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Experimental Problem -
Measurement of DOlifetime

Introduction - Context overview

o Standard Model

The Standard Model of particle physics is the current theory which explains best the composition
of matter to the sizes of atoms and nuclei constituents and the forces between them. Briefly, the
visible matter is made of quarks (u, d, c, s, t, b) and leptons (electron, muon, taon) and their
antimatter versions, anti-quarks and anti-leptons which interact between them by four fundamental
forces: electromagnetic, weak, strongand gravitational, mediated by carrier particles called bosons
(photons, Z, W+, W-, gluon), see the table form Figure 1 below. The quarks do not live free in
nature, they combine with each other in combinations of 2, 3 or more. Combinations of three
quarks are called baryons, for instance proton - (u, u, d) and neutron (u, d, d) which are also long
living particles. Some combinations of three or two particles (called mesons) produce unstable
particles which decay very fast.
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Figure 1. The Standard Model table
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The unstable particles decay to less heavier particles, for instance the meson particle called D° can
decay to kaon (K-) consisting of a strange quark and an anti-up quark, and a pion (pi*) which
consists of a down anti-quark and an up quark. The +, - and O refer to the electric charge of the
particle, whether it is positively charged, negatively charged or neutral. These particles have a
lifetime which is long enough that they can be measured in current experiments.

DO(c anti-u) -> K-(s anti-u) + pi*(u anti-d).

O The setup -LHCb detector

The Large Hadron Collider (LHC) is the largest research infrastructure dedicated for discovering
the laws of the subatomic world. The LHCb detector, shown in Fig. 2., is one of the four large
scale instruments which record the proton - proton collisions delivered by LHC. The LHCb has
many layered subdectors which contributes to reconstructing the trajectories of the particles
coming out of the initial collisions. The place where the protons collide is called the primary
vertex, while the places where unstable particles decay (like DO, or exotic particles) are called
secondary (tertiary) vertices, or displaced vertices. The presence of the displaced vertices is a sign
of an interesting event for physics. The LHCb is able to record the displaced vertices due to its
detector called VELO, see Fig, 2, which is very close to the place where protons collide.
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Figure 2: The LHCb detector. The Z axis is the direction of the LHC beamline.
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O Thedata

The data sample used for this exercise consists of candidates for a type of charmed particle known
as a DO particle (and the anti-particle D°) found in a sample of randomly collected LHC
interactions during 2011 datataking. The particles are measured decaying in the following mode

D°® — K~+m* (and the conjugate mode D® — K* + 7~ ) and they have been preselected such
that you can see clearly the signal. In the same dataset there are also other events which are not
true DO candidates but which could not be eliminated with imposed conditions. These candidates
are called background in the context of this exercise.

A distinctive feature of DO particles is their measurably long lifetime (the object of this exercise).
From a practical point of view, this means that they form a "secondary™ vertex which is displaced
from the "primary" proton-proton interaction. This is illustrated in Fig. 3. Even with these
distinctive features, background events, most of which consists of random combinations of
particles produced in the proton-proton collision, are still present.
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Figure 3: The DO particle secondary vertex ("D") displaced from the pp interaction.

The application

You will access the data through a graphical user interface (GUI) which is described below. For
connectivity you should consult the technical guide available to you. The overall goal of the
exercises is to determine the lifetime of the particle D%nd the associated measurement
uncertainties.
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For the firstexercise you willuse the ‘Event Display’ part of the application, while for the exercises
2 and 3 you will use the ‘D0 Exercise’ part of the application.

Notes:

You can run in parallel more than one instance of the application

To activate the ‘D0 exercise’ button you should first select at least one event in the ‘Event
display’ part.

The final saving of your plots, tables, notes will be done outside the application according
to the technical guide.

If during the contest you lose the internet connections you will lose the plots from inside
the application, but you still have the ones saved on your computer.

Exercise 1: Visual search

In this exercise you will use the first part of the application called ‘Event display’. You will have

aCCess

to a visualization of the particle trajectories (“tracks") recorded by the LHCb experiment

after a proton - proton collision. Each one will have access to 30 events, they are selected from
the menu tab "Combinations’. Choose the combination with the number communicated to you.

