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Abstract

In this work, we study the effects of initial state radiation (ISR), final state radi-
ation (FSR), and multiparton interaction (MPI) on the cross section of inclusive
jet using CMS_2016_11459051 analysis. We also demonstrate that to successfully
use Madgraph with MLM merging to describe the experimental data, one needs
to consider the relevance between xqcut, qcut, and the scale of the process. In
doing so, we solve the weird behavior of Madgraph in CMS analyses.

9This work could not be accomplished without the help of Armando and other people in Hannes’s
group. Thank you very much.
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1 Introduction

My work in summer student program is divided into two parts. The first part is the
study of ISR, FSR, and MPI on the differential cross section of inclusive jet in Pythia
and the study of those in Dire. The second part concerns the problem of the weird
behavior of Madgraph in CMS analyses.

2 Background Knowledge

2.1 Quantum Chromodynamics

Quantum Chromodynamics (QCD) is a theory that describes strong interactions between
partons. Partons is a group of elementary particles including quarks and gluons, which
are the exchange particles for strong interaction. The theory is part of the Standard
Model (SM) that explains the interactions, namely electromagnetic, weak, and strong
interactions, between elementary particles.

Although QCD is very successful, it needs some parameters from the experimental
data such as the parton density function (PDF) that explains the composition of quarks
and gluons in a particle. Extracting data from experiments for QCD is not an easy task
since there is a phenomenon called “confinement.” Confinement means that we can only
observe quarks when they form a colorless particle, hadron, which can be divided into
two types known as baryon and meson. A baryon is composed of three quarks while a
meson is composed of one quark and one antiquark. Confinement happens because the
coupling of strong interactions increases when transferred momentum decreases. This
means the interactions become stronger when quarks are farther apart. At some point,
it will be energetically favorable for the creation of quark-antiquark pairs that bind with
original particles to form new hadrons. Hence, this process is called “hadronization.”
The process cannot be described by perturbative QCD, and we still do not understand
it fully [1].

ener: ’ old ‘ ener, e @ o
‘ 8y energy &y

meson new

‘ newly
minted
meson ‘ meson

meson

old

Figure 1: Hadronization Process [7]



2.2 Jets

The real situation is complex, and hadronization occurs repeatedly turning quarks in
the collision into jets of particles as in Figure 2. In order to study a QCD process,
we observe and extract information of original quarks and gluons through the energy
and angular distributions of the jets [1]. As we cannot describe the hadrons inside
the jets by perturbative QCD, two models have been studied in detail to explain jets
phenomenologically. The first model, “string model,” states that quarks form string-like
gluonic flux tubes when they move apart, and the tubes break up when it is around 1 fm
long to create quark-antiquark pairs. In the second model called “cluster hadronization,”
partons in colliding particles pre-arrange themselves into colorless groups that eventually
decay into hadrons.
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Figure 2: Jets of quarks [2]

2.3 Underlying Processes in Monte Carlo Event Generators

Monte Carlo (MC) event generators are tools for creating experimental predictions based
on physical theories and algorithms. Consequently, they are used to indicate physical
findings and verify particle physics theories. For example, if an MC event generator
based on a particular model gives results that agree with experimental data, we can
probably say the model is correct. The event generators can also help to design fu-
ture experiments. For these reasons, the event generators are indispensable to particle
physics.

There are different MC event generators such as Pythia and Herwig with plugins such
as Madgraph and Dire. Although these generators and plugins are based on different
models, they have the same five underlying processes [4].



2.3.1 Hard Process

The hard process describes the lowest order terms in perturbative QCD. It uses Parton
Distribution Functions (PDFs), which are based on experimental data and models, for
the probabilistic composition of partons in protons and constructs the core process of
each proton-proton collision.

2.3.2 Parton Shower

Similar to electrons radiating photons in Quantum Electrodynamics (QED), partons in
QCD also radiate gluons. This is taken into consideration in an MC event generator by
a process called parton shower. The process is further divided into the radiation before
and after the collision. They are called “initial state radiation (ISR)” and “ final state
radiation (FSR)” respectively.

