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Abstract

This document is meant to give a very basic overview of what a particle physics
analysis might look like. There are many different measurement one can make, like mass
measurements and lifetimes, so there are many concepts that I will omit. However, I
hope this document will give a begining graduate student an overall picture of what they
may likely be doing. I will use the example of measuring the Z → e+e− cross section,
σ(Z → e+e− ).

1 Introduction

A cross section, σ, is a measurement of the probability of a specific process occurring, given
some initial conditions. The initial conditions relevant here is a pp collision with a center of
mass energy,

√
s , equal to 14 TeV. The physics process is the production of a Z boson which

decays to an e+e− final state. Cross sections can be calculated analytically using the Feynmann
rules. This document will not discuss these theoretical calculations of a cross section, however,
a graduate student should be very familiar with these calculations. See just about any particle
physics text books for a description of the calculation.

The experimental measurement of a cross section is the central topic of this document.
The most fundamental relationship in this measurement is the relationship between the cross
section, σZ , the luminosity, L , and the rate of particle production, dN/dt, Equation 1.

dNZ

dt
= σZ · L → NZ = σZ ·

∫
L dt (1)

L is a measurement of the intensity of the proton beams, it is commonly referred to as the
instantaneous luminosity, while

∫
L dt is called the integrated luminosity. Instantaneous lumi-

nosity is usually measured in units of cm−2s−2 (typical values at the LHC will be 1031 to 1033).
Integrated luminosity is typically measured in units of inverse picobarns (pb−1 ). A barn1 is a
unit of area equal to 10−24 cm2. You can easily work out the conversion between pb−1 s−1 and
cm−2s−2 for yourself.

1The name comes from the English expression “You couldn’t hit the broad side of a barn”, which implies
that a barn is some very large area.
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For this document, I will assume that you are looking at real data and that the integrated
luminosity is a value that is given to you2. So, when you select your dataset (a collection of
events taken over some specific time period) you will also have a number for

∫
L dt (with a

corresponding uncertainty).

So, in an ideal world, all you need to do is count the number of events containing one Z
boson in your data sample, divide by the

∫
L dt , and you have calculated σZ . Of course

this is not an ideal world, so there are complications that you need to address. The two main
complications are:

• The detector can not record every Z boson event produced. This is called acceptance and
efficiency.

• There are some events that look like they contain a Z , but are really from some other
physics process. These are called backgrounds.

Taking into account these two realities, the cross section can now be written as in Equation 2.

σ =
Nsignal −Nbkgd

AZ · εZ ·
∫
L dt

(2)

where Nsignal is the number of events in you data sample that you believe contain a Z → e+e−

process, Nbkgd is an estimate of the number of events in Nsignal that are not actually Z → e+e−

events (NZ = Nsignal − Nbkgd), AZ is the acceptance, and εZ is the efficiency for finding a
Z → e+e− event. While there are interdependencies between these numbers, in general, each
number can be calculated separately. The determination of each number is discussed in the
following sections.

2 Number of Signal Events, Nsignal

To determine how many events in our data sample look like they contain a Z → e+e− process
we must define a set of criteria (or cuts) that define what we believe a Z → e+e− process looks
like in the ATLAS detector. Information about all the particles in the event is reconstructed
based on the information of the many sub-detectors of the ATLAS detector3. To identify a
Z → e+e− event we must select events that contain two electron candidates that combine to
form the invariant mass of the Z boson. There are two important selection criteria here:

• Select objects that we believe are electrons (ie. electron candidates)

• Select e+e− pair candidates that could have come from a Z boson.

To select electron candidates one must apply cuts to the calorimeter clusters in the event.
The cuts are chosen to select as many real electrons as possible while rejecting as many non-
electron things as possible. Examples of some electron cuts could be:

2It will likely be calculated by the ATLAS luminosity group
3It may seem obvious, but please remember that there is no truth information in real data - it is only the

reconstructed information that we will have access to.
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• the cluster’s transverse energy (ET ) must be greater than 20 GeV

• the cluster must be in a well instrumented part of the detector (|ηe| < 2.5)

• the ratio of energy in the electromagnetic calorimeter to the hadronic calorimeter must be low

• the shape of the shower in the electromagnetic calorimeter must agree with the shape an electron
would produce

• the amount of energy that is very close to the electron candidate cluster is low (isolation)

• a track must point to the calorimeter cluster

• and the ratio of the energy in the cluster to the momentum of the track (E over P) must be
close to 1.

Please remember, even after all these cuts, and any other cuts you might think of, there is still
a possibility that the electron candidate is not actually an electron.

Now that we have decided how to select electron candidates, we must use them to select
Z → e+e− events. Clearly, we need to select events that contain an e+e− candidate pair (two
candidates with opposite charge). We can then select e+e− candidate pairs that come from
a Z boson by requesting that the invariant mass of the e+e− candidate pair be close to the
Z mass (91 GeV/c2). Figure 1 (produced with Z → e+e− MC) shows that the reconstructed
Z mass is between about 81 to 101 GeV/c2. Therefore, we could choose a mass window of
81 < Mee < 101 GeV/c2. The distribution is fit to a Breit-Wigner4 function. So, Nsignal is
the number of events in our data sample that contain an e+e− candidate pair inside our mass
window.

3 Number of Background Events, Nbkgd

In the previous section, I have already alluded to one of the important issues in estimating the
number of background events - not all of your electron candidates are actually electrons, some
of them are “fakes”. Another contribution to the number of background events are events
that have a real e+e− pair inside the mass window, but they do not come from a Z boson.
Essentially, the number of background events is the number of events from any physics process
other than Z → e+e− that will pass your selection criteria (all the cuts you defined to calculate
Nsignal ).

