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Abstract

This thesis summarises four years of research aiming at revealing the prospects for detection
of long-lived particles at the LHC. It contains results of four projects, which have been
published as independent articles.

In the first project, the possibility to utilise the MoEDAL detector to search for
charged long-lived particles is considered for the first time. MoEDAL is a small effectively
background-free and mostly passive detector located at the IP8 of the LHC. It can detect a
particle with charge @, if its decay length is of the order of O(1 m) and its velocity [ satis-
fies 5 < 0.15-|Q/e|. This makes MoEDAL complementary to major general-purpose LHC
experiments, i.e. ATLAS and CMS, which are sensitive only to particles with 5 = 0.5. As
a demonstration of the capabilities of the MoEDAL detector, a particular supersymmetric
model is considered, in which a pair of gluinos (g) is produced, each of them decays to SM
jets and a long-lived neutralino (¥9), which subsequently decays to a metastable stau (7)
and an off-shell tau. Schematically: pp — gg — (xVjj) (X¥47) — (Ai7*57) (7i7*jj). For
the considered scenario, it has been revealed that Run 3 MoEDAL (L = 30 fb™!) can test
regions in the gluino mass (mg) vs. neutralino decay length (CTX?) parameter plane, which
are beyond the reach of ATLAS. This interesting result inspired a whole series of studies.

In the second project, various pair-produced long-lived supersymmetric particles are
studied: gluino §, stop ¢, five light-flavour squarks ¢ = (4, d,é,3, l;), wino- and higgsino-like
charginos W, h, and sleptons [. Moreover, doubly charged (@) = 4-2¢) scalars and fermions,
transforming under SU (2)-singlet and triplet representations, are also considered. Except
for SU(2)-triplet fermions, the MoEDAL detector is found to have worse sensitivity than
ATLAS and CMS, mainly because of the lower amount of data available. However, the
limits that MoEDAL can provide are complementary to the ones by ATLAS and CMS,
due to completely different detector design and uncorrelated systematic uncertainties.

In the third project, a particular 1-loop radiative neutrino mass model is considered,
which predicts the existence of long-lived scalar particles. Two versions of the model
are studied, in the uncoloured version all BSM fields are singlets under SU(3)¢, while
in the coloured version, they are promoted to colour-(anti)triplets. In the uncoloured
version there are long-lived scalars S¥2, S*3 and S**, with charges +2e, 43¢, and +4e,
respectively. There are also triply charged fermions, F+3, however, they are short-lived.
The coloured version of the model also contains long-lived scalars: SEA/3 - GET/3 and
S+10/3 with charges +4/3e, £7/3e, and £10/3e, respectively. Possibility to detect long-
lived particles in Run 3 and HL-LHC MoEDAL have been estimated and compared with
the available limits from ATLAS and CMS collaborations. In the first part of the analysis,
a model-independent detection reach of MoEDAL for multiply charged LLPs is obtained,
where the lifetimes of BSM particles are treated as free parameters. It have been found
that most of the parameter space accessible to Run 3 MoEDAL is already excluded by large
general-purpose experiments. On the other hand, MoEDAL has a chance to detect multiply
charged LLPs during the HL-LHC data-taking phase, but ATLAS is expected to provide
better sensitivity. The second part of the analysis targets the possibility to constrain
parameters of the specific radiative neutrino mass model considered in the project. In
particular, the impact of the dimensionless coupling A5, responsible for lepton number
violation, is studied. It have been found that for A5 ~ 107> MoEDAL achieves the highest
sensitivity, which roughly corresponds to the longest lifetime of S*4 (S +10/ 3).

The fourth project aims at providing a comprehensive overview of possibilities to de-
tect charged LLPs at the LHC. Four types of particles are studied: scalars and spin-1/2
fermions transforming under the SU(3)c gauge group as singlets or triplets. All parti-
cles are assumed to be SU(2)-singlets and have integer electric charges, @, in the range



le < |Q] < 8e. Three different BSM search methods are considered: (i) large dE/dz
searches for detector-stable charged LLPs in ATLAS and CMS, (ii) searches for charged
LLPs in MoEDAL, (iii) diphoton resonance searches by ATLAS and CMS, targeting dipho-
ton decays of positronium /quarkonium-like bound states formed by the new BSM particles.
The sensitivity of MOEDAL is estimated with the procedure established during the previous
three projects, i.e. by varying the mass and lifetime of BSM particles and calculating the
expected number of signal events for Run 3 (L = 30 fb™!) and HL-LHC (L = 300 fb™!). In
the case of ATLAS and CMS searches, the most recent analyses are recast in order to ob-
tain 95% CL upper cross section limits, which are compared with theoretical calculations.
A projection for Run 3 (L = 300 fb~1) and HL-LHC (L = 3 ab™!) is also made.

It has been found that large dF/dx searches are most sensitive for smaller electric
charges |Q| < (3 — 4)e, depending on the type of the BSM particle, while for larger
charges, |Q| 2 (4 —5)e, diphoton resonance searches provide the strongest detection reach.
The sensitivity of Run 3 MoEDAL is found to be in between the expected bounds of
the aforementioned two types of ATLAS/CMS searches. However, for the intermediate
charges, 3e < |Q| < 7e, MoEDAL might provide better sensitivity than major general-
purpose experiments at the end of the HL-LHC phase, thanks to the background-free
nature of MoEDAL’s detector design.

The fourth project includes also an important discussion about the impact of photon-
induced production processes on the correct interpretation of experimental results. It has
been shown that for particles with |@Q| 2 4e photon fusion (and photon-gluon fusion for
coloured particles) production cross section becomes comparable to that of the Drell-Yan
process. This is an important result since the ATLAS and CMS collaborations did not
take this effect into account, which resulted in an underestimation of experimental limits
for multiply charged particles.
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Szanse na detekcje czastek dlugozyjacych w Wielkim Zderzaczu
Hadronéw

Streszczenie

Niniejsza rozprawa doktorska podsumowuje cztery lata badan naukowych nastawionych
na okreslenie szans na detekcje czastek dlugozyjacych w Wielkim Zderzaczu Hadronow.
Rozprawa zawiera wyniki czterech projektéw naukowych, ktére zostaty opublikowane w
formie osobnych artykutow.

Pierwszy projekt dotyczyt nie zbadanej wczesniej mozliwosci wykorzystania detektora
MoEDAL do poszukiwann naladowanych elektrycznie czastek diugozyjacych. MoEDAL
to maly pasywny detektor pozbawiony tta od Modelu Standardowego, ktéry jest zlokali-
zowany w poblizu IP8 przy Wielkim Zderzaczu Hadronéw. MoEDAL jest w stanie wykryé
czastke o tadunku elektrycznym @), jezeli jej czas zycia jest na tyle dtugi, ze jest w stanie
przeby¢ odlegtosé rzedu O(1 m), oraz jej szybko$é¢ [ spelnia warunek g < 0.15 - |Q/e].
Dzieki temu poszukiwania nowej fizyki w doswiadczeniu MoEDAL uzupelniaja badania w
eksperymentach ATLAS i CMS, ktore sa czule jedynie na czastki o szybkosciach g 2 0.5.
W celu zademonstrowania mozliwosci detektora MoEDAL, rozwazono pewien szczegdlny
model supersymetryczny, w ktorym dwa gluina (§) sa produkowane, kazde rozpada sie
natychmiastowo do 2 dzetoéw i dtugozyjacego nautralina (¥9), ktore nastepnie rozpada sig
na dlugozyjacy staon i wirtualny taon. Schematycznie: pp — §gg — ()Z(l)j j) ()Z?j j) —
(117*j7) (17*jj). Dla rozwazanego modelu wykazano, iz MoEDAL w trakcie Run 3
(L = 30 fbfl) jest w stanie zbada¢ wartosci masy gluina mg i czasu zycia neutralina
(TX?), ktore sa poza zasiegiem eksperymentu ATLAS. Ten interesujgcy wynik zainspirowal
cala serie badan.

W drugim projekcie rozwazono réznego rodzaju diugozyjace czastki supersymetryczne:
gluino g, stop £, 5 pozostatych skwarkow § = (1, ci, ¢, 8, l~)), natadowane wino W i higgsino
h, oraz naladowane elektrycznie sleptony [. Dodatkowo zbadano podwojnie natadowane
(Q = £2¢) czastki skalarne i fermiony o spinie 1/2, transformujace sie jak singlet lub triplet
wzgledem grupy cechowania SU(2)r. Za wyjatkiem tripletu fermionéw, MoEDAL prze-
jawia nizszg czulo$¢ na nowe czastki niz ATLAS i CMS. Gléwna przyczyna jest mniejsza
ilog¢ danych zbieranych przez MoEDAL. Jednakze wyniki dostarczone przez doswiadcze-
nie MoEDAL sa komplementarne wzgledem rezultatu eksperymentéw ATLAS i CMS, ze
wzgledu na calkowicie odmienng budowe detektora i nieskorelowane niepewnosci system-
atyczne.

W trzecim projekcie zbadano radiacyjny model generacji mas nautrin, ktory przewiduje
istnienie natadowanych elektrycznie czastek dtugozyjacych. Rozwazono dwie wersje mod-
elu, w niekolorowej wersji wszystkie nowe czastki sa singletami wzgledem grupy cechowa-
nia SU(3)¢, natomiast w wersji kolorowej zastepuja je (anty)triplety. Dlugozyjace czastki
skalarne w niekolorowej wersji modelu to: S*2, S*3, oraz S, z tadunkami 4+2e, 4-3e, oraz
+4e, odpowiednio. Model przewiduje réwniez istnienie potrojnie natadowanych fermion-
iow, F'*3, jednakze cechuja sie one krotkim czasem zycia. Kolorowa wersja modelu réwniez
zawiera dlugozyjace czastki skalarne: S¥4/3, SE7/3 oraz S*19/3 4 tadunkami +4/3e,
+7/3e, oraz +10/3e, odpowiednio. W projekcie zbadano szanse na detekcje czastek dtu-
gozyjacych w trakcie Run 3 1 HL-LHC w eksperymencie MoEDAL, ktére nastepnie pordw-
nano z dostepnymi wynikami z doswiadczen ATLAS i CMS. W pierwszej czesci analizy
okreslono czutosé¢ detektora MoEDAL na wielokrotnie natadowane czastki dtugozyjace w
sposob niezalezny od przyjetego modelu teoretycznego, tzn. traktujac ich masy i czas zy-
cia jako wolne parametry. Odkryto, iz dla wiekszosci zakresu wartosci parametréow, ktore
MoEDAL moze przetestowaé w trakcie Run 3, istnienie rozwazanych czastek zostato wyk-
luczone przez duze eksperymenty przy LHC. Z drugiej strony, dla HL-LHC MoEDAL
ma szanse odkry¢ wielokrotnie natadowane czastki dlugozyjace, jednakze spodziewana



czutosé doswiadczenia ATLAS jest wieksza. Druga cze$¢ analizy byla poswiecona mozli-
woéci zbadania parametréw konkretnego modelu generacji mas neutrin. W szczegdlnosci
zbadano znaczenie bezwymiarowej staltej sprzezenia A5, odpowiedzialnej za ztamanie za-
sady zachowania liczby leptonowej. Odkryto, iz dla wartoéci A5 ~ 1075, ktoéra z grubsza
odpowiada najdhizszemu czasu zycia S (5‘ 10/3) MoEDAL osiaga najwieksza czulosé.

Celem czwartego projektu byto przedstawienie wyczerpujacego podsumowania perspek-
tyw na detekcje czastek dtugozyjacych w Wielkim Zderzaczu Hadronéw. Zbadano cztery
rodzaje czastek: skalary i fermiony o spinie 1/2 transformujace si¢ wzgledem grupy ce-
chowania SU(3)¢ jako singlety lub triplety. Zalozono, iz wszystkie czastki sa singletami
wzgledem SU(2);, oraz maja catkowite tadunki elektryczne, @, z zakresu le < |Q] < 8e.
Zbadano trzy rozne metody poszukiwan nowej fizyki: (i) poszukiwania stabilnych czastek
wysokojonizujacych w eksperymentach ATLAS i CMS, (ii) poszukiwania dlugozyjacych
czastek natadowanych w doswiadczeniu MoEDAL, (iii) poszukiwania rezonanséw rozpada-
jacych sie na dwa fotony przez ATLASa i CMSa, ktore zastosowano dla uktadéw zwigzanych
typu pozytronium/kwarkonium stworzonych przez nowe czastki. Czulosé doswiadczenia
MoEDAL okreslono zgodnie z procedurg wypracowana w trakcie poprzednich trzech pro-
jektow, tzn. traktujac masy i czasy zycia nowych czastek jako wolne parametery i estymu-
jac liczbe rejestrowanych przypadkéw w trakcie przysztych faz zbierania danych: Run 3
(L =30 fb~1) i HL-LHC (L = 300 fb™!). W przypadku doswiadczeii ATLAS i CMS, na-
jnowsze analizy zostaly zreinterpretowane w celu uzyskania goérnych limitow na przekroje
czynne, ktore zostaly poréwnane z wynikami obliczenn teoretycznych. Uzyskano réwniez
spodziewane limity dla Run 3 (L = 300 fb~1) i HL-LHC (L = 3 ab™!).

W trakcie czwartego projektu odkryto, iz poszukiwania czastek wysokojonizujacych sa
najlepsza metoda na odkrycie czastek o niskich tadunkach, |Q| < (3 —4)e, gdzie doktadna
warto$¢ gornej granicy zalezy od rodzaju czastki. Z kolei dla wiekszych tadunkow, |Q| =
(4—>5)e, poszukiwania rezonanséow rozpadajacych sie na dwa fotony sa najczulsze. Czulosé
eksperymentu MoEDAL w trakcie trzeciej tury zbierania danych w LHC (Run 3) okazuje
sie by¢ pomiedzy czutoscia wymienionych dwoch typdéw analiz. Jednakze dla srednich
wartosci tadunkow elektrycznych, 3e < |Q| < 7e, HL-LHC MoEDAL wykazuje sie lepsza
czuloscig niz duze eksperymenty takie jak ATLAS i CMS. Jest to spowodowane pomijalnie
malym ttem od proceséw Modelu Standardowego w MoEDALu.

Czwarty projekt rozwinat rowniez wazna dyskusje na temat znaczenia proceséow z foton-
ami w stanie poczatkowym na produkcje i wtasciwosci czastek wielokrotnie natadowanych
w Wielkim Zderzaczu Hadronow. Wykazano, iz dla czastek o tadunku |Q| 2 4e rprzekroj
czynny dla fuzji dwoch fotonow (i fuzji fotonu z gluonem w przypadku czastek kolorowych)
jest poréownywalny z przekrojem czynnym dla procesu typu Drell-Yan. Jest to istotne
spostrzezenie, gdyz jak dotad do$wiadczenia ATLAS i CMS nie braly tego efektu pod
uwage, co skutkowalo niedoszacowaniem limitéw na masy nowych czastek.
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Chapter 1

Particle Physics

1.1 Origins of Particle Physics

Atoms

The origins of Particle Physics can be traced back to antiquity, when ancient Greek philoso-
phers tried to describe the surrounding world and observable phenomena. One of the major
questions was what are the fundamental ingredients that matter is made of. Leucippus and
his student Democritus of Abdera proposed that the physical universe is composed of funda-
mental indivisible components called atoms (from Greek afopov, atomon, meaning something
indivisible), which differed in sizes, shapes and other properties. According to them, every-
thing material and spiritual was created of an infinite number of types of eternal atoms, and
nothing except atoms and void was fundamentally real. Another Greek philosopher, Epicurus
of Samos, shared atomistic belief, but rejected the idea of infinite variety of atoms, claiming
that there is only a finite number of them. Other philosophers had their own ideas, usually
very different from our understanding of the physical reality. Although atomism was not the
most popular philosophy in ancient and medieval times, it was not forgotten and inspired new
generations of philosophers, alchemists and early scientists.