Theeventdisplay allows you to locate the displaced vertices belongingto DO particles in the vertex
detector of the LHCb experiment. The tracks are colour coded, and a legend at the bottom of the
GUI tells you which colour corresponds to which kind of particle. In order to make identifying
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vertices easier, you can view an event in three different two-dimensional projections: y-z, y-x, and
x-z,show foroneeventin Fig. 4. Differentevents will be clearer in different projections! Displaced
vertices appear as a pair of intersecting tracks, far away from the other tracks in the event. When
you click onaparticle, you will see its information, includingmass and momentum, in the Particle
Info box.
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Figure 4: Three views of one event, in different planes: y-z, y-x, and x-z.

A DO particle decays into a kaon and a pion, so you will need to find a displaced vertex where a
kaon track intersects with a pion track. Once you find a track which you think is part of the
displaced vertex, you can save it using the Save Particle button. Once you have saved two
particles, you can compute their mass by clicking on the Calculate button. If you think this
combination hasa mass compatible with that of the D particle, click on Add to save it : by saving
a combination for each event, you will build up a histogram of the masses of the displaced vertices
in the different events.

As you are looking at real data the set contains both signal and background, and 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 true D9 mass). If you try to save a combination which is too far away fromthe real D°
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mass the application will warn you that you have not found the correct displaced vertex pair and
won't let you save it.

O Tasks

1.1 Look at the events you are given and for each eventidentify a D%r DOcandidate. Record, on
paper or electronically, the candidates and the mass obtained in each event. Add the combination
to the total mass (in the application).

Evt. no # D0 mass # anti - DO mass

X.1

X.2

X.3

If you are not able to find the displaced vertex for an event, you can move on to the next event and
come back later to the events you skipped. Once you have looked at all events, you can examine
your mass histogram by clicking the Draw button.

1.2 With the data recorded, make similar histogram plots as in the previous task, distinctively
for DO and anti-DO candidates. Compute the ratio between the number of the two types of
candidates.

Exercise 2: Measure the lifetime of DO

In this exercise you will use the second part of the application called ”DO0 exercise”.

The object of this exercise is to use a data sample of about 50000 events to measure the lifetime
of the DO particle. This is the same quantity as the half-life of a radioactive particle: the D° decays
according to an exponential distribution, and if this exponential is fitted to a distribution of the D°
decay times, the slope of this exponential is the lifetime of the DO,
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O Definitions:

Afterstarting the exercise you will be able to draw plots of the data, change ranges of the variables,
make fits of the invariant mass and the lifetime of the DO. The following variables will appear in
the exercise:

e D% mass: this is the invariant mass of the DO particle. The signal can be seen as a peaking
structure rising above abackground. The range of massesrelevantforthisanalysisis 1816-
1914 MeV. The signal shape is described by the Gaussian (also known as "normal®)
distribution. The center ("mean") of this distribution is the mass of the D9 particle, while
the width represents the experimental resolution of the detector.

e DOTAU:this is the distribution of decay times of the DO candidates. The signal is described
by a single exponential whose slope is the DO lifetime.

e DO IP: this is the DO distance of closest approach ("impact parameter™) with respect to the
proton-proton interaction in the event. The smaller the impact parameter, the more likely
it is that the DO actually came from that primary interaction. In order to simplify the
drawing, we actually plotand cuton the logarithm (base 10) of this quantity in the exercise.

e DO PT: this is the momentum of the D transverse to the LHC beamline.

O Fitting the signals: mass distribution and the lifetime

The application performs the fitting of the signal in two variables the mass of DO and the lifetime,
your choices are to select the ranges of the four variables mentioned above such that you select
(and measure) the signal and remove the background events.

To obtain a value for the lifetime you will use the method of background subtraction described
below.

