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1 Introduction

The Standard Model of particle physics, developed over several decades, gives a solid
understanding of the fundamental building blocks of the universe and the forces that dictate
their interactions. Many of its predictions have been confirmed successfully through various
experiments, yet it is not without its limitations. For example, it does not fully explain neutrino
oscillations, their non-zero masses, matter-antimatter asymmetry and gravity, making it an
incomplete theory. Nevertheless, it is used as a basis for building more exotic theory models
that incorporate hypothetical particles and elaborate symmetries (such as supersymmetry) to
tie up loose ends in the Standard Model.

In this analysis, the focus will be on leptoquarks, hypothetical particles that bridge the gap
between the fundamental constituents of matter, quarks and leptons. They emerge as
significant puzzle pieces in theoretical extensions of the Standard Model, such as Grand
Unified Theory, technicolor theories, and compositeness theory, offering a potential look into
physics beyond the known framework. Leptoquarks are colored bosons that decay into a quark
and a lepton/neutrino. Their mass is expected to be higher than the currently known
elementary particles. Experimental interest for such particles dates back to the 1990s when
they were first explored at the HERA lepton-proton collider. A renewed interest has grown
lately as new experimental findings not explained by the Standard Model appeared, such as

bottom quark anomalies and muon g-2 anomaly.

Leptoquarks are currently searched for in ATLAS and CMS experiments at the Large Hadron
Collider in CERN. There are various production mechanisms of the leptoquark, and three of
them are studied at the colliders: pair production, single production (gluon-initiated) and non-
resonant production. In the existing single production searches, basic selection of events is
applied by requiring two leptons and jets with high transversal momenta. However, with
recent development in computing leptonic parton distribution functions which indicate the
probability for the lepton to contain a fraction of proton’s momentum, lepton-induced single
production mechanism becomes relevant. With a high cross section and clean final state, which
is comprised of high-p, lepton and jet, it gives an enhancement in mass reconstruction and lower

background.

A further gain in sensitivity can be achieved by requiring a single proton tag. When two
protons collide, there is a possibility that one of them stays intact emmiting a photon which
then produces a pair opposite sign leptons of the same flavor. Scattered protons can be detected
with a special subdetector in the CMS experiment, the Precision Proton Spectrometer (PPS),
specifically designed for such purposes. In this thesis, viability of the PPS subdetector was
examined. First, a study of leptoquark kinematics, mass distributions and cross sections were
carried out at the generator level. Afterwards, proton reconstruction in PPS is tested and a

selection criteria for the LQ signal process is established. The efficiency of the selection criteria
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is then studied on both signal and background, assessing the improvement in comparison to a

standard inclusive analysis that makes no use of PPS informations.



Petra Akrap: Leptoquark search in lepton-quark collisions using proton tag

2 Leptoquarks at the Large Hadron Collider

To study matter at a fundamental level, particle accelerators like the Large Hadron Collider
(LHC) are constructed, capable of boosting subatomic particles to very high energies and
colliding them in a controlled way. The primary mission of the LHC is testing and validating the
theoretical predictions of the Standard Model, probing the properties of established particles, as
well as searching for exotic particles predicted by theories beyond SM. So far, it has achieved
several breakthroughs, including the discovery of Higgs boson, creation of quark-gluon plasma,

observing several hadrons such as tetraquarks and pentaquarks, etc.

This chapter delves deeper into the LHC’s workings and provides an overview of physics in
colliders. It also shortly outlines the LHC’s activities over the years. Subsequently, a detailed
description of the central figure in this thesis, the leptoquark, is presented. The leptoquark’s
characteristics, production mechanisms employed in collider searched, and, more specifically,

the lepton-induced single production of the leptoquark will be thoroughly discussed.

2.1 Large Hadron Collider

The Large Hadron Collider is the biggest particle collider ever built, situated at CERN nearby
Geneva, Switzerland. It is a circular proton-proton collider at a center-of-mass energy /s =
13.6 TeV with a circumference of 27 km. It consists of superconducting magnets cooled to
-271.3°C which create a bending magnetic field that guides two proton particle beams each in
opposite directions. The particle beams are crossed in four interaction points with four LHC
experiments located on each: ATLAS (A Toroidal LHC Apparatus), CMS (Compact Muon
Solenoid), ALICE (A Large Ion Collider Experiment) and LHCb (LHC beauty). A scheme of
CERN accelerator complex is shown in Figure|[I]

Before colliding, protons are pre-accelerated at increasing energies before being injected into
the LHC. First, protons are extracted from hydrogen and accelerated in the linear accelerator
Linac2. Afterwards, they are further accelerated in ring-shaped accelerators Proton Synchrotron
Booster (PSB) and Proton Synchrotron (PS). Then, protons are injected into Super Proton
Synchrotron (SPS), reaching an energy value of 450 GeV, at which point they’re forwarded into
the main ring in opposite directions and in separate ultrahigh vacuum beam pipes. In the main
ring, each beam reaches the final energy of 6.8 TeV by being injected into electromagnetic fields
that are contained in 16 metallic chambers that are known as radiofrequency cavities. Once
they’re at their maximum energy, they collide at the four interaction points with a maximum

instantaneous luminosity of about 2 x 1034em=2s71,

Luminosity is an indicator of the quantity of collisions and can be assessed from the beam

properties. It is proportional to the overlap of the colliding beam bunches moving through each
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The CERN accelerator complex
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other. Instantaneous luminosity can be expressed in a simple way as:

NN N,
- Adro,oy

L (2.1)
where N; and N, are number of particles in the two colliding bunches, f is the frequency of
the bunches circulating in the collider and o, and o, represent the standard deviation of the

transverse beam sizes in the horizontal and vertical directions.

The number of expected events, N, is the product of the cross section of the hadronic

interaction 0,4, and the time integral over the instantaneous luminosity L:

Nos = Cror / L(t)dt = opoar Liny 22)

The unit of L is em =2

s~!. The integrated luminosity that appears in the equation above, has the
same unit of measure of the inverse of a cross section, therefore is measured in inverse barns
b=, where 1 b =10"*cm?.