2.3.3 Hadronization

Due to the phenomenon of confinement mentioned above, it is impossible to observe
separate partons; hence, we need to incorporate hadronization into MC event generators
to correctly describe the data from the collisions. The choice of hadronization models is
different for each event generator. For example, the string model is used in Pythia while
the cluster hadronization model is used in Herwig and Sherpa.

2.3.4 Underlying Events

In one proton-proton collision, there can be more than one parton-parton interaction,
and this is often the case because the parton clusters become large at larger energies|4].
The model used to describe events apart from those generated in the hard process is
called “multiparton interaction (MPI).” It is implemented differently for each event
generator. Moreover, the PDFs also play a role in this part.

2.3.5 Unstable Particle Decays

One more thing to consider after hadronization is that the resulting hadrons may not
be stable and decay further. This is taken into account to increase the accuracy of event
generators and often referred to as “secondary particle decays.”

Next are information on an event generator, Pythia, and its plugins, Dire and Mad-
graph, used in this work.

2.4 MC Event Generator and Plugins in This Study
2.4.1 Pythia

Pythia is a general-purpose Monte Carlo event generator that has usually been used
in the analyses of particle collisions in high-energy physics. More information on the
algorithms of Pythia can be found in Reference [§].



2.4.2 Dire

Dire is available as a plugin to Pythia and Sherpa. It generates parton shower, with next-
to-leading-order accuracy, based on the color dipoles and uses transverse momentum in
the soft limit as its evolution variable [6].

2.4.3 Madgraph

Madgraph is a matrix-element generator that can be interfaced with parton shower from
an MC event generator. It creates matrix elements for events with more than 2 outgoing
particles, such as 2 — 3 events. This helps Pythia and other MC event generators that
generate only 2 — 2 events.

2.5 MLM Merging

As mentioned that Madgraph, which generates events with more than 2 outgoing par-
ticles, is only a plugin, MC event generators can describe three-jet events or more by
themselves. The final state radiation resembles having more outgoing particles and is
used to approximate them. With Madgraph plugin, the results would be more accurate
since matrix elements for multiple-jet events are considered. However, one needs to be
careful not to doubly count the multiple-jet matrix elements and the approximation from
the parton shower. This is done by a merging algorithm.

The merging algorithm used in this study is called MLM merging, which is proposed
by Michelangelo L. Mangano [5]. There are two parameters to be considered in this
merging scheme, xqcut and qcut. Both of them signify the minimal difference between
jets. Their exact definition may vary, but it is largely related to the transverse momen-
tum (pr) of the jets. The xqcut is implemented in the creation of matrix elements in
order to avoid soft and collinear divergences. On the other hand, the qcut is used as a
merging scale to avoid the double count.

Let us use the analyses of three-jet events as an example to understand the role of
gcut in MLM merging scheme. After 2 — 2 and 2 — 3 matrix elements are generated
and showered, the 2 — 2 events that are lower than the qcut and the 2 — 3 events
that are higher than the qcut will be accepted, and other events are rejected [5]. This is
because the approximation from parton shower (2 — 2 events) is more accurate in low
pr region and 2 — 3 matrix elements are more accurate in high pr region. One would
also see the verification of this statement from this study.

2.6 CMS Analysis for Inclusive Jet Cross Section used in This Study

In this study, the rivet plugin CMS_2016_11459051 is used. It plots double differential
inclusive jet cross section as a function of py and rapidity at a certer-of-mass energy of
13 TeV. Jets are clustered by anti-k; algorithm, and jet size of R=0.4 (AK4) and R=0.7
(AK7) are considered [9].



In the anti-k; algorithm, one defines the distance between particle i and j as d;; and
the distance between particle i and the beam as d;p :

A2,
di; = min(ki?, kff)?;] (1)
A= (yi — ;)" + (¢ — ¢;)° (2)
dip = k7 (3)

where ky; is the transverse momentum of particle i, y is rapidity, ¢ is azimuthal angle,
and R is the radius parameter. The variable p signifies the jet algorithm being used,
and p=-1 for the anti-k; algorithm [3]. Then, after the calculation of all distances, if
the minimum distance is that between particle i and particle j, recombine the particles,
but if the minimum distance is that between particle i and the beam, the particle is
considered a jet. The process is repeated until there is no particle left.