1. Click on the Plot D® mass button to plot the overall mass distribution. You will see a peak
(signal) on top of a distribution (background). The peak should be described by a Gaussian
function, whosemean corresponds to the mass of the D? and whose width (o) is determined
by the experimental resolution of the LHCb detector.

2. Click on Fit mass distribution to fit this distribution using a Gaussian function for the
signal and a linear function for the background.

3. Look at the fitted mass distribution. You can split it into three regions: the signal region
and two background-only "sidebands": one above the signal (the upper sideband) and one
below the signal (the lower sideband).

4. Use the slider labelled Sig range to define the beginning and end of the signal region. All
events not falling into the signal region will be said to fall into the background region.

5. You can now use the definitions of the signal and background regions in the mass variable
to determine the signal and background distributions in other variables. Click on the button
labelled Apply cuts and plot variables. You will see the signal (blue) and background
(red) distributions for the other three variables plotted next to the mass distribution.
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You are also able to fit the lifetime of DO at any time after you are applying some cuts. For every
lifetime fit you make, we call it a measurement. Varying the cuts you can perform more
measurements.

O Tasks

2.1 Define arange forthe DO mass which should be your ‘signal region’. Comment on the criterion
you used.

2.2 Perform the fitand obtain the value and the statistical error for DO lifetime.

2.3 In addition to statistical uncertainties, measurements can suffer from systematic uncertainties,
caused by a miscalibrated apparatus or an incorrect modelling of the backgrounds. One basic
technique for estimating these is to repeat the measurement while changing the criteria used to
select signal events. If the result changes significantly when changing the criteria, we know that
there is something wrong!

Repeatyourfitforthe lifetime of the DOwhile varyingthe maximum allowed D% impact parameter.
The allowed values range from-4.0 to 1.5 in the original fit. Move this upper value down, at least
10 points and make the plot of the lifetime obtained. The application records these points for you
and does the plot. Save the plot (outside the application using ‘print screen’ or ‘snipping tool’,
name it2.3_YOURCODE), it will be required.

It helps to write down in a table the values shown on the screen like this

error
IP t (lifetime)| (statistical)

15

Alw|Nn |k

2.4 The sigma-shaped plot you obtained is the indication of the presence of a systematic effect,
which once identified can be removed. Make a hypothesis on what causes this systematic effect.

2.5 Seeing the shape of the lifetime as a function of the upper cut on the impact parameter where
would you consider to be ‘correct’ value of the lifetime? Give a criterion for where on the plot you
would choose this ‘correct’ value to lie. You will do the same thing for the other variables so the
criterion should be general to be applied in those cases too.
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2.6 Based on the criterion found above choose your best value for DO lifetime the nominal value,
and a range around this point. (Further you will use this range to estimate the systematic error of
the measurement).

2.7 Repeat the steps 2.3 and 2.6 for the D° TAU variable such that you “improve’ the correct value
of the lifetime. Create the table suggested above. Making the plot is optional, the application does
not performit.

2.8 Repeat the steps 2.3 and 2.6 for the DO PT variable.

2.9 Quote the final value of the DO lifetime, called the nominal value and the statistical error
associated with it.

Exercise 3: Systematicerrors

You saw previously an example of a systematic effect which was present in the initial dataset and
which could be removed. Other sources of systematic uncertainty could be present for various
reasonsdue to the phenomenon, the detector or the method we have usedto make the measurement.
The selection of the nominal value of the lifetime involved also choosing some ranges for every
variable available for study. You can change the values of the upper cuts (or lower cuts) of these
values and get more determinations of the lifetime. The study of these variations can give you an
estimate of the systematic effects you have by usingthis method for the DO lifetime determination.

o Tasks

3.1 Investigate the systematic uncertainties on the DO lifetime for every available dependent
variable. Use the defined range of each variable to perform additional measurements and extract a
value for the systematic uncertainty.

Note: Each source of uncertainty will be graded. Change only one variable at the time having the
others fixed.

3.2 Quote your final value for the DO lifetime statistical and systematic uncertainties identified.

3.3 Order the uncertainties you computed and comment on what source limits the most the
precision of your study.