The higher the luminosity, the higher the pile-up. Pile-up events are pp interactions occurring in

the bunch crossings that overlap with the interaction of interest. There are two types of pileup:

In-time-pile-up. pp interactions occurring in the same bunch crossing as the collision of

interest;
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Out-of-time-pile-up pp interactions occurring in bunch crossings that come just before and
after the collision of interest. This effect is due to the signal decay time in the detector

that can be comparable with the time between two consecutive bunches.

2.1.1 Kinematics of parton scattering & hadronic cross sections

A sketch of two-to-two parton scattering p; + po — p3 + pa is presented in Figure [2] where

the z-axis is oriented along the direction of the colliding partons.

P3

P1 P2

Pa

Figure 2: A sketch of parton scattering [2]].

The energy available for the interaction is determined by the central-of-mass energy +/s. To
compute /s, four-momenta of the incoming particle are summed up, represented as P, using

the respective energy () and momentum (p;,) of each k-th incoming particle:

V5= VPP = \/<2Ek>2—\2pz|2 23

The natural units system is used where the speed of light c=1. The center-of-mass energy
remains constant regardless of the reference system, making it an invariant quantity. At the
LHC, two protons are accelerated to the same energy level, which largely surpasses their
masses. These high-energy protons then collide head-on. Under these conditions, the center-of-
mass energy of the entire two-proton system is approximately given by /s ~ 2F = 2-6.8 TeV
= 13.6 TeV. At such high energies, the interaction occurs between two subatomic constituents
called partons residing within each proton. These partons are typically quarks and gluons.
Gluons themselves carry color charge and therefore lead to quantum chromodynamics (QCD)
processes that lead to parton showers. Quarks can be categorised into valence and sea quarks.
Valence quarks are proton’s main constituents that contribute to its quantum numbers. Sea
quarks, on the other hand, appear within protons due to quantum fluctuations. For the same
reason leptons can also be found inside a proton, as later discussed in Chapter 2.2.1. These
partons contribute a fraction to the overall proton’s momentum. Consequently, the center-of-

mass energy available for the interaction between two partons is generally lower than /s. The
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fractional momentum carried by a parton inside a proton is referred to as Bjorken-x and is
simply denoted as x. Given the values of x for two specific partons (x; and z5), the square of

their center-of-mass energy () is linked to that of the proton-proton system by the following:
§ = x1298 2.4)

The probability of a parton possessing a specific value of x is described by parton distribution
function (PDF, indicated with f;(x,u?)). The PDF enables calculating the probability of
encountering a specific type of parton i. This parton carries a fraction x of the momentum at a
squared energy scale of . Figure [3| shows PDFs for two different energy scales, with x f(x)
on vertical axis. The valence quark u and d PDFs have a peak at about x = 0.1, while sea

quarks along with gluons carry stronger contribution for lower x values. The total cross-section

4
1 IRERERR LR T T rrrrm Un

F NNPDF3.1 (NNLO) ]
xf(x42=10 GeV?)

: g/o 1
0.9 xf(xp12=10* GeV?)]
0.8f
0.7k
0.6f
0.5F

0.4f

10° 102 107 1 10° 1072 107" 1
X X

Figure 3: PDFs for quarks and gluons [3)].

of the hard scattering process can be divided into two components. The first component is a
normalization factor that relies on the PDFs. The second component is determined by the
parton-parton scattering cross-section, ;;(x1pa, Z2pg, ,uQ), where p4 and pp are the momenta

of incoming hadrons:

Ohadr = / dwrdzs fi(w1, 12) fi(w2, 1*)6 (114, 2opp, 1) (2.5)
i

2.1.2 History

LHC has first started operating on 10th September, 2008. Run 1, or the first research run,
took place from 2010 to 2013 and collided beams up to /s = 8 TeV. It resulted with the
discovery of the Higgs boson in July 2012. This research run was followed by the first long
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shutdown (LS1) which was a two-year detector upgrade enabling collisions at 13 TeV. In 2015
LHC restarted its operation with Run 2 in which a total integrated luminosity of 140 fb~! was
collected. The second long shutdown (L.S2) took place from 2018 to 2022 with another upgrade
and maintenance completed. Currently, the LHC is in Run 3 phase since April 2022 with a
maximum center-of-mass energy of 13.6 TeV and an integrated luminosity of 67 fo—1. After the
third long shutdown planned from 2026 until 2029, the luminosity is intended to be increased
further by upgrading the LHC to the High Luminosity-Large Hadron Collider (HL-LHC). The
HL-LHC data taking period will continue for about 10 years with target of collecting 3000 fo—*
by 2040.
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2.2 Leptoquarks

Leptoquarks (LQs) are hypothetical particles that emerge in extentions of the Standard Model.
They are predicted by various Grand Unified Theories, such as the Pati-Salam model [4]], and
some supersymmetry models. In technicolor models, scalar leptoquarks are anticipated to exist
at the TeV energy scale [3)]. Additionally, compositeness of quarks and leptons also provide
scenarios in which leptoquarks may exist [6]. Recently, anomalies observed in the Ry and
Rp ratios [[7] in the semi-leptonic B decays and in muon g-2 measurement (8] have renewed
interested in the models with TeV scale leptoquarks (although the newest measurement of Ry
[9] is now compatible with the Standard Model).

LQs couple to a quark and a lepton, leading to a fractional charge which is different depending
on the LQ flavor. They carry both lepton and baryon numbers, as well as other quantum numbers
that vary among theories. The spin of a LQ state is either 1 (vector) or O (scalar). A leptoquark
can decay into any of the six SM quarks with any of the three charged leptons or three neutrinos.
LQs are often referred to being of the first, second or third generation type, depending on the
generation of the charged lepton and the quark it couples to. For example, if a LQ couples to tau
and top/bottom quark, it’s regarded to be of third generation type. However, cross-generational

mixing is possible with model dependent constraints.

In this work, scalar LQ models with a 100% branching ratio in one type of charged lepton and
one type of quark are considered, independent on the generation type. There could exist LQs
with different masses, but for simplicity it is assumed that only the lightest one can be probed

at LHC energy levels. In the limit of large scalar LQ masses, the decay width is given by

N2M
Lscatar = 2.6
T 16w (20)
where ) is the coupling constant. For A\ =2, the relative width is % ~ 8 %, resulting in relatively

narrow resonances.

