phase
13: rp_u_lines_set <« distinct(line_no) for u direction

14: rp_v_lines_set < distinct(line_no) for v direction

15: UV combinations «— rp_u_lines_set X rp_v_lines_set

16: end for

17: fitting_combinations « []

18: for all UV pairs in UV combinations(RP,) do

19: fitting_combinations <« UV _pairs X UV combinations(RP)

20: end for

21:

22: fitted_tracks « []

23: for all combination in fitting_combinations do > Fitting phase
24: strip_lines < {Line(x,y, z,dz, dy, dz)} representing hit strip from combination

25: seed_track_line «— Line(x,y, z,dz, dy, dz) from optimization configuration

26: fitted_tracks < scipy.optimize.least_squares(DistanceSum(strip_lines, seed_track_line))
27: end for

28:

29: for all track_line in fitted_tracks do > Fishing phase
30: MMy «— 00

31: for all combination in UV combination(fishing_rp) do

32: strip_lines < {Line(x,y, z,dz, dy, dz)} representing hit strip from combination

33: update min,, with DistanceSum(strip_lines, track_line)

34: end for

35: track_line.w «— ming,

36: end for
37: Pick fitted_tracks with minimal weights that cover all u and v lines from fitting_rps

38: end for
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The entry point to our program is a repository of pandas dataframes, where according to the con-
figuration we load data from the appropriate .csv files. From these data, HitLineProvider creates lines
representing activated silicon strips. This line collection is passed to MultitrackingAlgorithm where the
combinatorics, fitting and fishing phases are being run. Then we perform results normalization and for-
ward them for comparison with the expected ones. The comparison is made by the TOTEMComparator
module, which reads the track reproduced by our algorithm and compares them with those determined
on the basis of the projections u and v provided by TOTEM. The reconstructed tracks and result of

comparison are saved to the corresponding .csv files.
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Let us introduce the data sample on which we will validate multitracking algorithm.

Data acquisition is performed during fills when LHC is loaded with protons. During each fill there
may be several recording periods called runs. Our data sample comes from fill with id 4499 and run with
id 9920. According to https://totem-runlog.web.cern.ch/totem-runlog this run was recorded on 16th of
October 2015 and due to the information about high pileup, we know that the multitracking phenomenon

was highly probable. We place run statistics in the list below:

310, 8 * 105+ events were registered, which is 25% of all events from this data taking process

the data volume is 1,64 TB, stored in 1555 .root files

the energy of the beam was 6,5 TeV

the LHC optics was 8 = 90m
— there were approximately 5,0 * 10'3 protons in 671 bunches

The data originating from CWSSW has the tree-like structure. To effectively process given data we
decided to flatten it into the array of fixed size records. The list below describes record fields as well as

the size and possible values.

eventID - 4B integer - [0;310.8 % 10°]

— rootFileID - 2B short - [0; 1555]

— armlD - 1B char - [0; 1]

— grouplID - 1B char - [0; 5]

— pID - 1B char - {3,4,5,20, 21,22, 23,24, 25,103, 104, 105, 120, 121, 122, 123,124, 125}
— uLineSize - 1B char - [0; 30]

— vLineSize - 1B char - [0; 30]

— uvLineID - 1B char - [0; 30]

— direction - 1B char - {"u’,/ v'}

— hitPosition - 8B double - hit position in direction U or V
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— lineA - 8B double - track projection line a coefficient
— lineB - 8B double - track projection line b coefficient

— lineW - 8B double - track projection weight (the greater value, the more reliable projection is)

Each of our records has volume of 48B. The data from 1 .root file - usually of size 1TB - is flatten
into one binary file with around 1, 1+ 107 records of total size above SO0MB. Note that .root file contains
not only RPRecognizedPatterns but also many other data types (as we have shown in Figure 3.1). Thus,

even though there is high redundancy in our records they have still much smaller volume.

4.1. Events by number of recognized track projections

Having such big number of events we may be curious how many of them were affected by multi-
tracking. A prerequisite for an event to be classified as multitracking is to recognize more than one line
u or v in a Roman Pot. Thus, the interesting statistic would be the number of events where the maximum

number of recognized lines u or v per RP is greater then one.
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Figure 4.1: Events number for given max [ulv] lines number in any hit Roman Pot

The number of recognized lines u and v depends on whether the following took place during the

event:
— single tracking

— multitracking
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— noise readouts.

During the collision of beams, the most common case is an elastic collision of one pair of protons,
i.e. single tracking. As many as 83.2% of events meet the criterion of single tracking (in each Roman Pot
there is at most one line # and v). In the remaining 16.8% of events, multitracking for 2, 3, 4 and more
simultaneous tracks could be recorded. However, it is very unlikely that the number of registered protons
would be as many as 30 (which is the highest number of recognized track projection lines «# and v in a
single Roman Pot). There are several reasons why the number of recognized u and v is so large. First,
the proton that passes through the detector can react with the atoms that the detector consists of. As a
result, we register the so-called showerphenomenon. The second reason is the electronic noise. Finally,
it is worth mentioning that some « and v lines can be the result of the type II error (false negative) of the

pattern recognition algorithm.

Max [ulv] line number | 1 2 3 4 5+
Events number [mln] 250,112 | 26,158 | 7,196 | 6,176 | 10,969
Percent [%] 83,201 8,701 2,394 | 2,054 | 3,649

Table 4.1: Events number for given maximal number of u or v line in any RP hit during event

About 300.6 million events were registered in the analyzed sample. This is less than reported in the
runlog, but it should be remembered that some events could have been filtered out, for example, those
during which protons were recorded in Roman Pots, but were not recorded in the T2 detector, or the
readouts were on both arms but only in the lower or only in upper Roman Pots. What’s more, there are

also events during which no hits are recorded in any of the detectors.

4.2. Roman Pot Groups by number of recognized track projections

We have learned the number of analyzed events. However, to reconstruct the track of the proton we
will process the data collected within a given group of Roman Pots. For this purpose, we will also analyze
hit groups in each event. Let us remind that by group we understand the set of three Roman Pots located
on the same arm, and in the same orientation (top, bottom or horizontal).

For each of the events we expect protons passing through detectors in the right and left arm. This
is because we should have elastic scattering events. For inelastic scattering one of the protons may be
destroyed. Therefore two Roman Pot groups should provide some readouts. Consequently number of
registered groups should be twice greater than the number of events, that is around 601.2 millions. How-
ever, due to the so-called detectors overlapping and multitracking phenomena, readouts from more than
two groups are possible and the total number of registered groups is as many as 639 millions.

