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Abstract

The Compact Muon Solenoid (CMS) Experiment is one of the particle detectors at CERN’s
Large Hadron Collider (LHC). The CMS Collaboration consists of more than 5000 scientists,
engineers, technicians and students from more than 200 institutes and universities from more than
40 countries. The CMS collaboration has a wide physics program and published more than 1000
papers. The CMS has provided open access to 2 PB of'its data recorded in proton-proton collisions
for research and educational use. This paper gives a brief description on how to analyze the CMS

open data and shows a simple Higgs Boson analysis with the data recorded in early 2011.

Keywords: CMS Open Data; Virtual Machine; Higgs.
CMS Acik Veri ile Egitici Higgs Calismas
Oz

Kompakt Miion Solenoid (CMS) Deneyi, CERN’in Biiyilk Hadron Carpistiricisindaki
(LHC) parcacik dedektodrlerinden biridir. CMS Isbirligi, 40’tan fazla iilkeden 200’den fazla
enstiti ve iniversiteden 5000’den fazla bilim insani, miihendis, teknisyen ve ogrenciden
olusmaktadir. CMS Isbirligi genis bir fizik programma sahiptir ve 1000’den fazla makale
yaymlamistir. CMS, aragtirma ve egitim amaclh kullanim igin proton-proton ¢arpismalarinda

kaydedilen verilerinin 2 PB’sine agik erisim saglamistir. Bu makale, CMS agik verilerinin nasil
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analiz edilecegine dair kisa bir agiklama sunar ve 2011’in baglarinda kaydedilen verilerle basit bir

Higgs Boson analizini igerir.

Anahtar Kelimeler: CMS Acik Veri; Sanal Makine; Higgs.

1. Introduction

The Compact Muon Solenoid (CMS) [1] is a general-purpose detector at the Large Hadron
Collider (LHC) at CERN. The CMS has a broad physics programme ranging from studying the
Standard Model to searching for extra dimensions and particles that could make up dark matter.
The CMS collaboration has published more than one thousand papers, one of the most important
publications was on the observation of the Higgs Boson [2] in 2012. The CMS Collaboration
continues its efforts on studying the properties of the Higgs Boson [3-38] ever since the first

observation.

Since 2014 the CMS Collaboration started to release recorded data into open datasets. The
CMS data are unique and are of interest to the scientific community as well as to those in

education. Several papers [39-47] focusing on new methods and physics results have been

published with the CMS open data.

This paper has educational intentions and focuses on CMS Open Data from 2011 (7 TeV)
for a study on the Higgs Boson. Section 2 describes how to set up a virtual machine, the datasets
and the event selection, Section 3 displays the event topology of the Higgs Boson candidates and

Section 4 shows the results.

2. The Datasets and Event Selection

One of the decay channels of the Higgs Boson is H—ZZ—4/, where the final decay
products can be four muons, four electrons or two muons and two electrons. For this study,
DoubleMuon [48] and DoubleElectron [49] datasets from RunA of 2011 were used since the

events stored in these datasets have at least two high-energy muons or electrons.

A virtual machine'is installed and the CMS computing environment is set up” to analyze
the CMS Open Data. The Higgs Boson candidates were selected by requiring to have two Z boson
candidates in the event. The Z boson candidates selection relied on the presence of a pair of muons
or electrons. The muon candidates are selected from muons identified as both Global and Tracker
Muon with the y*/d.o.f of the global-muon track fit is less than 10 and the number of inner-tracker
hits are more than 10. The muon candidates are also required to have transverse momentum (pr)

higher than 5 GeV/c, absolute value of the pseudo-rapidity (|5|) less than 2.4 and the ratio of the
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scalar sum of the Pt of tracks in the inner tracker (XPr) and the transverse energies (XEt) in
calorimeter cells (both in the Electromagnetic Calorimeter (ECAL) and Hadronic Calorimeter
(HCAL)) within a cone of radius AR = V(Ap)? + (A)> = 0.3 centered on the direction vector of
the candidate particle (dRo3) and the Pt of the muon candidate less than 0.15. The electron
candidates are selected from electrons passing loose identification requirements. The electron
candidates are also required to have Pt higher than 7 GeV/c, || less than 2.5 and additional
isolation criteria: in the barrel region (|| < 1.44) the ratio of the £Pt within dRg 3 and the Pr of the
electron candidate less than 0.09, the ratio of the XEr in the ECAL within dRo 3 and the Pt of the
electron candidate less than 0.07 and the ratio of the ZEr in the HCAL within dRg 3 and the Pt of
the electron candidate less than 0.10, in the forward region (5| > 1.57) the ratio of the Pt within
dRo 3 and the Pr of the electron candidate less than 0.04, the ratio of the £Er in the ECAL within
dRo3 and the Pr of the electron candidate less than 0.05 and the ratio of the ZEr in the HCAL
within dRo3 and the Pr of the electron candidate less than 0.0025. The region between 1.44 and
1.57 is excluded for the electrons due to low electrons reconstruction efficiency. Events with

single Z boson candidate are also studied.
3. Event Displays

The CMS collaboration has developed a tool for visualizing particle collisions. Figure 1
shows event displays of Higgs Boson candidates from 2011 and 2012 decaying to four muons,
four electrons or two muons and two electrons. The muon tracks and the muon stations with a
muon hit are shown in red, the electron tracks and the energy deposited in ECAL cells are shown

in green, and the energy deposited in the HCAL cells are shown in blue in the event displays.
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" CMS Experiment at the LHC, CERN CMS Experiment at the LHC, CERN
a Data recorded: 2011-Oct-13 12:47:38.421105 GMT g Data recorded: 2012-May-07 07:46:20.384985 GMT