Given that LQs are colored, they can be copiously produced at hadron colliders. There
are many searches at hadron colliders for all three LQ generations using various production
mechanisms. In Figure fp, a Feynman diagram of scalar LQ pair production due to the quark-
antiquark annihilation (g7 — LQLQ) is depicted. Such process has a large cross section and
is independent on the coupling constant. However, for higher masses it gets harder to produce
pairs of LQs and the cross section reduces compared to other processes. In such case, single
production mechanism is more suitable for LQ searches, which has cross section proportional
to 2. Figure shows said mechanism. The subsequent decay of the LQ production yields one
jet and two leptons in final state, with the second lepton having a typically high p;. Along with
resonant production mechanisms, non-resonant ones in #-channel Drell-Yan process (Figure fc)

also carry important contributions in LQ searches, as their cross section scales as A%, giving
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e-channel
Single production (gluon) M,o<1755 GeV 19.6 fb=t  CMS 8 TeV [10]
Pair production M,o<1435 GeV 359 fbt  CMS 13TeV [11]
Pair production M,o<1800 GeV 138 fb=1  ATLAS 13TeV [12]
p-channel
Pair production M,o<1810 GeV 138 b1 CMS 13TeV [13]
Pair production M,o<1700 GeV 138 fb=!  ATLAS 13TeV [12]
Single production (gluon) M,o<660GeV 19.6 fb=1  CMS 8TeV  [14]
T-channel
Single production (gluon) M1,o<800 GeV 138 fbo1  CMS 13TeV [17]
Pair production M,o<1490 GeV 138 fb1 ATLAS 13TeV [16]
Pair production M,o<1220 GeV 138 fbt CMS 13 TeV |17]
Single production (lepton) 700 GeV<Mo<900 GeV (A =2) 138 fb-! CMS 13 TeV [I8]

Table 1: Recent LQ mass limit results at the LHC. All gluon-initiated single production results are

obtained for A = 1.

bigger cross sections for large A. Current mass limit results at the LHC for e-, - and 7—

channels are given in table[I] LQs with masses below the 1 TeV scale are essentially excluded

by all previous searches.
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Figure 4: Different leptoquark production mechanisms.
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2.2.1 Lepton-proton collisions

Presenting itself as an alternative in collider search is resonant lepton-induced single production.
Due to quantum fluctuations in the proton, presence of charged leptons is allowed. In this
process, the collision consists of a lepton from one proton and a quark from the other, resulting
in resonant production of a leptoquark state as shown in Figure [5] This production mechanism
became recently relevant thanks to precise calculations of leptonic parton distribution functions
(PDF) inside the proton [20]. As mentioned earlier, the gluon-initiated LQ single production
process yields a second lepton in its final state with a high transversal momentum, which is
a drawback as it is hard to tell which of the two detected leptons is actually coming from the
produced leptoquark. The lepton-induced process instead gives a clean final state made up of
leptons and one jet in final state. While most of the energy is in the leading lepton and jet
which makes them easy to pair to make a LQ candidate, the second lepton coming from the pair
production produced by the emitted photon is low-p, and often out of tracker acceptance due to
large 7.

Like in the gluon-induced process, the leptoquark appears in the detector as a resonance in the
invariant mass of a lepton and a quark jet. A feasibility study was done by theorists to estimate
the sensitivity of this channel compared to existing analyses [21]. Figure [6] displays a 95%
confidence level (CL) limits on the magnitude of the A, couplings as a function of mass for
scalar LQs. The black, yellow and green lines represent pair production, single production and
DY non-resonant production limits respectively, while the red and orange ones correspond to the
search using lepton-initiated mechanism for different luminosities. With respect to the existing
searches, the lepton-initiated one predicts higher sensitivity at high mass and high coupling (M
> 1.5 TeV & A\ > 0.2 for integrated luminosity of 36 fb~1).

Another big advantage of this process that leaves one proton intact is that it allows for proton
tagging, thus adding a low-background event category which can potentially further improve
sensitivity. This could be done with a CMS subdetector described in Chapter 3. The focus in
this work will be the specific case in which one proton is scattered, emitting a photon, as shown
in Figure [5| The current estimation of the proton survival probability is affected by theory

uncertainties as there hasn’t been a dedicated study addressing this issue.

11
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Figure 5: Resonant lepton-induced single LQ production in pp collisions [21]].
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Figure 6: 95% CL limits on the parameter space of LQ in case of uu coupling based on LHC Run 2

[21]].
3 CMS Experiment

The Compact Muon Soleonid, or simply CMS, is a multi-purpose detector. It is designed to be
able to detect most particles, resulting in an onion-like structure, with each layer specialised in

different measurements. A display of layers is shown in Figure[7}

Once a hard interaction between two partons in the primary interaction vertex takes place,

12
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Figure 7: A view of the layered structure of the CMS [22]].

many different outgoing particles burst. They encounter the following components, starting

from the interaction point:

Tracking system. The CMS tracker system has a pixel vertex detector and a tracker. It is
responsible for trajectory reconstruction of charged particles produced in pp interactions
along with interaction points. It is made out of several layers of silicon detectors that
identify positions of the particles passing through them, thus calculating their momentum
from their tracks. In order to achieve high granularity to separate close tracks, the inner
layer is formed by very small pixel detectors. The total area of silicon detectors covers up
to || = 2.4.

Electromagnetic calorimeter. The electromagnetic calorimeter (ECAL) is made out of a
cylindrical inner part (barrel) and two disks on the ends (endcaps) which are covered
with lead-tungstate (PbWQ,) scintillating crystals. Its main objective is to measure
energy of incoming electrons, positrons and photons with a high resolution. The crystals
are high in density and produce light in short and fast bursts that allow for a precise
detection. The light is then sent to photodetectors and signal is read as a measure of the

particle’s energy.