We would like to predict how many traces we can reconstruct. We know that 88.9% groups contain
at most one track projection in U and V direction. From them we may reconstruct at most 568.3 millions

of tracks.

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
CERN



4.2. Roman Pot Groups by number of recognized track projections 34

10° = Groups Number

108

= = = =
(=] o =] o
B w @ ~

Groups number

[
(=]
w

10?

10t

Figure 4.2: Groups number for given max [ulv] lines number in any hit Roman Pot

Max [ulv] line number 1 2 3 4 5+
Groups number [mln] 568,324 | 36,159 | 12,434 | 9,481 | 12,641
Groups percent [%] 88,934 5,658 1,946 1,484 | 1,978
Potential tracks [mln] 568,324 | 72,318 | 37,302 | O 0
Potential tracks percent [%] | 83,83 10,667 | 5502 | O 0

Table 4.2: Groups number for given maximal number of u or v line in any RP hit during event

In the case of a larger number of projections, it is possible to reproduce more traces. We must re-

member though, that not all of them may belong to real traces.

Let’s analyze the distribution of groups. With the increase in the number of projections, the num-
ber of groups in which the number of projections was recorded is decreasing. However, the number of
groups with 3 and 4 projections is comparable. Therefore, it can be assumed that groups with 4 or more
projections contain mainly the noise readouts. Let us assume that only groups with 2 and 3 registered

projections correspond to real traces.

In this case, groups with 2 projections should provide about 72.3 million traces, and those with three
about 37.3 million. Together they may provide about 16% of all traces. Such a result would significantly

improve the quality of the reconstruction algorithm.
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4.3. Roman Pot hits in the arms

For further analysis of our data sample we will determine the number of events in which exactly 1,
2 etc. Roman Pot detectors were hit. We expect that the most common case will be one in which exactly
one group registers proton. It means exactly 3 hit RP per arm. There are some cases when the angle of
proton is too small or too big to hit all of detectors from group, thus it is possible that only one or two
Roman Pots would have some readouts.

On the other hand, if the single proton passes through overlapping area it can be register by both
vertical and horizontal detectors. The more readouts are possible only when multitracking occurs or
proton collide with molecules from detector material providing lot of noise readouts from many different

directions. In such cases even all Roman Pots may be hit.
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Figure 4.3: Events number for given RP hit number from the left arm

Hit RP 1 2 3 4 5 6 7 8 9
Events [mIn] | 7,827 | 7,808 | 273,06 | 4,442 | 2,361 | 2,075 | 0,328 | 0,145 | 0,036
Percent [%] | 2,626 | 2,62 | 91,606 | 1,49 | 0,792 | 0,696 | 0,11 | 0,049 | 0,012

Table 4.3: Data for all events where given number of RP was hit (from left arm)

As we expected most events were detected by exactly 3 Roman Pots. There are about 2,6% of events
where proton angle was too small or too big to hit all of RP from group. We may also observe events
with 4-6 detectors hit (single or many protons passing through overlapping area) and finally there were
some rarest cases when 7-9 RP registered some particles.

On the right arm we can observe similar distribution as on the left one. However we may notice that
right arm registers about 40mln more events where 2 RP were hit and 40mln less where 3 RP were hit.
To find the reason of such difference we will investigate Roman Pots geometries, especially how far from

the beam are detector edges.
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Figure 4.4: Events number for given RP hit number from the right arm.

Hit RP 1 2 3 4 5 6 7 8 9
Events [mIn] | 9,24 | 47,482 | 231,585 | 4,487 | 2,769 | 2,041 | 0,332 | 0,13 | 0,031
Percent [%] | 3,1 | 15,928 | 77,688 | 1,505 | 0,929 | 0,685 | 0,111 | 0,044 | 0,01

Table 4.4: Data for all events where given number of RP was hit (from right arm).

In the figure 3.5. we can observe that during events mainly 6 RP where hit (72,4% of all events).
Some protons were missing several RP from groups (those events where 1-5 RP provide some readouts).
Then we can see that there were cases where in one arm protons were passing through overlapping
area (7-9 detectors hit). Less common case was when in both arms we registered protons in overlapping
area (10-12 RP registered particles). Finally, most rarely there were noises in one arm (13-15) or both
arms(16-18).

In the Figure 3.6 we compared edge distances from the beam in vertical Roman Pots between corre-
sponding detectors from left and right arm. Most noticeable difference is between RP 20 (left) and RP
120 (right). Right detector is about 1,6 mm (27,1%) more distant than the left one.

In the following chapters, we will show that most hits are recorded in vertical detectors (up to 25
times more). In addition, the most hits fall on the first millimeter from the edge of the detector, so the
offset of the order of mm significantly affects the number of readouts.

We may also compare distances in horizontal detectors but the overall number of protons registered

by those Roman Pots is rather insignificant.

4.4. Roman Pot groups by hit distribution

In this section we would analyze how many events are registered by horizontal and vertical Roman

Pots. Theoretical background provided by TOTEM experiment guides that when LHC optics is set to

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
CERN



4.4. Roman Pot groups by hit distribution

37

Events number
= (= = [
o o o o
2 2 2, >

=
o
=

— ~ m < [fa} © ~ o o o — o~ <+ n ©
— —

— — . g . [l — : 2
Number of Roman Pots (from both arms) hit during event

Figure 4.5: Events number for given RP hit number from both arms

Hit RP 1 2 3 4 5 6 7 8 9
Events [mIn] | 0,678 | 2,007 | 6,585 | 12,232 | 45,265 | 217,668 | 7,478 4,262 2,864
Percent [%] | 0,226 | 0,668 | 2,191 | 4,069 | 15,058 | 72,409 | 2,488 1,418 0,953
Hit RP 10 11 12 13 14 15 16 17 18
Events [mIn] | 0,678 | 0,437 | 0,407 | 0,033 | 0,012 | 0,003 0,000746 | 0,000168 | 0,000022
Percent [%] | 0,225 | 0,145 | 0,135 | 0,011 | 0,004 | 0,001 >0,001 >0,001 >0,001
Table 4.5: Data for all events where given number of RP was hit (from both arms)
(RP_4, RP_104) at z = [-/+]213.0 —
n (RP_5, RP_105) at z = [-/+]213.0 o
"0 (RP_20, RP_120) at z = [-/+]214.628 { o
o (RP_21, RP_121) at z = [-/+]214.628 1 ®
RP left

o (RP_24, RP_124) at z = [-/+]220.0 1 RP right ©

(RP_25, RP_125) at z = [-/+]220.01_o . . . . . . .

-6 -4 -2 0 2 4 6 8

B% = 90m we should expect definitely more readouts from vertical than from horizontal groups.

