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Abstract

A search is presented for the rare decay of a W boson into the fully hadronic final state
of three charged pions. This search uses a combination of proton-proton collision data col-
lected by the CMS experiment at the CERN LHC at center-of-mass energies 13 TeV and
13:6 TeV corresponding to integrated luminosities of 137:6fb * and 61:9fb *, respectively.
A ditau trigger is used to select events. This takes advantage of algorithms designed to
reconstruct and identify pions from the hadronic decay of tau leptons. As a result of the
very low transverse momentum distribution of the third pion, we select isolated tracks which
satisfy an overall charge requirement on the three objects of plus or minus one. This search
uses machine learning tools to improve the sensitivity towards signal. In addition, this thesis
presents two projects completed in service of the CMS collaboration. The first quantifies
radiation damage to the physical components of the detector and derives necessary correc-
tions. The second encompasses the development and maintenance of a framework which

synchronizes critical data used for alignment and calibrations of the detector.
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Chapter 1

Introduction

Particle physics emerged as a modern scientic eld over the last century to describe the
properties and interactions of the most fundamental objects in nature. The standard model
of particle physics (SM) is the hallmark achievement of this e ort. It can be used to predict
many physical quantities, all of which stand up to strict experimental veri cation. Despite
the accuracy of the SM there are still gaps in our understanding of the universe. As a result,
modern particle physics experiments continue to make increasingly precise measurements
of physical quantities. Any observed di erence from the SM prediction of a quantity could
provide a hint to what is missing. At the same time, experiments are searching for new
particles which might exist. Since the discovery of the Higgs boson in 2012, all particles
predicted by the SM have been observed. Any additional particles would require theoretical
extensions that could also explain some of the unresolved questions.

In this thesis a search for a rare decay of the W boson to three charged pions is presented.
The SM predicts that the W boson can decay to hadronic particles such as pions. None have
yet been experimentally observed due to their low decay rates and experimental complexities.
It is therefore a necessary aspect of the SM to probe as any deviation could be an indication
of new physics.

The remainder of Section 1 of this thesis will describe the scienti ¢ theory underpinning

the SM. Following this will be a technical description of the Large Hadron Collider (LHC)



Generation | Particle | Mass [GeV] | Charge F]
1 e 0:511 10 ° 1
2 0.106 1
3 1.776 1
1 . <08 10° 0
2 <19 10°* 0
3 <182 10°3 0

Table 1.1 : Summary of the properties of the six fundamental leptons

and Compact Muon Solenoid (CMS) detector in Section 2. In Section 3, the details are
speci ed for the search for a rare decay of the W boson to three charged pions. Section 4
will discuss e orts performed to support the continued successful operation of the CMS

detector, followed by results and conclusions in Section 5.

1.1 Elementary particles

The particles of the SM are organized into categories based on certain physical properties.
The broadest of these categories are fermions and bosons. Fermions are particles with half-
integer spin values that obey Fermi-Dirac statistics while bosons have integer spin and obey
Bose-Einstein statistics.

The fermions consist of leptons’( ) and quarks (q), each of which have three generations
of particles. Each generation of leptons consists of one electrically charged and one electrically
neutral particle. In increasing order of mass, the charged leptons are the electron (e), muon
( ), and tau ( ). Each of these has the exact same chargele, given in units of the electric
charge.

The neutral leptons are collectively known as neutrinos. Each charged lepton has a
neutrino counterpart, aptly named the electron neutrino (;), muon neutrino ( ), and tau
neutrino (). They are nearly massless and are known to oscillate between the three avars
However, this behavior is only relevant at distances much larger than the length scales of
collider physics. The properties of the leptons are summarized in Table 1.1.

The quarks are also electrically charged, though they do not have integer values of electric



Generation | Particle | Mass [GeV] | Charge F]
1 u 0:216 10° +§
1 d 0:4170 103 %

2

2 Cc 1.273 + =
3

1

2 0.094 =
S 3

2

3 t 172.5 +—
3

3 b 4.183 !
' 3

Table 1.2 : Summary of the properties of the six fundamental quarks

charge. Instead, they are broken into two types: up-type quarks, with charge%f and down-
type quarks, with charge % The up-type quarks include the up @), charm (c), and top

(t) quarks while the down-type quarks include the downd), strange (s), and bottom (b)
quarks. Like the leptons, the avors of quarks are ordered in increasing mass. The quarks
di er furthermore from the leptons in that they carry color charge which allows them to
form bound states known as hadrons. The names, symbols, and properties of the quarks are
summarized in Table 1.2.

