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Abstract

The LHCb Event Display was made for educational purposes at the European Organization for Nuclear Research,
CERN in Geneva, Switzerland. The project was implemented as a stand-alone application using C++ and ROOT,
a framework developed by CERN for data analysis. This paper outlines the development and architecture of the
application in detail, as well as the motivation for the development and the goals of the exercise.

The application focuses on the visualization of events recorded by the LHCb detector, where an event represents a
set of charged particle tracks in one proton-proton collision. The application allows students to save this information
and calculate the invariant mass for any pair of particles. Furthermore, the students can use additional calculating
tools in the application and build up a histogram of these invariant masses.

The goal for the students is to find a D° particle in the event, which decays into the two different particles selected
by the students. Even if a student doesn’t find all the decays successfully, they will be able to complete the exercise

and get a meaningful set of results.

The application also offers detailed instructions and inline help available in five languages: English, Italian, French,

German and Romanian.
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1. Introduction

1.1. International Masterclasses project

International Masterclasses are a physics organiza-
tion that provides an opportunity for thousands of stu-
dents worldwide to get an insight into the topics and
methods of fundamental particle physics research. It
enables students to perform measurements on real data
from the particle physics experiments themselves. In
addition to lectures and exercises on paper, students are
provided with several computer applications for the vi-
sualization and calculation of physical phenomena.

This project involved designing and implementing an
application for the LHCb experiment, at the European
Organization for Nuclear Research, CERN in Geneva,
Switzerland, for use in the International Masterclasses
program.

1.2. The LHCD experiment at CERN

The Large Hadron Collider beauty (LHCb) experi-
ment specializes in investigating the slight differences
between matter and antimatter by studying the decays of
beauty or bottom (B) and charm (D) hadrons. Instead of
surrounding the entire collision point with an enclosed
detector as do ATLAS and CMS, the LHCb experiment
uses a series of sub-detectors to detect mainly forward
particles — those thrown forwards by the collision in
one direction. The first sub-detector is mounted close to
the collision point, with the others following one behind
the other over a length of 21 metres.

The 5600-tonne LHCb spectrometer covers the an-
gular range between 0.7° and 15° relative to the LHC
beam line. The beam line is located at y = 0 in the pic-
ture (fig. [T) and runs in the z direction. In what follows
“transverse” means transverse to the LHC beam line,
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“upstream” is towards smaller values of z and “down-
stream” is towards greater values of z [1]]. The detector
includes a high-precision system for tracking charged
particles consisting of a silicon-strip detector surround-
ing the proton-proton interaction region, a large-area
silicon-strip detector located upstream of a dipole mag-
net with a bending power of about 4 Tm, and three
stations of silicon-strip detectors and straw drift tubes
placed downstream. Charged particles leave straight
line tracks in the detector surrounding the interaction
region, where there is no magnetic field, and are sub-
sequently bent by the magnet before leaving tracks in
the downstream tracking station. Their momentum and
charge can be deduced from the curvature induced by
this magnetic field.

ECAL HCAL

SPD/PS M3
Magnet RICH2 M1

Figure 1: The structure of the LHCb detector

The detector is 21 metres long, 10 metres high and 13
metres wide, and sits 100 metres below ground near the
town of Ferney-Voltaire, France.

1.3. Physics goals of the exercise

The data sample used for this exercise consists of can-
didates for a type of charmed particle known as a D°
meson found in a sample of randomly collected LHC
interactions during 2011 data-taking. A D° particle con-
sists of a charm quark and an up antiquark. The particles
are measured decaying in the mode:

D - K nt

where the final state particles are a kaon K~ consisting
of a strange quark and an up antiquark, and a pion which
consists of a down antiquark and an up quark (fig. [2).
The objects of this exercise, D° particles, have a distinc-
tive feature and that is their measurably long lifetime.
The average lifetime of a D° meson is 4 - 10~ seconds.

Figure 2: The D° decay directly from the proton - proton collision

It travels nearly at the speed of light at LHCb, typically:
v = 0.99919-c. Therefore the average distance travelled
is expected to be:

04B8vyc=3mm.

where v is the Lorentz factor. Fast mesons live longer,
thus a lifetime at rest of 0.4 ps means a lifetime in-
side the experiment of about 10 ps or even longer. The
DY particle can also appear as a child of a B particle.
In that case we measure the displacement as the impact
parameter (IP) which is the perpendicular distance be-
tween the path of the D particle and the center of the
collision. When the D° particle comes from the primary
vertex the IP is small, but when it comes from the sec-
ondary vertex it is large, as shown in the figure [3] This
fact, together with their abundant production, allows the
D signals to be well separated from the background of
the underlying event, most of which consists of random
combinations of particles produced in the proton-proton
collision.