Detector edge y coordinate [mm]

Figure 4.6: Detector edge to beam distance comparison for vertical Roman Pots

Those results are consistent with predictions. The number of events registered in vertical groups are

by average 12,5 time greater than in the horizontal ones. Additionally number readouts from correspond-

ing groups from left and right arms do not differ significantly.
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RP pairs 4,104) | (5,105) | (20,120) | (21,121) | (24, 124) | (25, 125)
RP left dist [mm] | 5,459 | -5,729 | 6,02 6,169 | 6,487 6,715
RP right dist [mm] | 5,66 5,709 | 7,654 6247 | 6,617 -6,883
Dist diff [mm] 0,201 | 0,02 1,634 0,078 0,13 0,168

Table 4.6: Detector edge to beam distance comparison for vertical Roman Pots

RP_3, RP_103) at z = [-/+]212.551
" (RP_ _103) atz = [-/+] RP left
= RP right
©
O (RP_22, RP_122) at z = [-/+]215.078 1
o
o

(RP_23, RP_123) at z = [-/+]219.55 1 : . . . .
6.8 7.0 7.2 7.4 7.6

Detector edge x coordinate [mm]

Figure 4.7: Detector edge to beam distance comparison for horizontal Roman Pots

RP pairs (23,123) | (22,122) | (3,103)
RP left dist [mm] | 6,872 7,348 7 7,355
RP right dist [mm] | 6,708 7,419 7 7,569
Dist diff [mm)] 0,164 0,071 0,214

Table 4.7: Detector edge to beam distance comparison for horizontal Roman Pots

Group | 2-Bot Left ' 5-Bot Right

Events [mln] | 153,3 153,7 12,2 156,8 150,9 12,1

Percent [%] | 23,99 24,05 1,92 24,54 23,61 1,9

Table 4.8: Number of events where given group of RP was hit

4.5. Number of UV track projections

When reconstructing many traces in a single detector, the first step is to determine their number. For
this we will use data about projections in the directions U and V. After filtering out projections, which
we consider false, we can predict that the number of recorded traces is the minimum of filtered U and V
projections number.

The heat maps in figure 4.9 present for how many Roman Pots the given number of projections has
been identified in U and V directions. We can observe three things. Firstly, there are visible diagonals.
This is due to the fact that if we are considering the real traces, for each projection u there should be
a projection v. Second, there are Roman Pots, in which the number u is different from v, these are the

detectors for which pattern recognition produced false results, or noise has been recorded. In the end,
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Figure 4.8: Number of events where given group of RP was hit
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Figure 4.9: Comparison of the number of recognized UV lines between horizontal (on the left) and

vertical (on the right) Roman Pots.
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the number of all Roman Pots hit is approximately 2 billion, this is the expected result, as the number of

recorded groups is almost 640 million, and each group consists of 3 detectors.

4.6. Single tracking analysis

In this section we want to analyze how many traces are there that pass through all, two or one detector

from a given group, provided that only a single trace was registered in that group.

Groups number [100 min]

. N
Hit RP in group

Figure 4.10: Number of groups where given number of RP were hit

Hit RP in group | 1 2 3
Groups [mln] 30,3 | 54,5 | 4834
Percent [%] 5,34 |1 9,6 | 85,06

Table 4.9: Number of groups with given number of Roman Pots hit during single tracking

We may observe that vast majority of protons passes through all detectors which is the standard
behavior. Two protons are register probably when the angle is too small to hit the first detector. And the
case when only one RP provide some readouts is probably when angle is too small to hit first two ones,
or too big to hit the last two, or may be registered only by rotated one. We will discuss it with Table 3.10.

In the above chart we can find the answer to the following question If in a given group only one
detector was hit, which one was it? Results for top Roman Pots are green, for bottom - blue, and for

horizontal - red.
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Figure 4.11: Events where only one RP from group was hit
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According to predictions, the most often hit detector is the most remote one, and the least often pro-

tons are recorded only in the central detector - below twenty percent of cases. This behavior is observed

for vertical Roman Pots, for the horizontal distribution of strokes looks different. This may be related to

their location, as well as the type of collisions recorded.

(Group,RP) | (1L,4) | (1,200 | 1,29 | 2,5 |21 @25 [EIEG2NEEN
Events [mln] | 1,504 | 1,016 | 2,837 | 1,568 | 0,763 | 3612 | 0846 | 1484 | 0,797
Percent [%] | 28,07 | 1897 | 5296 | 2638 | 12,84 | 60,78 | 27,07 | 4745 | 2548
(Group, RP) | (4,104) | (4,120) | (4,124) | (5,105) | (5,121) | (5, 125) _-
Events [mln] | 1,753 | 1,015 | 5555 | 1,677 | 0,733 | 1,696 | 1,372 | 1343 | 0,776
Percent [%] | 21,07 | 122 | 66,74 | 40,85 | 17,84 | 413 | 393 | 3848 | 2222

Table 4.10: Events where only one RP from group was hit

Table 3.10 shows the expected results. The only surprise is the outstanding result for the detector

number 124. However, considering its position relative to the beam (Figure 3.6), one can expect the

range of proton angles he registers to be much larger.

4.7. Multi tracking analysis

In this section, let us analyze the distribution of hits in the detectors where the phenomenon of

multitracking was detected. At the beginning we will look at how many Roman Pots from a given group
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were hit, and then we will analyze which of them are most often hit as the only one from the group.
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Figure 4.12: Number of groups where given number of RP from group where hit during multitracking

events

Hit RP in group | 1 2 3
Groups [mln] 25,321 | 16,17 | 29,225
Percent [%] 35,81 22,87 | 41,33

Table 4.11: Number of groups where given number of RP from group where hit during multi tracking

events

The distribution from Figure 3.14 differs significantly from Figure 3.12 (for single tracking). Defi-

nitely more often (over 35 percent of cases) only one detector from the group provides readouts. These

are probably recorded noise or the so-called shower phenomenon. Most frequently, however, protons

are recorded by all Roman Pots from the group (over 41 percent of cases), these readings most likely

correspond to real proton tracks.

As the vast majority of events are recorded by vertical detectors, we will only analyze these cases.