Each fermion has an associated antiparticle, denoted a§, q, and , respectively, for
charged leptons, quarks, and neutrinos. The properties of antiparticles are identical to their
corresponding particles, with the exception of electric charge which is inverted.

The bosons are not organized into generations like the fermions. The photon énd the
gluon (g) are electrically neutral and massless. The Z and Higgs (H) bosons are electrically
neutral but massive. Lastly, the W boson is electrically charged (1e) and has a mass.
The Higgs boson has spin-0 while the other bosons all have spin-1. The gluon is the only

boson which carries color charge, like the quarks. The names, symbols, and properties of

the bosons are summarized in Table 1.3.



Particle | Symbol | Mass [GeV]| EM Charge ] | Spin
Photon 0 0 1
Gluon g 0 0 1
W W 80.4 1 1
z z 91.2 0 1
Higgs H 125.2 0 0

Table 1.3 : Summary of the properties of the SM bosohs
1.2 Fundamental forces

The physical properties of the elementary particles described in Section 1.1 determine how
each type of patrticle interacts with itself and others. Each of the spin-1 bosons is a gauge
boson for an associated physical force and each force has an associated quantity. This
section describes each of these forces qualitatively while Section 1.3 provides a more formal

description.

1.2.1 Electromagnetic force

All electrically charged particles interact with each other by exchanging photons. As a result,
they experience an attraction or repulsion known as the electromagnetic (EM) force. This
allows for atoms to form, as negatively charged electrons bind to the positively charged
nucleus. Molecules are also the result of ions experiencing attractive forces due to their
opposite charges. At an even larger scale, the action of a compass needle pointing towards

the magnetic north pole is the result of this force as well.

1.2.2 Weak force

The weak force results from the exchange of the Wand Z bosons. These particles have a
very large mass, 8@ GeV and 911 GeV, respectively. Each fermion participates in these
interactions, however due to the large mass of the mediating particles the e ective range of
the force is very small. At low energies, with respect to the EM force, the weak force is 10
as powerfuf. Radioactive -decay and nuclear ssion are the result of the weak nuclear

force.



1.2.3 Strong force

Particles carrying color charge interact via the exchange of gluons. The resulting attraction
is 1000 times more powerful than the EM force and is responsible for binding quarks together
into hadrons such as protons and neutroris Color charge di ers from electric charge in that

it comes in three varieties: red, green, and blue. Quarks carry one of these color charges while
antiquarks carry one of the anticolor charges: antired, antigreen, and antiblue. The gluon
carries one color and one anticolor which yields eight di erent varieties. As a consequence
of this, gluons are also able to interact with themselves.

The strong force does not decrease with distance like the EM force. Instead, the attraction
between two color charged particles increases as they travel apart. Eventually enough energy
is stored in the bond that a quark-antiquark pair is created. This phenomenon is known as
\color con nement" and makes it impossible to isolate a single quark. Only color neutral

bound states of multiple quarks can exist.

1.2.4 Gravitational force

In the macroscopic world the e ects of gravity are easily observable. Planets, stars, and
galaxies are all held together through the mutual attraction of mass. However on the scale
of individual particles with very small masses the force of gravity is a factor 18" as strong

as the EM forc€. As a result the e ects of gravity in high energy physics experiments are

negligible.

1.3 Mathematical formalism

The SM can be expressed as a Lagrangian density, of the form*

L=L((x):@ ((x)); (1.1)



where ,(x) are vector elds and @ ,(x) are the 4-dimensional rst derivatives of these

@ (x)
@x

over an arbitrary region of spaceS(), is required to be stationary *, as shown in Eq. 1.2

elds, . In order to derive the equations of motion for these elds the action integral

and Eq. 1.3: 7

S(O)=  L(.(x);@ ((x)d; (1.2)
S()=0; (1.3)

where represents a variation in the action,S(). If variations of these elds can be

described as

()T )+ (%) (1.4)

then Eq. 1.3 reduces to
@] @ @]

@:(x) @x @@ ((x))

which is the familiar Euler-Lagrange equation. By de ning momenta conjugate to the elds

=0; (1.5)

and enforcing the canonical commutation relations this theory is quantized. When the
resulting equation of motion of a eld describes a particle with specic properties, that
particle can be interpreted physically as an excitation, or quanta, of the original eld. As

an example, consider the Lagrangian density,

@ '@ x) ') (x) ; (1.6)

—
I
NI =

where is some constant with units of inverse length. The resulting equations of motion are
found to be:

@@+ * (x)=0;

@@+ * Y(x)=0:

(1.7)

These describe a spin-0, electromagnetically charged particle-antiparticle pair with mass
. The charged pi-mesons ( ), known as pions, are an example of this type of particle.
Accordingly, charged pions can be interpreted as the quanta of the complex scalar eldx),

with mass 13957 GeV.



