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Motivation for Research and the Standard Model

Mankind’s understanding of the Universe has changed sharply since the beginning of the

20th century. The Standard Model of particle physics as formed in the 1970s is presently

the most accepted theory that describes the existence of matter and the fundamental

forces of nature, with the exception of phenomenon described by general relativity1. Al-

though the Standard Model is presently the most accepted theory to describe the Universe,

it still falls short in many arenas, and at times is contradictory or inconsistent2.

The Standard Model consists of 16 elementary particles: 12 fermions and 4 bosons. The

fermions, all of spin 1
2

can be split into two groups: Quarks (up, down, top, bottom,

strange, charm) and Leptons (electron neutrino, tau neutrino, muon neutrino, electron,

tau and muon). Quarks are unique in the Standard Model as the only particles to expe-

rience all four fundamental interactions3, and thus all quarks have mass, electric charge,

color charge and spin. The first quarks were first observed in 1968 at SLAC, with the last

one, the top quark being observed in 1995 at Fermilab.

Leptons, the other group of fermions, are only subject to three of the four fundamental

interactions of nature4. The Z boson which is the force carrier for the weak interaction,
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has several decay modes, including electron-positron production, muon production as well

as other lepton production5although muons and electrons are the best decay products for

observing the existence of the Z boson because of decay lifetimes6 .

Figure 1: Fundamental particles and force carriers according to the Standard Model

Introduction to the LHC and ATLAS

The LHC, or Large Hadron Collider is both the largest and highest energy particle ac-

celerator in the world and is located in Geneva, Switzerland at CERN, the European

Organization for Nuclear Research. The ATLAS collaboration is one of the seven collab-

orations that use the LHC to investigate and describe physical phenomenon.

The main goal of the ATLAS collaboration is to investigate the Standard Model and iden-

tify other processes that may not yet be described by the Standard Model. By colliding

a large number of protons at extremely high energies, the basic units of matter can be

examined more closely. Using a particle accelerator to investigate matter is similar to

smashing two cars together and examining the wreckage in order to determine how each

car was made. Obviously such a process would be extremely complicated, and under-

standing how the various parts once went together would be like solving an enormous

puzzle7. To examine the results of such high energy and complex interactions, detectors
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such as ATLAS or CMS are used to gather as much information about each collision as

possible. Through the extensive analysis of such interactions, evidence for new physics

may be observed, either indirectly or directly.

The ATLAS detector, along with the CMS detector, is considered to be a “general purpose

detector” that may be used to observe many different physical phenomenon. Because of

this, there are many different research groups on the ATLAS collaboration that study

various types of physical phenomenon, ranging from heavy ion nuclear physics to the

search for the Higgs boson.

The ATLAS detector consists of five main smaller detector systems: the inner detector,

the transition radiation tracker, the electromagnetic calorimeter, the hadronic calorime-

ter, the muon detector and weighs approximately 7,000 metric tons. The electromagnetic

detector is the most important detector for the study of electrons, as it provides accurate

information about the energy of each electron, which can then be used (if the electron

was part of an electron-positron pair, as is the case with Z → e+e−) with center of mass

information to determine the invariant mass of the original particle8.

Figure 2: Aerial View of the LHC(left) and CGI of the ATLAS detector(right)

Z boson and the Randall-Sundrum Graviton

The Z boson is one of the two elementary particles that mediate the electroweak force in

nature, the other being the W± Boson. The Z boson has no electric charge, a spin of 1,

and is its own antiparticle. The half life of the Z boson is approximately 3×10−25 seconds.
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Because of this, both the Z boson and the virtual photon(γ∗) that can be produced from

quark-antiquark collisions are denoted to be “virtual” because neither particle physically

exists in the ATLAS detector when produced.

The Z boson is one of the heaviest elementary particles with a resting mass of 91.18 GeV.

Comparing that to the mass of the proton at .938 GeV, the Z boson is nearly 100 times as

massive. As a force carrier with such a high mass, the range of the Weak force is severely

limited. Similiarly, the massless γ∗ created from quark-antiquark annhilation allows the

electromagnetic force, for which it is a carrier, to have infinite range. The reason for this

is beyond the scope of this paper and derives from quantum field theory.

The Z boson is created at the LHC from the annhilation of a quark with an antiquark

from two large Hadrons, in this case, protons. After the annhilation of the quark with

an antiquark, either a Z boson or a γ∗ can be created, which then quickly decay into

an electron-positron pair. These electron-positron pairs can later be identified as coming

from either a Z boson or a γ∗. By looking at the invariant mass of electron-positron

pairs in the ATLAS detector, we can determine if any virutal Z bosons have been created.