Hadronic calorimeter. Similar to the ECAL, the hadronic calorimeter (HCAL) measures
energy of hadrons produced in pp collisions (as well as the missing transverse energy in
combination with ECAL). It is formed by alternating layers of absorbing material and
fluorescent scintillator material. The HCAL needs to contain and measure large cascades
of particles that are produced once a hadron hits the absorber material. In order to fit
such a massive part into CMS, it’s organised into barrel, endcaps and forward sections.
The forward sections are positioned at either end of CMS to pick up particles coming out

of the collision at shallow angles relative to the beam line.

13



Petra Akrap: Leptoquark search in lepton-quark collisions using proton tag

Superconductive magnet. The superconducting Niobium-Titanium solenoid magnet is a
crucial part of the CMS, with a 3.8 T uniform magnetic field. It bends the paths of
particles that emerge from pp collisions. The less a particle’s path is curved by the field,
the more momentum it has. The magnetic field is returned by a saturated iron yoke,

which is also mechanical support of the detector.

Muon system. Muons have a separate detector as they are not absorbed by any of the
calorimeter detectors. A particle is measured by fitting a curve to the hits registered in
the four muon stations, which are outside of the magnet coil. The path is measured by
tracking its position through the layers of each station. The reconstruction of muon
tracks involves aligning data from both the muon system and the tracker to form a
trajectory characterized by two opposing curves in the transverse plane. This kind of
trajectory serves as a sign for identifying the muon. The muon system is built of Drift
tube chambers (DT), Cathode strip chambers (CSC) and Resistive plate chambers (RPC).

Due to massive amount of pp interaction readouts, a trigger system is developed to save
potentially interesting events and discard others, as saving all events would not be necessarily
useful since most of them are soft collisions. The maximum amount of data that can be recorded
is ~ 2 GB/s. The Trigger system reduces the event rate from 40 MHz to ~ 1 kHz (equivalent to
an average event size of ~ 2 MB). It is organized in two levels:

Level-1 Trigger. The first trigger that the signal encounters is Level-1 (1) which reduces the
initial event rate to ~ 100 kHz. It features several algorithms to store a general description
of the event that are passed to the HLT for further processing, if the event is accepted. The
L1 is made by custom hardware processors designed to perform logical operations on the

signals generated by the subdetectors.

High-Level Trigger. The High-Level Trigger (HLT) is a software system made out of a set of

algorithms which select specific events. It reduces output rate to about 1 kHz.

3.0.1 The Particle Flow algorithm & jet reconstruction

A "jet" in particle physics refers to a spray of particles that originates from a quark or a gluon.
The quarks and gluons carry a color charge and need to recombine into color-neutral hadrons.
The process of this recombination, known as hadronization, leads to the production of many
particles. These particles subsequently lose their energy through a cascade of decays within
the CMS calorimeters. The ECAL and HCAL measure the energy released by the showering
particles. The silicon tracker detects charged particles and provides measurements of their

transverse momentum.
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To identify and reconstruct the various particles effectively, the CMS employs the Particle
Flow (PF) reconstruction algorithm, which utilizes information from all these sources. The
PF algorithm first collects reconstructed hits in each subdetector and creates a list of basic
reconstructed elements. These elements are then matched topologically to build PF particle
candidates (electron, hadrons, photons, etc.). This algorithm attempts to mirror the true particle
composition of the event as best as possible. All the information on the momentum and the

energy of the PF candidates are saved and available for analyses.

To form jets, the PF candidates are grouped using jet clustering algorithm. The standard used
at the LHC is the anti-k; algorithm [23]] with distance parameters R = 0.4 (AK4) or R = 0.8
(AKS) that indicate the size of the jet. This method combines two particles if a suitable defined
distance, which is a function of the inverse of the transverse momentum k;, is less than a given
threshold. The high-energy particles are clustered first, and then the softer ones are added in
decreasing energy. The four-momenta of the reconstructed jet would be ideally equal to that
of the originating parton, but the energy and momentum of jets have to undergo corrections
due to various effects. These effects are the inclusion of particles not coming from the primary

interaction (pile-up) into the jet and the non-uniform jet energy response across the detector.

3.1 Precision Proton Spectrometer

Since 2016, a CMS subdetector called Precision Proton Spectrometer (PPS) has been measuring
protons scattered at small angles which carry between about 84 to 97% of the incoming beam
momentum [24]]. PPS is a a near-beam magnetic spectrometer that uses the LHC magnets about
210 m away from the interaction point, on both sides of CMS. Since the scattered protons have
lost a small fraction of their initial momentum, they’re bent out of the beam path and their
trajectories are measured, specifically the displacement of the proton with respect to the beam
line. The higher the displacement, the larger is the loss of proton’s momentum. The detector
planes are inserted horizontally into the beam pipe by means of movable near-beam devices
("Roman Pots" or RPs) that allow the planes to be brought to only a few milimeters away from

the beam without affecting any aspects of accelerator operation.

A scheme of the beam line on one of the two sides of CMS (usually referred to as "arms")

where the RPs are positioned is shown in Figure

Left arm corresponds to positive z direction and to LHC sector 45, while the right arm
corresponds to negative z (LHC sector 56). The tracking RPs are each equipped with 10 planes
of silicon strip sensors with a spatial resolution of about 12 ym and each plane contains 512

individual strips.
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Figure 8: A layout of the beam line between the interaction point (IP5) and the RPs in LHC sector 56

[24)].
3.1.1 Proton Reconstruction

Figure 9] depicts protons arriving at the PPS detectors after being warped by the magnetic fields
of the accelerator. The detectors measure X,y positions and then from there find the fractional
momentum loss ¢ and four-momentum transfer 7 of the proton at collision point. The scattered

CMS+TOTEM 2016, V5= 13 TeV

e e e

E y .
é B 53 < S B N SR X L, =0 point
= . ;
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14
X (mm)

Figure 9: A hit map of track impact points measured in a RP positioned in sector 45. The beam center

isatx =y =0 [24].
proton reconstruction with PPS has two elements:

Alignment. PPS alignment is essential for determining the position of the sensors with respect
to each other inside a RP, the relative position of the RPs and the overall position of the

spectrometer with respect to the beam.