One of the greatest physicists ever, sir Isaac Newton, formulated the corpuscular theory
of light. He claimed that the light is composed of tiny discrete parts, called corpuscles. The
authority of Newton caused a prevalence of his corpuscular theory for a hundred years until
it was replaced by the wave theory of light based on works by Christiaan Huygens, Leonard
Euler, Thomas Young and Augustin-Jean Fresnel. The theory by Newton was brought back
to life in the 20th century by Albert Einstein’s work on the photoelectric effect.

At the very beginning of the 19th century, British chemist John Dalton discovered that
if two elements can form more than one compound, the ratios of their masses entering these
compounds are small natural numbers. It lead him to formulate a theory of atoms, stating that
matter is composed of indivisible parts that are identical for a single element, but they have
different masses for distinct elements. Other chemists, like Amadeo Avogadro and Stanislao
Canizzaro, developed Dalton’s theory. In the middle of the 19th century, the atomic theory
became widely accepted among chemists, but physicists were reluctant, many believed that
chemical atoms have little to do with the fundamental physical reality. It changed after
the success of statistical mechanics developed by James Clerk Maxwell, Ludwig Boltzmann,
Rudolf Clausius and Josiah Willard Gibbs.

Quantum reality

Soon after the physics community accepted the existence of eternal building blocks of matter,
the belief was challenged by studies on radioactivity. In 1897 Joseph John Thomson studied
the properties of cathode rays and concluded that rather than being a form of light, these
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rays were composed of negatively charged particles. Later these particles were called elec-
trons. Thomson made a bold hypothesis that atoms, as known to chemists at that time, were
composed of a more fundamental form of charged matter, and cathode rays were a result of
emitting such matter. The existence of electrons and the electric neutrality of atoms implied
the existence of positively charged constituents. The open question was how the charged
matter is distributed in an atom. J. J. Thomson suggested a plum pudding model, in which
positively charged matter is continuous (like a pudding) and electrons are distributed within
it (like plums). However, Ernest Rutherford showed that in reality atom is composed of a
very heavy and positively charged nucleus surrounded by light electrons. It was natural to
assume a planetary model, in which electrons move around the nucleus like planets around
the Sun, but with gravity exchanged for electric force. However, the planetary model based
on classical electromagnetism could not explain the stability of atoms, i.e. why the electron
does not radiate its energy and fall to the nucleus. Another mystery was the origin of spectral
lines observed in the emission spectrum of the hydrogen (Balmer series). To resolve these
issues, Quantum Mechanics was necessary.

The fatherhood of Quantum Theory is attributed to Max Planck, who theoretically ex-
plained the observed spectral density of the black-body radiation, by assuming that the energy
can only be emitted in discrete packages of energy

E = hy, (1.1)

which were later called quanta. v in Eq. (1.1) is the frequency of light, E is the energy of
a quanta (photon), and h = 6.62607015 x 10734J - Hz™! is a constant named after Planck.
At that time Planck, who was raised on classical electromagnetism, did not attribute a deep
meaning to his interpretation, treating quanta as a kind of mathematical trick. A fresh
point of view by the young Albert Einstein was needed. In his annum mirabelis 1905 he
published four groundbreaking papers on Brownian motion, the equivalence of mass and
energy, special relativity and the photoelectric effect. The latter publication explained the
emission of electrons from a metal plate irradiated by light, which depends on the light
frequency rather than the intensity, as opposed to classical predictions. Einstein was able to
theoretically describe the phenomenon by assuming that light is composed of energy quanta,
described by the same relation as Planck had assumed. It was a revolutionary step because
what had been considered just a mathematical trick to explain black body radiation was
promoted to the fundamental description of electromagnetic radiation. As with any novel
idea, Einstein’s explanation was heavily attacked and criticised by the older generation of
acknowledged scientists. History, however, has proven Einstein right.

In 1913, Danish physicist Niels Bohr postulated a new atomic model, in which he adopted
quantum principles. In his model, electrons were orbiting the nucleus on circular orbits, but
only a discrete set of orbits was allowed, each with an associated value of energy and angular
momentum. When orbiting, electrons did not radiate and had a specific value of energy,
however, they could change the orbit and radiate/absorb the energy difference between two
orbits in a form of an energy quanta. The new atomic model was very successful. Not only it
allowed to explain the observed hydrogen emission spectrum, but also predicted the existence
of additional lines in the ultraviolet, which were observed by Theodore Lyman in 1914. In
1915 a German scientist, Arnold Sommerfeld, improved Bohr’s model by introducing orbital
quantum number [. Despite all the evidence, the community was still reluctant to accept the
quantum nature of electromagnetic radiation. The situation changed after the experiment
of Stern and Gerlach, which proved the quantisation of spin !, and scattering experiments

LAt that time spin was not known. Stern and Gerlach thought that their result proved the space quantisa-
tion of magnetic moments of atoms of silver. Now it is known that in a silver atom, all electrons but one form
closed shells with a total magnetic moment equal to zero. Therefore, an atom’s magnetic moment is given by
the magnetic moment of a single electron.

2 Chapter 1
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conducted by Arthur H. Compton could only be explained by accepting the existence of
photons. While most of the physicists were stunned by the apparent contradiction between
wave and corpuscular nature of light, Luis de Broglie went even further, postulating that
electrons should also exhibit wave-like behaviour with the wavelength A\ give by the relation
A = h/p. His hypothesis was confirmed by Clinton J. Davisson and L. Germer, who discovered
the diffraction of electrons on crystals in 1927.

Quantum Mechanics

The old quantum theory successfully described some aspects of the physics of the hydrogen
atom, but its usability was highly limited, and eventually lead to the formulation of a new
quantum theory, called Quantum Mechanics, which was created in just few years by several
young physicists. In 1925 Werner K. Heisenberg introduced the new quantum theory using
matrix formulation. Soon after, Paul Dirac understood that Poisson brackets and commu-
tators are closely related, which allowed him to connect Heisenberg’s theory with classical
mechanics. In the meantime, Wolfgang Pauli proposed the famous exclusion principle, which
prohibits two electrons with the same quantum numbers to exist in a single atom. Ralph
Kronig, and independently George Uhlenbeck with Samuel Goudsmit, proposed that elec-
trons possess intrinsic angular momentum — spin. In 1926 Erwin Schroedinger introduced
Wave Mechanics and postulated his famous equation:
- . . . S

<—2mV + V (7, t)) ¥ (7, t) = ihdp) (T 1) , (1.2)
where 9 is the wave function, a complex object describing the physical quantum particle,
e.g. an electron, with mass m and position 7, moving in a scalar potential V (7,t). & in
Eq. (1.2) is the reduced Planck constant defined as h = h/(2m). Schroedinger was able to
solve hydrogen atom and achieve very good agreement with experimental measurements. The
Wave Mechanics was accepted much more enthusiastically than Heisenberg’s theory, because
mathematically it resembled classical theories. Despite apparent differences, it was quickly
proven that both theories are equivalent. The physical sense of the wave function was unclear,
Schroedinger speculated that it represented charge density of an electron. In the summer of
1926 Max Born proposed statistical interpretation of Quantum Mechanics, presently known
as the Copenhagen interpretation, in which | (F)\2 corresponds to the probability density of
detecting a particle in position 7. The new interpretation lead Heisenberg to formulate his
famous uncertainty principle — there exist pairs of observables that cannot be simultaneously
measured with arbitrary precision, e.g. for position and momentum of a particle moving in

1D:
h
Oz0p > =, (1.3)
2
where o¢ is the standard deviation of the operator ¢ € {&,p}, defined as oe = /(&%) — (§)?
with (-) representing the expectation value calculated for the probability density p(7,t)
(7, 1)

Several attempts were made to construct a relativistic version of the quantum theory.
Before postulating the Eq. (1.2), Erwin Schroedinger investigated the relativistic energy-
momentum relation £? = m2c* + p2c?, where ¢ = 299792458m /s is the speed of light in the
vacuum, FE is the energy of a particle with mass m and momentum p, and arrived at the
equation:

120,01 + (mc)ﬂ b(h) =0, (1.4)

which was later rediscovered independently by Oskar Klein and Walter Gordon. The new
equation was considered invalid because it lead to negative probability solutions. Therefore,
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Paul Dirac proposed a new relativistic equation:
(ihd — mc) p(z*), (1.5)

where the slashed derivative is defined by contraction of ordinary partial derivative with Dirac
gamma matrices @ = 9, which will be explained in Egs. (1.13) and (1.34). The equation
(1.5) led to solutions with negative energy. Dirac understood that these solutions were correct
and described antiparticles. Antiparticles have the same mass, but opposite quantum numbers
with respect to ordinary particles.

Albert Einstein was initially enthusiastic about the new quantum theory, however, he
quickly changed his mind after the probabilistic interpretation was proposed, and became one
of the harshest critics of Quantum Mechanics. His famous quote:

God does not play dice!

started a vivid discussion with Niels Bohr about interpretations of quantum phenomena and
the “true” nature of physical reality. Einstein did not appreciate the randomness of Quantum
Mechanics, and he argued that there should exist classical “hidden variables” associated with
particles, which would predetermine the outcome of measurements, contrary to the statistical
interpretation of the wave function collapse. After the formulation of the famous Bell inequali-
ties in 1964, and their experimental check in 1972 by Stuart J. Freedman and John F. Clauser,
it became evident that the physical reality was not described by a hidden variable theory but
was consistent with the predictions of Quantum Mechanics. However, the discussion about
the “true” meaning of quantum phenomena is still ongoing and it is a popular topic among
philosophers and some of the scientists.

Towards modern Particle Physics

In 1927 Paul Dirac argued that Quantum Mechanics ought to be applied not only to the atom
but also to the electromagnetic field, which is considered the birth of Quantum FElectrody-
namics, the quantum field theory describing electromagnetic interactions. Dirac’s theory was
further developed and achieved good agreement with experiments. However, after World War
II more precise measurements were conducted revealing discrepancy between Quantum Elec-
trodynamics and experiments, which was correctly attributed to neglecting the electron self-
interaction in theoretical calculations. Intense efforts by Richard Feynman, Julian Schwinger
and Sin-Itiro Tomonaga allowed to introduce renormalisability concepts to Quantum Field
Theory, and led to more precise calculations. In 1954, Chen-Ning Yang and Robert Mills
developed gauge theories, which were necessary for the unification of electromagnetic and
weak interactions by Sheldon Glashow, Abdus Salam and Steven Weinberg in the late 1960s.
In their works, Weinberg and Salam incorporated the Higgs mechanism introduced in 1964
to Glashow’s weak interaction. The electroweak theory became widely accepted after neutral
weak currents were discovered at CERN in 1973, and further confirmed by discoveries of the
W+ and Z° bosons in 1983.

Understanding the strong interactions was possible thanks to the works of several gen-
erations of brilliant physicists. In 1934 Hideki Yukawa proposed the existence of particles
mediating interactions between nucleons. These particles, which we now call pions w, were
discovered in 1947 by Cecil Powell et al. Many other new particles were observed in the
following years, causing a lot of confusion in the community. Fortunately, in 1961 Murray
Gell-Mann found a way to relate hadrons using the SU(3) symmetry, and just three years
later he proposed the existence of three quarks: up (u), down (d) and strange (s). The quark
hypothesis allowed to simplify the picture of particle physics, but only after the discovery of
the asymptotic freedom it was possible to formulate a consistent theory called Quantum Chro-
modynamics, in which SU (3)c-gauged bosons, gluons, mediate the strong interaction. In 1974
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the fourth quark, charm (c), was discovered, and together with the strange quark formed the
second family of quarks. Around that time the term “Standard Model” was coined. In 1973
Makoto Kobayashi and Toshihide Maskawa proposed the existence of the third generation
of quarks to explain the previously observed violation of the CP symmetry? in kaon decays.
Their predictions were confirmed when the bottom (b) and top (t) quarks were discovered in
1977 and 1995, respectively.

Discoveries of muons, taus and different neutrino flavours allowed to group elementary
fermions into three generations of matter. The last particle predicted by the Standard Model,
the Higgs boson, was discovered at the Large Hadron Collider at CERN in 2012.

When looking back at the history of Particle Physics, or science in general, one might think
that it was a firm and straight march towards the progress and understanding. This couldn’t
be further from the truth. In reality, science is a process based on testing various ideas, which
often leads to dead ends and forces a complete change in our assumptions. It is thoroughly
described in an excellent book by Andrzej K. Wréblewski [1], which was the main source for
writing this chapter. The book contains many details about the events, circumstances and
people connected to fundamental discoveries in Physics, and it provides a curious reader with
numerous references to historically the most important research works.

1.2 Notation and conventions

Before we discuss the mathematical aspects of the particle Physics theory, we need to agree
on the notations we will be using.

