- St Ky “OAYHI
’%:\\'\' I/}’(‘ 4&(, 0(-,)(\
_ & 2 (5 2
o= g
[hesis Defence 2 3 ’:
- = X X,
.J( ~ (; OUIMIECKM /&)
‘}/ :’(l 1;,11 DAKYATET \I\VV
({S‘ \c\ MERT O

Monte Carlo Modeling and Analysis of
Drell — Yan Events at LHC Energies
Using MadGraph

By:
Antonia Atanasova Kushleva
Faculty number: 8PHO760001
Sofia, September 2025



Contents:

- Overview of Standard Model Particles

- High Energy Physics Experiments - LHC
- Drell — Yan Processes

- Monte Carlo Setup

- Experimental Work

- Conclusion



Overview of Standard Model Particles

The particles of the Standard Model organized by type and interaction.



High Energy Physics - LHC HEP Experiments at LHC:

e ATLAS and CMS: Investigate the Standard
Model (SM) physics, Higgs boson
production and properties, and eventual
new physics beyond the SM, in particular
Supersymmetry, CP violations and more.

e LHChb: Specializes in studying heavy flavor
physics and CP violation.

e ALICE: Focuses on heavy-ion collisions and
the properties of quark-gluon plasma.

Schematic layout of the Large Hadron Collider
(LHC) at CERN, showing its 27 — kilometer ring
and the main experimental sites



Drell — Yan Processes

The Drell — Yan Process.
On left the process is mediated by a
photon, on right through Z-boson.

The Drell — Yan Process with one
additional jet.



Monte Carlo Simulations Of The Drell — Yan Process Using
Generators MadGraph5 and PYTHIAS

Monte Carlo generators:

e MadGraph5 aMC@NLO, version 2.9.21 (parton level generation)
e PYTHIAS8 (parton showers, hadronization, and decays)

Generated processes:
® pp—opt p- ® pp—ut p- ® ppout p-/Z

® p p—oyt p- +jets ® pp— u+ryu— +jets ® p p—o Mt u-/Z +jets

e Generation with MadGraph and Pythia->LHE file->The software
frame CMSSW->ROOT format->TLorentzVector



Invariant Mass Distributions in Drell-Yan

The Drell — Yan process occurs via In Drell — Yan, when a Z boson is produced and decays into
: ) two muons, it shows up as a peak in the di-muon invariant
the s-channel and is chgracterlzed mass. To describe this peak, we use the Breit — Wigner
by the Mandelstam variable, s as function, which is widely used in high energy physics to model
follows: the resonances.

The formula that we use is:

: 1 iy
)= 21 (m—mg)? +T2/4
Where:
* p3 and p4 are the four-momenta of the Here:
outgoing particles, * m is the measured mass,
« m3 and m4 are their rest masses » mO is the expected mass (the mass of the Z
- E3 and E4 are their corresponding boson),
energies, * [ (Gamma) is the expected width of the mass
?ps ﬁp‘, are their three-momenta (spatial peak. The width of the peak is reciprocal to the
parts of the four-momenta). time of life of the particle. As narrow is the peak,

as longer lives the particle and vice versa.



Invariant Mass Distributions in Drell-Yan

di-Muon Invariant Mass with ppbar

Entries

Mean

Std Dev

Underflow

Overflow

Integral 1.36e+04
x2 / ndf 146.6 / 57
po 4357 +77.3
pi 91.17 +0.02
p2 2.573 +0.037

—=— h
Drell-Yan data with ppbar

Breit Wigner

140 160 180
Mass (u+ p-) GeV/ic?

Di-muon mass spectrum from pp collisions. The clear
peak at 91.17 GeV shows Z boson production. The red
curve is the Breit — Wigner fit. The width of the peak (2.57
GeV) shows how long the Z boson lives.

PDG (2025)

91.1880 % 0.0020
2.4955 £ 0.0023

pp collisions
91.18 £ 0.02
2.734 +0.039

pp collisions
91.17+0.02
2.573 +0.037

Parameter
Mass (GeV)

Width (GeV)

di-Muon Invariant Mass with pp

Entries

Mean

Std Dev

Underflow

Overflow

Integral 1.352e+04
¥2 / ndf 258.7 /57
p0 4673 +823
p1 91.18 +0.02
p2 2734 *0.039

Drell-Yan data with pp

—— Breit Wigner

120 140 160 180
Mass (u+ p-) GeV/c?

Mass distribution of muon pairs from pp collisions. There is a

broad bump around 20 GeV from general Drell — Yan events

and a clear peak at 91.18 GeV from Z bosons. The Z peak is
slightly wider here (2.73 GeV) than in pp collisions.

Comparison of measured Z boson mass and
width from pp and pp collisions with PDG
values.



Polar angle 8 = angle (Z, Y)

N n-Pseudorapidity p
77<O nz—ln(tan§>
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Azimuthal Angle Distribution

Distribution of the azimuthal angles of the two muons  ¢{u-)¢(n+) in the final state.
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Distribution of the azimuthal angles of the two muons in the final state.
The green full circles depict for negatively charged muon, and the red empty once -
for the positively charged one.