Using pairing algorithms and data from the tracking systems, it can be determined if an

electron-positron pair originated from the same point in space. This in combination with

the momentum tracking system makes it possible to isolate Z boson electron-positron

pairs, and thus observe and measure the invariant mass of the Z boson as derived from

the center of mass of the electron-positron pair.

q

q

/Zγ

-e

+e

Figure 3: Quark-Antiquark Annhilation to Create Z bosons or Photons

The final state we observe to identify a Z boson or a graviton are e+e− pairs that have

decayed either from the Z or the graviton. Although it would be possible to look at other

channels for Z and graviton production besides the e+e− pair that we are currently ob-
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serving, such as muons, electrons are an ideal choice because of their stable lifetime, as

they do not decay any further or as quickly as many of the other more complicated decay

channels for Z and graviton production. The cross-sections of the Monte-Carlo simulation

used for this study were 8.5565 × 10−1 nb for the Z boson and 7.556 × 10−7 nb for the

graviton.
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Figure 4: Z Monte-Carlo (red) Overlaid with Graviton Mass (black)

As background is an inherent product of such high energy collisions, we must some-

how account and identify sources of background that surround our interactions. The

background that is most commonly observed for our energy range in the electromagnetic

calorimeter where our data is collected comes from γ∗ production as a result quark-

antiquark annhilation, much in the same way that Z bosons are produced. The mass

peak for γ∗ is easily identifiable and differentiable from the Z mass peak because it is cen-

tered around 0 GeV. Other forms of background exist as well, such as narrow high energy

jets, but these too can be identified and subsequently removed using various selection

techniques9.
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Figure 5: The γ∗ mass peak visible at low GeV, Good Runs List applied, passing tight.

Electron Identification and Selection

Electron identification in the ATLAS detector is done through very specific selection

techniques that employ information gathered from each detected particle that passes

through the various parts of the ATLAS detector (Inner Detector, Calorimetery System,

Muon System and the implications of the Magnetic System).A combination of momentum,

tracking and energy measurements make unique particle identification.

In the Inner Detector, electrons are identified using the SCT, TRT and the Pixel detector

systems. In the electromagnetic and hadronic calorimeters, particles are identified by the

amount of energy they deposit into the calorimeter. For Z bosons, the amount of energy

an electron deposits within the electromagnetic calorimeter should coincide with the mass

of the Z boson of ≈ 91.187± .0021 GeV10. Because different electrons will have different

masses depending on their decay sequence, the electromagnetic calorimeter is the strongest

tool in the ATLAS detector for identifying electrons that have decayed from the Z boson.

The hadronic calorimeter is also helpful in the selection and identification of electrons that

have decayed from the Z boson, because we can measure the hadronic leakage11 and use

this information to determine if a particle was an electron or not. In general, the hadronic

leakage for electrons should be zero to near zero as the electromagnetic calorimeter was

designed specifically to completely absorb and stop all electrons.
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Figure 6: Detector cross-section showing particles passing, courtesy ATLAS

The cut variables used for electron identification are divided into Loose, Medium and

Tight cuts. As the cuts become tighter, jet rejection increases while identification effi-

ciency decreases. For instance, the medium cuts increase the jet rejection by a factor of

3−4 with respect to the loose cuts, while reducing the identification efficiency by ≈ 10%.

Several tables in the appendices section give examples of some of the cuts that are placed

on various ID variables for electrons passing “Loose.”

Beyond the cuts that are made as part of the Loose, Medium and Tight cuts, specific

cuts may also be applied directly in η and Pt. These cuts are useful for specific electron

identification because electrons may have different properties (such as their Pt) depending

on their source12.

In order to estimated the background, we allow for all electrons within a certain Pt

range to pass as anti-loose13, so we exclude all actual electrons from that sample and

then when we plot them, we might overlay a Monte-Carlo plot and then the two plots

combined might show us how an actual bin sample would appear. (I will include a plot

of ZMC + anti-loose electrons then plot all of that next to a histogram of just straight

bin electrons to show how the two plots look similar)

7



Table 1: Loose, Medium and Tight Cuts
Type Description Variable Name

Loose Cuts

Acceptance of the detector |η| < 2.47
Hadronic leakage Ratio of ET in the first sampling of the

hadronic calorimeter to ET of the EM cluster
Second layer Ratio in η of cell energies in 3x7 versus 7x7 cells. Rη

of EM calorimeter Ratio in φ of cell energies in 3x3 versus 3x7 cells. Rφ
Later Width of the shower.

Medium Cuts (includes Loose cuts)

First layer Difference between energy associated with ∆Es
of Em Calorimeter the second largest energy deposit

and energy associated with the minimal value
between the first and second maxima

Second largest energy deposit Rmax2
normalised to the cluster energy.