Run / Event / LS: 178424 / 666626491 / 585 Run / Event / LS: 193575 / 400912970 / 523

CMS Experiment at the LHC, CERN
Data recorded: 2012-May-27 23:35:47.271030 GMT
Run/ Event / LS: 195099 / 137440354 / 115

Figure 1: The event displays of the Higgs Boson candidates. The up-left display shows four muons, the
up-right display shows four electrons, and the low-middle display shows two muons and two electrons. The
particle tracks in the CMS tracker are shown in yellow in the upper-left display, for the other two displays
visualization of the particle tracks are disabled to make the electron tracks (in green) visible to the reader

4. Results

One million events per dataset (DoubleMu and DoubleElectron) were analyzed for Z
candidates. Figure 2 shows the kinematic properties of the muons used for Z candidate
reconstruction. Figure 3 shows the kinematic properties and the mass of the Z candidates
reconstructed by the muon pairs. Figure 4 shows the kinematic properties of the electrons used
for Z candidate reconstruction. Figure 5 shows the kinematic properties and the mass of the Z
candidates reconstructed by the electron pairs. Both the muons and electrons are mostly in the
barrel region and their transverse momenta peaks at around a bit higher than 40 GeV/c. The Z
candidates are mostly in the forward region. The reconstructed mass of the Z candidates centered
at 91 GeV/c?. The mass of the Z candidates have a narrower mass peak for the muon case than
the electron case. This suggests that the muon resolution of the CMS detector is better than its

electron resolution. The details of the muon reconstruction performance can be found at [50].
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Figure 2: The left column shows the pseudo-rapidity (up-left) and transverse momentum (low-left)
distributions of the more energetic muon. The right column shows the pseudo-rapidity (up-right) and
transverse momentum (low-right) distributions of the less energetic muon
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Figure 3: The pseudo-rapidity (up-left) and transverse momentum (up-right) distributions of the Z
candidates reconstructed by the muon pairs. The mass distribution (low-middle) of the Z candidates
reconstructed by the muon pairs
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Figure 4: The left column shows the pseudo-rapidity (up-left) and transverse momentum (low-left)
distributions of the more energetic electron. The right column shows the pseudo-rapidity (up-right) and
transverse momentum (low-right) distributions of the less energetic electron
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Figure 5: The pseudo-rapidity (up-left) and transverse momentum (up-right) distributions of the Z
candidates reconstructed by the electron pairs. The mass distribution (low-middle) of the Z candidates
reconstructed by the electron pairs.
All events were analyzed for Higgs Boson candidates; 35,329,695 events in DoubleMu

dataset and 3,835,254 events in DoubleElectron dataset. Figure 6 shows the kinematic properties

of the Z candidates used for Higgs Boson reconstruction by using the DoubleMu dataset. Figure
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7 shows the kinematic properties and the mass of the Higgs Boson candidates by using the
DoubleMu dataset. Figure 8 shows the kinematic properties of the Z candidates used for Higgs
Boson reconstruction by using the DoubleElectron dataset. Figure 9 shows the kinematic
properties and the mass of the Higgs Boson candidates by using the DoubleElectron dataset. The
Z candidates are evenly distributed in pseudo-rapidity for both datasets. The Higgs candidates are
mostly in the forward region for both datasets. Even though it is not possible to make a conclusion,
the mass of the Higgs Boson candidates with the DoubleMu dataset shows a slight excess in the
120-130 GeV/c2 range. A similar excess doesn’t exist in the Higgs Boson candidate mass plot

with the DoubleElectron dataset.
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Figure 6: The left column shows the pseudo-rapidity (up-left) and transverse momentum (low-left)
distributions of the real Z candidates. The right column shows the pseudo-rapidity (up-right) and transverse
momentum (low-right) distributions of the virtual Z candidates. The plots are produced by using the
DoubleMu dataset
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Figure 7: The pseudo-rapidity (up-left), transverse momentum (up-right) and the mass distribution (low-
middle) of the Higgs candidates reconstructed by using the DoubleMu dataset
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Figure 8: The left column shows the pseudo-rapidity (up-left) and transverse momentum (low-left)
distributions of the real Z candidates. The right column shows the pseudo-rapidity (up-right) and transverse
momentum (low-right) distributions of the virtual Z candidates. The plots are produced by using the
DoubleElectron dataset
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Figure 9: The pseudo-rapidity (up-left), transverse momentum (up-right) and the mass distribution (low-
middle) of the Higgs candidates reconstructed by using the DoubleElectron dataset

5. Conclusion

The CMS Open Data collections are released for research and educational use. The data
can be analyzed by installing a virtual machine and setting up the CMS computing environment.
It is possible to visualize the collision data and make histograms. This paper aims to give pointers
to guidelines on how to analyze the data and presents a simple Higgs Boson analysis with the data

recorded by CMS experiment in early 2011.
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