3 Results

3.1 Effects of ISR, FSR, MPI on Inclusive Jet Cross Section in
Pythia

In this subsection, the effects of initial state radiation (ISR), final state radiation (FSR),

and multiparton interaction (MPI) on inclusive jet are demonstrated by comparing their

graphs with the graph acquired without these processes using CMS_2016_11459051 anal-
ysis.



3.1.1 ISR
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Figure 3: Effect of ISR in Pythia

Initial state radiation increases the differential cross section of inclusive jet by no less
than 40% in both AK4 and AKY7 jet sizes. This results in too high cross section.

3.1.2 FSR
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Figure 4: Effect of FSR in Pythia

Final state radiation decreases the differential cross section of inclusive jet by around
30% in AK4 jet size. The effect is less in AK7 than in AK4; hence, it should be concluded
that FSR results in radiations that are out of the cone.



3.1.3 MPI
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Figure 5: Effect of MPI in Pythia

Multiparton interaction increases a little the differential cross section of inclusive jets.
The effect is more distinct in AK7 jet size, which would be because MPI produces more
particles which can be clustered into the jet of larger radius.

3.1.4 ISR, FSR, and MPI
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Figure 6: Effect of ISR, FSR, and MPI in Pythia



When the effects of ISR, FSR, and MPI are included altogether, the differential cross
section of inclusive jet increases for AK7. The increase is 30% in AK7 compared to much

more smaller difference in AK4, and does not contribute to the accuracy of the cross
section.

3.2 Effects of ISR, FSR, MPI on Inclusive Jet Cross Section in Dire

In this subsection, ISR and FSR are calculated by Dire as a plugin to Pythia. The effects
of Dire on inclusive jet are demonstrated by comparing the graphs obtained with Dire
plugin with the graphs produced by Pythia alone using CMS_2016_11459051 analysis.

3.2.1 Background
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Figure 7: Effect of Dire background

In these graphs, ISR, FSR, and MPI are turned off. It is expected that Dire and Pythia
should give the same results since Dire only takes part in ISR and FSR. However, one
sees that the differential cross section of inclusive jet from Dire is higher than that from
Pythia by 10%. The difference is attributed to different values of «, in Pythia and Dire.
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3.2.2 ISR
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Figure 8: Effect of ISR in Dire

When ISR is turned on, the differential cross section of inclusive jet from Dire is lower
than that from Pythia by 20%. This effect dissipates in high pr region.

3.2.3 FSR
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Figure 9: Effect of FSR in Dire

When FSR is turned on, the differential cross section of inclusive jet from Dire is a little
higher than that from Pythia.



3.2.4 MPI
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Figure 10: Effect of MPI in Dire

When MPT is turned on, the differential cross section of inclusive jet from Dire is 20%
higher than that from Pythia.

3.2.5 ISR, FSR, MPI
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Figure 11: Effect of ISR, FSR, and MPI in Dire

When ISR, FSR, and MPI are turned on, the differential cross section of inclusive jet
from Dire is lower than that from Pythia. From the graphs, it is clear that Dire plugin
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helps Pythia to match the data more accurately, but both are within uncertainties.

3.3 MLM Merging
3.3.1 2—3 Matrix Elements

V(s) =13TeV, 3 jet AK7,0.0 < |y| < 0.5
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Figure 12: Effect of 2—3 matrix elements

In this graph, the differential cross section is plotted as a function of the p of the third
jet. The red line is obtained from 2—2 matrix elements with parton shower. The blue
line comes from 2—3 matrix elements without parton shower. The green line is the
merging between the two with xqcut of 10 GeV and qcut of 15 GeV. It is also required
that the pr of the first jet is between 350 and 400 GeV so that one could see the difference
between parton shower and matrix elements clearly.