From now on, we are using natural units in which ¢ = A = ¢y = 1. Spacetime indices are
indicated with greek letters, usually from the middle of the alphabet, e.g. u, v. Contravariant
four-vectors, e.g. positions and momenta, are defined with raised indices, and covariant
vectors, e.g. derivatives, with lowered indices:

= (t; 2), (1.6)
p" = (E;p), (1.7)
0, = 8%“ = (0;; V). (1.8)

Raising and lowering of indices is done with the Minkowski metric in the “West Coast” con-
vention:

g/M/ :gp,u = dlag (+1a_1a_1?_1) (19)
Einstein summation convention is used, e.g. mass of the particle with four-momentum p* is

given by:

m = p* = pup* (1.10)

Pauli matrices are defined as:

01 0 —1 1 0
01—a$—<1 O)’ O'2—O'y—<i 0), 03—02—<0 _1>. (1.11)

We define the Pauli vector, Pauli four-vector, and its barred version:

G =(0g,04,0;,), o'=(1y0), o= (ly—7). (1.12)

2CP symmetry is the combination of charge (C) and parity (P) symmetries. A process is symmetric
with respect to the CP symmetry if exchanging all left-handed particles to the corresponding right-handed
antiparticles (C symmetry) and inverting spatial coordinates (P symmetry) results in the same amplitudes.
CP symmetry is obeyed by the electromagnetic interaction, but it is violated by the weak force.
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Dirac matrices are defined in the Weyl representation:

0 ot -1, 0
) 5 2
7 (a“ 0 ) 7 < 0 12) ’ (1.13)

Gell-Mann matrices are given by:

01 0 0 — O 1 0 O 0 0 1
M={10 0], a=[i 0 o], x3s=[0 =1 0], a=[0 0 0],
0 0 0 0 0 O 0O 0 O 1 0 0
0 0 — 0 0 0 00 O 1100
=100 0, x=(00 1], »=[00 —i|, s=—={0 1 0
1 0 0 01 0 0 2 O \/500—2
(1.14)

A four-component Dirac spinor is an object transforming according to the reducible rep-
resentation of the Lorentz group: (%,0) @ (0, %) Therefore, it can be expressed using 2
anticommuting two-component Weyl spinors (bispinors). The left-handed spinor 1, trans-
forms according to (%, 0) representation, while the right-handed spinor 1/}L transforms as (0, %)
Two distinct types of spinor indices o = 1,2, and & = 1,2 are used for left and right-handed
spinors, respectively, to indicate that they cannot be directly contracted to form Lorentz
invariant quantities. The (%, 0) and (0, %) representations are related by the hermitian con-
jugation, hence if 1), is a left-handed spinor, then (¢4)' transforms as a right-handed spinor.
It allows us to describe all fermionic degrees of freedom using only left-handed spinors and

hermitian conjugates:
vl = (a)l, (1.15)

There are two additional irreducible representations, which are dual to (3,0) and (0, ). We
denote spinors transforming under these representations with raised indices, ¥® and %, We
have:

Pl = ()l (1.16)
Raising and lowering of the spinor indices is done using:
: . 0 1
6045 = 6046 = —€a = _EdB =109 = (_1 0) s (117)
according to:
Vo = capt?, 9% =P, gl =i, it =yl (1.18)

One has to remember that €,5 and €45 1 Eq. (1.17) are different objects acting on different
spinors and spaces, however, the matrix form is sometimes useful for practical calculations.
To be more explicit:

Y1 = entpt 4 eppp? = —? (1.19)
P2 = e ! + extp® = ! .

and
¢i _ ﬁiiwi 4 612¢2 = 1,
¢2 _ 6211/’1 i 52277% =

Similarly to spacetime indices, when two spinor indices are contracted, they will be often
omitted, e.g. for two left-handed spinors £ and x:

EX = %0 = E%apX? = —XPeapt® = XPesat® = X €5 = X&, (1.21)

(1.20)
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where the minus sign in the third passage appeared because the components of a Weyl fermion
are Grassman numbers and anticommute. Note that in Eq. (1.21) we were able to switch
the order of contracted spinor fields without an additional minus sign on the right-hand side,
because of the antisymmetric property of the €,z.

In order to build Lorentz invariant Lagrangians, one has to construct Lorentz tensors by
contracting all spinor indices. For example, multiplying two left- or right-handed spinors
results in a scalar:

&N =E"a (1.22)
ghpt = ¢lnte. (1.23)

Lorentz vectors can be constructed with the help of Pauli vectors from Eq. (1.12) in the
following way:

gloin = €L, (1.24)
pot — ca_n 18
Eotnl =¢ UL (1.25)
Higher rank tensors can be obtained by multiplying ¢* and ¥, for example:
Eo'o"n = 20" B‘_’VBWV' (1.26)

In the introduced notation a Dirac spinor % can be written as:

U = <‘5‘1 ) , (1.27)

X
where ¢ and x are independent left-handed bispinors. The adjoint (barred) Dirac spinor is:

Up = )1 = ()T () (102 102> = (D ) = (x> &) s

One can introduce chirality operators:

1—7+° 1++°
Po=— py=_ 17 (1.29)
2 2
such that
13 0
PrL¥p = (5 , Pr¥p = NLUR (1.30)

We define the charge conjugation of a Dirac spinor 1 as:
TC = —iyp 0, (1.31)

Majorana fermion is a special case of a Dirac fermion, which satisfies ¢ = . It follows that:

oC — (625, 636) (i%) _ (?ﬁ) (1.32)

From Eq. (1.32) it follows that for Majorana fermion & = y, and it can be expressed as:

. AR €a
lI/Majorana - (de) - <(€O{B€6)T> . (133)

(eo‘ﬂ 55)T in Eq. (1.33) is built out of a left-handed Weyl spinor &g, but transforms as a right-
handed Weyl spinor. A general Dirac spinor, like the one in Eq. (1.27), is built out of two
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independent bispinors and has four complex degrees of freedom. Majorana fermion has only
two complex degrees of freedom associated with a single Weyl spinor. This allows us to write
a Lorentz-invariant mass term for particles for which only the left-handed (or equivalently
only the right-handed) field exists, e.g. right-handed neutrinos in the seesaw model.
Sometimes we will be using a slashed notation introduced by Feynman. In this notation:

Y = Pyt b, (1.34)
hix = eLa" P00, (1.35)
iyt = 6“0538M><T5 , (1.36)

where 9 is the Dirac spinor, £ and y are left-handed Weyl spinors.

We close this section with a comment regarding another popular notation for Weyl spinors.
The notation introduced so far is useful when doing the actual computations, because all fields
are defined using only the left-handed bispinors. Thanks to this, is it trivial to deduce the
transformation properties of all objects, if they have a dagger, they transform as right-handed
spinors, otherwise, they are left-handed. However, there is another popular convention in
which a subscript L or R is used to indicate the chirality. This notation allows us to trace
the evolution of left and right-handed particles in the theory. The best way to understand
the difference between these two notations is by studying a simple example. Let us consider
a free Dirac field, ¥, and its Lagrangian:

L=iVJv — mU¥ (1.37)

The equation Eq. (1.37) can be rewritten using Weyl spinors. Let us introduce two left-handed
bispinors e and €, such that U7 = (ea éTd). Then Eq. (1.37) takes the form:

£ =iclg Be + ico et —m (Fe + efel) (1.38)

where contracted spinor indices were omitted. In the second notation, let us introduce a
left-handed bispinor ey, and a right-handed Weyl spinor eg, such that &7 = ((eL)a eRé‘).
Then Eq. (1.37) takes the form:

L= ieE&”@ueL + ie%o“@uelg —m (eEeL + eTLeR> . (1.39)

By comparing Eqgs. (1.38) and (1.39) we can notice that the Eq. (1.39) has a simpler form
because all daggered fields appear on the left-hand sides of the expressions. Moreover, it is
easy to see that for m — 0, the chiral symmetry is restored, i.e. e;, and er do not mix. On
the other hand, in Eq. (1.39) there is e%, which transforms as a left-handed spinor despite
the R subscript, which may be confusing. Transformation properties of all fields in Eq. (1.38)
are crystal clear. The daggered notation is popular in modern supersymmetry textbooks,
while the subscript notation is frequently used in SM books. In this thesis we will use both
notations, but always consistently within a given section.

1.3 Standard Model

The following section contains a brief survey of the Standard Model of Particle Physics with
the description of the field content, mathematical formulation, and a discussion of its short-
comings. A reader who is unfamiliar with the theory is advised to familiarize oneself with any
of the comprehensive textbooks, e.g. [2-5].
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1.3.1 Mathematical description

Standard Model of Particle Physics (SM) is the current paradigm of Elementary Particle
Physics. It is a quantum field theory gauged under SU(3)c x SU(2)r, x U(1)y group. As-
sociated charges of the gauge groups are called: colour, weak isospin and weak hypercharge,
respectively. Each of the gauge groups have massless vector bosons associated with it: G
(a € [1,8]) for SU(3)c, W (a € [1,3]) for SU(2)1,, and B* for U(1)y. The fermion sector of
the theory consists of particles named quarks that belong to triplet representation of SU(3)¢,
and leptons that are SU(3)¢ singlets. Left-handed fermions are grouped into two SU(2), dou-
blets, there is a quark doublet containing up and down quarks, and a lepton doublet containing
charged and neutral leptons, where the latter one is called neutrino. Right-handed quarks
and charged leptons transform as singlets with respect to SU(2)y,. Right- handed neutrinos
are not part of the SM, however, they can be easily introduced in order to explain neutrino
masses (see Sec. 2.2.1). In the fermionic sector of the SM, there are three generations of mat-
ter, each containing two quarks and two leptons (and their antiparticles). Standard Model
contains also a complex scalar doublet H named the Higgs field, which is a SU(2);, dou-
blet, and leads to the Higgs mechanism after electroweak symmetry is spontaneously broken:
SU2) xU(l)y —» U(1)gpn- All Standard Model fields are listed in Tab. 1.1.

Table 1.1: List of the Standard Model fields and their representations. We follow the notation in which
the chirality of the fields is indicated by a subscript L or R for the left and right-handed bispinors,
respectively. Index j for the fermionic fields enumerates generations of matter, i.e. j = 1,2,3. The
convention relating the hypercharge Y and the 3rd component of the isospin T3 with the electric
charge @ (in the units of elementary charge e) of fields is the following: @ =Y + T3.

Spin 1 — gauge fields

Symbol Associated charge Group | Coupling | Representation
B weak hypercharge U(l)y g1 (1,1,0)
w weak isospin SU(2), g2 (1,3,0)
G colour SU(3)c g3 (8,1,0)
Spin % — fermions
Baryon | Lepton .
Symbol Name Representation
number | number
Q7 = (uf, d7) | left-handed quark (doublet) 3 0 (3,2,3)
up right-handed up quark 3 0 (3,1, %)
dp right-handed down quark 3 0 (3,1, —%)
L7 = (v} e7) | left-handed lepton (doublet) 0 1 (1,2,—3)
e right-handed charged lepton 0 1 (1,1,-1)
Spin 0 — scalar boson
Symbol Name Representation
H Higgs boson (doublet) (1,2, 3)

The Lagrangian of the Standard Model can be schematically written in the following way:

L = LcauGE + LyarTER + L1 + Lyukawa + Lo (1.40)

The first term in Eq. (1.40) describes the kinematics of the gauge fields, and is given by?:
1 1 1

Lcavuce = _ZB‘WBW - ZW:”WWV — ZGZVG“W. (1.41)

$When performing explicit calculations, one should also include gauge-fixing and ghost terms, but since
they are not crucial to understand the physical consequences of the Standard Model, we restrain from discussing
them.
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B, W and G are gauge fields of U(1)y, SU(2)r, and SU(3)c gauge groups, respectively. Group
indices a in Eq. (1.41) are contracted and correspond to generators of the groups. U(1)y has
only one generator, hence the index a is ommited. Gauge fields enter the Eq. (1.41) in a form
of field strength tensors, defined as:

Ff, = 0,A% — 0,A% — g fabCA,‘;A;, (1.42)

where I, is the field strength tensor corresponding to the gauge field potential A, of a given
Yang-Mills theory of SU(N) gauge group, ¢ is the (running) coupling constant, and f%¢ are
structure constants of the appropriate Lie algebra. In case of abelian groups, like U(1), we
have fo¢ = (.

The second term in Eq. (1.40) describes interactions between gauge bosons and fermions
and is given by:

3

LMATTER = ZiLﬂ (@ — it YL B — igem® W) L7 + ieg (@ —ig1YeB) e+
= . o (1.43)
—HQJT ((?9 — ileQB — igaT W —iga Ta) Qi+

+iul) (§ — igrYulB — igs@ T®) uly + id}y (# — igr1YalB — igsi“T*) d.

The summation in Eq. (1.43) runs over three generations of fermions. Y, stands for the weak
hypercharge associated with the fermion field x. 7¢ = %0“ are generators of the SU(2)y, group.
Terms in brackets are covariant derivatives. Notice the absence of right-handed neutrinos and
the fact that the right-handed charged fermions do not couple to the W% gauge boson.
T = %)\“ are generators of the SU(3)¢ group, and A® are Gell-Mann matrices defined in Eq.
(1.14).

The next term in Eq. (1.40) stands for the Higgs sector. It consists of a standard kinetic

term and the potential given by Eq. (1.45):

Ly = |0~ ig1Yu By — igaWire) H|* — V (H) (1.44)

V(H) = —p2HTH + ) (HTH)2 (1.45)

The fourth term in Eq. (1.40) stands for the Yukawa interaction, which is the interaction

between fermions and the Higgs field.
Lyukawa = —YAQTHd), — YAQ™ (iooH* ) uly — YELTHel, + h.c. (1.46)

Yi; are Yukawa matrices (couplings), where indices ¢ and j label three families of matter, and
implicit summation convention is used. For each generation, there are 3 Yukawa matrices:
for up-type quarks, for down-type quarks and charged leptons. After spontaneous symmetry
breaking fermions acquire masses proportional to the Higgs vacuum expectation value (vev)
and Yukawa couplings. Since in the original version of the SM neutrinos are massless, they
do not have Yukawa terms.

The last term in Eq. (1.40) is called the “f-term”, and is given by:

2
93 v
ﬁg = HQCD 327T2 6“ QBGZV 3,3, (1.47)
where e#7?# is totally antisymmetric Levi-Civita symbol, G is the SU(3)¢ gauge field strength
tensor, and fqgcp is a parameter named QCD vacuum angle. QCD has a topologically non-
trivial vacuum, and 0gcp defines the choice of the vacuum among an infinity of distinct and
generally inequivalent vacua. The term in Eq. (1.47) is different from previously discussed
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parts of the SM Lagrangian in Eq. (1.40), because it can be shown that it is a total deriva-
tive, Ly = 0, K", hence it does not contribute in the perturbation expansion of the theory.
However, K is not gauge invariant and the operator in Eq. (1.47) has severe non-perturbative
effects, most notably it leads to significant CP-violation and gives rise to the neutron electric
dipole moment proportional to the strong CP phase 0 = 0 — argdet(Y;Y,)* . 6 can take
any value between 0 and 27, but the experimental bound is very tight § < 10710, It is a
mystery, called the strong CP problem, why the value of  and the resulting CP violation is
so small, despite the sizeable CP violation in the weak sector. One approach to solve it is by
introducing massless pseudo-Nambu-Goldstone bosons named azions [6].

A crucial aspect of understanding the Standard Model of Particle Physics is the breaking of
electroweak symmetry. SU(2)r, x U(1)y is spontaneously broken to electromagnetism U (1) gas
by Higgs field acquiring non-zero vacuum expectation value. It is possible when the potential
given by the Eq. (1.45) is characterised by > 0 and A > 0. Such potential has a shape of a
“Mexican hat”, see Fig. 1.1, with a local unstable maximum at HTH = 0, and the minimum
at:

2
ot =" (1.48)
2\

Figure 1.1: A 3D visualisation of the Higgs potential in Eq. (1.45). Image taken from |7].

From Eq. (1.48) it follows that:

|H|

L v

= ——=—, 1.49
V2X V2 (1.49)

where we have introduced v == u/+/\, which was measured to be v ~ 246 GeV. We have

|H| = VHYH = H\H! + H,H}} = (1.50)

v
\/i’
for H;, i € {1,2} being the complex components of the Higgs doublet. The vacuum expecta-
tion value of the Higgs field should have a single real value satisfying Eq. (1.49). There are
infinite ways to do it, each related by a SU(2)r x U(1)y rotation. The typical choice is to

“The argdet(Y;Y,) term arises due to diagonalising the mass matrix of quarks.
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(H) = (9) . (1.51)
V2

The potential in Eq. (1.45) is symmetric under SU(2),, but the ground state in Eq. (1.51)
is not, hence we talk about symmetry breaking. It is spontaneous because at the level of
Lagrangian the symmetry is intact, it is the vacuum expectation value that breaks it.