Among the Roman Pots from Top and Bottom groups, the detector more distant from the collision point,

the more often it is the only one providing readouts for multitracking. Such a distribution is strongly

related to the distance of individual detectors from the beam.
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events
(Group, RP)
Events [mIn] | 1,029 1,296 1,726 1,093 1,145 1,689 0,302 2,66 1,499
Percent [%] | 25,4 31,99 42,61 27,84 29,16 43 6,78 59,62 33,6
(Group, RP)
Events [mIn] | 1,248 1,315 1,888 1,274 1,202 1,707 0,277 2,444 1,524
Percent [%] | 28,03 29,55 42,41 30,46 28,72 40,81 6,53 57,56 35,9

Table 4.12: Multitracking events where only one RP from group was hit
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5. Results

In the research we have determined proton tracks for data registered during data taking in LHC in
October 2015. The algorithm has been analyzed for complexity and the average time of execution per
event.

The quality of tracks was examined in two cases:
— For the single tracking phenomenon

— For the multi tracking phenomenon

5.1. Validation

This section will give us the answer for the following questions: Does the algorithm work correctly?
What criteria were used to verify the correctness of the algorithm?

The validation process is divided into two steps - the first for single tracking and the second for mul-
titracking. In the first one, we compare the results of our algorithm with those provided by the TOTEM
experiment. The main subject of our analysis will be the distribution of hits in horizontal and vertical
detectors for both algorithms. In the case of multitracking, we do not have an access to the validation
dataset. Therefore our assessments should be based on the predicted distribution of hits for the optics of
the detector S = 90m

We have applied the following validation criteria:

reconstructed tracks are consistent with LHC physics

for single tracking the distribution of detector hits is consistent tracks reconstructed by the TOTEM

experiment

for multitracking the distribution of detector hits satisfy predictions for S+ = 90m optics

normalized x? statistics of reconstructed tracks is lower or comparable with 1.0

average track distance from activated silicon strips is of the order of 1o.

One of metrics used to assess the algorithm quality is x? statistics. To consider the reconstruction as
reliable this statistics should be less than 1.0. However, the track for which x? is slightly higher may also

be a good approximation of the actual proton track. The other statistics we may want to investigate is the
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average distance between the track and activated silicon strips. The silicon detector has 512 silicon strips

and the distances between them is constant:

o = 0.0659mm

We will use o in following sections.

5.2. Single tracking results

The results presented in this section come from FILL 4499, RUN 9920, in which 310.8 = 10° events
were recorded. We will show distribution of projections of tracks on the center plane of the RP 20 detector
(from the left arm, Top group) located at z = —214.628m and from the center plane of RP 22 (from
the left arm, Horizontal group) located at = = —215.078m. We can compare the distributions of hits
from tracks reconstructed with the new multitracking algorithm and those that correspond to TOTEM’s

recognized U and V projections.

5.2.1. Single tracking in vertical detectors

During the reconstruction process for data from fill 4499, more than 1.3 % 108 tracks were recon-

structed in the top group on the left detector arm.

Track hits in RP 20 (vertical).
Reconstructed with new multitracking algorithm.
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Figure 5.1: Single tracking hit distribution in RP 20 (vertical). Track reconstructed by multitracking
fitting phase. Binning 800x800. Each pixel corresponds to a square of the side of 0.05mm.
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Track hits in RP 20 (vertical).
Reconstructed with TOTEM UV projections.
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Figure 5.2: Single tracking hit distribution in RP 20 (vertical). Tracks correspond to TOTEM’s recognized
U and V projections. Binning 800x800. Each pixel corresponds to a square of the side of 0.05mm.

The vast majority of tracks are shown in the figures 5.1 and 5.2. It is worth to mention that the 82
tracks recreated by our algorithm and 8 tracks reproduced directly from the U and V projections were

outside the plot boundaries.

The distribution of the reconstructed tracks in both figures is very similar, on both of them we can see
a characteristic flame for the optics S = 90m (corresponding to the elastic protons) and higher intensity
of hits on the right side (originating mainly from diffractive protons). Due to 800x800 binning we are
able to notice the bands. This is the effect of the distance between the silicone strips (¢ = 0.0659), which

is greater than the size of one pixel in the figure (0.05mm).

In the picture with the distribution of hits reconstructed with the help of the lines «# and v, we can
see a clear outline of the detector, in the case of our algorithm, the boundary of the upper edges is more
fuzzy. In addition, in both cases we can observe the outline of the station rotated by 7 degrees in the form

of a raised right part of the lower edge of the detector.

In both cases we can observe non-physical tracks lying outside the detector area. In the case of our
algorithm, erroneous tracks may appear when the stop condition of fitting phase is met in non optimal
solution. In the case of non-physical tracks reconstructed with projections u and v, one of the possibilities

is that the TOTEM module responsible for pattern recognition selected incorrect projections.
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5.2.2. Single tracking - Horizontal detectors

In the horizontal detector, we have recreated approximately 464 thousands of tracks - almost 300
times less than in the vertical detector. The reason of such disproportion is the LHC optics S = 90m
for which the vast majority of registered protons are the elastic ones which mainly hit vertical detectors.

In the horizontal detector, we can observe mainly diffractive protons.

Track hits in RP 22 (horizontal). Track hits in RP 22 (horizontal).
Reconstructed with new multitracking algorithm. Reconstructed with TOTEM UV projections.
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Figure 5.3: Comparison of single tracking hit distribution in RP 22 (horizontal) for tracks reconstructed
by multitracking fitting phase (on the left) and those which correspond to TOTEM’s recognized U and V
projections (on the right). Binning 800x800. Each pixel corresponds to a square of the side of 0.05mm.

Comparing the results of our algorithm with those reconstructed with use of the u# and v projections,
we note that the distribution of hits is very similar and, most importantly, consistent with the predicted
one. In both cases we observe two clusters in the overlapping area. The outline of the detector is also
visible.

In the above figure there are sporadic cases of tracks outside the detector’s outline. Similarly as in
the case of vertical detectors, the most likely cause may be incorrect selection of u and v projections or a

wrong stop condition for the fitting phase.

5.2.3. Single tracking - statistics

In this section, we will analyze the following statistics of the reconstructed tracks: x?, average dis-
tance between tracks and activated silicon strips as well as the track fitting time.
Among the aforementioned statistics, we will particularly focus on the results of 2. Let us remind

that one of our correctness criteria for reconstruction is 2 of the order of 1.0 or less.
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Normalized Chi2 statistics.
Tracks reconstructed by multitracking algorithm.
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Figure 5.4: Normalized x? statistics of all reconstructed single tracks. 100 bins of width = 1.0.

Average distance between track and activated strips.
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Figure 5.5: Average distance between track and activated silicon strips for all of reconstructed single

tracks. 125 bins of width = 0.1mm.

The charts depicts statistics for over 4.83 % 108 tracks. While we analyze the presented statistics, we

can make the following observations:
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Figure 5.6: Fitting execution time for all of reconstructed single tracks. 100 bins of width = 0.01s.