One would see that in low pr region the blue line tends to diverge since in this
region one also needs to consider interference terms which are better approximated by
parton shower. In high pr region, there is distinct difference between the 2—3 matrix
elements and the parton shower. This demonstrates the need to merge the differential
cross section from 2—3 matrix elements and parton shower such that one has that from
matrix elements in high pr region and that from parton shower in low pr region.
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3.3.2 Relevance between Xqcut and Qcut

V(s) =13 TeV, 3™ jet AK7, 0.0 < |y| < 0.5
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Figure 13: Non-physical graph due to irrelevance in xqcut and qcut

In this graph, the differential cross section is plotted as a function of the py of the third
jet. The blue line is obtained from 2—2 matrix elements while the green line comes from
2—3 matrix elements. The red line is the merging between the two. The parton shower,
xqcut of 30 GeV, and qcut of 140 GeV are applied in all cases, the pr of the first jet is
between 350 and 400 GeV.

There is a peak at 150 GeV which is non-physical. This happens because the qcut is
too far away from the xqcut. Therefore, one must consider the relevance between the
xqecut and qcut.
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3.3.3 Observable Dependence
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Figure 14: Merging in different jet sizes

The graphs are obtained by merging 2—2 and 2—3 matrix elements with parton shower
for xqcut of 30 GeV and qcut of 32.5 GeV. They plot the differential cross section as a
function of the pr of the third jet.

One would see that the merging is doing fine for AK4. However, there is a large
drop in low pr region in AK7. This shows that suitable xqcut and qcut for the merging
depend on observable.
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3.3.4 Scale Dependence & CMS Problem Solved

CMS, /(s) = 13 TeV, Inclusive AK4 jets, 1.0 < |y| < 1.5
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Figure 15: Suitable xqcut and qcut solve the problem in Madgraph and MLM merging

In this graph, the CMS_2016_11459051 analysis is used to plot the differential cross
section as a function of the py of inclusive jet. The red line is obtained from 2—2
matrix elements with parton shower. The blue line is the merging with xqcut of 10 GeV
and qcut of 15 GeV similar to typical CMS setup. The green line is obtained from two
sets of data. The first one has Hr, the scalar sum of pr of every jet in an event, lower
than 1,000 GeV with xqcut of 30 GeV and qcut of 50 GeV, and the second one has Hr
higher than 1,000 GeV with xqcut of 90 GeV and qcut of 140 GeV.

The merging from the CMS setup does not fit to the data because the xqcut is too far
away from the scale of the process. This graph shows that by using suitable xqcut and
gcut, one can use Madgraph to describe the data correctly. Hence, the problem stated
in Section 1 is solved.
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CMS, /[5) = 13 TeV, Inclusive AK4 jets, 1.0 < |y| < 1.5

CMS, /(5) = 13 TeV, Inclusive AK4 jets, 1.0 < |y| < 1.5

Z 0
% ) 6 10 E_
g E = F
= E & 1wk
£ 10%k =
e i = 107}
= 0t E T F
z F o< 1
& 1k = E
= % 1071 - —— Data
10 - —— Data E weees xqut=10, qeut=15 (CMS setup)
E HT < 1000 (xqut=30, gcut=50) 1072 - === xqut=30, qeut=50
107 & HT > 1000 (xqeut=go, qeut=140) £ s xqcut(HT), geut(HT) (correct merging)
F = sum 1073
3 E 1 1 1 1 L
1::1 . % R i L L L1 :i E
g 5 13 o
B 13E A 1zt
8 12: g ME
=~ 11 E = 1B
Y T E O ]
= 09 E 08 =
08 0.7 E L L 1 L 1
0.7 E L L L L M| 103
107 pr [GeV]

pr(Gev]
(b) Graphs for different values of xqcut
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Figure 16: Details in merging

For more details, the graph in Figure 16a shows how the differential cross section in
low and high region are filled with events from different restrictions on Hy. Moreover,
the graph in Figure 16b shows the differential cross section for different values of xqcut
and qcut. This strengthens the statement that xqcut and qcut should be the function
of the scale of the process (as in the green line.)
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