
Particle Detection and Measurement: From Low-Energy
Nuclear Fusion with STELLA to High-Energy Muon

Momentum Calibration with ATLAS

A Thesis Submitted

for Partial Fulfillment of the Requirements

for the

BS-MS Dual Degree Programme

by

Sparsh Gupta
(Roll No. 20201088)

under the supervision of

Dr. Emilien Chapon
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ABSTRACT

This thesis presents a study of particle detection and measurement spanning from low-

energy nuclear fusion experiments at STELLA to high-energy muon calibration studies at

the ATLAS detector. The first part of the study focuses on the measurement of the fusion

cross-section and spin assignment for the 12𝐶 +12 𝐶 reaction at 𝐸𝑐𝑚 = 5.02 MeV using the

STELLA experimental setup. Charged particle detection techniques, cross-section evaluation,

and Legendre polynomial fits were employed to determine resonance structures in the compound

nucleus 24𝑀𝑔. The results confirm a spin-parity assignment of 𝐽𝜋 = 2+, consistent with previous

studies, and provide valuable insights for astrophysical models of stellar evolution.

The second part of the study shifts to high-energy physics, focusing on muon momentum

calibration at ATLAS for precise 𝑍-boson mass measurements. The calibration technique

employs 𝐽/𝜓 decays to address charge-dependent and charge-independent biases in transverse

momentum measurements. Using data from Run-2 of the LHC, the analysis refines muon track

parameters within the Inner Detector, improving the accuracy of the reconstructed 𝑍-boson

mass. This calibration is crucial for reducing systematic uncertainties in electroweak precision

measurements, directly impacting the determination of fundamental parameters such as the

𝑊-boson mass and weak mixing angle.
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Part I

Measurement of the 12C + 12C Fusion

Cross-Section and Spin Assignment at

STELLA: Investigation of the Resonant

Compound State at E𝑐𝑚 = 5.02 MeV
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Chapter 1

Introduction

The fusion of carbon-12 (12𝐶) nuclei is a fundamental process in the late stages of stellar

evolution in massive stars undergoing carbon burning. Despite its crucial role, accurately

determining the reaction rates at low energies remains challenging, particularly in regions

where resonances dominate the cross-section. Precise measurements of these reaction rates are

essential for improving stellar evolution models and understanding nuclear abundances in stars.

Figure 1.1: Effective nuclear potential for a fusion reaction. [1]

Fig 1.1 illustrates the effective potential that a nucleus faces for fusion to occur. Due to the short-

range of the nuclear potential, the nucleus must first overcome the long-range Coulomb barrier

(as well as the Centrifugal barrier) to reach the attractive potential well. At low astrophysical

energies, which is typical in stars, overcoming this barrier is improbable; hence, the fusion

reaction must proceed via quantum tunneling, allowing the nuclei to bypass the repulsive
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forces. The STELLA experiment (2), therefore, focuses on measuring the cross-section of 12𝐶

fusion at low energies (𝐸𝐶𝑀 = 3.5 to 20 MeV). Carbon burning in stars may occur through four

channels [1], [2]:

12
6 𝐶 +12

6 𝐶 →24
12 𝑀𝑔∗ →20

10 𝑁𝑒 + 𝛼 + 𝛾 (𝑄𝛼 =) + 4657.47 𝑘𝑒𝑉 (1.1)

12
6 𝐶 +12

6 𝐶 →24
12 𝑀𝑔∗ →23

11 𝑁𝑎 + 𝑝 + 𝛾 (𝑄𝑝 =) + 2207.641 𝑘𝑒𝑉 (1.2)

12
6 𝐶 +12

6 𝐶 →24
12 𝑀𝑔∗ →23

12 𝑀𝑔 + 𝑛 + 𝛾 (𝑄𝑛 =) − 2570.923 𝑘𝑒𝑉 (1.3)

12
6 𝐶 +12

6 𝐶 →24
12 𝑀𝑔 + 𝛾 (𝑄𝛾 =) + 13972.41 𝑘𝑒𝑉 (1.4)

12
6 𝐶 +12

6 𝐶 →24
12 𝑀𝑔∗ →16

8 𝑂 + 24
2𝐻𝑒 (𝑄𝑂 =) − 0.113 𝑀𝑒𝑉 (1.5)

The neutron channel (Eq.1.3) has a very small cross-section at low energies due to its endother-

mic nature, while the gamma channel (Eq.1.4) is improbable as it proceeds via electromagnetic

interaction [3]. The alpha and proton channels (Eq.1.1, Eq.1.2) dominate the fusion reactions,

proceeding via the formation of a compound nucleus, 24
12Mg, which subsequently decays into

lighter nuclei. Reactions 1.1 & 1.2 will be the focus of our measurements. In these reactions,

there are multiple exit channels such as the 𝛼0, 𝛼1, 𝛼2, ... and 𝑝0, 𝑝1, 𝑝2, and so on. The

𝛼0 reaction refers to the emission of an alpha particle leaving the residual 20
10Ne nucleus in its

ground state, while the 𝛼1 reaction involves alpha emission with the residual 20
10Ne nucleus in its

first excited state. This is followed by the emission of a 𝛾-particle with corresponding energy

due to the de-excitation of the daughter nuclei. Similarly the other channels are defined (Fig

1.2).

The final reaction (Eq.1.5) is also improbable because it is endothermic as well as involves three

reaction products. If we consider the reaction occurring in reverse, it would require all three

products to converge simultaneously, which is less likely than two-body interactions.

1.1 Theoretical Framework

Understanding the branching of these reaction channels is necessary for determining the energy

distribution of the products and for constraining the spin-parity assignments of the resonant

3



Figure 1.2: Energy Level diagram of the decay of 24
12Mg excited after a 12

6 C + 12
6 C fusion reaction.

[4]

states in the compound nucleus 24
12Mg. The corresponding particle energy (𝐸3) in the laboratory

frame, for a non-relativistic nuclear reaction, 1+2 → 3+4, can be predicted from the experiments

through kinematic calculations (Eq.1.6):

𝐸3(𝜃3) =
𝐴1𝐴3𝐸𝑐𝑚

𝐴2(𝐴1 + 𝐴2)

(
𝛾3 cos(𝜃3) ±

√︃
1 − 𝛾2

3 sin2(𝜃3)
)2

𝛾2
3

(1.6)

Here, 𝐸𝑐𝑚 is the center of mass energy, 𝐴1 and 𝐴2 are the mass numbers of the incident

nuclei, 𝐴3 & 𝜃3 is the mass number and laboratory angle of the detected particle (𝛼 or 𝑝) and

𝛾3 =

√︃
𝐴1𝐴3
𝐴2𝐴4

𝐸𝑐𝑚

𝐸𝑐𝑚+𝑄 is the kinematic factor, with 𝐴4 the mass number of the daughter nuclei. Q

is the Q-value of the reaction, taking in to account the excitation level of the daughter nuclei.

1.1.1 Fusion Cross Section

To fully describe the reaction probability, we must consider the fusion reaction cross-section.

The differential cross-section is determined experimentally using (Eq.1.7):(
𝑑𝜎

𝑑Ω

)
𝑙𝑎𝑏

=
𝑆

𝐼 × 𝑁𝑡 × ΔΩ
(1.7)
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Where 𝑆 is the number of counts in the exit channel measured, 𝐼 is the number of beam particles

measured from the integrated intensity, 𝑁𝑡 is the number of nuclei in the target per surface and

ΔΩ is the solid angle covered by the detector.

These cross-sections are measured in the laboratory frame and must be transformed in the

center of mass frame for analysis using Eq.1.8. Similarly, in the laboratory frame, the angle of

the detected particle, 𝜃𝑙𝑎𝑏, is defined relative to the beam axis, with the collision point at the

origin of the coordinate system and can be transformed using Eq.1.9.