Optics. Accurate reconstruction of the scattered proton momentum based on tracked data from
the RPs relies on a precise understanding of the magnetic fields encountered by the
protons as they travel from the IP to the RPs. This is described in terms of "beam
optics", in which the components of the beamline are treated as optical lenses. The proton
trajectory is characterized using transport matrices, which transform the initial kinematics

of protons scattered at the IP into the kinematics measured at the RP positions.
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The trajectory of the protons coming from the IP is described by dx = (@, Op*, yx, Ok, £),

and is transformed into the kinematics detected at the RP approximately by:
d=T(s,&)dx, (3.1)

where s is the distance from the IP along the beam orbit, 7'(s, £) is the transport matrix whose
elements are optical functions and ¢ is the proton momentum loss. (z,y) represent transverse
vertex position, while (©,, ©,) are vertical components of the scattering angle. In the horizontal

plane, the leading term is

and in the vertical it is

y = L,(£)O,x (3.3)

D, (&) is the dispersion which mildly depends on ¢ and L, (&) is the vertical effective length. At
any location s in the RP region there is a value of § (§,) where L, = 0, resulting in a "pinch’
of track impact points distribution at ¢y ~ D,&y. From there, D, is estimated as D, = % &
is reconstructed by simply inverting Eq. The subleading terms in the proton transport are

ignored and instead included in the systematic uncertainties.

Two proton track reconstruction algorithms are available, singleRP and multiRP. SingleRP
method simply treats each RP as a separate detector, reconstructing tracks locally in each,
which gives simpler derivation and systematics and maximizes efficiency/acceptance. However,
this method does not give full proton kinematics and the resolution degrades for larger proton
angles. MultiRP, which is used in this analysis, combines measurements of both tracking RPs
in a given arm if both have a singleRP track reconstructed and the tracks align in terms of
their coordinates. The result is a global track, with full proton kinematics at IP and much
better resolution/uncertainties. A downside is some loss of efficiency due to radiation damage,

acceptance difference, etc.

3.1.2 Proton kinematics matching

Assuming a central exclusive process as shown in Figure [0} the scattered proton kinematics
are the following:

f—1- ps (3.4)

Mx = /56 (3.5)

LG

ux =5 log( 52) (3.6)
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§ is the fractional momentum loss of a particle, p; and p; are proton’s initial and final

momentum respectively, My is the mass and yx is the rapidity of the final state X. Assuming

P ' v P
.'."-’ - —: X
\

p_ > .. _Y'_ - - p

Figure 10: Feynman diagram of a central exclusive process [25)]

both protons are scattered (Figures & [T)), PPS can directly measure £ for both protons.
However, if the kinematics of the final state X is known, then £ can be calculated by simple

kinematics calculations derived from energy and momentum conservation laws. This can be

measured instead by CMS:
Ex + Px.
= —p 2
- Ex - Py. (3.7
2 2Pbeam

where Ey is the energy of the produced particle X and Py , is its longitudinal momentum (see
Appendix A for calculation). If the two £ measured in both PPS and CMS match, it suggests
that there was a diffractive scattering. However, usually there are multiple reconstructed protons
in PPS primarily due to the presence of pile-up interactions. They often come from diffractive
processes that overlap with the hard scattering event of interest.

Pl,z = Pheam PZ,z = - Pbeam

> <

) 3
Pf P!
o 2z 1z ’

X

Figure 11: Schematic view of two protons colliding in CMS and producing particle X, assuming they are
scattered afterwards.
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4 Generator level studies for LQ signal

4.1 Leptoquark event generation

The first task of this work is to study and properly understand lepton-induced resonant
leptoquark production at NLO. For this purpose, a Monte Carlo tool is used to generate such
events. The event generation consists of two steps, with the first one being leptoquark

generation and its subsequent decay and the second being parton showering.

The first step is done with POWHEG [26]. It can handle all leptoquark flavor combinations
with different masses and coupling constants [27]. The output is given in the form of a Les
Houches event (LHE). Each particle is assigned with an ID number in accord to the PDG particle
numbering scheme [28]. Along with the ID, each particle has its own four-vector and mass

values and the event is denoted with its cross section.

The obtained LHE file is later being processed by HERWIG which is a parton showering
program that gives the complete picture of the process [29, 30]. For now, only HERWIG can
handle lepton-induced processes such as the one discussed in this work [27]. The final result
are ROOT files ready for analysis. Later on, these files are passed to the full CMS simulation
thorugh Geant [31], which is then used for further studies described in Chapter 5.

In the final list of generated particles, there is no final proton, i.e. proton after the scattering
happened. To obtain the four-vector of the final state proton, the initial proton and emitted
photon from the scattering (Figure [5)) are identified in the list of generated particles. From
there, the four-momentum is calculated by simply subtracting the four-momenta of the initial
proton and the emitted photon. In the MC generator used for this analysis, events where there
is an emitted  is about 70%. Hence, the assumption is that in 70% of the events, a scattered
proton will be present. However, this percentage is subject to large theory uncertainties and
the final results heavily rely on it. That being said, a rescaling factor can be easily applied to

provide results with a different assumed probability.

4.2 Kinematic distributions

In order to understand the kinematics of the leptoquark process, different leptoquark models are
generated, with varying masses and coupling constants. Much of the focus are final states with

electrons and muons.