Figure 3: Secondary verteces that are displaced from the proton - pro-
ton collision

1.4. The invariant mass calculation

The invariant mass (“rest mass”) is defined as an in-
variant quantity which is the same for all observers in all
reference frames. It can be calculated using the Energy
E and Momentum p measured in the detector. Here is
the derivation of the formula for the invariant mass:
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Conservation of energy:
E=FE +E,
Conservation of momentum:
P =D +D3
From relativity (where we set c=1):
2 2\2 2
(po)” + (mc ) =F
E? = p2 +m?
From the previous equations:
m* = E? = p* = (Ey + E2) — |1 + pall

=(E1+E2)2—(171)+l72>)'(17{+172>)

The dot product of two orthogonal vectors is zero.
Therefore the invariant mass is:

2
m* = (Ey + B’ —(p1x + p2—(p1y + poy) —(p1: + p2c)’

The goal for the students is to calculate the invariant
mass of two chosen particles and if the mass is close to
the D° mass, add it to a histogram.

2. Implementation

2.1. Timeline

The LHCb Event Display was fully developed, tested
and integrated with existing application during the time
period from July 2013 to December 2013. It was ac-
tively used by students who participated in the Interna-
tional Masterclass program in March 2014.

Figure 4: The full appearance of the LHCb Event Display for the
Masterclass exercise

2.2. ROOT framework

ROQT is an object-oriented data analysis framework,
written in C++. It contains several tools designed for
statistical data exploration, fitting and reporting. Sig-
nificantly for this project, ROOT comes with powerful
graphics capabilities and interfaces, including an exten-
sive and self-contained graphical user interface (GUI)
development kit that can be used to develop easy-to-use
customized interfaces for the end users. ROOT was de-
veloped at CERN as it was needed to address the chal-
lenge posed by the experimental high energy physics
community, where scientists produce and analyse vast
amounts of very complex data.

ROOT provides GUI tools for developing user inter-
faces based on the ROOT GUI classes. It includes over
30 widgets (i.e. text box, button, check box etc.) and
aims to offer a complete set of features needed for de-
veloping the GUI projects. The GUI builder offers a
palette of user interface elements. They can be selected,
positioned, grouped and laid out in the main application
frame. The main menu and palette for the application
were created using the ROOT GUI builder. The icons
which were used were custom-made for this purpose.

ROOT was used as a developing tool for this appli-
cation because the base of the Masterclass exercise was
done in ROOT and because the geometry of LHCb de-
tector, which was needed for the Display, was already
available in ROOT. Additionally, ROOT is an open-
source framework therefore it does not require any li-
cence or special permissions.

3. Motivation

3.1. Goals

This exercise was designed to teach the students how
to use an event display of the proton-proton collision in-
side the LHCb detector to search for charmed particles.
Students should:

e Learn to use an event display to identify displaced
vertices.

e Understand the problem of statistics in the LHCb
experiment. A large number of events are needed
to see the signal and reduce the statistical uncer-
tainty.

e Learn to use histograms and fits.
o Understand signal significance.

e Learn about systematic uncertainties in measure-
ments.
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3.2. Guide through the exercise

The aim of the event display exercise is to locate dis-
placed vertices belonging to D° particles in the vertex
detector of the LHCb experiment. When the exercise
is launched and an event is loaded, an image of the
LHCDb detector appears with particle trajectories inside
it (fig.[). These tracks are colour-coded, and a legend at
the bottom of the GUI shows which colour corresponds
to which kind of particle.

In order to make identifying vertices easier, the GUI
allows the viewing of an event in three different two-
dimensional projections: y—z, y—x, and x—z. Displaced
vertices appear as a pair of intersecting tracks, far away
from the other tracks in the event. When a particle is se-
lected, its information, including mass and momentum,
will appear in the Particle Info box.

A D particle decays into a kaon and a pion, so stu-
dents will need to find a displaced vertex where a kaon
track intersects with a pion track. Once they find a track
which they think is part of the displaced vertex, they can
save its information. When the students have collected
two particles, they can compute the invariant mass and
if this combination has a mass compatible with mass of
the DY particle, then it will be added on a histogram. By
saving a combination for each event, the student will
build up the histogram of the masses of the displaced
vertices in the different events (fig. [5).
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Figure 5: Built-up histogram of the invariant masses. Final result of
the exercise obtained by a student.

Since the data is real, it contains both signal and back-
ground. The detector has a finite resolution, so not all
displaced vertices will have exactly the D° mass (even
the signal ones). They should, however, be within the
range 1816 — 1914 MeV (this range is around 3% each
way around the known D° mass). If students try to save
a combination which is too far away from the real D°
mass (which means that they have not found the correct
displaced vertex pair) the exercise will warn them that

about it and will not add the mass to the histogram.

Students can switch through events, so if they are not
able to find the displaced vertex for an event after a few
minutes, they can come back to it at the end of the exer-
cise. Once they have looked at all events, they can ex-
amine the fully built mass histogram. The shape in the
histogram should be discussed with a teacher or a mod-
erator. At the end, students should save the histogram
to disk. It will then be combined by the moderators
with the histograms of the other students, all together,
students and moderators should discuss the results as a
group.

The following flow chart (fig. [f) represents the exer-
cise workflow:

Select and save a pair
of kaon and pion

N |
Delete selected
particle(s)

Calculate the invariant
mass of the particles

Is the mass
in the right
range?