X bins contain N% of results N% tracks have lower statistic than x
Statistics bin_size | 1_bin 2_bin | 5_bin 10_bin | 50% 90 % 95 % 99 %
X2 1.0 74.48% | 83.86% | 93.71% | 96.61% | 1 5 8 None
Avg. distance | 0.1 97.65% | 97.96% | 98.61% | 99.44% | 0.1 mm | 0.1 mm | 0.1 mm | 0.9 mm
Fitting time | 0.01 0.69% | 41.26% | 78.82% | 99.90% | 0.04s | 0.07s | 0.08s | 0.08s

Table 5.1: Single tracking statistics. x2, average distance between reconstructed track and activated sili-

con strips and fitting time.

— For x? and average distance between track and activated strips the most tracks fall into the first

bucket
— x2 for 90% of tracks has values lower than 5.0 which proves high quality of reconstruction

— For over 97% of tracks, the average distance between the track and activated strips is 0.1mm that

is1.5x0

— The time of fitting of 50% tracks is lower than 0.04s, which in theory gives more than 25 fits
per second which is considered to be a good result, additionally as much as 99.9% of tracks are
reconstructed in less than 0.1s. Thanks to this information, we can estimate the computation time

for any data sample size.

— There are tracks with considerably higher time of fitting than 0.1s. These tracks could be fitted to

incorrectly determined projections u and v.
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Figure 5.7: Comparison of coordinates and position differences of hits reconstructed by TOTEM and our

algorithm in the vertical (RP 20 - green charts) and horizontal (RP 22 - red charts) detectors.
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Figure 5.7 depicts differences between reconstructed hit positions computed by our algorithm and
TOTEM’s reconstruction process, based on recognized u and v track projections.

non

The largest percentage of hit points differs by no more than 1o in "x" coordinate and no more than
20 in "y" coordinate. This results in a general difference of hit positions being no more than 20 for the
majority of reconstructed tracks. We may ask why do we notice larger differences for the "y" coordinate
than of the "x" one? We can presume that this difference refers to the larger spread of "y" coordinate than

"x" coordinate for all of the reconstructed hits.

X bins contain N% of results Difference for first N% results
Difference of | Bin size | 1 bin 2 bin 5 bin 10bin | 50% | 99% | 99.9% | 99.99 %
Total o 3,06% | 98.18% | 99.94% | 99.95% | 30 4o S50 None
X o 95.72% | 99.90% | 99.95% | 99.96% | 20 30 30 970
Y o 6.79% | 99.45% | 99.95% | 99.96% | 30 30 4o None

Table 5.2: Difference of hit positions reconstructed by TOTEM and multitracking algorithm in Roman
Pot 20 (vertical). We assume ¢ = 0.0659mm.

X bins contain N% of results Difference for first N% tracks
Difference of | Bin size | 1_bin 2_bin 5 bin 10 _bin | 50% | 90% | 95% | 99 %
Total o 12.72% | 84.60% | 85.17% | 85.66% | 3o 250 | 300 | None
X o 84.61% | 85.22% | 85.67% | 86.38% | 20 180 | 210 | None
Y o 17.42% | 85.72% | 86.53% | 87.83% | 30 160 | 200 | None

Table 5.3: Difference of hit positions reconstructed by TOTEM and multitracking algorithm in Roman
Pot 20 (horizontal). We assume o = 0.0659mm.

Analyzing the data from the Table 5.2 and Table 5.3 above tables, we can observe that the smaller
differences in the reconstructed hits were recorded for the vertical detector. However, the difference of hit
position at the level of maximum 20 for 98.2% hits in the vertical detector and 84.6% in the horizontal

detector indicates on the high quality of the reconstructed tracks in both types of detectors.

5.3. Multitracking

Let us remind that the process of track reconstruction is based on the recognized lines u and v. Each
such line is associated with weight and a set of hit positions. The weight informs how well the line has
been recognized (the higher weight, the higher possibility that line represents the real track projection).
During the tests, we noticed that the higher the weight, the lower the standard deviation of hit positions.
In addition, projections with a weight less than 3.0 are often associated with an incomplete number
of detectors. According to presented observations, we decided to consider as a noise those lines which

weight is less than 3.0 or the standard deviation of the hit positions is greater than 1.0.
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5.3.1. Multitrack types

After removing the noise projections, we can get different distributions of the numbers of lines « and
v in detectors from a given group. Depending on the distribution, it is possible to reconstruct a different
number of tracks. For example, the multitracking problem may be reduced to the reconstruction of one
track. We decided to classify the tracks depending on the distribution of projections u# and v within the
group.

The list below presents the classification of tracks.

— Type 0: There is a detector in the group that does not have projection u or v.

— Type 1A: All three detectors in the group have exactly 1 u and v line. The problem has been

reduced to the reconstruction of a single track.

— Type 1B: Two detectors from the group have exactly 1 u# and v line. The third one has more
projections. The problem is reduced to the reconstruction of a single track with an additional phase

of fishing in the 3rd Roman Pot.

— Type 2: Two detectors from the group have two lines u# and v. The third have more or exactly
2 projections in each direction. It is the pure multitracking case. During the algorithm, all three

phases are present (combinatorics, fitting, fishing).

— Type 2B: Two detectors from the group have two lines u and v. The third has less than 2 projection

in any direction.

— Type 3: Other types. Probably it is possible to reconstruct more tracks, but at a much higher cost

due to the complexity of the combinatorics phase.

Group type Type 0 | Type 1A | Type 1B | Type 2 | Type 2B | Type 3
Group number [mln] | 3,157 16,736 5,506 1,846 0,275 1,704
Group percent [%] 10,804 | 57,268 18,839 6,317 0,941 5,831

Table 5.4: Track types by number and percent from all events in Fill 4499, Run 9920.

The total number of groups that qualified to multitracking reconstruction was 29.2 million. Our algo-
rithm has reconstructed tracks for groups "1A", "1B" and "2", which together gives 24.1 million groups
(82.4% of all). We presume that only groups "2B" and "3" contain data sufficient for reconstruction other

real tracks. However, these are only 6.8% of all groups.

5.3.2. Vertical detector

In this subsection we will show hit distributions on the plane located in the center of Roman Pot
20 from Top group, on the left arm. The exact position of plane is z = —214.628m. Hits registered by

vertical detectors belong mainly to elastic protons.
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In order to reduce noise hits we applied two cuts. At first we want to reject tracks which miss any
detector from the group. Then we will focus on the average distance between track and registered strip
hits. In ideal case we would assume that tracks should not miss the hit strips by more than o on average.
However, we need to consider the clustering that aggregates the activated strips, reducing the resolution.
Therefore, we will reject only those tracks that passes strips by more than 10 ¢ on average. We must also
remember that the fitting algorithm is based on optimization methods that work with finite accuracy and

may interrupt the search without reaching the global optimum.