4.2.1 LQ mass distributions

In Figure[12] distributions of the LQ generated mass are shown for different nominal LQ mass,

coupling and flavor of initial and final state leptons and quarks. In general, the LQ mass
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distribution along with a Breit-Wigner signal peak also has a tail at lower mass. The reason
is due to the convolution of the PDF (manifesting itself as a tail) and the cross-section of a
hard-scattering process (manifesting itself as a peak) as described in Eq. [2.5]

In Figure [12h, it is depicted how the signal peak as well as its width change with increasing
nominal LQ mass. This is due to the fact that width scales with mass (Eq. [2.6)). Another factor
is that for larger mass there’s higher probability to have events at lower masses, far from the
nominal ones. When looking at distributions depending on coupling (Figure [I2p), it can be
further seen how the width is consistently increasing along with A\? (Eq. . In Figure
and d, mass distribution for different quark flavor is shown. As expected, due to their differing
PDFs, valence quarks (up and down) have a more prominent peak than sea quarks (charm,
strange and bottom). On the other hand, at lower energies the opposite is occurring, as the

off-shell production is more dominant for the sea quarks and less so for valence quarks.
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Figure 12: Leptoquark mass distributions at generator level.
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4.2.2 Kinematics of final state particles
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Figure 13: up leptoquark distributions at generator level for A = 1

In Figure[T3] final states of LQ kinematics for uyu flavor with a fixed coupling constant A = 1
are shown. As seen in Figure [5] from the scattered proton, a photon is emitted which then
produces a pair of leptons. In Figures[I3p&b it is shown that the final state lepton coming from
~ carries a low transverse momentum and that it also has a high pseudorapidity which is often

out of the tracker’s acceptance of |n| < 2.4. The other lepton from the pair production produces
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a leptoquark with a quark coming from the fragmented proton, which then decays into final
state lepton and quark, both mostly within detector’s acceptance (Figures [[3d&f). Given that
sometimes the lepton from v won’t be detected, it is fitting then to have two signal categories in
the analysis, corresponding to the number of detected leptons. The lepton from the LQ decay
has a substantially higher p; than the one from + as seen in Figure [[3f, making it much more
simpler to identify the leading lepton compared to gluon-initiated process. As expected, it is
shown in Figures[I3c&e that the final state lepton and quark from the decay have a transversal

momentum which is roughly half of LQ’s mass.

These results are identical for LQs with ue final state. Even though uu and ue flavored LQs
have a different initial and final state leptons, the kinematics stays the same as the difference
between their lepton PDFs isn’t as notable as compared to quarks (Figure [3). After all, the
only difference between the leptons are their masses, which are very small compared to proton

energy.
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Figure 14: £ distribution for different LQ masses on generator level.

Figure [14{ shows distribution of ¢ for each generated LQ mass. The PPS acceptance ranges
from about 0.04 to 0.2, and a significant fraction of protons fall in PPS acceptance, making it

possible to measure them.

The resolution of particle reconstruction in CMS is tested by simply plotting the ratio of
reconstructed quantity and generated one, as shown in Figure[T5] Considered are the lepton and
the quark combination from LQ decay. For the quark match, the AK4 jet is taken into account.
To obtain the mean and the standard deviation, a gaussian function is fitted on the peak of the
distribution. The mean is in both positioned roughly around 1, with a standard deviation of

about 6%, indicating a well made reconstruction.
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Figure 15: Ratio of transversal momenta of reconstructed final state particles and generated particles
formpg =3 TeV.

4.3 Cross section of generated samples

Along with before mentioned distributions, the cross section of generated samples was also
studied. In Table [2] cross sections for different leptoquark flavors are listed. As anticipated,
it’s highest for valence quarks, while for sea quarks it’s declining with higher quark mass. Up
quark is the highest out of the valence quarks due to the fact that inside a proton there are two
up and one down quark. As the sea quarks, the reason for a steep decline in values is the fact

that my, < m, < m;, making it less probable for them to interact as mass increases.

mio = 3 TeV, A=1 | o [fb] + 5% [27]
up 0.572
du 0.242
s 0.0419
cu 0.0251
by 0.0123

Table 2: Cross section depending on LQ flavor

Figures[I6j and [I6b show expected behaviors for o, an increase with coupling and a decrease
with mass. It’s worth comparing cross sections of lepton-initiated to gluon-initiated processes
(diagrams shown in Figures [5| and b respectively). As seen in Figure the lepton-initiated
process surpasses gluon-initiated one for masses above 1 TeV. For example, at 3000 GeV has up
to 30 times larger cross section than the gluon-initiated one, giving similar result for different A

and e, 1 and 7 initial states [27].
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Figure 17: Cross section ratio of lepton-initiated and gluon-initiated leptoquark production processes
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5 Feasibility study

Before describing the work done in this thesis, it should be remarked that there is an ongoing
CMS inclusive analysis for LQs in which a peak in the invariant mass spectrum of the lepton-jet
system is searched for, ignoring the possible presence of scattered protons. In such analysis,
the signal region is divided in two categories, depending on the number of leptons detected (1
or 2 leptons). The final states includes very high p; objects in TeV scale. Let’s assume that the
LQ signal is up. The full event selection is presented in Table [3] along with few signal versus
background plots in Figure [T8] In 24 category, there’s an additional demand that the mass of
the two muons don’t surpass 110 GeV, to make sure that the background events with a Z boson
produced in association with jets are excluded. Furthermore, one of the requirements involves
the missing transverse energy (met), a quantity that is attributed to undetected neutrinos.

Once the full selection is applied, a search for a bump in the invariant mass distribution of

leading muon and leading jet is done.

The goal of this work is to study the effect of adding another category to this one, made of
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Full event selection
pass HLT - Single Muon trigger with p, > 50 GeV
TrklIso < 0.05
pi > 55 GeV
Pl > 100 GeV
Myjer > 300 GeV
In| < 2.5
__met <4

vV 2 E

08 <2 <14

h &
= > 0.2
One 4 category | Two p category
A¢pjet > 3.05 A¢;¢jet > 2.8

My, > 110 GeV

Table 3: Full signal event selection for both categories.
events with a proton tag in PPS, and see if it could enhance sensitivity compared to the inclusive

analysis. With PPS taken into account, there will be a total of 4 categories (one p with proton

tag, one 1 with no proton tag, two p with proton tag and two p with no proton tag).
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5.1 Proton reconstruction in PPS

The main variable of this study is the fractional momentum loss of the scattered proton (Eq.
[3.4), which is measured directly by the PPS detector. The LQ signal in CMS is reconstructed
with final state lepton and jet if there’s only one lepton detected (otherwise it’s two leptons and

jet), so consequently ¢ is reconstructed with the same objects:

Eytjet & Putjer,:

gCMS = \/E

5.1

The four-momentum is the sum of either two or three objects, depending on signal category.
PPS reconstructs scattered signal protons, with a bit lower resolution compared to CMS (Figure
[15). Possible signal candidates were picked by proximity to £ calculated with generated final
state particles. In Figure , distributions of 1 — % are shown. Usually there is only one
proton per event on z- and z+ side, if any. Most of the generated protons are compatible with
the ones reconstructed in PPS, as there is a peak around 0. In general, events where there is a
generated proton from the LQ event are taken. If the proton is out of PPS acceptance, there can
still be another proton reconstructed, however the ¢ will be different from the one measured in
CMS, meaning it’s coming from pile-up. The left tail in the distribution indicates that there are
protons generated with a & out of the PPS acceptance, which ranges from 0.04 to 0.2, as shown
in Figure 20] The asymmetry between the two sides of PPS is usually due to fixed geometry
of the subdetector. Figure shows the same distributions, but zoomed into the peak which
is fitted with a gaussian to obtain the mean and standard deviation. The same procedure was
done for all masses, each category and each z side of the PPS. Figure 21| shows mean values
and resolutions for all six LQ masses. It is evident that there is no bias as the mean values
are positioned around O and that the standard deviation goes up to 5% in £. The z+ side has
a standard deviation that is roughly half of the one on the z- side, since it covers a narrower &
region as seen in Figure The effect is not that notable later on the fits and histograms are
used mainly to match reconstructed PPS protons with the generated ones and the background is
quite small. Once assured that the reconstruction is agreeable, a 30 cut is determined from the
same gaussian fit in order to match the reconstructed protons with generated signal protons, i.e.
to identify if a reconstructed proton is indeed coming from a LQ. This will be used in the next

section.
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Figure 19: PPS resolution for mpq = 3 TeV for both categories and both z- and z+ sides of PPS.
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5.2 Proton tag selection criteria

An important step in this analysis is matching {-y5 (Eq. and ¢ppgs (Eq. [3.4). There are
numerous events in which more than one proton is detected by the PPS, as seen for example in
Figure 22] Most events could have a proton tag, which means it’s not enough to just demand
for the presence of a scattered proton. It needs to be assured that the proton has the kinematics
compatible with the £,/ in presence of a diffractive process. The goal is to clean the sample as
much as possible of the pile-up protons, which is done by applying a restriction on the variable

1 - 553%5, a quantity that can be computed in data and therefore applied in physics analysis.

Figure [23| shows distributions of 1 — 55)%5 for 1 category (upper plots) and 24 category
(lower plots). The shape of the distribution greatly depends on whether there is a 2nd muon.
Given that there is no 2nd muon detected in 14 category, the shape of the peak is wider and
positioned roughly above 0. A part of the energy in the final state X is not reconstructed and
therefore Eq. [3.7)is not valid anymore, resulting in a less effective tag requirement. On the other
hand, two muon category has a clear, narrow peak around 0.

As mentioned previously, a 30 cut on the 1 — EG—E’; distribution was estimated and then applied

épp
on 1 — £¢Ms ip order to distinguish matched and non-matched reconstructed and generated

protons. 5’1111,;; way it is shown that the peak indeed is due to the signal protons (as depicted in
Figure 23| with magenta), while the rest are pile-up protons (depicted with blue). The shapes
on both PPS sides for both categories are very similar to each other as the CMS resolution
dominates over the PPS one. Next, based on the matching results, a proton tag selection is

derived for each of the two categories to encompass the signal protons and discard the others:

£CMS

1p category : 0 < 1 — < 0.85
Epps
¢ (5.2)
2 category : —0.15 < 1 — MS 0.2
PPS
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when a proton is detected on z+ side of PPS.

As aresult, a signal selection criteria is formed:

1. demand a certain number of detected muons (either 1 or 2)

1S gis i1 _
I distribution for mpg = 1 TeV for the case

2. demand one proton detected per event on either z+ or z- side of the PPS with the

aforementioned cuts in Eq. [5.2]
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5.3 Selection efficiency

Next step is to check the effect of the proton tag selection criteria on the signal and background.

Figure[24]shows the signal efficiency for proton tag and no proton tag categories. The full event

selection that were described in table (3| are applied along with the proton tag requirement. In

the middle plot it is seen that for higher masses there is a decrease in efficiency, as expected due
to the shift of the £ out of the PPS acceptance (Figure [14). The efficiency at 700 GeV is lower

than anticipated, which is due to the requirement that m,,;; > 300 GeV, cutting off some of the

softer muons and jets. The right plot shows efficiency when the proton tag is requirement is not

applied, depicting a different behavior. The efficiency increases with mass, with a slight dip at

5000 TeV due to the fact that the signal has tails and it’s required a minimum z-jet mass.
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Figure 24: Signal selection efficiency for full selection only (left), added proton tag (middle) and no
proton tag (right) categories. The sum of efficiencies in middle and right give the left plot.

mrg [GeV] | 1p proton tag no tag 2u proton tag no tag
700 0.266£0.005 0.081£0.003 0.184+0.004 | 0.1244+0.004 0.034+0.002 0.090+0.003
1000 0.285£0.005 0.093£0.003 0.1924+0.004 | 0.153+0.004 0.051+0.002 0.102+0.003
2000 0.316£0.005 0.055+0.003 0.261+0.005 | 0.2004+0.004 0.074+0.003 0.127+0.004
3000 0.321£0.005 0.020£0.002  0.30040.006 | 0.21740.005 0.0334+0.002 0.184+0.005
4000 0.309+£0.007 0.011£0.001  0.298+0.007 | 0.2004£0.006 0.008+0.001 0.192+0.006
5000 0.290£0.007 0.015£0.002 0.278+0.007 | 0.1824+0.006 0.012+0.002 0.170+0.006

Table 4: Values of signal efficiencies and their errors for each mass and all categories.
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In order to study the effect of the tagging on the background, it has to be done on real data
(luminosity of 139 fo—1) with full selection applied instead, considering that PPS simulation
is not available for all MC background events. Only 1% of total data is taken since it is not
expected to find any signal in such case. The p+jet mass distribution from the fraction of data
is shown in Figure 25] The distribution is fitted with a function that approximately describes it,

in this case a four-parameter empirical function that is usually used in dijet searches [32]:

My et
— et \p1
po(1 Vs )
f(myger) = e (5.3)
(mujet )P2+p3ln VA
Vs
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Figure 25: p+jet mass distribution in 1% of data for each category, fitted with Eq.