Add mass on
histogram and draw it

Figure 6: Algorithm for analysing a single event

4. Architecture

The core of the application is the class Frame and the
class ParticleTrack. Both of them use many other built-
in classes to achieve the functionality required by the
exercise. The objective of class Frame is divided into
a number of separate and independent segments which
contribute to the final purpose of the application. These
segments are:

o Initial settings
o Geometry manager
e Event manager

e Navigation manager
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o Histogram manager

The class ParticleTrack contains all the information
about a particle and its path. An array of these instances
in the code presents a set of particles originated from the
same collision and that is an event in the Event Display.

4.1. Initial settings

Methods from the initial settings segment are called
when the application is launched. They set the environ-
ment and create the GUI For example: height and width
of the main window are set to be 90% of the screen size
during the initialization.

4.2. Geometry manager

The geometry manager controls the camera and ele-
ments on the screen of the Event Display. In the be-
ginning, the camera is set to be in the starting position
where the full look of LHCb detector is displayed. Us-
ing the options from the menu students can hide the ge-
ometry or see it transparently. In addition, when stu-
dents want to observe the collision point, this manager
can set the camera near the collision point in ortho-
graphic projections — YZ, YX and YX.

Every element on the display is shown through the
Event Visualization Environment of ROOT, also known
as EVE, an application framework for construction of
event-display programs. It is built on top of ROOT’s
GUI, OpenGL, and GED (the ROOT Graphics Editor)
infrastructure. It offers the base-classes for representa-
tion of visual objects that can be presented in list-tree
views, object-editors and rendered via OpenGL. Fur-
thermore it has an application manager class TEveMan-
ager for top-level management of elements, GUI com-
ponents, geometries and events.

In order to link every particle track from the screen
with its own particle information we used a data struc-
ture called map. Maps are associative containers that
store elements formed by a combination of a key value
and a mapped value, following a specific order. In this
case the key value is a float, usually named index, and
the mapped value is an instance of the class Particle-
Track that contains all needed information about a par-
ticle. In a map, the key values are generally used to sort
and uniquely identify the elements, while the mapped
values store the content associated to this key.

4.3. Event manager

The event manager handles events in the Display.
There are thirty events for every student to analyze. Stu-
dents can go back and forth through the events using the

buttons on the screen. On the button click, the event
manager will first clear the screen of the previous event
and then load the next set of particles. Finally, it will
clear the Particle Info Box and regulate availability of
the buttons. Particle Info Box is a part of the GUI which
displays information about a selected particle.

4.4. Navigation manager

The navigation manager guides the students through
the exercise by gradually increasing their privileges on
the form. In the beginning most of the buttons are dis-
abled. As students select particles and save them, other
buttons become enabled, and students can press on them
in order to complete the exercise.

4.5. Histogram manager

When a student wants to examine the histogram of
the invariant masses, this manager opens a new tab in
the application and draws the histogram in it. If the tab
is already open, the histogram will be just updated.

Furthermore, this histogram can be saved on the hard
disk drive, because ROOT offers the possibility to write
the instances of all the classes in ROOT on disk, into
what is referred to as a ROOT file. One says that the
object is made “persistent” by storing it on disk. When
reading the file back, the object will be restored to mem-

ory.

5. Conclusion

This project was a significant success due to the fact
that the LHCb experiment was admitted to the Interna-
tional Masterclass programme for the first time.

During the time period from 12" March to 3™ April,
more than twenty institutes participated in the LHCb
Masterclass Exercise with more than 500 students all
together. Institutes were from the United Kingdom, the
United States, France, Italy, Romania, Germany and the
Netherlands. The exercise was translated into all of the
national languages, except Dutch, because tutors from
the Netherlands stated that their students were very fa-
miliar with English.

Students who have used a final version of the applica-
tions stated that they found it interactive and satisfying.
We have received a lot of positive feedback from the
participating institutes and the students. These feedback
prove that our solution met the standard and the require-
ments of the International Masterclass programme.
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6. Further work

An official upgrade of the current event display is
called the Total Event Visualizer (TEV) (fig. [7). It is
supposed to have event displays for all the experiments
at the LHC integrated in one application. As seen on
the figure [8 every experiment should be handled in
the same way: with the same operation classes and the
common event structure. The major challenge lies in
implementing the data translator which should be able
to handle data from every experiment. From the shared
GUIL, a user should be able to choose the experiment and
get the information and the data from it.

¥
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Figure 7: Full appearance of the LHCb detector in TEV

TEV is based on computing gaming technology and
is implemented in Unity Pro (version 4.3.4). The ma-
jor advantage is suitability with many platforms includ-
ing Windows, Mac OS, i0S, Android and also a web
player. Regarding to the appearance, the main objec-
tives of TEV are:

1. It should be easy to use

2. It should be visually appealing

3. It should engage users the right way

4. It should be flexible and usable in many scenarios

ATLAS LHCb CMSs ALICE Other

\\\/]/
l
)

Data Translator

Common Event Structure

Operational Classes

Event Manager

Figure 8: The structure of the Total Event Visualizer (TEV)

The new application should have many purposes: it will
be used as a scientific discovery tool for general public,

as an International Masterclass exercise for high-school
students, and even for minor professional purposes. One
of the plans for future work would be integrating facility
from ROOT into TEV.
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