Track hits in RP 20 (Top). Tracks type: ALL
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10°

Figure 5.8: Hit distribution in RP 20 - all of tracks

Over 5.5 million track projections are visible in the plot (for all three track types - 1A, 1B, 2). Plotting
surface is 40 mm by 40 mm. It is divided by 500 by 500 grid. Therefore, each pixel corresponds to a

square with 0.08 mm side.

The distribution of hits is consistent with the predictions presented in [19]. The outline of the detector
is also visible (a square with a cut corner). Vertical detectors register mainly elastic protons, therefore the
majority of them are focused on the axis x = 0 creating a distribution resembling a flame shape. Some
of the protons may come from diffractive reactions which may be seen as the intensity on the right side

of flame.

Note that as the x-coordinate increases, starting with z = 0, the detector’s edge rises. The reason is

the location of one of the stations, which has been deviated by an angle of 7 degrees. However, there are
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few visible hits below the edge, for x between Smm and 10mm. Further we will see that, their source are

tracks of type 1B.

There are also few characteristic slanting lines passing through the flame. They represent places

where fewer hits were recorded, those slanting lines indicate damaged silicon strips.

Track hits in RP 20 (Top). Tracks type: ALL

Track hits in RP 20 (Top). Tracks type: 1A
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Figure 5.11: RP 20 1B hits Figure 5.12: RP 20 2 hits

Comparing distributions for all tracks, as well as for individual types, we may notice that each of
them contain a characteristic - for 8% = 90m optics - flame. Each plot reveals the influence of the tilted
station (visible as a tilted edge). Moreover there are visible slanting lines where the silicon strips have
been damaged. Note that one distribution (type 1B) contains nonphysical tracks (registered outside the
detector). Probably there is some error in code responsible for fishing the correct tracks for this type.

When generating charts, some tracks were rejected. Cut 1 is responsible for removing tracks that do

not pass through all detectors from the group. Cut 2 is responsible for those whose average distance from
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Tracks [min] | Cut1[%] | Cut2[%] | Plotted tracks [min] | Plotted tracks [%]
All 5,517 0,205 3,489 5,313 96,306
Type 1A | 3,622 0,04 1,299 3,574 98,661
Type 1B | 1,294 0,236 4,393 1,234 95,372
Type 2 0,601 1,129 14,744 0,506 84,128

Table 5.5: Track type statistics for RP 20 (from Top group on the left arm)

hit silicone strip was more than 10 * o

It is worth noting that the most numerous group of tracks are those that reduce to single tracking.
This is over 65.65% of all cases. 23.45% of tracks were reduced to single tracking with additional fishing
phase. Only 10.89% of tracks were reconstructed by original multitracking algorithm. Further analy-
sis shows that those tracks are registered only in 0.39% of all events, and still more than 15% those

reconstructions are rejected.

Please note that the most tracks are filtered out due to the average distance from the activated silicon
strips. The reason of this may lay in not optimal way of matching track pairs in the original multitracking
algorithm or in limitations related to the optimization method used in the fitting phase.

Nevertheless, we may consider reconstructing 96.3% of tracks with an accuracy of 10 = o (or better)

to be a satisfying result.

5.4. Horizontal detector

Horizontal Roman Pots mainly register particles coming from diffractive reactions. Let us analyze
track projection on plane located in Roman Pot 22 in the horizontal group, on the left arm. Plane is

located in the detector center, on z = —215.078m.

The following figures show tracks that pass through all detectors and their average distance from

activated silicone strips is no more than 20 * 0. A 300 x 300 binning has been used for each drawing.

Track hits in RP 22 (Horizontal). Tracks type: ALL
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Figure 5.13: Hit distribution in RP 22 - all of tracks
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Plotted hits, generated mainly by diffractive protons, usually tend to focus along horizontal axis
near y = (. We may observe two clusters near the vertical edge of the detector as well as intensified
distribution along side edges. Note that these regions lies in the overlapping area of horizontal and vertical
detectors.

Moreover, according to our predictions, a slight rotation of the detector is visible, as well as a sig-
nificant part of the tracks outside the detector area. This are most probably tracks reconstructed by the

single tracking algorithm with additional fishing. We will verify it with following figures.

Track hits in RP 22 (Horizontal). Tracks type: ALL Track hits in RP 22 (Horizontal). Tracks type: 1A
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Figure 5.14: RP 22 hits. Track type ALL. Figure 5.15: RP 22 hits. Track type 1A
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Figure 5.16: RP 22 hits. Track type 1B Figure 5.17: RP 22 hits. Track type 2

For all types of tracks, there are visible three most dense areas, first at the axis y = 0, and other two
on the side edges of the detectors. This behaviour is characteristic for diffraction protons. There are also

visible undesired tracks outside the detector for the type 1B, which indicates a problem in the code that
generates it.
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Tracks [thous.] | Cut1[%] | Cut2[%] | Plotted tracks [thous.] | Plotted tracks [%]
All 132,3 6,251 56,285 49,6 37,465
Type 1A | 32,1 3,507 52,338 14,2 44,155
Type 1B | 71,7 7,709 49,957 30,4 42,334
Type 2 28,5 5,674 76,626 5,1 17,7

Table 5.6: Track type statistics for RP 22 (from Horizontal group on the right arm)

As we may have predicted the number of registered hits is significantly lower comparing to the
vertical detectors. Remember that horizontal groups register about 12 times less hits than the vertical
one. There are only 132 thousand of them.

Results are less accurate than in the vertical groups. Although higher limit for average distance from
activated strips, more than half reconstructed tracks are rejected for type 1A and 1B. For type 2 only
17,7% tracks meet the correctness criteria. Probably the reason lies in the nature of the registered particles
that originate from diffractive collisions and more often react with the material of the detectors, changing
the path or hitting other particles.

Although the percent of valid tracks is only 37,5% we may easily verify them and get a distribution

consistent with predictions.

5.5. Multitracking Statistics

In this section, we will analyze statistics for 2.59 107 of reconstructed multiple tracks from fill 4499
run 9920. From the previous sections, we know that the algorithm reconstructed tracks consistent with
detector physics and with predicted distribution for LHC optics S% = 90m which were the first of the
validation criteria.

Another criterion was to evaluate the reconstructed tracks by the x? statistic defined in the section ??

In addition to this statistics, we are also interested in what is the average distance between track and
associated activated silicon strips in the detector.