(
𝑑𝜎

𝑑Ω

)
𝑐𝑚

=

(
𝑑𝜎

𝑑Ω

)
𝑙𝑎𝑏

√︃
1 − 𝛾2

3 sin2 𝜃𝑙𝑎𝑏(
𝛾3 cos 𝜃𝑙𝑎𝑏 ±

√︃
1 − 𝛾2

3 sin2 𝜃𝑙𝑎𝑏

)2 (1.8)

𝜃𝑐𝑚 = sin−1
[
sin 𝜃𝑙𝑎𝑏

(
𝛾3 cos 𝜃𝑙𝑎𝑏 ±

√︃
1 − 𝛾2

3 sin2 𝜃𝑙𝑎𝑏

)]
(1.9)

1.1.2 Total Exclusive Cross-Section and Spin Assignment

In this study, R-Matrix theory is used to analyze the nuclear reaction for modeling the angular

distributions of the differential cross-section. R-matrix theory is used in nuclear reaction

theory, particularly for analyzing scattering processes and resonance structures. The resonance

at 𝐸𝑐𝑚 = 5.02 MeV can be analytically understood using the Single-Channel R-Matrix Theory

[5], used for understanding scattering of spinless particles which is the case for this exit channel,

as supported by [6]. The 𝛼0 exit channel represents the simplest solution, as the spin of 20
10Ne

is zero. The differential cross-section (Eq.1.10) is governed by the collision matrix 𝑈ℓ, where

ℓ represents the orbital angular momentum quantum number of each external partial wave (ℓ =

even, since the incoming bosons are identical, the wave function has to be symmetric). In this

formalism, space is divided into two regions: the internal region, where nuclear interactions

occur, within a radius 𝑅𝑎, and is typically modeled by compound nucleus states and a square

well potential; and the external region, where particles scatter freely, described by scattering

states. The external wave function is described as a superposition of incoming and outgoing

spherical waves that lie outside the nuclear interaction region. The collision matrix encodes the

effects of the interaction on these waves, linking the asymptotic behavior of the wave function

5



outside the nuclear interaction region with the internal potential, where the compound nucleus

occurs.

𝑑𝜎

𝑑Ω
=

(
1

4𝑘2

) ����� ∑︁
ℓ=𝑒𝑣𝑒𝑛

(2ℓ + 1) (1 −𝑈ℓ)𝑃ℓ (cos 𝜃)
�����2 (1.10)

The total exclusive cross section can be calculated by integration:

𝜎 =

∫ (
𝑑𝜎

𝑑Ω

)
𝑑Ω =

( 𝜋
𝑘2

) ∑︁
ℓ=𝑒𝑣𝑒𝑛

(2ℓ + 1) |1 −𝑈ℓ |2 (1.11)

𝑘 represents the wave number of the plane wave and 𝑃ℓ are the Legendre polynomials. Coeffi-

cients of 𝑃ℓ indicate the contribution of each partial wave to the measured cross-section at the

respective resonance. In this study, we analyze these coefficients to determine which orbital

angular momenta states of the compound nucleus are responsible for the resonance, also known

as Spin assignment.

For the remaining exit channels we use a more general formalism of nuclear reactions,

the Multi-Channel R-Matrix Theory [5]. Unlike the Single-Channel R-Matrix theory that

only considers one reaction or scattering process, Multi-Channel R-matrix theory accounts for

multiple reactions or scattering processes, allowing the interaction between different channels to

be modeled simultaneously. The differential cross-section and the total exclusive cross-section

can be respectively calculated by:

𝑑𝜎

𝑑Ω
=

ℓ𝑚𝑎𝑥∑︁
ℓ=𝑒𝑣𝑒𝑛

𝐵ℓ𝑃ℓ (cos 𝜃) (1.12)

𝜎 = 4𝜋𝐵0 (1.13)

The coefficients, 𝐵ℓ, depend on the spin and the nuclear states of the reactants and products. In

our case, the spin assignment is not definite and the angular momentum is constrained only by

a lower limit (Eq.1.14). This is based on the calculations shown in [7].

ℓ𝑚𝑎𝑥 ≤ min(2𝐽 ≡ 2ℓ𝑖, 2ℓ𝑜) (1.14)

𝐽 represents the angular momentum of the compound state which is equivalent to the orbital

angular momentum of the incident nuclei, ℓ𝑖, and ℓ𝑜 is the orbital angular momentum of the

6



outgoing nuclei. The resonance at 𝐸𝑐𝑚 = 5.02 MeV in our study can then be explained using

the corresponding resonant state deduced after the spin assignment which will be done after the

differential cross-section is fit using Legendre polynomials.
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Chapter 2

Experimental Setup - STELLA

The STELLA (STELlar LAboratory) collaboration based in Andromede Facility at IJCLab

Orsay, France, studies nuclear reactions at Sub-Coulomb energies (3.5 − 20 MeV), measuring

cross-section up to the order of milibarns! It uses coincidence measurement techniques to

detect evaporated charged particles and the gamma from de-excitation of the daughter nuclei.

For charged particle detection, thin target foils (30 − 50 𝜇𝑔/𝑐𝑚2) are used to minimize energy

loss in the target. The measurement statistics drop exponentially with energy and are very

sensitive to impurities & background contamination. The reaction chamber is evacuated so that

the 𝛼-particles and protons are not disturbed (Fig 2.1).

The target is placed at the center of the reaction chamber and is rotated via magnetic motor

couple to it outside the chamber. This is done to prevent degradation of the target. The reaction

chamber is covered by a 1.5 mm thick aluminum dome to minimize the absorption of gamma

rays that are detected by LaBr3 (Ce) scintillator detectors outside the dome. [1]

2.1 Charged Particle Detection

Charged particles are detected using three Silicon Strip detectors in the reaction chamber (Fig

2.3); two of them are Double Sided Striped Silicon Detectors (DSSSD) S3 types (Fig 2.2) and

one DSSSD S1. The S3 detectors are positioned at forward (S3F) and backward (S3B) directions

with respect to the beam while the S1 detector is placed between the target and the S3B detector.
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Figure 2.1: 3D CAD Representation of the reaction chamber. [1]

Strip detectors measure the position and energy of charged particles by collecting the ionization

of electron-hole pairs they cause in the detector material and the resulting signal collection in the

strips. The S3F and S3B detectors have 24 complete rings, each having a width of 986 𝜇m with

a 100 𝜇m resistive separation, covering the angles 𝜃𝑙𝑎𝑏 = 10.4𝑜 − 30.3𝑜 and 𝜃𝑙𝑎𝑏 = 148𝑜 − 169𝑜

respectively. The S1 detector has 16 complete rings each having a width of 1505 𝜇m with a

96 𝜇m resistive separation, covering the intermediate angles 𝜃𝑙𝑎𝑏 = 122.4𝑜 − 141.8𝑜. Both the

S3B and S1 detectors are covered with a 0.8 𝜇m thick aluminum foil, which blocks electrons

emitted when the beam strikes the target. This thickness is optimized to prevent significant

energy loss due to straggling in the foil. In the S3F detector, which is positioned in the forward

direction, the particles are more energetic and hence requires additional protection. It must stop

not only electrons but also elastically scattered 12C nuclei. Therefore, a thicker 10 𝜇m aluminum

foil is used to effectively shield the detector without compromising the accuracy. Only the data

from S3F and S3B detectors were available during this study.

2.2 Gamma Ray detection

Surrounding the aluminum dome is the UK-FATIMA (FAst TIMing Array) detectors, a hemi-

spherical array of 36 LaBr3(Ce) scintillator detectors that measure gamma rays from the de-

excitation of the daughter nuclei. Detection is done by converting the energy of the gamma

9



Figure 2.2: Photograph of the S3 detector on the junction side, the rings visible are the strip
detectors. [1]

photons into visible light through scintillation, and then converting that light into an electrical

signal using a photomultiplier tube. Fast timing is essential in this experiment to accurately

associate gamma rays with specific fusion events, discriminate against background or uncor-

related signals, and allow coincidence analysis with the silicon detectors. The fast timing of

LaBr3(Ce) allows us to achieve precision and sensitivity required for measuring fusion reac-

tions. Although, the current analysis does not use the data from UK-FATIMA and only charged

particle data is used for the cross-section measurement.

2.3 Beam Intensity

Methane gas is ionized using an Electron Cyclotron Resonance (ECR) source, and the resulting

ions are accelerated and filtered using a 4 MeV electrostatic Pelletron© accelerator to create

a pure carbon beam. Two Faraday cups, positioned upstream and downstream of the reaction

chamber (Fig 2.4), measure the electric current, which corresponds to the charged state and the

number of beam particles passing through.

The number of incident beam particles is given by Eq.2.1, where 𝑄𝐶𝐼 = 10−10 𝐶 is the

current conversion ratio, 𝑞2 (≈ 4.4+, in this study) is the average charge state of the beam after

passing through the target, 𝑒 the electric charge and 𝑁𝐶𝐼 is the number of counts given by

integrator at the end of measurement.
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Figure 2.3: 3D CAD Representation of the reaction chamber inside the dome, highlighting the
Strip detectors in red for charged particle detection. [1]

𝐼 = 𝑁𝑏𝑒𝑎𝑚 =
𝑁𝐶𝐼

𝑄𝐶𝐼 × 𝑒 × 𝑞2
∼ 1.818 × 1015 (2.1)

Figure 2.4: Farday Cup integrator Scheme at STELLA. [1]
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Chapter 3

Data Analysis

Previous measurements by Becker et al. [8] & Mazarakis et al. [9], conducted at 𝐸𝑐𝑚 = 5

MeV and 𝐸𝑐𝑚 = 4.91 + 0.075 MeV (Correction from [10]) respectively, were considered as

comparison to the data collected in Run 10 of the STELLA Experiment. Fig 3.1 illustrates the

energy distribution of the total exclusive cross-section for the 𝛼0 channel as shown in [8] and

a resonance peak is observed at 𝐸𝑐𝑚 = 5 MeV, motivating the investigation of the resonance

structure of the compound nucleus 24
12Mg.