The complex scalar Higgs doublet has four degrees of freedom, but after the electroweak
symmetry breaking (EWSB) three of them give mass to electroweak gauge bosons, and the
remaining one can be associated with a single real scalar field h. It can be seen by expanding
the Higgs field around vev:

select:

1 TaT? 0
H = ﬁ exp (22 v ) ('U + h> y (152)
1

where 7¢ = 50 are generators of the SU(2)L, and h is a perturbation around the vev. It is
convenient to work in the unitary gauge for which 7, = 0.

If we insert Eq. (1.52) into Eq. (1.44), after simple algebraic transformations we will find
out mass terms for the physical Higgs field h and gauge bosons, from which we can read their
tree-level masses:

mp = vV 2\, (1.53)

v
mz =g g2+ g3. (1.55)
where my, my and my are masses of Higgs, W* and Z° boson, respectively.
The massive W boson field is defined as:
1
WHr = — (Wl FiWh), 1.56
7 (W W) (1.56)
while the massive Z boson field is defined as:
ZM = cos Oy WL — sin 6y B*, (1.57)
where the weak mizing angle is defined as:
tan Oy = 2. (1.58)
g2
The remaining electromagnetic gauge boson, photon, is massless and defined as:
A* = sin Oy WL + cos Oy BH. (1.59)

By measuring the electron magnetic dipole moment g. one can determine the fine structure
. . 2
constant «, or equivalently the elementary charge e, since a = £-. One finds that:

e ~ 0.303. (1.60)

Next, by a precise measurement of the muon’s lifetime, one can estimate the value of the
Fermi constant, G, which is related to the Higgs vacuum expectation value v through the
relation G = (v/2v?)~!. This gives us:

v~ 246.22 GeV. (1.61)
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For the third parameter we can take the pole mass of the Z boson, which is measured to be:
my ~ 91.19 GeV. (1.62)

Knowing my, v, and a evaluated at the scale of mz>, one can get sin 6y from the following
equation:

a(mz) o

— v (1.63)

sin? Oy (1 — sin? HW) =7
my

2
Plugging the numbers and using sin fyy ~ 1 — Z—E" to determine the correct root, one can find:
zZ

sin? Oy ~ 0.234. (1.64)

Using the value of sin?6y, from Eq. (1.64) one arrives at:

e

91= g =063, (1.65)
e
g2 = g = 035, (1.66)

The tree-level pole mass of the W boson might be calculated from Eq. (1.54):
my ~ 77 GeV. (1.67)
The predicted value in 1.67 is much below the measured one:
mineasured 5 8() 4 GeV. (1.68)

Even if we perform our calculations more precisely, we will get the mass of the W boson
significantly lower than the measured value (my ~ 79 GeV). The discrepancy can be resolved
by including higher-order corrections and carefully renormalising.

The mass of the Higgs boson was measured to be:

mipeasured — 195 95 GeV. (1.69)

Using Eqgs. (1.53) and (1.61), one may estimate the A coupling from the Higgs potential in
Eq. (1.45) to be:
A~ 0.13. (1.70)

The Higgs mechanism gives also rise to fermion masses. Consider Yukawa term for the

down-type quark:
v

V2
Yukawa matrices are not diagonal, therefore one needs to perform a change of basis for quarks
in order to read the physical masses. After going to the mass basis, interactions between
quarks and gauge bosons in Eq. (1.43) will change. In the original flavour basis there were
no interactions between up- and down-type quarks, but after the basis change, an interaction
involving the physical W* boson leads to flavour mixing:

~YHQ) Hdly — ——=YH(dL) d%. (1.71)

[mass basis e W (up) e Viad, + W, (dy) " (VT)ZJ uJL} : (1.72)

D —
MATTER \/5 sin HW

The matrix V' in (1.72) is called Cabibbo-Kobayashi-Maskawa matriz (CKM), and is schemat-
ically given by:

Vud Vus Vub
V=1V Ves Va (1.73)
Vie Vis Vi

5The discussion in this paragraph is simplified and omits some important but technical details. A more
detailed explanation can be found in one of the popular SM textbooks, e.g. in Sec. 31.1 of Ref. |4]
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The CKM is a complex unitary matrix with nine real degrees of freedom. If CKM was real,
it would have only three degrees of freedom — three rotation angles. One can therefore say
that the real degrees of freedom of the CKM matrix are three angles 012, 023, 031 representing
rotations in the three “flavour planes”, and six phases. Residual U(1)% symmetry (see Ref. [4])
can be utilised to set 5 out of 6 phases to zero, leaving only one phase §. With this convenient
parametrisation the CKM matrix can be written in the following form:

c12€13 512€13 s1ze”"
_ i i
V = | —s12c23 — c12523513€"°  C12C23 — S12523513€° 523€13 | 5 (1.74)
i i
512823 — C12C23513€"°  —C12823 — 512€23513€"°  €23C13

with s;; = sinf;; and ¢;; = cos0;;. If there were only two generations of quarks, then the
CKM matrix could be taken real, and there would be no CP violation. Historically, CP
violation in the kaon system was observed when only u, d, s quarks were known, and the third
generation was predicted as necessary to explain this phenomenon.

In the lepton sector, if one takes into account that neutrinos are massive, an analogous
matrix called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matriz (see Eq. (2.71)) might be
introduced, which explains flavour oscillations of the left-handed neutrinos.

All physical particles of the Standard Model are shown in Fig. 1.2, with their symbols,
masses, electric charges and spins.

1.3.2 Why do we have to go beyond the Standard Model?

Without any doubt, the Standard Model of Particle Physics is a beautiful and tremendously
successful theory. It describes three out of four fundamental interactions, unifies electromag-
netism with the weak force, provides a self-consistent explanation of the origin of masses for
both fermions and gauge bosons, allows calculating cross sections and decay widths with un-
precedented precision, and it allowed to predict the existence of many particles long before
high-energy experiments were able to observe them. However, Standard Model has certain
issues, which might be classified into two distinct groups, and various solutions to these prob-
lems have been proposed, which are generally referred to as Beyond the Standard Model (BSM)
Physics scenarios.

The first type of problems with the Standard Model is of a theoretical nature. There are
four known fundamental interactions: electromagnetism, weak force, strong force and gravity.
The latter is not included in the Standard Model and it is still described by Einstein’s General
Relativity. Hence, Standard Model is not a complete description of fundamental physics and
a more sophisticated theory has to be found. It directly leads to another issue called the
hierarchy problem. The Standard Model Higgs particle is a scalar, and it acquires large loop
corrections to its mass, scaling as O(A?), where A is the mass scale of the heaviest particle
in the theory. For the Standard Model, the top quark is the heaviest with m; ~ 173 GeV,
however, it is reasonable to assume that there are heavier new particles somewhere between the
electroweak scale Agy ~ 100 GeV and the Planck scale Apjanek ~ 10 GeV. The existence
of a such heavy particle would result in an elevation of the Higgs boson mass to a much
higher value than the observed my, =~ 125 GeV unless some protection mechanism is involved.
One idea, discussed in Sect. 2.1, is supersymmetry [9-11], which provides exact cancellation
of quadratic divergences in all orders of the perturbative expansion. The hierarchy problem
can also be resolved if the Higgs is not a fundamental scalar particle, for example in the
Composite Higgs models [12,/13]. Another, more exotic solution to the hierarchy problem is
cosmological relazation mechanism |14]. Furthermore, Standard Model is not a satisfactory
theory for modern Cosmology, since it does not include an inflaton field, which is believed to
be driving inflation, which is an exponential expansion of the early Universe. Inflation helps
to solve several major issues of the Big Bang cosmology, e.g. flatness and horizon problems.
Finally, the critics of the Standard Model raise the inelegance argument, claiming that there
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Figure 1.2: Particle content of the Standard Model of Particle Physics. Based on image from [8].

is a large number of a priori unconstrained parameters in the theory. It is true, Standard
Model has 19 free parameters: masses of quarks (6), charged leptons (3) and the Higgs boson
(1); vacuum expectation value (1); CKM mixing parameters and a CP violation phase (3+1);
couplings of gauge groups (3); and the QCD vacuum angle (1). All SM parameters with their
values are listed in Tab. 1.2.

The second group of issues comes from experimental observations that cannot be explained
within the Standard Model. The most obvious discrepancy is the existence of massive neu-
trinos [15|, which are absent in the original version of the theory, however, they are quite
easy to be introduced, as explained in Sect. 2.2. Another problem is the need to explain
the abundance of electrically neutral matter populating the Universe, as suggested by as-
tronomical observations. This matter, called Dark Matter, cannot be any of the Standard
Model particles, hence new models are needed. There is a plethora of theoretical scenarios,
e.g. WIMPs [16], SIMPs [17], axion-like particles |18|, primordial Black Holes |19]. Finally,
some experimental results are in tension with precise SM calculations. In 2021, the Muon
g-2 experiment at the Fermilab published new results |20] of a measurement of an anomalous
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magnetic moment of a muon, which lead to a 4.20 discrepancy® between the global experi-
mental average and the SM prediction based on data-driven approach |22|. Another source of
anomalies appears in the flavour sector. In the Standard Model, there is an accidental approx-
imate symmetry, lepton flavour universality (LF'U), broken only by the Yukawa interactions.
The consequence of LFU is that electroweak gauge bosons couple to all three generations of
leptons with the same strength. A deviation from this property is an indication of the BSM
Physics, and can be tested by studying semileptonic decays of heavy hadrons, in which quark
flavour is changed, e.g. b — cly; via B — D™y, or b — sll through B — K®)]l. Since
flavour-changing processes of quarks are mediated only by the charged ¥ boson, transitions
between quarks of the same type occur through tree-level diagrams, but between up-type
and down-type quarks only through loop-suppressed diagrams. In the Standard Model, the
dynamics of such processes are predicted with a high level of accuracy, and several anomalies
with 2— 30 significance have been reported (c.f. [23] and references therein) in the recent years
7. Finally, very recently a new measurement of W+ boson mass was published [25], reporting
a 7o discrepancy with the SM prediction.

The Standard Model of Particle Physics is still the main tool physicists use to describe
the subatomic world, however, more and more cracks appear on its surface indicating deep
problems hidden in the depths of the theory. The existence of BSM Physics is obvious, and its
discovery is the biggest challenge the Particle Physics community will face in the upcoming
years.

1.4 Large Hadron Collider and BSM Physics searches

Large Hadron Collider (LHC) at the European Centre for Nuclear Research (CERN) in the
outskirts of Geneva is the biggest and most powerful particle accelerator built so far (see
Fig. 1.4). It is a hadron collider of 27 kilometres length, capable of providing proton-proton,
proton-ion and ion-ion collisions. It first started up on October 2008, and four years later led
to the discovery of the Higgs boson [27,128|, the last missing piece of the Standard Model. In
2022 LHC entered its third data taking period, called Run 3, after a substantial upgrade and
maintaince. Currently, there are four major and five small experiments at the LHC:

e A Toroidal LHC Apparatus (ATLAS) is the largest general-purpose experiment at the
LHC,

o Compact Muon Solenoid (CMS) is the second major general-purpose experiment,

e LHC-beauty (LHCb) is a major experiment designed to study the physics of the bottom
quark,

e A Large Ion Collider Experiment (ALICE) is the fourth major experiment devoted to
Heavy Ion Physics research,

e TOTal Elastic and diffractive cross section Measurement (TOTEM) is a small experi-
ment aiming at measuring total cross section, diffraction processes and elastic scattering,

e LHC-forward (LHCf) detector measures particles produced in the forward region in
order to better understand the origin of the high-energy cosmic rays,

e Monopole and Ezotics Detector At the LHC (MoEDAL) is a small and largely passive
detector designed to search for magnetic monopoles, but in this thesis it is proven it can
be also utilised for searches for long-lived charged BSM particles,

6 At the same time as the new experimental result appeared, the BMW lattice collaboration published SM
predictions for (g — 2),, acquired using lattice calculations, and their result, later confirmed by other lattice
groups |21], corresponded to only 1.50 discrepancy.

"A very recent result by the LHCb [24] suggests that anomalies in B decaying to kaons are not there.
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Table 1.2: Free parameters of the Standard Model of Particle Physics. Values of the parameters
were taken from [26]. Parameter values with very low uncertainty compared to the central value, e.g.
electron mass m,. = 0.51099895000(15)MeV, are presented in the table without the uncertainty for
clarity. The choice of the free parameters is not unique, for example, one can exchange weak mixing
angle and fine structure constant for g; and go coupling constants.

Parameters of the Standard Model

Renormalization

# | Symbol Description scheme Value
(point)

1 Me Electron mass 0.511 MeV
2 my Muon mass 105.7 MeV
3 msr Tau mass 1776.86 £ 0.12 MeV
4 My Up quark mass tgrg = 2 GeV 2.161“8:32 MeV
5 mq Down quark mass tgrs = 2 GeV 4.677015 MeV
6 Mg Strange quark mass pgrg = 2 GeV 93.4f§:2 MeV
7 Me Charm quark mass UFrg = Me 1.27 £ 0.02 GeV
8 mp Bottom quark mass Hfs = Mb 4.18f8:8§’ GeV
9 my Top quark mass direct measurement | 172.69 + 0.30 GeV
10 | sinfp9 CKM 12 mixing angle 0.22500 £ 0.00067
11| sinfos CKM 23 mixing angle 0.04182710-000%
12 | sinfi3 CKM 13 mixing angle 0.00369 £+ 0.00011
13 1) CKM CP violation phase 1.144 £ 0.027
14 a~ ! fine structure constant low energy limit 137.03599
15 | sin® Oy weak mixing angle on — shell 0.22339 4+ 0.00010
16 ag strong coupling constant Hfg = Mz 0.1179 £ 0.0009
171 bgcp QCD vacuum angle <1070
18 v Higgs vev 246.22 GeV
19 mpg Higgs mass 125.25 £ 0.17 GeV

o ForwArd Search EzpeRiment (FASER) is a detector designed to search for new light
and weakly coupled particles,

o Scattering and Neutrino Detector (SND) is an experiment to study collider neutrinos
and Feebly Interacting Dark Matter Particles.

For the research presented in this thesis only ATLAS, CMS and MoEDAL detectors are
relevant and are discussed in detail in Chapter 3. These three experiments have a rich BSM
Physics search programme. As a general purpose detectors, ATLAS and CMS are capable
of searching for various supersymmetric particles : neutralinos [30-39|, charginos [30}31,|34}
36-42|, first two generation squarks [39}|43}44], sbottoms and stops [32}133,36,139,45-52],
gluinos [32,35,39,/43.|44} 52 53| and sleptons [39,41,42.[54L[55].

So far, no supersymmetric particle has been discovered, which brings attention to other,
more exotic models. One such theory is the leptoquark model [45,47,56-59|, predicting the
existence of a coloured particle carrying a lepton number. Another candidate is the Composite
Higgs model [60-62], which treats the Higgs boson as a composite rather than an elementary
particle, similar to QCD pion. There are various searches for models predicting the existence
of a new heavy neutral gauge boson, the so-called Z' models [60,63]. Furthermore, many
simplified models of Dark Matter were also tested at the LHC [45/[59./64{{67].