The 2u proton tag category does not have enough data to perform a proper fit, so the
assumption is that the proton tag and no tag categories have the same shape. This allows to

rescale the no proton tag fit onto the proton tag category.
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Once the fit is done on the reconstructed invariant mass distribution, it was rescaled back to
full luminosity. It is then used to count the approximate number of events around each LQ mass
in a window of about 10%. Table [5|shows the number of background events for each category,
and it can be seen that generally there are more events that don’t pass the proton tag requirement
compared to the ones that do. At higher masses the background is scarce, so the effect of proton

tag is not very notable.

mrq [GeV] | 1u category proton tag no proton tag | 24 category proton tag no proton tag
700 14750 3955 10795 617 39 578
1000 3957 885 3072 91 6 85
2000 70 28 42 <1 <1 <1
3000 5 4 <l <1 <l <l
4000 3 2 <1 <1 <1 <1
5000 <1 <1 <1 <1 <l <l

Table 5: Number of background events for each category, rescaled to full luminosity, rounded to one
event.

To check the improvement of the proton tag compared to the standard inclusive analysis, their

respective significances are calculated, for each mass, where the significance of each category

is given as sig = \%:

. o . 2 . 2 . 2 . 2
stgpps = \/Szglu,tag + Slg2,u,tag + Szglu,notag + SZg2,u,notag
. _ . 2 . 2
819std = |/ S191,, T 5193,

For masses 700 GeV and 1000 GeV, events are large enough to calculate said significances. The

(5.4)

results are presented in Table [6|below:

mro [GeV] —S;'g;fds
700 1.3
1000 1.4

Table 6: Ratio of significances with and without the PPS tag for low LQ masses.

The selection is an overall improvement for lower masses, having about 30-40% increase in
sensitivity. For higher masses the background events enter a Poisson regime, which requires an

alternative approach in computing the analysis sensitivity.
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6 Conclusion

The search for LQs using lepton-induced single production mechanic is a novel analysis at the
LHC, which is generally done by searching for a bump in the p+jet mass distribution. Presented
in this thesis is a feasibility study of utilizing the PPS subdetector in CMS searches for LQs in
a lepton-induced single production process in which one proton is scattered after a pp collision.

A Monte Carlo signal sample of LQ events was generated for LQs with different masses,
coupling constants and flavors, to study the characteristics of such event. The generation has
two steps, the first being generating the central part of the process, [ —> L) — lq, followed
by the second step, which is parton showering simulation. The resulting L.Q mass distributions
vary with mass and the coupling constant A. Depending on quark flavor and values for A,
tails in very low energies become more noticeable in the distribution, as expected according to
the cross-section of a hard scattering process. Additionally, a cross-section study of different
LQ flavors was also carried out. As expected, the values were higher for LQs that have a
valence quark and lower for the ones that have a sea quark. The cross-section is declining with

increasing mass and scales with A2,

The uy channel is considered onwards in the analysis. Reconstruction of scattered proton in
PPS is evaluated with generated protons from LQ events by examining 1 — %;—;E)Z, where £ is
the proton momentum loss of the scattered proton. The reconstruction performance shows no
evident bias, with the resolution being less than 5%. Furthermore, a crucial step is matching
¢pps, which is directly calculated in PPS, and &5, which in CMS is determined from final
state particles, to remove pile-up protons from signal sample. To achieve this, a proton tag
selection criteria is determined by applying a restriction on the variable 1 — 553—”;35 that can also
be computed in data.

Once that is established, signal selection efficiency is determined, and it is decreasing with
mass increase due to the shift of ¢ out of the PPS acceptance, ranging from about 0.02 to
0.4. The impact of the requirement is also studied on background, in order to compare to
the standard inclusive search. The results give an improvement, particularly for LQs masses
lower than 2 TeV, showing a 30-40% increase in sensitivity. For higher masses the number of
background events becomes small and enters Poisson statistics. A different approach should be
used to compute the sensitivity which was not implemented in this thesis. Furthermore, it is
still expected that when the background is minimal, there will be no additional gain in splitting

events into more categories.

It should be noted that the MC generator used in this analysis assumes a 70% probability of
a scattered proton, a number that is subject to large theory uncertainties, needing more theory
input. This approach in signal search could be useful in particular if there is a sign of excess in
the inclusive search, possibly highlighting the potential signal, and it could be applied on Run
3 data in the future.
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A Appendix - £ derived from kinematics

Let’s assume a central exclusive process where two protons approach from opposing z

directions, collide, and subsequently both particles scatter, producing final state X, as shown in
Figures [I0]and[T1] The four-vectors of protons 1 and 2 before and after colliding are given as

Pbeam Pbeam |P1/,z|
- 0 - 0 - 0 -
P = , Py = , Pl =
' 0 ? 0 ! 0
Pbeam _Pbeam |Pll,z|
while the four-vector of state X is
Ex
- 0
Py =
* 0
PX,Z

Along the z axis, energy and momentum conservation laws give:
Pbeam + Pbeam - ‘Pl/,z| + |P2/,z’ + EX

Proeam — Pream = |P1/,z’ - |P2/,z| + Px..

AP
Pbeam

By summing up Eq. A.3 & A.4 and using the fact that { =

proton arriving from the negative z direction can be received:

2Pbeam = 2|P1/7z| + EX + PX,z

1 = |P1/,z’ EX + PX,Z
Pbeam 2Pbeam
g -1 ‘Pll,z‘ _EX+PX,z
1=1-— =

Pbeam \/g

|75
0
Al
0 : (A.1)
(A2)
(A3)
(A4

and /s = 2Ppeam, & for

In a similar way, & for proton arriving from the positive z direction can be received by

subtracting Eq. A.4 from A.3:

2Pbeam = 2|P2/72‘ + EX - PX,Z

P By Py
Pbeam 2Pbeam
6_1 |P2/,z|_EX_PX,z
5 =

_Pbeam B \/g
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