Figure 3.1: Angle-integrated excitation function for the 𝛼0 channel as measured in Becker et
al. [8]

The angular distribution of the differential cross-section for the 𝛼0 exit channel at 𝐸𝑐𝑚 = 5 MeV

from past experiments were digitized, reproduced and fit using Eq.1.12 to give:
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• Becker et al. [8] - Total reported cross-section, 𝜎𝛼0 = 0.95 mb

Total cross-section calculated after digitization,𝜎𝛼0 = 0.949±12.66% mb (using ℓ𝑚𝑎𝑥 = 4)

These values were obtained after obtaining the best value of ℓ𝑚𝑎𝑥 , which was decided

after no significant improvement in 𝜒2 was seen.

ℓmax 𝜒2, Becker et al. 𝜒2, Digitization

0 0.308 1.977

2 0.127 0.633

4 0.0007 0.0018

6 0.0007 0.0011

8 0.0004 0.0011

• Mazarakis et al. [9] - Total reported cross-section, 𝜎𝛼0 = 0.840 mb

Total cross-section calculated after digitization, 𝜎𝛼0 = 0.766±8.59% mb (using ℓ𝑚𝑎𝑥 = 4)

ℓmax 𝜒2, Digitization

0 0.534

2 0.064

4 0.011

6 0.0094

8 0.0087

The cross-section from Mazarakis et al.[9] is measured different because the fitting scheme

and the Center of Mass energy used by the author was different and might be outdated,

there may also be variations due to digitization.

3.1 Energy Spectrum

Fig 3.3 shows the typical spectra for one of the S3F detectors. Each peak corresponds to one of

the charged particles from the decay of the compound nucleus, 24
12Mg. These particles can be

identified using the energy prediction we obtain from Eq.1.6.
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(a) Mazarakis et al. [9] (b) Becker et al. [8]

Figure 3.2: Angular Distribution of the differential cross-section after digitization along with
the Legendre Polynomial fits.

3.1.1 Coincidence Analysis

This analysis aims to improve the identification of correlated gamma rays and charged particles

by enhancing the timing resolution of the detector system, which is essential for selecting fusion

events. Coincidence events are selected within a 400 ns time window—typical for physical

correlations. Two complementary methods are used to correct timing mis-alignments across

detector strips. The first method exploits charge-sharing events between neighboring strips

in the silicon detector: when a single particle deposits charge across two strips, known as

multiplicity two events, the time difference between their signals can be used to align the strip

timings. Repeating this across all strips achieves a precise timing calibration with a resolution

of 10–15 ns. The second method directly compares the time difference between gamma rays

and charged particles for known exit channels, using narrow energy selections and fitting the

timing peak with a Gaussian function to extract corrections for each strip. These corrections

significantly reduce the contribution of random, non-correlated background events and allow

for more accurate identification of channels like 𝛼1 and 𝑝1, which may overlap in energy but

differ in timing.

One might observe that the peaks of multiplicity two and multiplicity three events in the

histogram are not aligned with the peaks of multiplicity one events. The shift arises because the

signals are normalized and offset using a linear function ( 𝑓 (𝑥) = 𝑎𝑥 + 𝑏) to convert them into

counts. However, due to charge sharing among neighboring detectors, the offset is effectively

counted multiple times. For multiplicity two events, we expect 𝑓 (𝑥1 + 𝑥2) = 𝑎(𝑥1 + 𝑥2) + 𝑏 but
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Figure 3.3: Typical Energy Spectrum of one of the strip detectors with Multiplicity one, two
and three events.

since the detector is triggered twice the actual outcome is 𝑓 (𝑥1) + 𝑓 (𝑥2) = 𝑎(𝑥1) +𝑏+𝑎(𝑥2) +𝑏 =

𝑎(𝑥1 + 𝑥2) + 2𝑏, the extra offset needs to be removed. This was corrected by shifting the

multiplicity two and multiplicity three events by a constant factor after fitting them with a

Gaussian Function and a Linear Background.

3.2 Cross-Section Evaluation

Histograms were obtained for the channels 𝛼0, 𝑝0, and 𝑝1, which were subsequently fit using a

Gaussian function on a defined energy selection, along with a linear background. The Gaussian

fits were integrated to determine the number of counts in each exit channel at a given angle.

To calculate the cross-section using Eq.1.7, the solid angles were derived from simple

geometry of the experimental setup. The beam intensity was measured using the Faraday cup

integrator to be 𝐼 ≈ 1.818 × 1015and the target number density was 𝑁𝑡 ≈ 1.504 × 1018 cm−2.

Finally, after applying the kinematic boosts using Eq.1.8 & Eq.1.9, the differential cross-section

distributions were obtained in the center of mass frame (Fig 3.5).

The detector effects and corrections that were considered are listed below:

• The guard rings, that separate the detector edges, in the detectors, although part of the
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Figure 3.4: Fits for one of the detector peaks for the 𝛼0-channel.

active region, were not biased; consequently, the counts from both the innermost and

outermost rings were low. Hence, these data points were excluded from the Legendre

polynomial fits.

• It was identified that one of the detector strips had a shrunken depletion region (due to

charge build-up); therefore, this detector was excluded from the analysis.

• The active region of the S3 detectors were not well defined in the documentation. To

address this issue, a sensitivity test was performed, which indicated that this correction

had minimal impact on the distribution.

• Sensitivity tests of the beam energy were also conducted; however, no significant effects

were observed.

• Due to the high momentum of the protons, they are able to punch through the detector

without being detected at forward angles. As a result, no distinguishable peak was

observed in the energy spectrum, or there were low counts for the 𝑝0 and 𝑝1-channels

at smaller forward angles (𝜃 < 30𝑜). Consequently, these low-count data points were

excluded from the analysis.
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3.2.1 Legendre Polynomial Fits

After calculating the differential cross-section for the three exit channels, the fit routine was

conducted for Spin assignment and obtaining the total exclusive cross-sections. As described

in 1.1.2, 𝛼0 exit channel is modeled using the Single-Channel R-Matrix Theory, Eq.1.10 &

Eq.1.11, whereas the 𝑝0 and 𝑝1 channels by the Multi-Channel R-Matrix Theory, Eq.1.12 &

Eq.1.13. Using 𝜒2-analysis (Eq.3.1), the values of ℓ (the orbital angular momentum number)

were constrained until no further improvement in the fit was seen. The same constraints were

then applied to calculate the total exclusive cross-section. The resulting fits with the different

selection of ℓ𝑚𝑎𝑥 can be seen in Fig 3.5.

𝜒2 =
∑︁
𝑖

(𝑂𝑖 − 𝐸𝑖)2

𝐸𝑖

, 𝑂𝑖 = Observed Values & 𝐸𝑖 = Expected Values (3.1)

The final value of ℓ𝑚𝑎𝑥 was determined based on the minima of the 𝜒2 value (Table 3.2.1),

as done in [8]. It is worth noting that after the initial few fits, the 𝜒2 value essentially plateaus

and remains constant. Therefore, only the value that showed a significant decrease compared

to the previous Legendre fit was chosen. Despite the low 𝜒2 values, some nonphysical fits were

excluded. For example, for the 𝑝1-channel with ℓ𝑚𝑎𝑥 = 4, the cross-section became negative,

which is non-physical.

ℓmax 𝜒2, 𝛼0-channel 𝜒2, 𝑝0-channel 𝜒2, 𝑝1-channel

0 0.01160 0.006950 0.00701

2 0.00264 0.000329 0.00281

4 0.00254 0.000328 0.00177

6 0.00220 0.000332 0.00178

8 0.00216 0.000294 0.00135

Table 3.2.1. 𝜒2 values for all the Legendre fits performed on the Differential Cross-section

data obtained after the analysis.
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(a) 𝛼0-channel

(b) 𝑝0-channel (c) 𝑝1-channel

Figure 3.5: Legendre polynomial fits (Eq.1.10 and 1.12) for the Angular Distribution of the
cross-section.
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Chapter 4

Results and Discussion

4.1 Total Exclusive Cross-Section

The total cross-section was evaluated using Eq.1.11 for the 𝛼0-channel and using Eq.1.13 for the

𝑝0 & 𝑝1-channels. The value of ℓ𝑚𝑎𝑥 in each case was determined using the optimal Legendre

fit (Fig 4.1) based on the 𝜒2-analysis done in 3.2.1. The total exclusive cross-sections obtained

are:

• ℓ𝑚𝑎𝑥 = 2, p1-channel: 𝜎𝑝1 = 0.7230 ± 9.14% mb

• 𝛼0-channel: 𝜎𝛼0 = 0.3059 ± 6.51% mb

• ℓ𝑚𝑎𝑥 = 2, p1-channel: 𝜎𝑝1 = 0.7230 ± 9.14% mb

• p0-channel: 𝜎𝑝0 = 0.8772 ± 7.62% mb

• ℓ𝑚𝑎𝑥 = 2, p1-channel: 𝜎𝑝1 = 0.7230 ± 9.14% mb

• p1-channel: 𝜎𝑝1 = 0.7230 ± 9.14% mb
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(a) 𝛼0-channel

(b) 𝑝0-channel (c) 𝑝1-channel

Figure 4.1: 2nd Order Legendre polynomial fits for the Angular Distribution of the cross-
section.