Dimuon pT vs. pz
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2D histogram of dimuon transverse momentum pT versus
longitudinal momentum pz .



Dimuon pT vs. Azimuthal Angle Difference A¢

A9, ., vs dimuon p_ A0,y M OIMUGITD

Entries 165657

M 14.75 Entries 165657
ean x : ; T o/402

Meany -0.001062 Meany  -0.004897

Std Dev x 19.01 .| Std Dev x 9.172

Std Devy 3.086 Std Devy 3.111
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_ _ _ 3D surface plot that shows the difference in the azimuthal
Rebinned 2D histogram of Agp+u— and Dimuon pT. angles Apu+u- vs the transverse momentum pT of the
The central peak represents about 25% of the events. dimuon system.
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Eniyles s 15057 We want to investigate what portion of the
USELCUA  muon pairs are born centrally and what portion
g of them are born with some boost and therefore
the two muons do not scatter back to back.
Left peak: 20 855 events
Right peak: 20 734 events

290,251 = 26.1%

25% of the collisions are central, where the
muons come out in opposite directions. The
other 75% of the events are more spread out,
meaning the muons are not exactly

Distribution of the azimuthal angle difference Apu+u-— . :
The sharp peaks near 1 show that muons are usually back-to-back and there is some boost.

emitted in opposite directions.

(K



Distribution of cos 6% in the Collins — Soper frame for Drell — Yan events

The Collins—Soper reference frame. The angle

6%, describes the orientation of the negatively

charged lepton relative to the incoming quark
direction.

cos(6*) Collins-Soper Entries 165657
Mean —0.0007211
Std Dev 0.5738
Underflow 0

Photon only

—— Photon + Z boson

-0.8 -0.6 -04 -0.2 0 0.2 0.4

When the process is only through the photon (shown in
red), we observe a symmetric distribution with more
events around cos(6*) = 0, i.e., 8% = 90-, and far fewer
events as cos(6%) approaches 1. However, when the
process is mediated by both the Z boson and the photon,
we see a completely different behavior, the distribution is
nearly uniform with a slight dip in the middle. This is why
we study the dependence of cos(6%*) as a function of the
invariant mass.

14



Cos(6%) vs. Dimuon Invariant Mass

cos(6*) vs mass(u-p+)

3D view of cos(6*) versus mu+u-, showing

the density of events across different angular
and mass values.

cos(6*) vs mass(u-p+)

160 180 200
invariant mass (u+u-)
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2D histogram of cos(6*) versus dimuon invariant mass
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Conclusion:

In this thesis, the Drell — Yan process is simulated using Monte
Carlo generators MadGraph5 and Pythia8. The kinematic properties
of the final states consisting of two muons are studied. Further
studies using the Collins — Soper frame reveal characteristic
structures depending on whether the interaction is mediated by a
real massive particle or a virtual photon. This difference can be used
in future analyses as an additional criteria for event selection.

16
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Questions From the Reviewer and Answers.

1. How did you choose the bin width of the histograms and the Y-axis range of the plot in Figure 7.2?

First, | chose the bin width to be 1 GeV without confirming with calculations. | chose it, based
on my supervisor’'s evaluation, since she knows from previous experience that the best width
is 0,6 x expected width (2,1) = 1,2600 which we round to 1.

Further we confirm this using two formulas:

(

3490 ; -
wy, = —— Wwhere ¢ is the standard deviation, N

the sample size

Scott, D. 1979. On optimal and data-based histograms. Biometrika, 66:605-610.)

13953

90.65

5.717

0

0

1.043e+04
258.7 /57
4673 1823
91.18 +0.02
2734 +0.039

Drell-Yan data with pp

—— Breit Wigner

0f 110 120
Mass (u+ p-) GeV/c®

2 JOR where IQR (interquartile range) is the
distance between the 25" and 75"
percentiles (= the middle range
containing half of the sample)

Wein = 1

N?

(Izenman, A. J. 1991. Recent developments in nonparametric density estimation.
Journal of the American Statistical Association, 86(413):205-224.)

13953

91.15

1.555

o

0

8394

258.7 /57
4673 +82.3
91.18 +0.02
2.734 +0.039

&= Drell-Yan data with pp

—— Breit Wigner

92 93 94 95
Mass (u+ p-) Gev/c? 20



Formula 1:

where o is the standard deviation, N
the sample size

We calculate the bin width:

Substituting the values:

3.49 x 5.717
V13953

”'bin ==

Formula 2:

_ 21I9R where IQR (interquartile range) is the

~ 1 distance between the 25" and 75"
percentiles (= the middle range
containing half of the sample)

3

(Izenman, A. J. 1991. Recent developments in nonparametric density estimation.
Journal of the American Statistical Association, 86(413):205-224.)

We calculate the bin width using the IQR method:

o 2IQR
' bin — W

Substituting the values:

2 x (95 — 87)
V8394

I/Vb‘i W T

16

14! rb in




2. What is the meaning of the sign of the Azimuthal Angle Difference defined in Chapter 77
Did you order the muons in the muon pairs in a specific manner, before subtracting their
azimuthal angles?

When we ordered the muons in the muon pairs, we chose the negatively charged muon
as the first one.
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