1.3.1 Gauge invariance

Noether's theorem states that, if a given Lagrangian density is invariant under a set of trans-
formations, then there is an associated conserved quantity. Equation 1.4 can be rewritten
as a global phase transformation in the context of the complex, scalar eld$x) and Y(x):
8
2 | Ofyy = i
() r(X) = (x)e

o (1.8)
TN M= Y(xe !

where is some real parameter. The Lagrangian density described in Eq. 1.6 is invariant un-
der this global phase transformation described in Eq. 1.8. The resulting conserved quantity,

J (x), is shown in Eq 1.9 and can be interpreted as electromagnetic charge.
J = '@ (x) x@ "(x) (1.9)

@J (x)=0 (1.10)

For other theories a di erent form of phase invariance must be imposed. For example,
the equation of motion for free spin% charged particles such as electrons and quarks can be

derived from the following Dirac Lagrangian density:

Lo= (X) i @—@i m (x); (1.11)

where are the 4 4 Dirac matrices andm is the rest mass of the particles. These particles

are known to interact with the electromagnetic eld. Therefore, an interaction termL,, is

added to the Lagrangian, yielding

L=Lg+L,

s | (1.12)
(x) i ax " x)+e (x) (XA (x);

whereA (x) is a vector potential. However, the addition of this interaction term breaks the



global phase invariance. To resolve this, the transformation of the vector potential,
A X! A°X)= A (X)+ @f (X): (1.13)

is coupled with a local phase transformation of the elds,
8
0 0= (e

_ (1.14)
TN 0= Y(e "

The local phase transformation described by Eq. 1.14 is a generalization of the global
phase transformation described by Eq. 1.8. The phase now includes an arbitrary function
of the space-time coordinatef (x). This is also known as a gauge transformation and
theories such as the Lagrangian in Eq. 1.12 which are invariant under these are known as
gauge theories. This speci c gauge transformation corresponds tdJ&l) symmetry and the
guanta associated with this vector potential is the massless photon, which can be considered

a U(1) gauge boson.

1.3.2 Electroweak theory

Despite the successful formulation of quantum electrodynamics (QED) as a fully renormal-
izedU (1) gauge theory, there still existed many phenomenon which could not be explained by
this model. Speci cally, the weak interactions of radioactive decay appeared to be mediated
by massive, charged bosons. E orts began to associate these interactions with a symmetry
similar to U(1) and QED. In 1953, Chen Ning Yang and Robert Mills proposed a theory
based onSU(2) symmetry. This yields three massless vector bosons with associated charges
+1; 1, and 0. However, this is insu cient because the short range of the weak interactions
necessitates a large mass for the associated mediating particle.

The solution, proposed simultaneously by Robert Brout, Frarcois Englert, and Peter
Higgs in 1964, is found by introducing a complex isodoublet scalar eld with four independent

real components. The Lagrangian for this eld has certain symmetries and is characterized



by a parameter, 2. When 2> 0 there is a single, unique ground state of the system and
all of the quanta of the eld have identical, positive masses. However, wherf < 0, the
ground state is degenerate and the system settles into one out of the in nite con gurations.
This is known as spontaneous symmetry breaking: the ground state of a system does not
possess a symmetry that the Lagrangian does. In this context, three of the components of
the original eld appear as massless scalar quanta known as Goldstone bosons. While there
is no physical evidence for these particles, a remedy is found by modifying the Lagrangian
for the original isodoublet scalar such that it is invariant under the combine®U(2) U(1)
transformation”.

Now there are four additional vector quanta, three from theSU(2) and one fromU(1).
Remarkably, under spontaneous symmetry breaking the three Goldstone bosons do not ap-
pear as particles but instead impart an additional degree of freedom in the form of linear
polarization to three of the vector quanta. This linear polarization of a vector eld manifests
as mass. This procedure of imparting a mass on tl&U(2) vector bosons via the addition
of a scalar eld is known as the Brout-Englert-Higgs mechanism and the remaining massive
boson associated with scalar eld is called the Higgs boson. This procedure yields the follow-
ing physical bosons: one massive neutral scalar, two massive charged vectors, one massive
neutral vector, and one massless neutral vector. These are the Higgs, W, and photon,

respectively’.