4.1.1 Background Estimation

The cross-sections obtained are influenced by background, especially in the proton channels.

A significant source of this background comes from water contamination in the target. The

protons produced in the reaction 12𝐶 + 𝑑 →13 𝐶 + 𝑝 have energies very similar to those in

the proton channel. Additionally, several resonance peaks overlap at lower energies making it

difficult to resolve the desired peaks (Fig. 3.3).

The S3B detector was also noisy, mainly because less events were observed at backward

angles due to the high forward scattering angles of the reactions. However, background noise

was significantly reduced through energy selection and by fitting a linear background model.

Gamma particles emitted from the excited states of 20
10Ne may not be detected, leading to the

mis-identification of 𝛼1, 𝛼2, ... particles as 𝛼0 particles. Coincidence selection was used to
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reduce such mis-identifications and improve accuracy of reaction kinematics.

4.2 Spin Assignments

• 𝛼0-channel: Based on the value, ℓ𝑚𝑎𝑥 = 2, we can deduce the spin-parity of the compound

nucleus, 24
12Mg, to be, 𝐽𝜋 = 0+ or 2+ from the corresponding contribution of the partial

waves. Parity will always remain positive since the incoming nuclei, 12
6 C, are identical

and the intrinsic parity is also +1.

• p0-channel: With ℓ𝑚𝑎𝑥 = 2 and using the constraint given in Eq. 1.14, we find that 𝐽 ≥ 1.

Therefore, the possible values of 𝐽𝜋 are 2+, 4+, 6+, . . .

• p1-channel: With ℓ𝑚𝑎𝑥 = 2, and using the same logic as for the 𝑝0-channel, the possible

values of 𝐽𝜋 are 2+, 4+, 6+, . . .

The final Spin Assignment for the compound nucleus, 24
12Mg, formed at 𝐸𝑐𝑚 = 5.02MeV

after the fusion reaction of 12C +12C is 𝐽𝜋 = 2+, which is consistent with the results obtained

by Becker Et Al. [8], Galster Et Al. [6] and Almqvist et Al. [11].

4.3 Discussion

The accuracy and precision of cross-section measurements allow for more reliable determination

of the S-factor (or Astrophysical factor), which in turn aids in evaluating the consistency and

accuracy of studies related to fusion suppression (or hindrance effect) [12] and resonances

in stellar evolution. The S-factor is used to isolate nuclear effects on the cross-section by

compensating for the energy dependence caused by the exponential decrease in the cross-section

due to tunneling through the Coulomb barrier. It is expressed by the following equation:

𝜎(𝐸) = 𝑆(𝐸)
𝐸

exp (−2𝜋𝜂) (4.1)

where 𝑆(𝐸) is the S-factor, 𝜎(𝐸) is the cross-section, 𝐸 is the energy of the reaction, 𝜂 is the
Sommerfeld parameter.
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Pignatari et al. [13] conducted a study using the GENEC code [14] to show that changes

in the alpha-to-proton ratio can significantly affect stellar evolution and nucleosynthesis. Such

shifts can produce neutrons in the stellar environment, which then trigger important secondary

reactions, especially when the alpha channel is more dominant. This study demonstrates that

the alpha/proton ratio can evolve considerably over time and are sensitive to the reaction rates

of fusion reactions. Through the given spin assignments and cross-sections, one can interpret

energy levels, resonances, and reaction rates, which are essential for understanding nuclear

structure, reaction mechanisms, and nuclear abundances in stars.
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Part II

Muon Momentum Calibration at ATLAS

for Z-mass Measurement
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Chapter 5

Introduction

The measurement of the Z-boson mass is very important in the Standard Model of particle

physics, providing a critical test of electroweak theory and serving as a probe for numerous

theoretical and experimental calculations. Achieving higher accuracy in this measurement

directly impacts constraints on fundamental parameters, including the W-boson mass, weak

mixing angle, lepton universality and Higgs boson mass predictions.

At the Large Hadron Collider (LHC), Z bosons are produced primarily through quark anti-

quark annihilation (𝑞𝑞 → 𝑍), but also through higher-order processes such as gluon-gluon

fusion (𝑔𝑔 → 𝑍) and associated production with other particles (𝑝𝑝 → 𝑍 + 𝑋). Once

produced, the Z boson decays almost instantly, with a significant fraction undergoing hadronic

decays, although the leptonic decays (𝑍 → 𝑒+𝑒−, 𝑍 → 𝜇+𝜇−) provide clean experimental

signatures and are primarily used for precision measurements. In the ATLAS experiment,

precise measurements of Z boson properties allow for tests of electroweak interactions in the

Standard Model and provide inputs for calibrating detector performance. These calibrations are

crucial for reducing systematic uncertainties, ultimately improving the precision of fundamental

measurements.

This thesis aims to improve the accuracy of the Z boson mass measurement by refining the

calibration of muon momentum. The focus is on reducing uncertainties in the transverse mo-

mentum of muons (𝑝𝜇
𝑇

) through a dedicated calibration procedure. This procedure specifically

addresses charge-independent effects and the J/𝜓 resonance in the muon spectrum, detected by

the Inner Detector (ID), is used as a reference for the calibration.
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5.1 Theoretical Framework

5.1.1 Standard Model

The Standard Model of particle physics is a successful theoretical framework that describes the

fundamental particles and their interactions (Fig 5.1), excluding gravity. The model includes two

types of particles: fermions, which make up matter, and bosons, which mediate the interactions.

Fermions are divided into quarks, which carry both electric and color charges and form hadrons

like protons and neutrons, and leptons, which interact via the electroweak force. The fermions

are organized into three generations, each comprising one charged lepton, one neutrino, and

two quarks.

In addition to fermions, the SM predicts the existence of elementary bosons. The photon

mediates the electromagnetic force, gluons mediate the strong force between quarks, and the

weak force is mediated by the W± and Z bosons, predicted by the Glashow-Weinberg-Salam

(GWS) theory. A key feature of the SM is the Higgs boson, which is responsible for giving mass

to the W± and Z bosons through the Brout-Englert-Higgs mechanism (spontaneous symmetry

breaking). The W± and Z bosons were discovered at CERN in 1983, and the Higgs boson,

the final missing piece, was discovered in 2012 at CERN, confirming the Standard Model’s

predictions.

Figure 5.1: Elementary Particles predicted by the Standard model. [15]
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5.1.2 Electroweak Sector

The Electroweak (EW) theory unifies two of the four fundamental forces, electromagnetism and

the weak nuclear force, into a single framework, as proposed by Glashow, Salam, and Weinberg

in the 1960s. It is based on the 𝑆𝑈 (2) ⊗ 𝑈 (1) gauge group, with weak isospin (𝑇) and weak

hypercharge (𝑌 ) as generators. These lead to the massless gauge bosons: 𝑊1, 𝑊2, 𝑊3, and 𝐵,

which are then transformed through spontaneous symmetry breaking into the physical bosons:

𝑊+, 𝑊−, 𝑍0, and 𝛾. The weak hypercharge (𝑌 ) is related to the electric charge (𝑄) and weak

isospin (𝐼3) by 𝑌 = 2𝑄 − 𝐼3𝑌 , and the physical bosons are defined as linar combinations of the

gauge fields:

𝐴𝜇 = 𝐵𝜇 cos 𝜃𝑊 +𝑊3
𝜇 sin 𝜃𝑊 (photon, 𝛾) (5.1)

𝑍𝜇 = 𝑊3
𝜇 cos 𝜃𝑊 − 𝐵𝜇 sin 𝜃𝑊 (Z-boson). (5.2)

The weak interactions involve probability currents, where the coupling between the Z-boson

and fermions is expressed as:

𝐽𝑍𝜇 = 𝑔𝑍
(
𝑐𝐿𝜓̄𝐿𝛾𝜇𝜓𝐿 − 𝑐𝑅𝜓̄𝑅𝛾𝜇𝜓𝑅

)
, (5.3)

showing asymmetry between left- and right-handed fermions. The Electroweak Lagrangian,

ignoring mass terms, is written as:

L𝐸𝑊 = −1
4
𝑊𝑎

𝜇𝜈𝑊
𝑎𝜇𝜈 − 1

4
𝐵𝜇𝜈𝐵

𝜇𝜈 + 𝑖Ψ̄𝛾𝜇𝐷𝜇Ψ. (5.4)

The Higgs mechanism is introduced to give mass to the gauge bosons and fermions, solving

the mass problem through spontaneous symmetry breaking. The process involves adding a

scalar field, and through the interaction with the Higgs field, particles acquire mass. The SM

observables are hence correlated with higher order loop diagrams further convoluting these

correlations.