The above list of searches and references is quite extensive, but it is not complete neither
in terms of the models tested at the LHC, nor when it comes to multiple years of data
taking. Despite all the efforts, there is still no indisputable evidence for a BSM particle
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Figure 1.3: A schematic drawing of the CERN accelerator complex. Protons (ions) are first accel-
erated in the Linac 4 (Linac 3), then go to the Proton Synchrotron Booster, next they are further
accelerated in the Proton Synchrotron and the Super Proton Synchrotron, and finally they are injected
into the LHC ring, where two beams circulate the collider in opposite directions until they reach the
desired energy, then collide in one of the 8 beam intersection points. Image taken from [29].

discovery at the LHC, which calls for a reconsideration of the experimental methods and
research directions. One of the ideas is to search for long-lived BSM particles, predicted by
some New Physics theories. Such models have not been extensively tested so far and might
be realised in Nature, hence they acquired more attention in recent years. In this thesis,
prospects of detecting such particles are investigated, in the light of the Run 3 data-taking
period at the LHC, and its anticipated upgrade to the High Luminosity phase (see Fig. 1.4).
Chapter 2 contains brief explanation of supersymmetry and neutrino mass models, which
are theoretic scenarios relevant for the presented studies on long-lived particles. Chapter 3
describes detectors and experimental searches for the particles considered. Next, the final
results of the PhD are presented and discussed in Chapter 4. The last Chapter 5 contains the
summary and conclusions.

18 Chapter 1



Rafal Maselek

E woyy ueld epeiddn HDHT-TH/OHT F T 2In31

SONIaTing NOILVAVOX3 NOILINI43a
*ONIHIANIONT TAID OHT-TH

SOISAHd ____ “ININOD 8 NOLLYTTVLSNI _ NOILONHLSNOD S3JALOLOYd : AGNLS NOISA

*LNININO3 TVIINHOIL OHT-TH
-G 0007 QAR
03 000¢ USRS [ osv | . 061 | EXa _
apesbdn ‘\_ 1N [RUIWOU %G/

“ 1 QoH1 - 3011V e — ] jeujuwou

jwinT [euiwou X g 1w [euiwou X g

apesbdn H sadid weaq

_.\\\_ SIND - SY11V | aseyd spesbdn swpiadxs
SIND - SV11VY

IWNT [BUIWOU X G/ O} G

uopejjeisul Hwiy| uoneIpel weaq jo)1d Sd-1d "Bu3 pao suobal B E)
. : 1o1du} Jsuul uonoelseul sioeuiljjoo uounq a5 "9 AL L
OHT-TH uonejeisu| NI uwijohio uonepijosuoa soids
uonepijosuo sapoiq
ABious A2l €L

OHT-TH OH1

430IM109 NOHAVH 394dv1

WMIIH

ueid OH1-TH/oH1 €

19

Chapter 1



Chapter 2

Beyond the Standard Model Physics

2.1 Supersymmetry

2.1.1 Introduction

The success of the Standard Model has proven that symmetry is the key to understand-
ing physics at the subatomic level. The natural avenue in developing BSM field theories is
therefore to introduce new symmetries in order to unify the description of previously distinct
aspects of the theory. One of the most promising ideas so far is to propose the existence of a
supersymmetry, which connects bosons and fermion. Supersymmetric theories postulate the
existence of operators Q° transforming bosons to fermions and vice versa:

Q“|Boson) = |Fermion), Q*|Fermion) = |Boson). (2.1)

Operators Q% must be anti-commuting spinors carrying spin angular momentum 1/2, hence
their hermitian conjugates (Qa)Jr are also symmetry operators. One can have multiple su-
persymmetries connecting bosons and fermions, each having its own pair of @), QT operators
labelled with a. However, these theories are not phenomenologically interesting, hence from
now on we will drop a indices and discuss only theory with single pair of @, QT operators,
the so-called N=1 supersymmetry. Properties of supersymmetric operators in an interacting
quantum field theory are severely limited by the Haag-Lopuszanski-Sohnius extension [69] of
the Coleman-Mandula theorem [70]. If we want to build a realistic supersymmetric extension
of the Standard Model, then the symmetry operators form an algebra satisfying the following
set of conditions:

{Qa, QL} = QUgdPu, (2.2)
{Qa. Q) = {@Qk.Ql} =0, (2.3)
[Qa, P¥] = [Q;,P’ﬂ =0, (2.4)

where P* is the momentum operator. Note that from Eq. (2.2) it follows that the Hamiltonian
operator is given by the sum of squares of supersymmetry generators:

=P = (@@} + Q11 + :0} + Q)es). (25)

The supersymmetry algebra has irreducible representations, called supermultiplets, con-
taining single-particle states of the supersymmetric theory. Each supermultiplet consists of
fermionic and bosonic states, which are called superpartners of each other. If two states |o)
and |o’) both belong to the same supermultiplet, then |0’) can be represented as a linear
combination of @ and Q! acting on |o), up to spacetime translations and rotations. The
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mass operator P? commutes with Q, Q, and all spacetime rotation and translation opera-
tors, hence superpartners have the same mass. If supersymmetry was the exact symmetry of
nature, SM particles and their superpartners would be mass degenerate, and we would have
already discovered supersymmetry a long time ago. The lack of such discoveries implies that
supersymmetry, if real, must be broken. The exact mechanism of supersymmetry breaking is
one of the major research problems, and its discussion is beyond the scope of this work.

It can be easily proven (c.f. [10]) that supermultiplets must contain the same number
of bosonic and fermionic degrees of freedom. The simplest possibility is a supermultiplet
containing a single Weyl fermion with two helicity states. In order to balance fermionic
degrees of freedom, such supermultiplet may contain two real scalar fields or a single complex
scalar field. This combination is called a chiral supermultiplet. Another possibility comes from
considering a supermultiplet with a spin-1 vector boson. In order to be renormalizable, the
vector boson must be massless, at least before the associated gauge symmetry is broken. Such
multiplet contains two bosonic degrees of freedom that have to be balanced by a single Weyl
fermion field !. A supermultiplet consisting of a gauge boson and its fermionic superpartner
(gaugino) is called gauge supermultiplet. One of the key observations is that superpartners
differ in spin by 1/2.

Supersymmetry attracted tremendous interest because of its ability to solve the hierarchy
problem. The hierarchy problem is the sensitivity of low-energy physics, e.g. the mass spec-
trum of the SM, to a much higher energy scale of the BSM Physics. In order to understand it,
consider a Yukawa interaction Ly = —Azh ff, between SM Higgs boson h and BSM fermion
f, with coupling Ay. Correction to the self-energy of the Higgs scalar comes from the diagram
in Fig. 2.1, and is given by [71]:

0= [ () () )

B , [ dik 1 2mj
= —2N(f)/\f/ @) |72 —m? + (k2 —m?)Q ’

(2.6)

where k in Eq. (2.6) stands for the momentum of a fermion in the loop, my = )\fv/\/§ is the
mass of the new fermion, N(f) is a multiplicity factor (e.g. N(f) = 3 for quarks). The first
term in Eq. (2.6) is quadratically divergent, hence ﬂ'}{h(O) oc Ady, where Ayy is the energy
scale of a New Physics. At least one physical scale of a BSM Physics is known, the Planck
scale, if we take Ayy ~ Mp; then the correction to the Higgs mass will be many orders of
magnitude greater than the physical SM Higgs mass, my =~ 125 GeV. The reason behind
this problem is the lack of a SM mechanism protecting the mass of an elementary scalar,
unlike fermions, which masses are protected by the chiral symmetry, or photon masslessness
protected to all orders of perturbative expansion by the exact U(1) gauge invariance of QED.
One could simply renormalize the quadratic divergence in Eq. (2.6), but a finite correction
N(f )mff)\?c /8m would persist. This correction is proportional to m%, which is expected to be
of the order of A%V, hence very large.

In supersymmetric theories the hierarchy problem is solved by additional contributions
to mpy. Let us introduce two new complex scalars ¢r, g, coupled to the Higgs field in the
following way:

V2

where v is the vacuum expectation value of the SM Higgs. Feynman diagrams representing
interactions in Eq. (2.7) are depicted in Fig. 2.2. The second term in Eq. (2.7) originates from

L= %W (L1 +16rI%) +vAoh (161 + |orI") + (A’”Awmz% + fw) 27

If one tried to use spin-3/2 field instead, the resulting theory would not be renormalizable.
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Figure 2.2: Contributions to the Higgs self-energy from loops involving new scalar particles. ¢ stands
for either ¢, or ¢g.

the breaking of the SU(2)r, x U(1)y and its coefficients are related to those of the first term.
The coeffcient of the last term in Eq. (2.7) is arbitrary, but conventionally A; is factored out.
If we assume N(¢r) = N(¢R), then the Lagrangian in Eq. (2.7) contributes to the self-energy
in the following way:

d*k
th(()) = —)\¢N(¢)/ (27)4 [k‘2 _1m2 + L2 _1m2 ]

oL PR
d*k
- (A¢v)2N(¢)/ ) [<k2 —1m?¢ 2 - G —;z; )2] (2.8)

d*k 1
+ )‘fA¢‘2N(¢)/ (27r)4 (k‘2 _ m?& )(k2 _ mé )

The first line in Eq. (2.8) contains the quadratically divergent term. Comparison with Eq.
(2.6) leads to the conclusion that quadratic divergences can be avoided if:

N(¢r) = N(or) = N(f),
Ap = =A%,

(2.9)

By resorting to the MS regularisation with the renormalisation scale p, and assuming for

simplicity mg, = mg, one can arrive |71] at:

NN (f) m2 m?
f+oiy 0 f 2 f 2 f
T O=i—F—|-2m% |1 —-—1In— | +4m5In —2+
hh ( ) 16772 f /1«2 f NQ
m2 m2
@

m2
— Ay —2].
7
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From Eq. (2.10) it follows that the correction can be completely cancelled if:

2.11
Ap=0. (2.1)

If one could guarantee the fulfilment of the conditions in Eqs. (2.9) and (2.11), then
there would be a theoretically consistent and elegant mechanism for solving the hierarchy
problem. This is precisely what supersymmetry does, and it will be elaborated in Sec. 2.1.2.
Before moving on, it is interesting to consider a small relaxation of requirements for vanishing
corrections to the Higgs self-energy, i.e. let us take mi = mff + 42, with §,|Ay| < my, so
that ln(mé//f) R~ ln(mi//f) + (52/m30. One can show [71] that the correction in Eq. (2.10)
becomes:

2 2
T (0) ~ —iw 46% + (26% + |Ay]?) m’:g +0 (6%, A%67). (2.12)
From Eq. (2.12) we see that even if m; is very large, the quantum correction will remain
moderate, as long as the mass splitting parameter ¢ and trilinear coupling Ay are small
compared to the New Physics scale.

The reason why supersymmetry allows us to solve the hierarchy problem might be also
understood by studying the chiral symmetry in the SM. Chiral symmetry allows to rotate
phases of the left (¢1) and right-handed (¢'g) fermion fields independently:

Y1, — €L, b — bp, (2.13)
YR — eORpp, Y1 — U, (2.14)
(2.15)

where 07, and fr are independent parameters corresponding to the chiral symmetry group
U(1)r, xU(1)g. In the case of N flavours, the appropriate symmetry group is U(N ) xU(N)g.
As can be seen from Eq. (1.39), chiral symmetry is broken by the mass term for electrons,
and similarly for other SM fermions. The mass of the electron (or other SM fermion) is a
technically natural parameter in the sense of t’Hooft, i.e. when m, — 0 then the chiral
symmetry is restored. This protects the mass of the SM fermions, i.e. the radiative correction
is at most logarithmically divergent. On the other hand, there is no such mechanism for SM
scalars, which results in the hierarchy problem for the Higgs boson. However, supersymmetry
imposed my = my for fermion f and scalar s belonging to the same supermultiplet. In this
way, the mass of scalars in supersymmetric extensions of the SM is protected via “inherited”
chiral symmetry.

However, as already mentioned before, supersymmetry has to be broken. If we allow for
soft supersymmetry breaking through a parameter M with a positive mass dimension, then
the quantum correction to the scalar mass squared, mgﬁ, has to be proportional to M? to
ensure that the correction vanishes for M — 0. But this implies that the correction cannot
be proportional to a positive power of the UV cutoff A, because of the dimensional analysis.
Therefore, the scalar mass is protected up to M, despite the soft supersymmetry breaking.
This result holds for all orders of the perturbation theory.

2.1.2 Mathematical description

In this section, we will provide a very brief overview of the mathematical structure of N =1
supersymmetric theories. A more detailed and comprehensive introduction can be found in
one of the available textbooks, e.g. [9-11].

Supersymmetric theories can be conveniently studied in terms of superfields and super-
algebras. However, introducing this new formalism is not necessary to understand the phe-
nomenological consequences of the MSSM (described in Sec. 2.1.3), and it is beyond the scope

Chapter 2 23



Prospects for detecting long-lived particles at the Large Hadron Collider

of this thesis. Therefore we will use standard QFT description to familiarise the reader with
the theory.

The simplest SUSY theory, called free Wess-Zumino model 72|, is constructed out of non-
interacting chiral supermultiplets. Each chiral supermultiplet contains a complex scalar field
¢; and two- component Weyl spinor ;. The Lagrangian density describing free chiral field
propagation is given by:

Lhee | = 9,0:0"0" +ihTa" o, + FTFY, (2.16)
with the off-shell SUSY transformation of the form:
5p; = ey, oy = elyply, (2.17)
6o = =i (o"e!) 0.0+ a5, S0 = i 0" us™ + el P, (2.18)
SF; = —€'51d,0;, SF* = id,apt gte, (2.19)

where €% is a constant, infinitesimal, anticommuting two-component Weyl object parametris-
ing SUSY transformation. F'is a the auziliary field of mass dimension 2. This is not a physical
field, but rather a mathematical trick allowing us to write Lagrangian density that is invari-
ant under off-shell SUSY transformation. Otherwise, invariance of the free chiral lagrangian
under the SUSY transformation would hold only after applying the equation of motion for ¢;
and ; fields.

The most general set of renormalizable interactions for ¢;, ¥;, F; fields is of the form:
1. .
Lint = _§WJ’wj¢k + WIF; + h.c. (2.20)

with W7* (W7) being a linear (quadratic) function of scalar fields and their conjugates.
By adding Eq. (2.20) to Eq. (2.16), working out equations of motion for auxiliary fields
and integrating them out?, one arrives at:

Lara = Quid" 6™ + il 0ps — 5 (Wihpw; + Wiyl ) —wiwz. (2.21)

It is possible and convenient to relate W7* and W7:
ow

Wi = S (2.22)
8w

i = . 2.23

0¢i00; (2.23)

W is called superpotential, and it is a holomorphic function of scalar fields ¢; treated as
complex variables. It can be shown that for a theory like MSSM?3, superpotential has the
form:

1 .. 1 ..
W = SMYig; + oy bidri b (2.24)

MU in Eq.(2.24) is a symmetric mass matrix for the fermion fields, while y*“* is a Yukawa
coupling of two fermions v;1; and a scalar ¢, which has to be totally symmetric under the
change of any pair of indices. If we plug in Eq. (2.24) to Eq. (2.21), we obtain the Lagrangian
density for the interacting Wess-Zumino model:

Lehiral = 0" 0,u¢pi + iy 150,105+
— oMY — S MEUIGT —V (6,67) + (2.25)

1 .. 1 .
- §ywk¢z’¢j¢k - §y;‘kjk¢*l¢w¢m

20One has to remember to update transformation properties of the spinor field in Eq. (2.18), by plugging
in the solution of EOM for the auxiliary fields.
3In general, it is also possible to include a term that is linear in scalar fields: W O Lig;.