1.3.3 Quantum chromodynamics

The theory of strong interactions can be described by a Lagrangian density similar to QED,
but with the notable di erence that the quark elds possess an additional degree of freedom
known as color charge. Accordingly, the relativistic quantum eld theory describing the
interactions of particles with color is called quantum chromodynamics (QCD).

As mentioned in Sec. 1.2.3, there are three varieties of color charge: red, green, and
blue*. The wavefunction for a given quark can be written as a product of spin and color

parts, where the color part is usually denoted © = r; g; b with



0 1 0 1 0 1
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Color theory explains the absence of free quarks in nature. Only color neutral bound
states can exist as free particles. This requirement allows only color-anticolor (e.gr)
bound states known as mesons, or three colaigp or rgb) bound states, known as baryons.
Color neutral combinations of four or ve quarks can be experimentally produced, but do
not occur naturally®.

The gluon eld and the resulting interactions between it and the quark elds are a
consequence of requiring the free quark Lagrangian density to be invariant undstJ(3)

transformations. The QCD Lagrangian density is therefore

Lo = ') 1 @+ig T om0 LG (1.16)

where
"(x) is the quark eld with f = u;d;s;c;b;t
" @ is a real coupling constant

j are eight matrices | = 1;2;:::;8) representative of theSU(3) group
" A; are eight gauge elds j =1;2;:::;8) called gluon elds
" m; is the mass of the di erent quarks
" Lg are the gluon eld interaction terms

The L interaction terms reveal some speci ¢ behaviors of the gluon eld which distin-

guish it from the photon:
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The rst term represents eight massless spin-1 gluon elds. The second and third terms
represent gluon self-interactions. These arise because the gluon eld itself is color charged.
This is also why the free gluon is not observed, as only color neutral states exist as free
particles.

To summarize, the SM is the combination of the quantum eld theories discussed in this
section. It combines electroweak theory and quantum chromodynamics to provide a coherent
description of the elementary particles and their interactions. Itis described by a Lagrangian
density which is invariant underSU(3) SU(2) U(1) symmetry transformations and the

guanta of the elds represent all known patrticles.

1.4 Limitations of the Standard Model

Since the formulation of the SM as a gauge invariant quantum eld theory, it has been
used to make accurate predictions of physical quantities. Despite these achievements, there
are still several observed phenomena which can not be explained with the SM. A few are

enumerated below:

" neutrinos are massless in the SM, however they are known to be have some non-zero

mass due to the observation of oscillations between avors,

there is no explanation for the observed asymmetry between matter and antimatter in
the universe. Only very few SM processes produce matter and anti-matter at di erent
rates and the deviation is not signi cant enough to account for the near total absence

of antimatter,
ample astrophysical evidence exists for dark matter and dark energy but there is no

11



description in the SM for these phenomena,

A

the SM lacks a mechanism to explain why the gravitational force is many orders of

magnitude weaker than the other three forces.

Modern particle physics experiments seek to make precise measurements of physical pro-
cesses and compare them to the SM predictions. A deviation, even very small, could be
evidence of new physics. Section 2 will describe the technical aspects involved in making

these precise measurements.
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Chapter 2

The Experiment

Huge amounts of data must be produced in order to study physics processes which are
predicted to occur only very rarely. The Large Hadron Collider (LHC) was designed to
collide high energy particles at rates large enough for such rare processes to be observed.
Since the beginning of data collection in 2010, the LHC has progressively increased both
the energy and rate of these collisions to record-setting values. During Run-2 (2015-2018)
protons were collided at a center of mass energy of 13TeV. The protons now collide at a
center of mass energy of 18TeV for the ongoing Run-3 (2022-2026) with plans to increase
again to 14 TeV towards the end of the decade. The LHC produces collisions at four di erent
locations for experiments to collect data. The CMS (Compact Muon Solenoid) and ATLAS
(A Toriodal LHC ApparatuS) experiments are both general-purpose detectors. Two special-
purpose detectors known as ALICE (A Large lon Collider Experiment) and LHCb (Large
Hadron Collider beauty) occupy the remaining locations. Over the years, ve additional
experiments have been built to supplement the LHC physics program. These are much
smaller than those previously mentioned and are variously positioned near the four main
detectors, working in conjunction with them. This chapter will rst describe the LHC in

Section 2.1, followed by the CMS detector in Section 2.2
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2.1 The Large Hadron Collider

The LHC is the largest component of the accelerator complex operated by the European
Organization for Nuclear Physics (CERN, from the FrenchQOrganisation eurogeenne pour

la recherche nuckaire, shown in Fig. 2.1. It is a ring 27 km in circumference located 100 m
underground in the countryside near Geneva, Switzerland. The ring consists of two high
vacuum pipes inside of which beams of protons circulate in opposite directions close to the
speed of light. Superconducting magnets are placed at regular intervals to steer the beams
around the curves. In addition to the four locations where the beams can be made to collide
there are also structures present along the ring to collimate, accelerate, and eventually remove
the beams.