5.2 W and Z-Bosons

To validate the Standard Model, its parameters must be measured both independently and

together. An example in context of this thesis is the W mass, which is analyzed in parallel

26



with the Z mass (𝑚𝑍 ) in ATLAS, particularly during calibration. The W mass (𝑚𝑊 ) is related

to parameters such as 𝑚𝑍 , fine-structure constant 𝛼em, and the Fermi constant (𝐺𝐹), with

corrections for radiative effects encapsulated in the Δ𝑟 parameter. These corrections arise from

loop diagrams, especially contributions from loop diagrams, specifically contributions from the

top quark and the Higgs boson. The relation between 𝑚𝑊 , 𝑚𝑍 , and Δ𝑟 is given by:

𝑚2
𝑊 = 𝐶

(
1 −

𝑚2
𝑊

𝑚2
𝑍

)
(1 − Δ𝑟) (5.5)

This implies that the precision in the measurement of 𝑚𝑊 is also dependent on the uncer-

tainties of 𝑚𝑍 . Currently, at ATLAS, the measurement of 𝑚𝑊 (Fig 5.2) is more precise than

that from LEP [16], thanks to the use of low 𝑝𝑇 muons and recoil calibration of the missing

transverse momentum (𝑝𝑇 ). However, measurements from high 𝑝𝑇 muons require improved

lepton calibration, which is the primary focus of this work [17].

Figure 5.2: Current measurements of the W-Boson mass from major colliders. [18]

5.2.1 Z-boson mass measurement

The mass of the Z boson is measured through different methods in different experiments:

• At the Tevatron [19] and LHC, the Z boson mass is measured by reconstructing its decay

products (Table 5.1). This method relies on the precise measurement of the invariant
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mass of the lepton pairs or hadrons produced in these decays. The reconstruction of the

Z boson mass is achieved by analyzing events from tracking detectors, calorimeters, and

muon systems to reconstruct these decays.

Decay Channel Branching Ratio (%)
𝑍 → 𝑒+𝑒− 3.3632
𝑍 → 𝜇+𝜇− 3.3662
𝑍 → 𝜏+𝜏− 3.3696

Total Leptonic Decays 10.1
Total Neutrino Decays 20

𝑍 → hadrons 69.987

Table 5.1: Branching Ratios for Z Boson Decays

• At LEP (Large Electron-Positron Collider), the Z boson mass was extracted by analyzing

the energy dependence of the cross section for the processes 𝑒+𝑒− → hadrons and

𝑒+𝑒− → ℓ+ℓ− near the Z resonance. Electron-positron collisions would produce a Z

boson near its resonance energy, and the total cross section for these processes exhibits a

peak at the Z mass. The mass was extracted by studying the energy distribution and shape

of the Z-resonance. The measurement of the width of this peak, alongside the energy

dependence, allowed precise determination of both the mass and the total decay width of

the Z boson [20].

Figure 5.3: Current Status of the Z-Boson mass showing results from LEP and Tevatron.
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𝑚𝑍 measurement at ATLAS

The Z-boson mass at ATLAS is measured by reconstructing lepton decays, with focus on the

𝜇-channel in this study, as it provides clean and distinct signatures. The Z-mass is correlated

with the W-mass through the weak mixing angle, highlighting the importance of precise Z-mass

measurements at ATLAS. This measurement also serves as a valuable cross-check for validating

the methods and calibrations used in the W± boson analysis.

Standard muon calibration in ATLAS uses muons from the Z-boson decays as a reference.

However, we aim to measure the Z-mass itself after the calibration and muons from the Z-

boson would bias our analysis. Hence, muons from the decay of J/𝜓 mesons were employed

for calibration, as J/𝜓 mesons are produced abundantly at the LHC and their properties are

well-known.
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5.3 The Large Hadron Collider (LHC) and the ATLAS De-

tector

The Large Hadron Collider (LHC), located at CERN in Geneva, Switzerland, accelerates protons

and heavy ions to nearly the speed of light and collides them at various detectors, including

the ATLAS detector [21]. These collisions produce a wide range of particles, including the Z

boson, a neutral particle mediating the weak force.

5.3.1 The ATLAS Detector

The ATLAS detector is a large, multi-purpose particle detector at the LHC designed to study

particles produced in high-energy collisions. Once particles are accelerated and collide in

the LHC, they pass through ATLAS, which consists of several components designed to detect

different aspects of particles produced, Fig 5.4:

Figure 5.4: Schematic of the ATLAS Detector Layout. [22]

• The Inner Detector (ID) is responsible for measuring the trajectories of charged particles.

It includes the Pixel Detector, the Semiconductor Tracker (SCT), and the Transition Ra-
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diation Tracker (TRT), which help in reconstructing particle interactions and identifying

primary vertices.

• The Solenoid Magnet surrounds the ID and produces a uniform magnetic field along

the axis of the detector. This magnetic field causes charged particles to curve, with

the amount of curvature being inversely proportional to their momentum. The solenoid

provides information for tracking and momentum determination of particles passing

through the ID.

• The Calorimeters are used to measure the energy of particles. The Electromagnetic

Calorimeter (ECal) measures electron and photon energies, while the Hadronic Calorime-

ter (HCal) measures hadron energies. Both use different materials, such as lead/liquid

argon for EM Cal and steel & scintillating tiles for HCal, and measure the energy deposited

when these particles interact with the calorimeter material .

• The Toroid magnets in ATLAS consist of a large barrel toroid for |𝜂 | < 1 and two smaller

toroids for 1.4 < |𝜂 | < 2.7 at the endcaps. Each system has eight superconducting coils.

The barrel toroid is positioned around the central region, while the endcap toroids are

placed beyond the forward calorimeter. These magnets generate a magnetic field in the

azimuthal plane, bending particles in the Muon Spectrometer, with the field perpendicular

to the particle’s flight, deflecting them in the 𝜂 plane.

• The Muon Spectrometer (MS) is designed to identify muons that pass through the

calorimeters with little energy loss hence are not detected. The Muon System uses several

layers of detectors, including Drift tubes (DT), Resistive Plate Chambers (RPC), and

tubular wire chambers to track and measure the muon trajectories. These particles are

then distinguished from other charged particles based on their ability to penetrate through

the calorimeters without significant energy loss.

While the track reconstruction is performed using the combined tracks from both the Muon

System and the Inner Detector, our analysis concentrates on the data provided by the Inner

Detector, which will be the focus of 5.3.3.
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5.3.2 Co-ordinate System of the ATLAS Detector

ATLAS uses a right-handed co-ordinate system with the z-axis pointing along the beam line

and the origin being the primary Interaction Point (IP), which is the location where the protons

collide during an event. Cylindrical co-ordinates (𝑟, 𝜙) are used for the transverse plane with 𝜙

being the azimuthal angle around the z-axis and 𝑟 being the distance from the z-axis. Another

quantity, Pseudorapidity (𝜂), is defined as, 𝜂 = − ln tan 𝜃/2, where 𝜃 is the polar angle in the

longitudinal plane. These parameters are illustrated in Fig 5.5.
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Figure 5.5: ATLAS Co-ordinate system diagram

5.3.3 Inner Detector

The Inner Detector (ID) in ATLAS is the primary tracking system that is located closest to

the interaction point and operates within a 2T solenoid magnetic field. The ID consists of

three main subdetectors (Fig 5.6): the Pixel Detector, which provides high-resolution tracking

near the beamline; the Semiconductor Tracker (SCT), which improves position resolution with

multiple layers of silicon strips; and the Transition Radiation Tracker (TRT), which aids in track

reconstruction and electron identification. The ID covers a pseudorapidity range of |𝜂 | < 2.5

and is built to offer reliable track reconstruction, high accuracy in measuring momentum and

impact parameters, 𝜏-lepton and 𝑏-jets tagging and the ability to determine both the primary

and secondary vertices of particle tracks.
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• Pixel Detector: The innermost layers, closest to the beam pipe, providing the highest

spatial resolution for vertex reconstruction and momentum measurement. When a charged

particle passes through a pixel sensor, it ionizes the silicon material, creating electron-

hole pairs. These charges are collected by applying an electric field across the sensor,

producing a measurable electrical signal in individual pixels. There are around 92 million

pixels in four layers providing a precision of 10 𝜇m.