24 Chapter 2



Rafal Maselek

The scalar potential V (¢, ¢*) in Eq. (2.25) is given by:
V(9,0") = WIWj = F;F = Mj.MY "¢+
oM"Y did 7§ A MG ik + Ly Y bi 80

There are three important features of the interacting Wess-Zumino model worth pointing out:

(2.26)

1. Interactions between components of chiral multiplets are given by superpotential, which
is just a holomorphic function of scalar fields.

2. Scalar potential is quadratic in F', hence it satisfies V' (¢;, ¢F) > 0.

3. By looking at the linearised equations of motion arising from Eq. (2.21), one can find
that scalar and fermionic counterparts of the chiral supermultiplet have the same mass.
Therefore, supersymmetry must be broken, otherwise we would have already discovered
it.

Gauge supermultiplets contain gauge boson fields A}, and fermionic superpartners Ag

(gauginos), where the index a runs over the adjoint representation of the gauge group (e.g.
a=1,2,..8 for SU(3)¢c). The Lagrangian density for a free gauge supermultiplet is given by:

1 1
‘cngﬁge = 71F51/F“Va + ,L')\Taa_,u,D'u)\a + iDaDa, (227)
with the field strength tensor given by:
Fp, = 0,AL — 0,A5 — gf*™ A} AT, (2.28)
and covariant derivative:
Dy = 0\ — gf* AL, (2.29)

The field D? is the auxiliary boson field with mass dimension 2. Supersymmetry trans-
formation laws are given by:

a 1 — a a —

6A/,L = —E GTO'M)\ -+ )\Jr O-ME] 5 (230)
a Z —V a 1 a

6)\04 = —27\/5 (O'H’O' 6)04 FMV + EGQD 5 (231)

ta_ 0 tou L
0Ny = ﬁ(e 7’0" )k, + \ﬁeaDa’ (2:32)
)

5D = % efah D, A — D AeGHe| . (2.33)

In a full theory we have both chiral and gauge supermultiplets, and interactions between
them. The naive way of constructing such a theory is to simply promote ordinary derivatives
in Egs. (2.25), (2.18) and (2.19) to covariant derivatives:

D“¢j = ,u¢j + igAZTa¢j, (234)
D™ = 9,0 — ig LT ¢, (2.35)
Dyp; = Ot + ig AST Yy, (2.36)

with T being generators of the relevant gauge group and g the corresponding coupling con-
stant. However, in a theory with chiral and gauge supermultiplets, there are three additional
renormalizable interactions that can be written:

(" T*p)A",  MopIT¢),  (¢*T"¢)D" (2.37)
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in fact all three terms with appropriate coefficients related to gauge coupling constants are
necessary for SUSY invariance. The complete Lagrangian of a general SUSY gauge theory is:

L= £gauge + Echiral - \/§g (Qb*TaQ;Z)))‘a + ATG(¢TTG¢)] + g(¢*Ta¢)Da7 (238)

where Lgauge is given by Eq. (2.27) while Lcpiral is the Lagrangian density in Eq. (2.25), but
with all ordinary derivatives promoted to covariant derivatives. Transformation properties of
chiral fields are generalisations of Eqs. (2.17), (2.18) and (2.19) *:

0p; = €yy, (2.39)
0Yja = _i(U%T)aDu‘bj + e F, (2.40)
SF; = —etah Db +V2g(T%¢) jef Ao (2.41)

Scalar potential of the theory has two terms, F-term and D-term:

o1 1
V(9,¢") = FYF; + 5 D"D" = WiW/ + o g? (¢*T¢)? > 0. (2.42)

The supersymmetric vacuum state, |0), is defined as Q12|0) = 0. From Eq. (2.5) it follows
that for unbroken supersymmetry H|0) = 0. If space-time effects and fermion condensates
can be neglected, then we have (0| H|0) = (0[V]|0), where V is given by Eq. (2.42). Therefore,
the vanishing of all D® and Fj is equivalent to supersymmetry conservation in the vacuum
state. However, we know that for the vacuum state we live in, the supersymmetry is broken®,
hence it should be (0|V|0) > 0 for symmetry to be spontaneously broken in the ground state.
Supersymmetry breaking is a vast topic and detailed discussion is beyond the scope of this
thesis, therefore curious readers can refer to the specialistic literature, e.q. [9-11].

2.1.3 Minimal Supersymmetric Standard Model

Minimal Supersymmetric Standard Model (MSSM) is the simplest extension of the Standard
Model incorporating N = 1 global supersymmetry. One could think that in order to build
a supersymmetric extension of the Standard Model, SM particles can be groupped together
into supermultiplets, e.g. neutrino and Higgs boson. It is known that this approach does
not work, and all superpartners of the SM fields are completely new BSM particles. SM
fermions, both quarks and leptons, are put into chiral supermultiplets, so they have scalar
superpartners. Names of these superpartners are created by appending a prefix "s-" to names
of SM fermions, e.g. electron — selectron, top quark — stop. Names like left-handed smuon
are used, but one has to remember that “left-handed” corresponds to the property of the SM
superpartner, scalar particles do not have “handedness”. SM gauge bosons are put into gauge
supermultiplets together with their fermionic superpartners. Names of these superpartners are
created by adding a suffix -ino, e.g. gluon — gluino. After electroweak symmetry breaking,
winos and binos mix, and the mass eigenstates are called zino and photino. The situation
is little more complicated for the Higgs boson. Obviously, it has to be a part of a chiral
supermultiplet, but one can prove that a single Higgs supermultiplet is not enough. There
have to be two Higgs supermultiplets in order to avoid gauge anomaly in the electroweak
gauge symmetry. Another reason is that the structure of supersymmetric theory requires the
presence of two Higgs supermultiplets in order to give mass to all quarks. One supermultiplet,
labelled H,,, has Yukawa interactions with up-type quarks (u, ¢, t), while the other, named Hy,

4In this section we are using the so-called Wess-Zumino gauge.

5 Another possibility is that our vacuum state is a metastable supersymmetry- breaking state and the true
ground state preserves supersymmetry. The requirement is that the lifetime of the metastable state is of the
order of the age of the Universe or greater.
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couples to down-type quarks (d, ¢,b). The spin-zero components of the Higgs supermultiplets
are (H,, HY) for H,, and (HY,H]) for Hy. The physical boson with m ~ 125 GeV is a
linear combination of HY and Hg. Spin-1/2 components of Higgs supermultiplets are called
higgsinos.

The general convention is to label supersymmetric partners of SM particles using the
same symbols, but appended with a tilde on top, e.g. eg — €r. Chiral supermultiplets of the
MSSM are listed in Tab. 2.1 while gauge supermultiplets are in Tab. 2.2.

In Tab. 2.1 we follow the same naming scheme for the SM fields as in Tab. 1.1. We
apply the usual [9,/10] convention that all chiral supermultiplets are defined in terms of the
left-handed Weyl spinors only, hence conjugates of the right-handed quarks and leptons (and
their superpartners) appear in Tab. 2.1. The index j in Tab. 2.1 labels generations, e.g.
uw} = (ur,cr,tr). L and R in the names of scalars, i.e. €}, inform us about the chirality of
their SM superpartners. Symbols provided in the first column of Tab. 2.1 represent the whole
supermultiplet, i.e. @ stands for a SU(2)r-doublet chiral supermultiplet containing r,,ur,
(T3 = 1/2) and dy,,dy, (T3 = —1/2). A bar over a symbol, i.e. @, is a part of the name of the
supermultiplet and does not correspond to any sort of conjugation.

Table 2.1: Chiral supermultiplets in the MSSM. The spin-0 fields are complex scalars, and the spin-
1/2 fields are left-handed two-component Weyl fermions. We use the same notation for SM fields as
in Tab. 1.1, i.e. we define both left- and right-handed spinors and label them with subscripts L and

R, respectively. Barred symbols without a subscript for up quark (@), down quark (d), and fermions
(é), represent right-handed supermultiplets. Index j labels generations of matter, i.e. j = 1,2, 3.

Names spin 0 spin 1/2 | SU(3)c,SU(2)L,, U(1)y
Qi Q= (fLJL CZJL> <UJL djL> (3,2,%)
squarks, quarks {f] %* ug (3117 _1% )
@’ dp dpy (3.1,3)
il =57 & JoJ 1
sleptons, leptons L' L= (V eL) <VL ‘eL> (1,2,-3)
a R x (1,1,1)
+ 0 7+ 770 1
Higgs, higgsinos 10 | (. i) | (A Hy (1,2, +3)
Hqy | (Hy Hy) | (Hg Hy (1,2, —3)

Table 2.2: Gauge supermultiplets in the MSSM.

Names | spin 1/2 | spin1 | SU(3)c,SU(2)L, U(1)y
gluino, gluon g g (8,1,0)
wino, W bosons | W% WO | w£ wo (1,3,0)
bino, B boson B0 B (1,1,0)

The superpotential of the MSSM is%:
Wassm = 4YwQH, — dYqQHy — eYeLHy + pH, Hy, (2.43)

where all contracted indices are omitted and summation over the three generations of mat-
ter is assumed. There are four additional renormalizable terms that can be appended to

5Tt is now known that neutrinos have masses, so SM and consequently MSSM should be amended to
include couplings between neutrinos and Higgs. However, the exact origin of neutrino masses is still unknown,
hence we do not consider such terms.
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superpotential in Eq. (2.43):
1 .. g - .
WaL=1 = iAljkLiLjék + NELiQdy, + p LiHy, (2.44)
1 ik - -
Wap_1 = §X’”"faidjdk, (2.45)

where A% and X% are antisymmetric under the exchange of family indices i and j. Terms
in Eq. (2.44) violate lepton number, while the term in Eq. (2.45) violates baryon number.
Simultaneous violation of both lepton and baryon numbers would result in a rapid proton
decay, e.g. p — et 7? depicted in Fig. 2.3, which is clearly in contradiction to the observed
reality. In order to forbid these terms, a new symmetry is imposed, called R-parity. It is
defined for each particle as:

Pr = (—1)3B-L)+2s (2.46)

where B, L and s are the baryon number, lepton number and spin of the particle, respectively.
All SM particles and Higgs bosons are R-parity even (Pr = 1), while squarks, sleptons
gauginos and higgsinos are R-parity odd (Pr = —1). MSSM is defined to conserve R-parity,
which has important phenomenological consequences:

1. The lightest supersymmetric particle (LSP) with Pr = —1 must be absolutely stable.
If it is neutral, then it constitutes a natural candidate for Dark Matter.

2. Each particle different from the LSP must eventually decay to a state containing an odd
number of LSPs.

3. In collider experiments SUSY particles are produced in pairs.

4
~k
d §h
+ I/*____
p<u 112
[ U

Figure 2.3: Proton decay via an RPV-violating process described by operators in Eqgs. (2.44) and
(2.45). In this process, proton decays to neutral pion 7° and positron e™, violating both lepton and
baryon number conservation.

As was already mentioned, Supersymmetry has to be broken, because we have not observed
any sparticles yet. In order to maintain small corrections to the Higgs boson mass, it should
be broken softly through the following terms:

1 — ~~
LM = — 2 (M35 + MaWW + MyBB) + hec.
— (’aRAuQHu — d}}AdQHd — é*RAeEHd> + h.c. (247)
— Q*mé@ —L'm? L — ahymZag — Jﬁgmgdfz — epmZép
— miy, HiHy — mi; HjHg — (bHyHy + h.c.)

where all the fields in the 2nd, 3rd and 4th line of Eq. (2.47) are scalars. In Eq. (2.47), M,
Ms and Mj are soft SUSY breaking mass terms of bino, wino and gluino, respectively. The
second line of the equation contains trilinear scalar couplings, each of which is a complex 3 x 3
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matrix. The third line of Eq. (2.47) contains mass terms for fermions. Finally, the last line of
the equation contains soft SUSY-breaking contributions to the Higgs potential. It is expected
that all soft supersymmetry breaking parameters should be related to the same energy scale
Msoft -

In the case of gluino, it is a colour octet fermion that cannot mix with anything, hence its
physical mass is given by the soft SUSY breaking mass |Mjs|. For sleptons and squarks situa-
tion is much more complicated, in principle one has to diagonalise 6 x 6 matrix. However, the
discussion can be simplified if one considers only the third generation and neglects the mixing
between various families. Nevertheless, even in this simplified case, there are contributions to
tr, and tp that cannot be neglected. The mass terms for stops are:

5 = t
Lo == (B ) (). (245
with the mass matrix given by:
mZ — ( (m@)ss +mi +0u  v[(Au)szss — Mytcza]) (2.49)
¢ v[(Au)sssp — pyecs]  (m3)ss +mi + da

with
5 = (T} — Qysiy) Mz cos2p3 (2.50)
sw being sine if the weak mixing angle, and

(%0

HOy = Vv 2.51
(H,) 7 (2.51)
Vg
H , 2.52
(HY) = NG (2.52)
sg=sinfi = 2;—“, (2.53)
cg=cosff = E, (2.54)
v
v? =02 + 02 ~ (246 GeV)?. (2.55)

The mixing matrix in Eq. (2.49) can be diagonalised to give mass eigenstates ¢; and fo,
with mtg1 < mtg2 by convention. Similarly, for sbottom and stau there are l~71, l~)2, 71 and Ty
mass eigenstates.

Charged winos and higgsinos can mix to form mass eigenstates named charginos. In the
basis T = (WHHIW— H), the mass terms of charginos are:

1
'Cchargino = *§¢TM61/J + h.c. (2,56)
with the mass matrix
0 0 M, V2es My
0 0 V285 My 1
Mg = 2.
C M2 \/§SBMW 0 0 ( 57)
V2es My % 0 0

The mass matrix in Eq. (2.57) can be diagonalised, resulting in two mass eigenstates with
masses:

(IMaf? + |f? + 2043%) F \/ (1Maf2 + ]2 + 2M2,)* — 4luMy — M3, sin 28]
(2.58)

1
0102 9
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If we assume ||u| £ My| > My, charginos become approximately wino and higgsino with
masses | M| and |u|, respectively.