The protons which constitute these beams begin as the nuclei of negative hydrogen atoms.
They are rst accelerated by the Linear Acelerator 4 (LINAC4) to an energy of 160 MeV and
then injected into the Proton Synchrotron Booster (PSB). At injection, the ions are passed
through a thin carbon foil which strips the electrons away leaving just the protons. This
process is known as \charge-exchange injection" and allows for minimal beam losses. While
in the PSB, the protons are accelerated again to an energy of 2GeV.

The protons then pass through the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS), where they are accelerated to 26 GeV and 450 GeV, respectively. The
beams are subsequently transferred to the LHC where they are accelerated to their nal
collision energy. Currently, this is 68 TeV per beam for proton-proton collisions. Once the
beams reach the desired energy they are made to collide at the four di erent points around
the ring, providing data for the experiments.

The LHC uses 1232 dipole magnets to steer the beams around the curves and 392
guadrupole magnets to focus the beams. These magnets are superconducting which re-
quires them to be kept at very low temperatures with liquid Helium. Additional magnets
are used to further focus the beams just prior to collisions.

In addition to the collision energy, the LHC is designed to maximize luminosity, which is

a measure of the collision rate. The instantaneous luminosity is de ned for head-on collisions
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Figure 2.1 : Full diagram of the accelerator complex at CERN. The LHC is shown in dark
blue, with the four main experiments located at various locations. In actuality, ALICE and

LHCb are much closer to the ATLAS detector than shown here. The CMS detector's position
is accurately shown directly opposite ATLAS

of two beams with Gaussian pro les a%

nin; |

L=f —=—;
4 4y

(2.1)

wheref is the frequency of collisions measured in Ha; and n, are the number of colliding
particles, and , and ,, respectively, are the root-mean-square horizontal and vertical beam
sizes. The two proton beams are segmented into bunches which collide every 25ns at each

of the four interaction points during normal operations. This corresponds to a frequency of
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Figure 2.2 : Integrated luminosity of proton-proton collisions delivered to the CMS detector
versus date. Seven years of data taking are shown in the di erent colors. Mechanical issues
in 2022 and 2023 limited the amount of luminosity that could be delivergd.

40 MHz. The nominal number of protons per bunch is:15 10" and the LHC was designed
to accommodate 2808 bunches per beam, however there are practical limitations to this
The peak design luminosity of the LHC is D 10**s *cm 2, however this has since been
exceeded. A large instantaneous luminosity increases the likelihood of a hard-scattering
collision between protons. Over the rst three years of Run-3, there were an average of 49
hard-scattering interactions during a given bunch crossing at the CMS detector, an increase
from an average of 34 over Run-2.

The beams circulate for as long as the beam intensity remains above a certain threshold.
When the time comes to discard the beams, they are steered out of the ring by magnets and
into a designated location. This process is known as a \beam dump" and can also be initiated
automatically by one of several safety systems. It is useful to measure the accumulated
luminosity by integrating over a period of time. The integrated luminosity shown in Fig. 2.2
for the past seven years of data-taking is given in units of inverse femtobarns (), where
1fb ' =10 **cm?. In 2024, the average time for beams to circulate was 7.72 hours, which
includes premature beam dumps. If no technical issues arose, the beams were kept in the

machine until 850 pb * was delivered | typically about 13 hours.
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Figure 2.3 : A labeled diagram of the CMS detector with a portion cut away such that the
inner layers are visible. A human is shown for scale in the bottom rigft.

2.2 The CMS experiment

The CMS detector is designed to accurately and e ciently observe and record the interactions
produced in its volume by the proton-proton collisions at the LHC. It is 146 m tall, 21.6 m
long, and weighs about 1500t. The detector is structured in concentric cylindrical layers
of sub-detectors. Each one is sensitive to speci c types of particles. Together they achieve
hermetic coverage over most of the angular space surrounding the interaction point.

The various sub-detectors can be seen in Fig 2.3. These will be described in the following
sections, along with the superconducting solenoid magnet (2.2.5) and trigger system (2.2.7).
Lastly, section 2.3 describes how information from these di erent sub-detectors is used to

reconstruct and identify particles produced in the collisions.
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