• Semiconductor Tracker (SCT): A system of around 6 million silicon strip detectors that

improve track reconstruction and momentum measurement. The layout is optimized such

that a particle passes through at least four layers of silicon and measures the track upto

a precision of 25 𝜇m. It enhances spatial resolution and helps in distinguishing closely

spaced particle tracks.

• Transition Radiation Tracker (TRT): The outermost part of the ID, composed of around

300,000 thin gas-filled straw tubes (called ”drift tubes”), each about 4 mm in diameter

and up to 1.5 meters long. As charged particles pass through these straws, they ionize the

gas inside. The freed electrons drift toward a central wire, producing a signal that marks

the particle’s position. It provides additional tracking measurements, pattern recognition

and is essential for particle identification.

Figure 5.6: Schematics of the Inner Detector system with the components on the right. [23]

Vertex position resolution is crucial for identifying J/𝜓 mesons originating from b-hadron

decays which have a relatively long lifetime (∼1.5 ps) and travel a few millimeters before
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decaying, forming a displaced secondary vertex. This displacement is detected using the

impact parameter, which measures the closest approach of decay tracks to the interaction point.

In B-hadron decays, 𝐽/𝜓 mesons are produced via weak decays involving interactions with the

Z-boson. This process is important for studying the Z-boson mass. The Inner Detector (ID)

plays a key role in this measurement, as it provides high-precision tracking data necessary for

accurate vertex reconstruction.

5.3.4 Muon Reconstruction

In ATLAS, particle trajectories, known as tracks, are reconstructed using hit signals from

various detector components. The Inner Detector (ID) and the Muon Spectrometer (MS)

serve as the primary systems for track reconstruction. The following parameters (Fig 5.7) are

determined by fitting the recorded hit signals to the particle trajectories, which are bent by the

magnetic field:

• Curvature ( 𝑞

|𝑝 | ): This denotes the charge of the particle divided by its reconstructed

momentum. It is given by
𝑞

|𝑝 | =
1

𝐵 × 𝑟

where 𝐵 is the magnetic field strength and 𝑟 is the radius of the particle’s helical trajectory

in the magnetic field.

• Transverse impact parameter (𝑑0): The shortest distance between the particle’s track

and the beam axis in the transverse plane.

• Longitudinal impact parameter (𝑧0): The distance between the particle’s track and the

interaction point along the beam axis (longitudinal direction).

• Azimuthal angle (𝜙): Defines the angle of the particle’s trajectory in the transverse plane,

same as the definition in 5.3.2.

• Polar angle (𝜃): Represents the angle of the track relative to the beam axis, same as the

definition in 5.3.2.
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Figure 5.7: Visualization of the track parameters based on the particle trajectory. [24]

Muon reconstruction in ATLAS relies on information from different detector components,

including the Inner Detector (ID), the Muon Spectrometer (MS), and the calorimeters. Tracks

are first reconstructed independently in the ID and MS, with additional energy deposit data from

the calorimeters helping refine the identification. These are then combined for optimal track

reconstruction.

There are four types of muon reconstruction based on the detectors involved: Combined

(CB) muons, which use both ID and MS tracks; Inner Detector (ID) muons, identified when

an ID track matches a local MS segment; Calorimeter-tagged (CT) muons, detected in regions

where the MS is inefficient (𝜂 < 0.1) by matching ID tracks to calorimeter energy deposits;

and Extrapolated (ME) muons, reconstructed solely in the MS for regions where the ID has

limited coverage. For more details, please refer to [25].

Please note the in this study, we focus only on the data from muons reconstructed using only

the ID tracks of muons around the 𝐽/𝜓 resonance at ∼ 3.096 GeV.

5.4 Data Acquisition and Trigger Systems

This study utilized Run-2 (2017) data as it has a dedicated B Physics stream which is important

for J/𝜓 production, and has sufficient data for analysis. 2015, 2016, and 2018 data were also

explored in [26].
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Figure 5.8: Di-muon mass spectrum of CMS from Run-2 data, depicting the amount of J/𝜓
mesons and Z-bosons. [27]

J/𝜓 events were used for the calibration of scale and resolution of the muon momentum

with the following selections:

1. 2.6 < 𝑚𝜇𝜇 < 3.5 GeV, mass selection around the J/𝜓 resonance.

2. Quality Working Point: Medium

3. 6.3 < 𝑝𝑇,𝑙𝑒𝑎𝑑𝑖𝑛𝑔 < 90 GeV, not enough statistics for analysis beyond this range.

4. p𝜇𝜇

𝑇
> 11 GeV, simply defined by the trigger selection.

5. Vertex Cut: | 𝑑0
𝜎(𝑑0) | < 3, to minimize the amount of Non-Prompt J/𝜓 in the samples.

6. Vertex Cut: |𝑧0 sin 𝜃 | < 0.5𝑚𝑚

5.4.1 Trigger System

In the context of ATLAS, a ”trigger” system is used to select interesting events from the large

number of final state particles produced in proton-proton collisions at the LHC. There are about

40 million bunch crossings per second, so the data must be filtered to capture and record the most

relevant events. This system combines hardware and software algorithms to decide which events
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are stored for analysis. It categorizes events into different streams, streamlining the analysis

process by grouping data relevant to specific research objectives. The ATLAS Run-2 trigger

system consists of two levels: Level 1 (L1) and High-Level Trigger (HLT). L1 makes quick

decisions based on calorimeter and muon spectrometer data using hardware components like

FPGAs and ASICs, working at a rate of 40 MHz. The HLT, running on CPUs and GPUs, further

analyzes the events selected by L1, using data from all ATLAS sub-detectors to categorize them

into physics streams, such as b-physics or Higgs physics, based on their signatures.

A significant component of the trigger system is the pre-scale algorithm, which selectively

keeps one event every N events, where N is the pre-scale factor. This pre-scale factor is not

based on kinematic cuts or any specific selection criteria but rather on a statistical approach to

reduce the event rate. For instance, in 2016, b-physics triggers were heavily pre-scaled, making

the contributions from the Physics Main and B Physics streams comparable, while in 2017

and 2018, b-physics triggers were not pre-scaled, resulting in a higher contribution from the B

Physics stream.

Figure 5.9: Physics Main and B-Physics Trigger rate comparison at ATLAS from 2017 data.
[28]

• Trigger passing refers to selection of events that satisfy specific kinematic conditions

defined by the trigger.

• Trigger matching is the process of comparing objects from the triggered event with those

reconstructed during the event reconstruction stage (5.3.4). Trigger matching ensures the

correct selection of events, since sometimes L1 and HLT trigger system may count events

that do not actually satisfy the constraints.
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The B Physics stream is rich in J/𝜓 and Υ mesons, while the Physics Main stream, which

focuses on high p𝑇 muons, contains a large number of Z events. Single and double muon

triggers from the B Physics and Physics Main streams of the HLT system were used in this

study. However, there were some issues with the trigger data that were identified by inspecting

individual triggers:

1. Overlap between streams, which was corrected for in the data.

2. Matching flags have bugs and were not applied for this study.
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Chapter 6

Muon Momentum Calibration Technique

Accurate muon momentum measurement is important for the ATLAS experiment, as they

directly influence the precision of physics analyses. However, various factors, such as detector

imperfections (Fig 6.1), reconstruction algorithms, and inaccuracies in the simulation of detector

properties, can introduce biases. These biases can distort observables, like invariant mass

distributions, and lead to systematic uncertainties that impact the interpretation of results,

especially in sensitive analyses such as the Z mass measurement. To mitigate these issues,

the ATLAS detector employs an alignment strategy [29, 30], with the Inner Detector (ID)

alignment optimized through a global 𝜒2 minimization of track-to-hit residuals, while the

Muon Spectrometer (MS) uses an optical alignment system to ensure proper positioning of the

muon chambers. However, biases known as ”weak modes,” involve distortions the alignment

cannot detect and still remain in the data which degrades the precision of measurements.

To correct for these biases, ATLAS utilizes a detailed calibration process [31]. After

alignment, the Muon Momentum Calibration (MMC) procedure is employed to address charge-

dependent effects, geometrical distortions, and mis-modeling of the magnetic field. This

procedure accounts for weak modes and Sagitta biases and further addresses the impact of

multiple scattering and uncertainties in the magnetic field. By adjusting the reconstructed

muon momenta in Monte-Carlo (MC) simulations to match those observed in data, the data-

to-simulation agreement is improved. In this study the scale and resolution corrections are

calculated and validated.
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Figure 6.1: Charge Dependent Effects arise from rotations and Sagitta biases (Left), whereas
Charge Independent Effects may arise from radial distortions (Right). [32]

6.1 Charge-Dependent Bias

One of the key biases that affect these measurements is the charge-dependent bias, which

degrades the momentum resolution. These distortions arise due to detector rotations in the

transverse plane and affect Sagitta measurements during tracking. The Sagitta is the distance

between the actual curved path of the particle and the straight line (chord) that connects the

points where the particle enters and exits a particular detector plane.