To estimate Nbkgd you must think of all the possible physics process that could produce an
e+e− candidate pair inside the Z mass window. For example, QCD dijet production (gg → qq̄)
has a very high cross section (roughly 106 times larger than Z → e+e− ). The qq̄ pair will
become a pair of jets (hence the term “dijet”), and each jet could fake an electron or positron.
While this process does not preferentially occur at the Z mass, it can certainly occur in the
mass window. Making the mass window smaller will reduce Nbkgd , but will also reduce the
Nsignal . This means that you need to optimize the size of your mass window to get the best

4A Breit-Wigner distribution is the expected shape of a particle resonance.
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Figure 1: Invariant mass of e+e− pairs from a Z boson decay from Monte Carlo.

signal-to-background ratio. To estimate Nbkgd for QCD dijets one could determine the number
of QCD dijets that are expected to occur in the mass window and multiply that number by
the square of the probability that a jet can fake an electron (because both electron candidates
must be faked).

Another example is Drell-Yan (qq̄ → γ∗ → e+e−) production. While this preferentially
occurs at masses lower than the Z mass, it can still occur within our mass window. Figure 2
shows the invariant mass distribution for both γ∗ and Z production of e+e− pairs. You can see
the γ∗ events preferentially produced at low invariant mass, with a peak at 91 GeV/c2 from
Z production. To estimate the amount of γ∗ background one could fit the distribution to an
exponential (background) function plus a Breit-Wigner (signal) function. The global fit should
should match the invariant mass distribution. The integral of the background fit within the
mass window would then be equal to the number of γ∗ events inside the mass window. This
method of calculating a background is often called sideband subtraction.

So, to determine Nbkgd you must think of every physics process that can create an e+e−

candidate pair in your data sample and estimate how many of those events could be contribut-
ing to Nsignal . For some analyses this is not very difficult, while for others it can be very
challenging.

4 Acceptance and Efficiency

The acceptance, AZ , and the efficiency, εZ , are closely related numbers. They both correct
for the number of Z → e+e− events lost due to the inability of the detector to record every
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Figure 2: Invariant mass distribution for γ∗ and Z of e+e− pairs, with an exponential
fit to the γ∗ background region and a Breit-Wigner fit to the Z signal region.

event. Acceptance accounts for those events lost due to kinematic cuts (ie. ET and ηe cuts).
Efficiency accounts for those events lost due to trigger, reconstruction, and identification cuts
(ie. all the other cuts). The reason the correction is split into two parts is that (in general)
acceptance must be calculated with MC, while efficiencies can normally be calculated with
data. Calculating values with data is generally preferable because the MC does not model the
data perfectly.

The acceptance is calculated by determining the fraction of all Z → e+e− events (in MC)
that have two electrons that pass the ET and ηe cuts. So AZ can be expressed as in Equation 3.

AZ =
N passET and ηe cuts

Z events

NZ events

(3)

The calculation of the acceptance is not normally very difficult, but determining the uncertainty
on the acceptance is usually somewhat more difficult. This is because one must know how well
the MC reproduces the physical process and how well the detector simulation reconstructs the
event to estimate the uncertainty on the acceptance.

The efficiency is normally separated into several smaller efficiency calculations. The exact
way you separate the efficiency depends on the specific analysis - each sub-component should
reflect a process by which you could lose a Z → e+e− event from the Nsignal calculation. Take
Equation 4 as an example of how to split up the efficiency calculation.

εZ = εtrig · ε2
recon · ε2

ID (4)

where εtrig is the efficiency to trigger on a Z → e+e− event, εrecon is the efficiency to reconstruct
a single electron with ET > 20 GeV and |ηe| < 2.5, while εID is the efficiency for a reconstructed
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electron to pass all of your identification cuts (shower shape, hadronic-to-electromagnetic en-
ergy ratio, etc.). The reconstruction and I.D. efficiencies are squared in this example because
they are the efficiency for a single electron, while a Z → e+e− events contains two electrons.
This method assumes that the efficiency of one electron in the event is not correlated with the
efficiency of the other electron - an assumption that is not always valid.

The precise numerator and denominator definitions for each efficiency is dependent on the
numerator and denominator definitions of the other efficiencies as well as what types of data
samples are available. In our present example we could use definitions like those in Equation 5.

εtrig =
N pass trigger

Z events

N reconstructed
Z events

, εrecon =
N reconstructed

electrons

N electrons

, εID =
N passed ID cuts

electrons

N electrons

(5)

where Nelectrons is some sample of electrons (from data) that have been identified without using
the electron I.D. cuts. The most common method to extract a sample of electrons is to select
events that contain one loose electron candidate and one tight electron candidate with an
invariant mass in the Z mass window. A loose electron candidate is one which only passes a
very weak set of cuts, while a tight electron candidate has passed much more strict criteria.
Even though the loose electron candidate was not required to pass many electron cuts is then
very likely to be a real electron from a Z → e+e− decay. This is called the tag and probe
method because the tight electron with the mass constraint acts as a “tag”, so that the other
egamma object can be “probed”.

Efficiencies are normally plotted as a function of variables like ηe, φe, and ET so that one
can be sure that there is not an inefficiency in a place where it is not expected. This is done
as a cross check - the value that actually enters the cross section calculation is a single number
(with it’s uncertainty) representing the overall efficiency for identifying Z → e+e− events. An
example of an efficiency plot as a function of ηe can be seen in Figure 3.

5 Putting It All Together

Now that you have calculated Nsignal , Nbkgd , AZ , and εZ (and
∫
L dt is given from the

luminosity group), you can just plug all the numbers into Equation 2. Of course you must
also calculate the uncertainties on all these numbers - a matter that I will not discuss in this
document because they are always very specific to the exact method you use to calculate the
number.
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Figure 3: default
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