Neutral higgsinos and gauginos can mix in a similar manner to charginos, but in this case,
there are four contributing fields: 1% = (E, wo, f]g, H?). The mass terms for neutralinos are:

1
‘Cneutralino = _i(wo)TMl’(I"(/JO + h.c. (259)

with the 4 x 4 matrix Mg given by:

My 0 —cgswMyz  sgswMy
o 0 MQ CﬁCWMZ _S,BCWMZ
MN - _CBSWMZ CgCWMZ 0 — K (260)
sgswMy  —sgew My — 0

The matrix in Eq. (2.60) can be diagonalised, resulting in four neutralino mass eigenstates.
If My < |p+ M|, |p+ Ms| then neutralinos are approximately B, wo, (HY + HY)//2 with
masses: | M|, |Mal, ||, ||, respectively. If the lightest neutralino is the LSP, it can be a valid
Dark Matter candidate.

MSSM is the simplest extension of the Standard Model, but other more complicated
scenarios are also being studied. A natural extension of the MSSM is to allow for the R-
parity violation by one or more of the terms in Eqs. (2.44) and (2.45). Such scenarios are
called R-parity violating (RPV) SUSY |73|, and have to be carefully constructed in order
to evade experimental constraints on lepton/baryon number violating processes. Another
possibility is to consider local supersymmetry, called supergravity |11], in which an attempt
to unify supersymmetry with gravity is made. In supergravity theories, the LSP is often
gravitino — a spin-3/2 superpartner of the graviton.

2.1.4 Long-lived sparticles

Supersymmetric scenarios can predict the existence of particles with long lifetimes. One reason
is the existence of additional symmetries, e.g. R-parity in the MSSM causes the LSP to be
absolutely stable. Long-lived particles might also emerge due to phase-space suppression or
compressed mass spectrum.

Sleptons [ might be long-lived as next-to-the-lightest SUSY particles (NLSP) decaying
to gravitino (G) or a neutralino 1) LSP. In gauge-mediated SUSY breaking (GMBS) models,
decays of the [ NLPS to gravitino might be suppressed by the “weak” gravitational interac-
tion |74], resulting in partial compatibility with constraints on the Dark Matter abundance
in super-weakly interacting massive particle models [75]. In other scenarios, e.g. the co-
annihilation region in the MSSM, the lighter stau 7; is a natural candidate for NLSP [76-78].
If the mass splitting between 71 and X! is less than the mass of a tau, then 7 will be long-lived.

Gluino cannot be directly detected, because it rapidly hadronises into colour-neutral
hadrons, called R-hadrons. Such states appear for example in Split SUSY [79,[80] due to
extremely heavy squarks, which significantly suppress decays of § to ¢ and quarks |79} 81].
The colour charge of gluino may be neutralised either by a gluon, leading to the formation of
a neutral hadron, or by a colour-octet quark pair.

Squarks might also form charged or neutral R-hadrons, for example in R-parity violating
SUSY [73] and Gravitino Dark Matter model [82].

Charginos, being a mixture of Wino W and Higgsino h, could be long-lived as LSPs in
RPV models with small RPV couplings [83] or as NLSPs in scenarios with gravitino LSP [84].
Long lifetime might also result from small mass splitting between chargino and neutralino
LSP xY, e.g. in the focus-point region of the mSUGRA parameter space [85] or in anomaly-
mediated supersymmetry breaking (AMSB) scenarios [86,87].
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Neutralinos in the MSSM are usually LSP, hence absolutely stable due to the R-parity
conservation. Such particles constitute a natural candidate for the Dark Matter [88]. Other
scenarios are also possible, e.g. RPV models with x¥{ LSP and small RPV couplings |89

2.2 Neutrino mass models

The first indication that neutrinos are massive appeared in the 1960s when the Homestake
experiment measured the flux of the solar (electron) neutrinos and reported a number which
was much lower than nuclear theory predictions [90]. The discrepancy, called solar neutrino
problem, led to thorough reconsideration of solar models and experimental methods. Even-
tually, it was understood that the result was correct and the discrepancy appeared because
neutrinos were more complex than it had been anticipated. The reason behind the flux of elec-
tron neutrinos from the Sun being smaller than expected was that at least two neutrinos were
massive and their mass matrix was not diagonal in the flavour eigenbasis. Neutrinos produced
in the Sun and detected on Earth were pure flavour states, but a mixture of different mass
eigenstates propagating with different velocities. In recent years, neutrino physics became a
large and active field of research. In this section two most popular theoretical mechanisms
leading to the origin of tiny neutrino masses are presented: seesaw and radiative models.

2.2.1 Seesaw

When the Standard Model was proposed, neutrinos were assumed to be left-handed and
massless. Now we know that they are massive, hence it is natural to consider right-handed
neutrinos vg. If they exist, their masses can be generated after the spontaneous electroweak
symmetry breaking from interactions of the form Y}” LY (ico H *)vg. Since L and H doublets
have the same weak and hypercharge quantum numbers, the right-handed neutrino vz must
be uncharged under both forces. Such particles are called sterile neutrinos.

The most general renormalizable mass terms for leptons are:

Lonass = —Yij-LiTHeg% — EZL“(@'@H*)I/% - %Mijy;r%agy};j + h.c, (2.61)

The second term in (2.61) corresponds to the ordinary Dirac mass, similarly to charged lepton
masses. The last term in Eq. (2.61) describes the Majorana mass term for neutrinos. If
right-handed neutrinos carry any conserved quantum numbers, e.g. lepton number, then the
Majorana mass term is forbidden. One of the important consequences of the Majorana mass
term is the explicit violation of the lepton number.

In order to investigate the masses of neutrinos, let us construct two Majorana fermions out
of left- (v1) and right-handed (vg) neutrino fields:

L = ( VL ) (2.62)

102V
o9V
YR = ( R) : (2.63)
VR
which allows us to write neutrino mass terms in a concise form:

Linass = —MpYrir — %@R”tﬁR = —% (YL ¥r) ( ¥ nﬁ) (wL) ; (2.64)

mp YR

where mp = vY?/4/2 is the Dirac mass, and M is the Majorana mass from Eq. (2.61).
Diagonalisation of the mass matrix in Eq. (2.64) will mix ¢, and ©g, and yield two mass
eigenstates, which we label v; and v5. The corresponding masses are:

/ 1 1
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If the Majorana mass M is much bigger than the Dirac mass mp, then one of the neutrino
mass eigenstates is very heavy, while the other is very light:

1 m? 1 m? (vY")
~-M(1+2-L2)-—-mMm="2L — 9.
mq 5 ( + 2) 5 W < mp /2 ) (2.66)
leM 1+2—% +1M—M+—m2DNM (2.67)
9 2 D) 2 = ~ . .

This mechanism is called seesaw, and provides a theoretically aesthetic explanation of
small masses of the observed neutrinos.

Neutrino masses might be studied in general using an effective dimension-5 operator, called
Weinberg operator |91], which violates the lepton number conservation:

2

Ly = %(LH)(LH) EWSB, £ 5 —i vl ow, (2.68)
where A is the UV cutoff scale, H and L are, respectively, SM Higgs doublet and left-handed
lepton doublet. After electroweak symmetry is spontaneously broken, the Weinberg operator
in Eq. (2.68) generates Majorana mass term for left-handed neutrinos. A crucial aspect of
the operator is that it permits only a restricted number of UV completions. If we consider a
minimal extension of the Standard Model with only one additional multiplet, then there are
only three possibilities [92] allowing to obtain the Weinberg operator at the tree level: type I,
type I, type III seesaw models.

Minimal type I seesaw [93H98] is a model in which SM is augmented with a right-handed
neutrino vg, transforming as a singlet (1, 1,0) under the SM gauge group. This right-handed
neutrino has a Majorana mass term and interacts with a single generation of SM leptons
through Yukawa interaction. If Yukawa coupling is of the order of 1, Majorana mass has to
be of the order of ~ 10 GeV to provide mass for the SM neutrinos of order 0.1 eV.

Minimal type II seesaw [99-103| is a model, in which an additional Higgs field A with
mass M is introduced in a triplet representation of SU(2)r. The field transforms as (1,3, 1)
under the SM gauge group. Light neutrino masses originate from Majorana mass terms for
the left-handed neutrino fields, and are given by m,, =~ Ywva, with va being the vacuum
expectation value of the neutral component of the Higgs triplet, and Y being a Yukawa
coupling. After electroweak symmetry is spontaneously broken, SM Higgs doublet mixes with
the new triplet via a dimensionful parameter u, leading to a relation between the mass of

2
the neutrino and Higgs triplet: m,,, ~ Y%. An important aspect of type II seesaw models

is that they do not require right-handed neutrinos. Another, phenomenologically interesting
property is the existence of doubly charged constituents of the Higgs triplet.

Minimal type III seesaw [104] is similar to type I and type II models. In this scenario
a new fermionic triplet in adjoint representation is introduced, which transforms as (1, 3,0)
under the SU(3)c x SU(2), x U(1) gauge group. The neutrino mass matrix has the same
form as in type I but features charged heavy leptons. The new physics scale from Eq. (2.68)
is replaced by the mass of new leptons.

While there are three basic types of seesaw scenarios, the mechanism giving mass to SM
neutrinos might be more complicated, hence a multiplicity of models were introduced, e.g.
Inverse |105-108] and Linear [109}/110] seesaw models of type I and III, and hybrid models
combining two or more seesaw mechanisms. Discussion of seesaw models in this thesis is
limited to the necessary basics, curious readers are encouraged to see one of the many reviews
on the topic, e.g. Deppisch et al. [111] and Cai et al. [112].

The non-zero masses of the SM neutrinos result in severe phenomenological consequences,
regardless of the exact mechanism leading to their emergence. In the flavour basis, neutrino
couplings to the W boson are diagonal, but masses are not:
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Low = =5 (el Wrre + py Wy + )W+ he.). (2.69)

Neutrino mass eigenstates v, Vs, Vg are related to flavour eigenstates by a unitary trans-
formation:

_ 92 i (4 A
Low = \/§U <€LiWVLJ + h.c.) , (2.70)

where v, = Uiy + UT?vre + U3vp3, and analogously for other flavours. Unitary matrix
U is called Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matriz. It can be written as:

€12€13 512€13 s13e”% 1 N
U= | —s12c23 — C12803813€"  c12¢23 — S12823813€%  Sa3¢13 e 2
512523 — 6120238136i5 —C12523 — 5126238136i6 C23C13 ei%
(2.71)

In Eq. (2.71) a similar parametrisation as in the Eq. (1.74) is used, but the angles are different
from the CKM mixing angles. The phase ¢ is called the Dirac phase. If neutrinos are Dirac
fermions, this is the only non-zero phase. If there are Majorana mass terms contributing to
neutrino masses then there are two additional phases a2 and as;.

Neutrino oscillation is a phenomenon in which neutrino changes its flavour over time. One
can consider an experiment on the Earth designed to detect electron neutrinos emitted from
the Sun. Pure electron neutrinos are produced, which are linear combinations of the mass
eigenstates. Each eigenstate travels with a different speed, leading to an effective rotation
in the flavour basis, hence the number of electron neutrinos detected on the Earth will not
match the number of neutrinos produced in the Sun.

The hierarchy of the neutrino masses is currently unknown, we only know that at least
two out of three mass eigenvalues are non-zero. Situation when mg > mo > m; is called the
normal hierarchy, while mo > mq > mg is the inverted hierarchy.

2.2.2 Radiative mass generation

The Weinberg operator in Eq. (2.68) is the lowest order and the simplest way to achieve small
neutrino masses using only SM particles and gauge interactions. However, if one considers its
realisations beyond the tree level, neutrino Majorana masses might be generated radiatively,
with loop suppression factors explaining their smallness. Radiative neutrino mass generation
models require the absence of the tree-level contributions to the neutrino mass, which can be
achieved either by the absence of the necessary particles, e.g. right-handed neutrino singlet,
or by additional symmetries imposed on the theory. The one-loop radiative neutrino mass
generation models were introduced by Zee |113] and Hall and Suzuki |114]. Two-loop versions
were developed by Cheng and Li [101], Zee [115], and Babu [116]|, while three-loop models
were proposed by Krauss et al. [117]. In this thesis, we will consider and describe a recent
one-loop model introduced by Hirsch et al. [118]. In the model, the SM is augmented with two
additional scalar fields, S7 and Sz, which are singlet and triplet under SU(2), respectively.
In addition, three pairs of vector-like spin-1/2 fermions are introduced, (F;F;)(i = 1,2,3), in
SU(2)L doublet representations. All new fields and their quantum numbers are listed in Tab.
2.3.
The Lagrangian density of the new fields has the following form:

Lpsm = LKIN — [(hee)ij(e%)C(e%)CSI + (hF)ijLiFjSI -+ (hﬁv)ijLiFjS;g + h.C.] +
+ )\2|H‘2|Sl|2 + >\3a|H|2|53‘2 + >\3b|H53‘2—|—

(2.72)
— [AsHHS S+ he | +

+ Ml S1|Y + X6l TSI 4 Aep|S35358SE| + Ar| Sy (21952,
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Table 2.3: New fields and their quantum numbers introduced in the one-loop radiative neutrino mass
generation model from [118]. The lepton number conservation is broken in the model, hence the lepton
number assignment in this table should be understood as valid in the limit A5 — 0.

S1 | Ss | Fi| Fi
Spin 0 0 % %
SU(3)c 11 ]1]1
SU(2)L, 1 2 | 2
U(l)y 21315 |-3
Lepton number | -2 | -4 | -3 | 3
where Dirac mass terms for the new fields were included in Lk, and (e%)¢ = (e%)? o9 stands

for the charge conjugated right-handed SM charged lepton of generation 4.

The term proportional to A5 breaks the lepton number conservation, therefore in the limit
A5 — 0, BSM fields have definite lepton number assignments, as listed in Tab. 2.3. Note that
in all new operators BSM fields appear an even number of times, except for the term with the
hee coupling. One can therefore introduce BSM parity and assign odd (even) charges to BSM
(SM) fields. In the limit hee — 0, the parity is exact symmetry and the lightest BSM particle
is absolutely stable, therefore h.. controls the decay lifetime of the lightest BSM particle.
hee = 0 is ruled out by the cosmology, since it would lead to a charged stable relic.

A non-zero value of A5 results in a violation of the lepton number, hence one can take
A5 to be small and the theory will be technically natural in the sense of t’Hooft. Similarly,
the absence of (hr);; or (hf)i; leads to the conservation of the lepton number, and if both
couplings are simultaneously zero, then BSM fermion number symmetry, i.e. F; — ' F;, F; —
e~ F;, is restored. Therefore, a model in which both (hg);; and (hj);; are small is technically
natural and radiatively stable.