These effects are quantified by the Sagitta bias, 𝛿𝑆, which is expressed by:

𝑞

𝑝
=

𝑞

𝑝
+ 𝛿𝑠, (5.1)

where 𝑞 is the electric charge, 𝑝 is the unbiased momentum, 𝑝 is the biased momentum,

and 𝛿𝑠 is the strength of the bias. This bias can be estimated using Eq.6.1 and is obtained by

𝜒2-minimization of the invariant Di-muon mass with fine binning in 𝜂 and 𝜙.

𝑝𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑𝑇 =
𝑝𝑏𝑖𝑎𝑠𝑒𝑑
𝑇

1 + 𝑞𝛿𝑠 (𝜂, 𝜙)𝑝𝑏𝑖𝑎𝑠𝑒𝑑𝑇

(6.1)

Sagitta Correction was already provided and it was implemented on the Ntuples before the

calibration procedure was implemented in this study.
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6.2 Charge-Independent Bias

Scale and resolution biases in the muon transverse momentum (𝑝𝑇 ) can occur due to charge-

independent effects, such as mis-modeling of the magnetic field or detector distortions (or weak

modes), which are not addressed by the Sagitta correction. This study specifically focuses on

calculating these corrections by addressing such charge-independent biases. The corrections

are estimated using a dedicated calibration procedure, applying the MCP framework on J/𝜓

muons in the ID.

6.2.1 Scale and Resolution Corrections

Figure 6.2: Exaggerated sketch for representing how the scale errors shift the mean and resolu-
tion biases in the data causes smearing. [26]

Fig 6.2 represents the effects of Scale and resolution biases on a set of hypothetical simulation

and data, showing the mass distributions of the Z boson. Data is subject to biases whereas the

simulation is the ideal scenario. Scale effects move the mean of the distribution and resolution

effects cause smearing. This occurs due to the stochastic as well as distortion effects like:

• Ionization Loss: Muons are minimum ionizing particles which lose less energy depend-

ing on the medium. In the inner detector, this loss is negligible, but in the calorimeters,

it can reach up to 3 GeV, following the Bethe-Bloch formula for energy loss.
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• Multiple Scattering: Charged particles undergo multiple scattering when interacting

with the material’s nuclei. This effect is independent of the particle’s energy but depends

on the material’s thickness and radiation length.

• Magnetic Field: The magnetic field bends particles, allowing momentum calculation

from trajectory curvature. For low-energy particles or a strong magnetic field, the mo-

mentum measurement is more accurate, while for high-energy particles or weaker fields,

accuracy decreases.

The corrected transverse momentum, 𝑝
𝐶𝑜𝑟,𝐼𝐷

𝑇
, is calculated by estimating the Scale and

resolution corrections using:

𝑝
𝐶𝑜𝑟,𝐼𝐷

𝑇
=

𝑝
𝑀𝐶,𝐼𝐷

𝑇
+ ∑1

𝑛=0 Δ𝑠
𝐼𝐷
𝑛 (𝑝𝑀𝐶,𝐼𝐷

𝑇
)𝑛

1 + ∑2
𝑚=0 Δ𝑟

𝐼𝐷
𝑚 (𝑝𝑀𝐶,𝐼𝐷

𝑇
)𝑚−1𝑔𝑚

(6.2)

𝚫sID
n : Scale corrections

• 𝚫sID
0 : Constant scale correction accounting for low muon 𝑝𝑇 energy loss, which is

significant only for MS and CB tracks. Since we only consider the ID track, there is no

material budget before the ID where the muon looses energy hence this quantity set to

zero.

• 𝚫sID
1 : Corrects for inaccuracy in the description of the magnetic field integral and the

radial distortions.

𝚫rID
m : Resolution smearing corrections

• 𝚫rID
0 : Accounts for fluctuations of the energy loss in the traversed material. Again since

there is negligible energy loss in the ID, we set this quantity to zero.

• 𝚫rID
1 : Accounts for multiple scattering, uncertainties and inhomogeneities in the modeling

of the local magnetic field, and radial distortions of the detector layers.

• 𝚫rID
2 : Describes intrinsic resolution effects of the detector and residual mis-alignments

between the different detector elements.
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6.3 Calibration Methodology

The correction parameters from Eq.6.2 are extracted from data using an iterative fitting procedure

that compares the invariant mass distributions for 𝐽/𝜓 → 𝜇𝜇 and 𝑍 → 𝜇𝜇 evnets in data and

simulation.

The calibration fit was initially performed by using 𝜂 as the variable for the correction

parameters, followed by 𝜙, and finally 𝑝𝑇 . The binning defined for each case were:

• 12 regions were made for the 𝜂-calibration, avoiding the end-cap regions of the ID with

the selection: |𝜂 | < 1.05.

• 16 regions were made for the 𝜙-calibration.

• 10 regions were made for the 𝑝𝑇 -calibration. (Resolution parameters ignored in this case

since 𝑝𝑇 -calibration is assumed to be independent of resolution effects)

The calibration framework follows a step-by-step algorithm in each iteration, as outlined

below:

1. Corrections: At the beginning of each iteration, two types of corrections are applied

to the muon 𝑝𝑇 for both data and Monte Carlo (MC) samples. For data, the 𝑝𝑇 is

corrected using the Sagitta bias correction. For MC, the 𝑝𝑇 is corrected based on scale

and resolution parameters derived from the previous iteration.

2. Muon Selection: In the initial iterations of the calibration process, only muons from the

same region are selected for fitting, according to the binning scheme defined earlier. This

is important because each region may require different correction parameters. If muons

from different regions were fit together, they would receive the same correction, which

may be incorrect.

In later iterations, however, the correction parameters are determined by fitting muons

from different regions together. The values of the correction parameters for each region

are initialized using the results from the previous iteration. This approach allows for more

refined corrections, as it gradually adjusts the parameters for each region based on the

latest fits.
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3. Background estimation: After filling the histograms, the J/𝜓 background is estimated

using an parametric exponential or Chebyshev background of the second order, and by

fitting them to the data distribution, an estimate of the background shape and yield is

obtained. The signal is estimated by a Crystal ball + Gaussian function:

𝑁𝑠𝑖𝑔𝑛𝑎𝑙 = 𝑁 × (Gauss(𝜇1, 𝜎1) + CB(𝜇2, 𝜎2, 𝛼, 𝜂)) (6.3)

where 𝑁 is a normalization factor between the Crystal Ball and Gaussian functions. The

Crystal Ball function combines a Gaussian core for the central peak region and a power-

law tail for deviations, making it ideal for asymmetric distributions. The Crystal Ball

function is defined as:

𝑓 (𝑥;𝛼, 𝑛, 𝜇, 𝜎) =


exp
(
− (𝑥−𝜇)2

2𝜎2

)
, for 𝑥−𝜇

𝜎
> −𝛼

𝐴𝐵
( 𝑥−𝜇

𝜎

)−𝑛
, for 𝑥−𝜇

𝜎
≤ −𝛼

(6.4)

Where the normalization factor 𝐴 and the continuity parameter 𝐵 are given by:

𝐴 =

(
𝑛

|𝛼 |

)𝑛
exp

(
− |𝛼 |2

2

)
and

𝐵 =
𝑛

|𝛼 | − |𝛼 |

Parameters:

• 𝑥: the variable of interest (e.g., energy or mass),

• 𝜇: the peak position or mean of the Gaussian core,

• 𝜎: the standard deviation of the Gaussian core,

• 𝛼: the parameter that defines the point where the Gaussian core transitions into the

power-law tail (on the left-hand side of the peak),

• 𝑛: the exponent that controls the shape of the power-law tail.

4. Minimization Procedure: A basic 𝜒2 minimization algorithm is first used to obtain initial

estimates for the parameters which are then used in a likelihood minimization algorithm

(Minuit algorithm [33]), which applies the signal and simulation templates with varying
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correction parameters and interpolates between them. The procedure involves two types

of minimizer:

• Simplex Minimizer: This minimizer first calculates scale parameters by comparing

the mean of data and MC distributions using a 𝜒2 test. It then determines resolution

parameters by comparing both the mean and standard deviation. Finally, a binned

𝜒2 is applied to adjust all parameters simultaneously.

• GridScan Minimizer: Here the corrections are refined by creating a grid of templates

around the Simplex minimization results. It calculates the negative log-likelihood

for each grid point and interpolates between the values, producing a continuous

likelihood function in the calibration parameter space.