Total shower width. wstot
Shower width for three strips around maximum strip. ws3
Fraction of energy outside core of three central strips Fside

but within seven strips.
Track quality Number of hits in the pixel detector (at least one).

Number of hits in the pixels and SCT (at least nine).
Transverse impact parameter (< 1 mm).

Tight Cuts (isol) (includes Medium cuts)

Isolation Ratio of transverse energy in a cone ∆R < 0.2
to the total cluster transverse energy.

Vertex-layer Number of hits in the vertexing-laer (at least one).
Track matching ∆η between the cluster and the track (< 0.005).

∆φ between the cluster and the track (< 0.02).
Ratio of the cluster energy E/p
to the track momentum.

TRT Total number of hits in the TRT
Ratio of the number of high-threshold

hits to the total number of hits in the TRT.
Tight (TRT) (includes tight (isol) except for isolation)

TRT Same as TRT cuts above,
but with tighter values corresponding to about 90%

efficiency for isolated electrons.

—- show some plots of electron ID variables for loose Z MC and background from data

Do Zmc and background –¿ All bins of Zmc

– how do these electron ID cuts change as a function of pT in the MC?

—- overlap histos for loose variables in a particular eta for a few pts - Z MC, G MC

—- quantify agreement/disagreement - do we need to reoptimize these cuts?

Results

Beyond the Loose, Medium and Tight cuts that were applied to the data, a ”good runs

list” cut was also applied to the data, which excludes all ”bad data” from our analysis.

The ”good runs list” is an XML file that is used when running through data that acts as

a checklist to exclude certain runs that contain corrupted or nonsensical data, allowing

us to only look at data that is both interesting and of good quality.

Before applying the Good Runs List:

After applying the Good Runs List:

– show a Z peak for all the data that we have compared with Z MC
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Figure 7: η vs φ showing detector coverage for Z boson (Monte-Carlo)

– a few plots of the Z data and Z MC electron ID variables overlapped (even those

the statistics will be low)
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Figure 8: Z Mass Peak, in Monte-Carlo (left) and from Data (right)
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Table 2: Pt and η Cut Threshold Values

Pt in GeV η
< 5
5 0.1
10 0.6
15 1.8
20 1.15
30 1.37
40 1.52
50 1.81
60 2.01
70 2.37
80 2.47

> 80

Conclusions

Presently, the electron selection cuts employed for Z → ee identification have an efficiency

of about 89.97% for data passing the Loose cuts, and and efficiency of about 61.66% for

data passing the tight cuts. As is visible in the histograms of the data, the Z mass peak is

hardly visible for data passing the Loose cut; in fact, when trying to fit the width of the

Z mass distribution for data passing the Loose cuts, and constricting the fit data 60GeV

< 120 GeV, a Z mass of 56.28 GeV is obtained, alhough with a very low χ2 value, and

thus a low correlation.

At higher proton-proton collision energies, we will see more Z bosons being created, and

will thus see more of their decay products. One challenge as the LHC moves forward

and the collision energy increases to 14 TeV will be the production of more noise to

our samples. As the energies increase, and more data is taken, it will be possible to

add more fine tuning to certain electron identification cuts such as Wstot in the first and

second samplings, hadronic leakage, ∆η and ∆φ. As the beam energies change, we can

expect stricter cuts to be placed on variables such as Wstot and the ∆ variables as jet Pt

increases and more jets resemble true Z → ee electrons. We can also expect the cuts on

the hadronic leakage to change slightly as more (although still relatively few) electrons

“punch” through the EM calorimeter and “leak” into the hadronic calorimeter.

In the end, for the small amount of data that was used for this study, a fitted Z mass peak

for electron pairs passing tight of 89.07 ± 1.48 GeV was obtained. This result is slightly

more than 2.11 GeV lower than the actual Z mass peak which is centered around the Z
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Figure 9: Z Mass Peak, Data Overlaid Monte-Carlo

mass of 91.1876 GeV. By these results alone, it would be too difficult 14 to determine

whether the cuts applied to the data need to be changed significantly. For such a small

amount of data, a very pronounced Z mass peak can be seen for electron pairs passing

loose, and for now theses cuts require no change in order to improve the resolution of our

results.