At the beginning, we will analyze the cumulative results for all multitracking types. Then we will

discuss each of them.

5.5.1. Overall multitracking statistics

The following figures depict x2, average distance between track and silicon strips and time of exe-
cution statistics for all types. Some statistics can be disturbed by different types of tracks. However, it is
important to assess the general performance of the algorithm. What results can we expect and whether
these results are satisfactory? Let us analyze it.

All histograms show results for 2.59 * 107 reconstructed tracks. For the x? histogram, we have
applied 100 bins of the size = 1.0, for average distance between track and silicon strips, the bucket size
was 0 = 0.0659mm and for the time of execution we used 100 bins of size 0.01s. In the histograms of

x? and the average distance between track and activated silicon strips we can observe that the first bucket
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Figure 5.18: Cumulative statistics of normalized 2, average distance between track and silicon strips

and time of execution statistics for all track types.

is the most numerous bucket, which proves the high quality of reconstructed tracks. We may notice that
the histogram with the time of fitting phase is split into two parts. For time from 0.0s to 0.2s we register
mainly tracks of type 1A and 1B with the number of performed fitting phase is equal respectively to 1
and 2. In contrast, the time 0.2s and larger, is mainly associated with the tracks of type 2, where the

number of performed fitting is equal to 18 for one pair of tracks.

5.5.2. Multitracking statistics by track type

Finally we would like to compare which class of tracks is fitted with highest reliability. There is an
intuition that the more complex case, the more difficult it is to perform a valid reconstruction. Let us

investigate statistics for all of reconstructed track types.
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Figure 5.19: Compared track types by statistics of normalized x?.

In the Figure 5.19 we can see that the y? statistic for each type adopts a visually similar distribu-
tion with particular emphasis on the first bucket, which for all types contains the highest percentage of
reconstructed tracks. To find out the exact distribution of values, we analyze Table 5.7 from which we

learn that over half of all tracks have x? < 2.0. For tracks of type 1A, 1B and 2 the x? takes values less
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Tracks in first N bins | X bins contain N% of tracks
Type | Tracks [mIn] | Bin size | 1_bin 10_bin 50% | 90% | 95% | 99%
ALL | 25,9 1 45,55% | 85,98% 2 48 None | None
1A 16,7 1 4424% | 92,48% 2 7 24 None
1B 5,5 1 60,09% | 85,03% 1 79 None | None
2 3,7 1 29,76% | 57,93% 4 None | None | None

Table 5.7: Multitracking results. Comparison of x? statistics for all track types.

than 10.0 respectively for 92.5%, 85.03% and 57.9% of all tracks of given type. Such a distribution of
values indicates a good quality of reconstruction algorithm for all types. Although, as we expected, the
weakest quality is observed for the reconstruction of tracks of type 2, but it is the most difficult case to

reconstruct.
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Figure 5.20: Compared track types by average distance between track and associated activated silicon

strips.

Tracks in first N bins | X bins contain N% of results

Type | Tracks [min] | Bin size | 1 bin 10 bins 50% | 90% | 95% | 99%
ALL | 25,9 o 79,41 % | 94,5 % 1 3 12 60
1A 16,7 o 85,02 % | 98,05 % 1 2 2 18
1B 5,5 o 80,47 % | 93,15 % 1 4 20 96
2 3,7 o 52,36 % | 80,44 % 1 20 38 76

Table 5.8: Multitracking results. Comparison of statistics of average distance between track and activated

silicon strips for all track types. Bucket size = sigma = 0.0659mm

Analyzing the average distance between tracks and activated silicon strips, it is worth noting that
for each type the first bucket (of size ¢ = 0.0659mm) is the most numerous. This is an expected

behavior. In the case of the reconstruction of type 2, we can also observe that the first bucket contains
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52.4% of all tracks. Let us remind that during this type of reconstruction we get a pair of tracks. It is a
common situation where one track from a pair has a much better quality. However, to counteract high
quality differences we used root mean square to choose the correct pair of tracks from all reconstructed
combinations. Root mean square prefers a set of values with smaller deviations.

For types 1A and 1B, 85% and 80.5% of all tracks have been reconstructed with the average distance

from activated strips equal o. This is a very good result.
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Figure 5.21: Compared track types by time of reconstruction.

Fitting time of first N% tracks

Track type | Tracks [mIn] | Bin size | In first 10 bins | 50% 90 % 95% 99 %
ALL 25,9 0.01 83.90 % 0.04 [s] | 0.37 [s] | 0.63 [s] | None
1A 16,7 0.01 99.86 % 0.03 [s] | 0.06 [s] | 0.06 [s] | 0.07 [s]
1B 5.5 0.01 91.65 % 0.05[s] | 0.1 [s] | O0.13[s] | 0.33 [s]
2 3,7 0.05 51.77 % 05([s] | L.OS[s] | 1.2[s] | 1.65][s]

Table 5.9: Multitracking results. Comparison of fitting time for all track types.

Reconstruction time is closely related to the number of performed fitting phases. For subsequent types
1A, 1B, 2, we run 1, 2 and 18 fitting phases respectively. That is the reason why tracks with type 1A are
reconstructed in 90% cases with the time less than 0.06s, whereas those of type 2 are reconstructed in
90% with time less than 1.05s.

It is also worth noting that the choice of the u and v lines has a big influence on the reconstruction
time, for non-physical combinations the fitting phase of the algorithm can take considerably much more
time.

Finally we would like to compare the average results for each of statistics per each type. To do this
we will use values from the Table 5.10. The most numerous type of reconstructed tracks were those of
type 1A - near 2, 6 * 107. They have the best statistics. Comparing reconstruction times we can observe
that the reconstruction of tracks of type 1A lasts twice less than 1B and 18 times less than those with type
2. This reflects into the number of required fittings during reconstruction. For 1A - there is one fitting,

type 1B - two fittings (one additional after the fishing phase) and for type 2 there are 18 fittings (for each

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
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u and v combination - 16, and after fishing - 2). An interesting observation is the highest mean value of

x? statistic for track with type 1B, which is most likely related to the error in the fishing phase.

X2 Average distance [mm] | Fitting time [s]
Track Type | Tracks[min] | mean mean [mm] mean [s] | stdev
ALL 25,9 891,36 0,116 0,228
1A 16,7 173,7 0,032 0,016
1B 5,5 2415,7 0,061 0,084
2 3,7 1871,05 0,577 0,325

Table 5.10: Multitracking statistics comparison for all track types.

Comparing the average track distances from the activated strips, we note that for tracks of type 1A

the average value is 0.081mm = 1.220, for tracks of type 1B 0.28mm = 4.25¢, and for tracks of type

2 0.473mm = 7.18c. Such distribution of values is consistent with predictions.