6.3.1 Validation Framework

A validation framework to compare calibration across multiple parameters was developed in

[26] and applied to validate the results of this study. This framework is designed to identify non-

closures, asymmetries, or mis-modelings in the detector regions that require further attention.

It applies the correction parameters obtained after the calibration to the MC samples, re-weights

them to match the data, and corrects for the Sagitta bias.
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Chapter 7

Results and Discussion

7.1 𝜂-Calibration Results

The values of the correction parameters obtained for each 𝜂 region can be found in Fig 7.1.

After the validation (Fig 7.2), we can clearly observe that the the difference between the

data and MC have become flat in the 𝜂-spectrum. Whereas, variations in 𝜙 and 𝑝𝑇 can still be

seen, which motivates us to proceed with the other calibrations.

7.1.1 Δ𝜙 - Study

During the course of this thesis, another effect on the correction parameters was studied based

on Cowboy and Sailor events (Fig 7.3). In the case of a Cowboy event, the two daughter tracks

might cross in a way that they could share hits, and end up with lower quality reconstructed

muons which could be rejected by the trigger or the analysis. While a Sailor event is not subject

to these issues since the daughter tracks are less likely to be misinterpreted. It doesn’t require

as many special cuts, unlike the cowboy decay topology [34].

In order to separate these two kinds of events, two selections were made on, Δ𝜙 = 𝜙𝜇+ −𝜙𝜇− ,

defined as the difference of 𝜙 between the two decay muons. Δ𝜙 > 0 selection was made for

Sailor events while Δ𝜙 < 0 selection was made for Cowboy events. After calibrating with these

selections (Fig 7.5), a small but consistent effect was seen on the scale parameter which implies

that Cowboy or Sailor topologies may affect the 𝑝𝑇 distribution of the muons.
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Figure 7.1: 𝜂-dependence of muon momentum calibration parameters from 2017 ATLAS data.
Top: Scale correction (Δ𝑠𝐼𝐷1 ) versus 𝜂. Bottom: Resolution parameters Δ𝑟 𝐼𝐷1 (left) and Δ𝑟 𝐼𝐷2
(right) showing the 𝜂-dependent smearing corrections.

Figure 7.2: 𝜂-validation results. The corrected simulation momenta is within 0.05% Data. The
flat residual confirms proper 𝜂-dependence calibration
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Figure 7.3: Schematic of the Cowboy and Sailor decay topologies at LHC.

Figure 7.4: Histogram representing the asymmetry in Δ𝜙 caused by different trigger rates of
Cowboy and Sailor events. Cowboy events have a smaller trigger rates and hence give a smaller
peak in the histogram.

Figure 7.5: 𝜂-Calibration result after Δ𝜙 selections to see the effects of different trigger rates
on the scale parameter.
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Figure 7.6: 𝜙-dependence of muon momentum calibration parameters from 2017 ATLAS data.
Top: Scale correction (Δ𝑠𝐼𝐷1 ) versus 𝜙 azimuthal angle. Bottom: Resolution parameters Δ𝑟 𝐼𝐷1
(left) and Δ𝑟 𝐼𝐷2 (right) showing the 𝜙-dependent smearing corrections.

7.2 𝜙-Calibration Results

The values of the correction parameters obtained for each 𝜙 region can be found in Fig 7.6.

Post validation (Fig 7.7), one can clearly see that the corrections to the 𝜙-spectrum has

improved the agreement between data and MC, although some asymmetry around zero is still

observed. This is probably due to mis-modeling of the magnetic field and has to be accounted

for in future calibrations. Furthermore, no significant changes in the 𝜂 and 𝑝𝑇 -spectrum have

been observed which further solidifies that each of these calibrations are independent of one

another.
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Figure 7.7: 𝜙-Validation results. Residual 𝜙-dependent biases are reduced to < 0.1% after
calibration.

7.3 𝑝𝑇-Calibration Results

7.3.1 Prompt and Non-Prompt 𝐽/𝜓:

Apart from the standard calibration procedure, a different calibration procedure was also applied

with weights to filter Non-prompt J/𝜓 from the data. Prompt and non-prompt J/𝜓 mesons have

different production mechanisms, which lead to different impacts on the 𝑝𝑇 distributions. A

different 𝑝𝑇 distribution would lead to different values of the scale parameter after the calibration.

Figure 7.8: Representation of Prompt and Non-Prompt J/𝜓 decays at LHC.

Prompt J/𝜓 mesons are produced directly in the primary collision and typically have little

to no displacement from the primary vertex, contributing to a 𝑝𝑇 distribution that reflects the

characteristics of the initial hard scatterings.

On the other hand, Non-prompt J/𝜓 mesons, which originate from the decay of longer-

lived particles such as B-hadrons, exhibit a measurable displacement from the primary vertex
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Figure 7.9: Fractional fit result in one of the 𝑝𝑇 bins with x-axis as 𝑑0 significance.

Figure 7.10: Decomposition of the Prompt and Non-prompt MC after applying the fractions.

(non-zero transverse impact parameter, 𝑑0) due to the B-hadrons extended lifetime. This often

leads to different kinematic distributions. Thus, estimating the fractions of these two types of

J/𝜓 mesons was a part of this study. Furthermore, Non-prompt J/𝜓 contained more background

in the data and it was advantageous to filter the same.

These fractions were estimated using the TFractionFitter class in ROOT on ten different 𝑝𝑇
bins of the MC sample. Refer to Fig 7.9 and 7.10 for the results. The fractions obtained are

consistent with previous results from CMS (Fig 7.11) and were then input in the calibration as

weights to the prompt MC samples.
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Figure 7.11: Non-prompt fractions obtained after fitting (Left) as compared to the results from
CMS (Right) [35]

7.3.2 Scale Calibration Result

Finally, after the calibration the scale correction parameter was obtained (Fig 7.12) and when

compared with results obtained by ATLAS, [17] as well as [26], the scale parameter values

were consistent. A small resolution effect is also observed for high 𝑝𝑇 muons (Fig 7.13) and it

Figure 7.12: 𝑝𝑇 -Calibration result for the scale parameter. The jump at high 𝑝𝑇 suggests the
need for finer resolution in scale parameter to capture the momentum dependence.

may be due to very small number of events. This was considered and the resolution parameter,

Δ𝑟2 was introduced to the 𝑝𝑇 -Calibration but conclusive results are yet to be analyzed.

Although the correction obtained after applying the fraction is promising (Fig 7.14), the

results are not consistent with results obtained by using data from other years. The application

and estimation of fractions hence needs to be examined more.

52



Figure 7.13: Invariant Mass Distribution of Low (Left) and High (right) 𝑝𝑇 muons after the
calibration showing the resolution effects.

Figure 7.14: 𝑝𝑇 -Calibration result for the scale parameter with the Prompt and Non-prompt J/𝜓
fractions applied.

These are good results since it implies extrapolation of these corrections to the Z-resonance

is possible for the calibration of the Z-mass measurement but more statistics and analysis in

regions of high 𝑝𝑇 is advised.
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Chapter 8

Conclusion
This thesis has presented a study of particle detection and measurement across two parts, trying

to elucidate why precision is not merely a technical goal, but a way for deeper fundamental

understanding. First, the measurement of the 12C+12C fusion cross-section at 𝐸𝑐𝑚 = 5.02

MeV and the confirmation of the 𝐽𝜋 = 2+ resonance in 24Mg provides experimental constraints

for stellar nucleosynthesis models. These results directly impact our ability to predict carbon

burning rates in massive stars and the abundance of elements in stars. Future work may include

analyzing data from the S1 and PIXEL detector, which covers intermediate angles. Additionally,

exploring other important channels, such as the 𝛼3-channel, (which puts a hard constraint on

the spin assignment), may serve as a validation for the results obtained in this study.

Second, the muon momentum calibration studies demonstrate consistent scale corrections

across multiple years when compared with reference analyses, though more statistics is needed

to validate the extrapolation to high-𝑝𝑇 regions. While 𝑝𝑇 -calibration was initially treated as

resolution-independent, small but observable effects emerge for high-𝑝𝑇 muons, suggesting

future analyses should incorporate resolution parameters. The Δ𝜙 asymmetry between Cowboy

and Sailor topologies affects the 𝜂-calibration, implying that trigger rate differences must be

accounted for. Additionally, the inclusion of prompt/non-prompt 𝐽/𝜓 fractions impacts the

scale calibration, although inconsistencies indicate either unaccounted effects or new models

are needed. Furthermore, [17] identifies more ID distortions in the form of weak modes that are

not corrected by this calibration procedure and may have an effect on the Z-Mass measurements.

The continued refinement of these measurement techniques may contribute to yield further

insights into both stellar processes and the fundamental interactions described by the Standard

Model.
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