References

Notes

1Such as gravity or dark energy
2For instance the hierarchy problem
3Gravitation, Weak interaction, Strong Interaction and Electromagnetism.
4Electromagnetism, Weak Interaction and Gravitation
5MassLeptons << MassZBoson.
62.197019µs for muons, ∞s for electrons
7Particle collisions, especially hadron collisions face nearly infinite more complexities than two cars

simply smashing into one another.For instance in hadron collisions, thousands of particles are created,
many of which may immediately decay into even more particles

8such as a Z boson
9Such as cuts on the hadronic leakage

10The uncertainty in this value is due to quantum uncertainty
11The amount of energy that has “leaked” from the electromagnetic calorimeter into the hadronic

calorimeter.
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12i.e. What they decayed from
13Anti-cuts are cuts that we place on electrons that allows for all electrons that pass a certain cut to

NOT pass the anti-cut. For instance, an anti-Loose cut would allow all electrons accept those that pass
loose, to pass. Using such anti-cuts allows us to examine background signal and then use that information
in order to compare the electrons passing through anti-loose to unbinned electrons, electrons that pass
loose or to our Monte-Carlo data sets.

14Especially due to the small amount of data collected.

Appendices

Table 3: Pt and η Cuts on WStot1

η

Pt (GeV) 0.1 0.6 0.8 1.15 1.37 1.81 2.01 2.37
< 5 3.48 3.48 3.78 3.96 4.20 3.96 2.70 1.80
5-10 3.18 3.18 3.54 3.90 4.02 4.02 2.70 1.86
10-15 2.81 2.81 2.97 3.36 3.48 3.72 2.35 1.76
15-20 2.76 2.76 2.92 3.24 3.41 3.67 2.42 1.72
20-30 2.50 2.50 2.70 3.14 3.23 3.58 2.32 1.59
30-40 2.45 2.45 2.70 2.98 3.17 3.52 2.21 1.58
40-50 2.27 2.27 2.61 2.90 3.17 3.36 2.25 1.55
50-60 2.27 2.27 2.61 2.90 3.17 3.36 2.25 1.55
60-70 2.27 2.27 2.61 2.90 3.17 3.36 2.25 1.55
70-80 2.27 2.27 2.61 2.90 3.17 3.36 2.25 1.55
> 80 2.27 2.27 2.61 2.90 3.17 3.36 2.25 1.55
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Table 4: Pt and η Cuts on WStot2

η

Pt (GeV) 0.1 0.6 0.8 1.15 1.37 1.52 1.81 2.01 2.37 2.47
< 5 0.014 0.014 0.014 0.014 0.014 0.028 0.017 0.014 0.014 0.014
5-10 0.013 0.013 0.014 0.014 0.014 0.026 0.017 0.013 0.014 0.014
10-15 0.013 0.013 0.014 0.014 0.014 0.025 0.017 0.013 0.014 0.014
15-20 0.012 0.012 0.013 0.013 0.013 0.025 0.017 0.012 0.013 0.013
20-30 0.012 0.012 0.012 0.013 0.013 0.025 0.015 0.012 0.013 0.012
30-40 0.011 0.011 0.012 0.013 0.013 0.025 0.014 0.011 0.012 0.013
40-50 0.011 0.011 0.012 0.013 0.013 0.025 0.014 0.011 0.012 0.013
50-60 0.011 0.011 0.012 0.013 0.013 0.025 0.014 0.011 0.012 0.013
60-70 0.011 0.011 0.012 0.013 0.013 0.025 0.014 0.011 0.012 0.013
70-80 0.011 0.011 0.012 0.013 0.013 0.025 0.014 0.011 0.012 0.013
> 80 0.011 0.011 0.012 0.013 0.013 0.025 0.014 0.011 0.012 0.013

Table 5: Pt and η Cuts on Hadronic Leakage

η

Pt (GeV) 0.1 0.6 0.8 1.15 1.37 1.52 1.81 2.01 2.37 2.47
< 5 0.031 0.031 0.021 0.021 0.019 0.014 0.065 0.065 0.046 0.034
5-10 0.018 0.018 0.016 0.015 0.016 0.028 0.053 0.038 0.028 0.021
10-15 0.015 0.015 0.014 0.014 0.016 0.020 0.039 0.032 0.027 0.023
15-20 0.012 0.012 0.010 0.010 0.012 0.015 0.029 0.022 0.015 0.025
20-30 0.010 0.010 0.010 0.010 0.010 0.010 0.025 0.021 0.014 0.019
30-40 0.010 0.010 0.010 0.010 0.010 0.010 0.024 0.021 0.013 0.014
40-50 0.010 0.010 0.010 0.010 0.010 0.010 0.018 0.020 0.013 0.014
50-60 0.010 0.010 0.010 0.010 0.010 0.010 0.018 0.020 0.013 0.014
60-70 0.010 0.010 0.010 0.010 0.010 0.010 0.018 0.020 0.013 0.014
70-80 0.010 0.010 0.010 0.010 0.010 0.010 0.018 0.020 0.013 0.014
> 80 0.010 0.010 0.010 0.010 0.010 0.010 0.018 0.020 0.013 0.014
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