The results observed for the y? statistics may be contrary to expectations. We would rather expects

the mean value of the order of 10. However, let us note that some of the reconstructed tracks can give

values of the order of 10° and larger, which significantly increases the average value of this statistics.

Remember that according to Table 5.7 86% of all tracks have x? < 10.0, and 45.5% tracks have y? <

1.0. This is an order of magnitude for which the results can be considered, with high probability, to be

correct.

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
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6. Discussion

During the research we proved the posed thesis that the validated algorithm is not only useful for
reconstruction of individual proton tracks but, most importantly, it is also effective and provides reliable
results for multitracking phenomena.

In order to validate the algorithm we have implemented it, and compared single tracking results with
those obtained by TOTEM experiment. Moreover, the tracks reconstructed in the case of multitracking
provide us with an expected hit distribution.

We have applied following validation criteria:

reconstructed tracks are consistent with LHC physics

for single tracking the distribution of detector hits is consistent with the TOTEM experiment results

— for multitracking the distribution of detector hits satisfy predictions for 5+ = 90m optics

normalized x? statistics of reconstructed tracks is lower or comparable with 1.0.

average track distance from activated silicon strips is of the order of 1 * o

6.1. Result discussion

In this section we will answer the following questions. What has been achieved? What was expected?

How our results differ from previous attempts to reconstruct multitracking tracks?

6.1.1. Achieved goals

We have implemented multitracking algorithm in python language using libraries for big data analy-
sis, processing and visualization such as numpy, pandas and matplotlib. Moreover to perform reconstruc-
tion we have used scipy.optimize package. The implemented algorithm was tested on the data provided
by TOTEM experiment from fills 4499, 4505, 4509, 4510, 4511.

We have analyzed over 6,5TB of data collected by detectors and partially processed by CMSSW
modules. The multitracking algorithm was tested for data from fill 4499 of volume of 1,62TB.

According to Table 4.6 on page ?? there were over 4,8 % 10% groups of Roman Pots for which we
performed single tracking reconstruction. Furthermore, according to Table 4.7 on page ?? there were

over 2,9 * 107 groups of detectors where we reconstructed multitracking tracks. To process 1,62TB
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of data, stored in 1555 .root files, we have scaled our algorithm using Prometheus supercomputer. To
process one .root file on one node we needed approximately 30 hours of computation time. During this
time we performed full analysis, single and multitracking tracks reconstruction as well as the results
comparison for single tracks between our results and those received using TOTEM projections « and v.
The overall computation time was over 5 10* hours. Most computations were performed simultaneously
on 1000 nodes. In this thesis we showed results of multitracking reconstruction for data from fill 4499
where over 3, 1 * 10® events were registered.

It is worth to mention that we have discovered that many cases with multitracking phenomena may be
easily simplified to single tracking by rejecting noises from recognized patterns of u and v lines. Hence

we have specified three different types of multitracking presented in section 5.3.1

6.1.2. Expectations and results

We expected that reconstructed tracks in case of single tracking would be comparable with those
computed by TOTEM software.

Indeed we have obtained similar hit distributions, consistent with LHC physics and satisfying pre-
dictions for 3* = 90m optics. According to Table 5.2.3 on page 51 3.06% of hit positions from vertical
detector, and 12.72% from horizontal one, differed by no more than 1 * ¢(0.0659mm). Whereas, vast
majority of tracks, namely 98.2% from vertical detector, and 84.6% from horizontal, differed by no more
then 20. Over 74.4% of tracks had x? statistics lower than 1, furthermore over 97.6% percent of tracks
passed activated strips in distance lower than 0.1mm. Such results proves that single tracking cases are
reliably reconstructed.

Considering multitracking we will focus on hit distribution, statistics of normalized x? and average
distance between reconstructed tracks and activated silicon strips.

As we presented in section 5.3 the hit distribution is consistent with 5% = 90m optics for all multi-
tracking track types. However some of reconstructed tracks were rejected. According to the Table 5.3.2
on page 55 and Table 5.4 on page 57 there were 3, 6% and 62, 5% of rejected tracks in vertical and hor-
izontal detectors respectively. Such result is the effect of different interactions types registered in both
detectors. The horizontal one registers mainly diffractive protons, hence they are more difficult to prop-
erly reconstruct. Though, we must remember that only 2.3% of all multitracking tracks were registered
in horizontal Roman Pots. Therefore those tracks had little impact on the final results.

Let us remind that we have performed the reconstruction process for three different types of multi-
tracking tracks. For tracks of the first type (/A - 64.5% of all tracks), the reconstruction problem was
reduced to the reconstruction of a single track wiht only one fitting phase. Reconstruction of the tracks
of type 1B - 21.1% of all tracks - was reduced to the reconstruction of a single track with an additional
fishing phase. Only tracks of type 2 - 14.3% of all tracks - were reconstructed using all three phases of
the validated algorithm (combinatorics, fishing and fitting).

We have reconstructed 45.5% tracks with statistics of x?> < 1.0 and 86% with x?> < 10.0. The
average distance between the track and the associated silicon strips was less than o for over 79.4%

cases. The average reconstruction time per track with the type /A, /B and 2 was 0.032s, 0.061s, 0.557s

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
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respectively, such proportions are consistent with the predictions and depend on the number of performed
fitting phases (the most complex one).

The presented results prove that our algorithm is valid also for multitracking reconstructions.

6.1.3. Comparison with other algorithms

The TOTEM multitracking software is based on physical properties of elastic collisions utilizing
principle of conservation of momentum. This limitation significantly narrows the class of tracks possible
to reconstruct. Our algorithm relies only on detectors readouts and recognized u and v patterns, hence it
does not have such constraint and makes it possible to reconstruct both of the proton types - elastic and

diffractive as well.

6.2. Future work

After proving the correctness of the algorithm, the next logical step would be to implement it in C++
as a module in TOTEM offline software. It will increase efficiency of reconstruction process and will
enable physicists to perform research on new class of registered proton-proton collisions.

In addition, in the next implementation, it is worth taking into account readouts from both vertical
and horizontal detectors for protons passing the overlapping area. Such improvement could increase the
accuracy of the reconstruction, as it would decrease the number of degree of freedoms.

Furthermore we could extend the algorithm to reconstruct more than 2 tracks per group. However we
must remember about computational complexity of the combinatorics algorithm phase. Thus we would

need a mechanism that would allow us to reject false combinations as soon as possible.

Validation of proton reconstruction algorithm for multitrack pattern recognition in the TOTEM experiment at
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