In the discussed model, neutrino masses emerge radiatively from the one-loop diagram
shown in Fig. 2.4. The Weinberg operator takes the form:

AsNe

3902 A2 [h}T?thF + hJT:thp] i L LiH, (2.73)

where N¢ is the number of colours of particles in the loop (N¢ = 1 for now, but later a
coloured version of the model will be discussed) and A is the mass scale of BSM fields. If we
assume that all heavy masses are of the same order of magnitude, and that hr and hjz are
diagonal, one can roughly estimate neutrino masses by:

X5 \ [(hehp\ (1 TeV
my, ~ 0.05 - N¢ - (106> (104> < N )eV. (2.74)

New BSM fields have large SU(2), and U(1)y charges, resulting in mass eigenstates with
high electric charges, e.g. scalar triplet consists of doubly S*2, triply ST and quadruply S4
charged particles. Doubly charged scalar singlet S7 mixes with the doubly charged component
of the triplet, leading to the following mass matrix:

2 1y .2 1y 2
mg, — 52V 3 A5V ) o 75
( Aev? mE = e, 279)

where v denotes the SM Higgs vacuum expectation value. Interestingly, if
mg, K mg,, Mg, (2.76)

then multicharged triplet states might be long-lived. From now on, such hierarchy of masses
will be assumed. Moreover, it will be also assumed that \;v? < m%3, for i = 2, (3a), (3b), 5,
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Figure 2.4: Neutrino mass generation diagram for a model from [118|.

resulting in members of the scalar triplet being nearly mass degenerate. For mg, < mg,,
the lighter S*2 and the heavier Sf 2 doubly charged mass eigenstates are approximately pure
singlet and pure triplet, respectively:

1
2 2 Ay 2
msi,g ~ msl 2)\21) 5 (277)
1
The mass degeneracy of the triplet components is lifted after the electroweak symmetry

breaking, resulting in:

1 1

m%+3 = mgg —3 (/\3a + 2)\35> v, (2.79)
1

m%ia =m¥, — 5 (sa + Aap) V2. (2.80)

When the assumption in Eq. (2.76) holds, triplet mass eigenstates S*4, 573 S2% are
lighter than any other BSM particles. However, their decays to SM particles are phase-
space suppressed, because of their large electric charge and the necessity to produce a high
multiplicity of SM particles in the final state.

The radiative neutrino mass generation model considered in this section can be easily
modified to obtain a coloured version. The first step is to promote the BSM fields to colour
(anti-)triplets. Next, the interaction leading to breaking of the BSM parity and decay of the
S1 to SM particles has to be modified accordingly:

(hee)ij(€R)C (€R)C ST = (hea)ij (dia)C (eR) 8], (2.81)

where we have introduced a notation in which coloyred versions of the BSM fields are indicated
with a tilde on top. The Eq. (2.81) implies that S; and S; must differ in the hypercharge by
—2/3. Moreover, by assuming that the breaking of the lepton number in the model happens
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Table 2.4: New fields and their quantum numbers introduced in the coloured version of the one-loop
radiative neutrino mass generation model from [118].

Si|Ss | Fi| F

Spin olo0|3] 3
SU(3)c 3133/ 3
SU(2)L 1|13 |2 2
vy |4
Lepton number | -1 | -3 | -2 2

only through the A5 term, not by the operator in Eq. (2.81), the coloured singlet scalar
Sy must be assigned L = —1. Lepton number assignment of other fields must be modified
accordingly. Quantum numbers of fields in the coloured model are listed in Tab. 2.4.

The Lagrangian of the coloured model is the same as in Eq. (2.72), with the replacement
of fields with their coloured versions and one term modified according to Eq. (2.81). The
mechanism and formulas related to neutrino mass generation remain unchanged, however,
one has to put No = 3 in Eq. (2.74). The shift of the hypercharge implies a shift in electric
charge by —2/3, hence the coloured triplet mass eigenstates have charges Z = 4/3, 7/3 and
10/3.
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Searching for long-lived BSM particles

3.1 ATLAS and CMS

3.1.1 Detector set up

A Toroidal LHC Apparatus (ATLAS) is a major general-purpose experiment located in an
underground cavern around the IP1 of the LHC [119]. The detector has a forward-background-
symmetric cylindrical set-up covering nearly 47 in solid angle. ATLAS is composed of an inner
detector (ID) tracking system to measure trajectories of charged particles, surrounded by a
thin superconducting solenoid providing a 2 T field, followed by a calorimeter system allowing
to measure the energy of particles interacting electromagnetically or hadronically, and a muon
spectrometer (MS) inside toroidal magnets in order to provide additional tracking information
for muons. The schematic picture of the detector is depicted in Fig. 3.1a.

The inner tracking detector is organised in three concentric regions covering |n| < 2.5,
where 7 is the pseudorapidity of the particle defined as n = —In (tan g), with 0 being the
angle between the particle’s three-momentum and positive direction of the beam axis. The
outermost layer (TRT) is built out of 4-mm-diameter cylindrical drift tubes and covers |n| < 2
in the radial region 60-100 cm. The middle layer, covering the radial region from 30 cm to
60 cm, is made of silicon microstrip detectors (SCT) and covers |n| < 2.5. The innermost
detector (IBL) at radial distances from 3.4 ¢cm to 13 cm from the LHC beam line is composed
of silicon pixel detectors. Compared to TRT and SCT, the innermost detector is characterised
by reduced thickness, smaller pixels, faster electronics, and provides a charge measurement
with lower resolution and dynamic range.

The calorimeter system covers |n| < 4.9 and consists of the electromagnetic calorimeter
(ECAL) and hadronic calorimeter (HCAL) parts. The ECAL system within || < 3.2 is
composed of barrel and endcap lead/liquid-argon (LAr) calorimeters characterised by a high
granularity. In addition, a thin LAr presampler at |n| < 1.8 is installed to correct for the energy
loss in the material upstream of the calorimeters. HCAL system is made of steel /scintillator-
tile calorimeters distributed into a central barrel and 2 extended-barrel cylindrical structures
within |n| < 1.7, and 2 copper/LAr endcap hadronic calorimeters.

The muon spectrometer consists of separate trigger and high-precision tracking chambers
installed to measure the deflection of muons in a magnetic field. The MS trigger system,
designed to select events with muon candidates, covers |n| < 2.4, with thin-gap chambers
in the endcap region and resistive-plate chambers in the barrel. Precision chambers cover
In| < 2.7 with 3 layers of monitored drift tubes augmented with cathode-strip chambers in
the forward region.

The amount of data produced in the LHC is enormous!, about 1PB/s. Therefore, a
system called trigger is needed, which selects and registers only the most interesting events.

'1 Petabyte (PB) = 1000 Terabytes (TB).

37



Prospects for detecting long-lived particles at the Large Hadron Collider

The ATLAS detector relies on a two-level trigger system to select events for the analysis. The
first-level (1) trigger implemented in the hardware allows for reduction of the event rate from
~ 1 GHz down to 100 kHz, by utilising a subset of detector information. Data selected by
the L1 trigger is passed to a software-based high-level trigger (HLT'), which allows to reduce
the accepted event rate even further, typically to 1 kHz.

Compact Muon Solenoid (CMS) is another major general-purpose experiment located at
the IP5 of the LHC [120]. The key feature of its design is a superconducting solenoid with a
diameter of 6 m, providing a 3.8 T magnetic field, and enabling the reconstruction of charged
particles’ trajectories as they traverse the tracking system. CMS tracker, electromagnetic
(ECAL) and hadronic (HCAL) calorimeter are all located within the volume encapsulated
by the solenoid. The muon detection system comprises gas-ionisation chambers embedded in
the steel flux-return yoke located outside of the solenoid. The schematic drawing of the CMS
detector is shown in Fig. 3.1b.

The CMS tracking system consists of two main parts: the smaller inner pixel detector
covering the radial region from 4 to 15 cm, and the larger silicon strip detector located from 25
to 110 cm from the beam line. The CMS pixel detector consists of three concentric cylindrical
barrels and four fan-blade disks closing the barrel ends. The pixel system provides efficient
three-pixel coverage in |n| < 2.2 and efficient two-pixel coverage in |n| < 2.5. The CMS silicon
strip consists of three main subsystems. The Tracker Inner Barrel and Disks (TIB/TID)
extend in radius to 55 cm and are composed of four barrels augmented with three disks at
each end. The TIB/TID is enclosed within the Tracker Outer Barrel (TOB), which has an
outer radius of 116 cm and is composed of 6 barrel layers. The TOB covers the |z| < 118 cm
region, beyond which there are Tracker End Caps (TEC). The TEC instruments the region
124 < |z| < 280 cm and 22.0 < r < 113.5 cm. All TEC comprise of nine disks, each with up
to seven rings of radial strip detectors [121].

The calorimetric system of the CMS detector consists of electromagnetic (ECAL) and
hadronic (HCAL) calorimeters. The electromagnetic calorimeter is built out of lead tungstate
crystals, covering |n| < 1.48 in the barrel region, and 1.48 < |n| < 3.0 in two endcap regions.
The HCAL consists of four subdetectors, a barrel detector providing the coverage in pseudo-
rapidity |n| < 1.3, two endcap subdetectors covering 1.3 < |n| < 3.0, two forward detectors
covering 2.8 < |n| < 5.0, and a detector located outside of the solenoid and covering |n| < 1.3.

The CMS muon system (MS) consists of three types of gas-ionisation chambers: resistive-
plate chambers (RPCs), drift tube chambers (DTs), and cathode strip chambers (CSCs).
RPCs are double-gap chambers, providing timing information for the muon trigger. DTs are
divided into drift cells, allowing experimentalists to determine the position of a muon by
measuring the drift time to an anode wire of a cell with a shaped electric field. CSCs function
as standard multi-wire proportional counters, but add a segmented cathode strip readout.
The coverage in pseudorapidity of DTs, CSCs and RPCs is |n| < 1.2, 0.9 < |n| < 2.4 and
In| < 1.9, respectively. The placement of chambers is organised to maximise the coverage and
provides some overlap where it is possible. The chambers in both barrel and the endcap layers
are grouped into four “muon stations”, separated by the steel absorber of the magnet return
yoke. In the barrel, RPC and DT stations are situated in 5 wheels along the beam direction.

CMS experiment relies on a two-tiered trigger system, similar to ATLAS. The first level
trigger (L1) is based on custom hardware processors. It utilises information from the calorime-
ters and muon detectors to reduce the event rate from 1 GHz down to 100 kHz. The second
level of the system, called the high-level trigger (HLT), comprises a farm of processors execut-
ing a specific version of a full event reconstruction, and allows to lower the event rate down
to 1 kHz.

Although ATLAS and CMS experiments differ in size, placement, parameters and choice
of the subdetectors used, they have much in common, in particular:

e Both experiments exhibit a rotational symmetry in the azimuthal plane, thanks to
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subdetector placement in concentric cylinders around the beam line.

The experiments have large coverage in ||, however, their sensitivity in forward and
backward regions is typically worse than in the barrel.

ATLAS and CMS subdetectors are grouped into three main components: the inner
tracking detector, electromagnetic and hadronic calorimeters, and outermost muon sys-
tem.

Data is collected in a continuous manner, which requires fast electronics and two-level
trigger system.

Thanks to their size and many subdetectors, ATLAS and CMS can test a variety of
interesting theoretical scenarios, both SM and New Physics. Interesting results pub-
lished by one of the collaborations are often verified by the measurements in the other
detector.

Both experiments operate in similar conditions with respect to the beam properties, e.g.
with the same centre-of-mass energy and luminosity.

Large luminosity and continuous data taking result in the so-called pileup. Pileup is a
pollution of the final state of the event caused by multiple proton collisions within a
single bunch-crossing. Removing pileup is a crucial experimental challenge in face of
the planned HL-LHC upgrade.

The similarities between ATLAS and CMS listed above justify treating both experiments
interchangeably in some of the phenomenological discussions.

Superconducting Solenoid
Silicon Tracker

Very-forward Pixel Detector

Calorimeter

———

Tile calorimeters
LAr hadronic end-cap and
rward calorimeters
Electromagnetic
Calotimeter @
I ¥

Toroid magnets
‘Muon chambers Solenoid magnet i
Semiconauctorocker Compact Muon Solenoid

(a) ATLAS detector (b) CMS detector

Transition radiation fracker e

Figure 3.1: Schematic drawings of ATLAS (left) and CMS (right) detectors. Both detectors
exhibit a very similar design, all subdetectors are arranged in concentric cylinders, the inner-most layer
is responsible for tracking, the middle layer consists of electromagnetic and hadronic calorimeters, and
the outermost layer of detectors comprises the muon system. Images taken from .

3.1.2 Searches for LLPs

Experimental searches for BSM long-lived particles at the ATLAS and CMS experiments are
usually driven by characteristic detector signatures rather than the theory. In this section,
we discuss the most important search channels for LLPs, schematically depicted in Fig. 3.2.
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Figure 3.2: Overview of different signatures of long-lived particles at the ATLAS and CMS detectors.
Image taken from [122|, based on a graphic from [123].

Disappearing or kinked tracks
Trajectories of charged long-lived particles can be reconstructed in the tracker. If a charged
LLP decays inside the inner detector into a pair of new particles, one of which is electrically
charged and the other neutral, then the decay can be observed as a kinked or disappearing
track signature. The track is called “disappearing” if it ends before reaching the outer layers
of the tracker. If a track changes its direction at some point in the tracker, creating a
characteristic kink shape “>”, then the track is said to be “kinked”. The neutral decay product
is invisible to the tracker, but the charged particle could be measured, if it is hard enough,
resulting in a kinked track, which appears because of the four-momentum carried away by the
neutral particle. If the charged decay product is soft, it will not be properly reconstructed by
the tracker, and the signature will be of a disappearing track. In the latter situation, there
will be also no sign of the charged particle in the electromagnetic calorimeter.

Searches for disappearing and kinked tracks have been carried out by both ATLAS

and CMS (126,127,

Displaced multitrack vertices
Most of the charged particle tracks originate from the primary vertex, which is the recon-
structed point of the collision. However, often events contain tracks emerging from vertices
shifted away from the collision point, such vertices are called “displaced”. When a neutral LLP
decays into coloured particles, the experimental signature is a displaced vertex with multiple
outgoing tracks.

ATLAS has searched for displaced vertices emerging from decays of dark photons to quarks
in , Higgs decaying to hidden sector bosons , and long-lived gluinos . CMS has
conducted analyses looking for long-lived sparticles |[131-137] and other LLPs decaying to SM

quarks ,.
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Displaced leptons, lepton-jets, or lepton-pairs
A neutral LLP might decay inside the inner detector into leptons, resulting in leptonic tracks
or lepton jets with a displaced vertex.

ATLAS conducted searches for the displaced leptons emerging from dark photon decays
[128], long-lived heavy neutral lepton decaying to a pair of charged SM leptons [139H141],
sleptons decaying to SM leptons and gravitinos [54|, LLPs decaying into hadrons and at
least one muon [142|, neutralino decaying to opposite sign leptons in an RPV scenario [143].
CMS has performed searches for LLPs decaying to muons [144}/145|, and both muons and
electrons [146].

Trackless, low-EMF jets

It is possible that a heavy neutral long-lived particle will decay into two collimated coloured
particles, resulting in jets. However, if the lifetime of the LLP is long enough, it may de-
cay after traversing the inner detector and part of the ECAL, leading to the observation of
jets in the hadronic calorimeter, but with only a small fraction of energy deposited in the
electromagnetic calorimeter, and no preceding track.

ATLAS conducted searches for neutral LLPs [147-149| decaying hadronically into dis-
placed jets in the hadronic calorimeter. In addition, the collaboration searched for stopped
R- hadrons |150], decaying inside the calorimeter significantly later than the bunch crossing in
which they were produced. CMS has performed searches for supersymmetry [151] using neural
networks to analyse trackless and out-of-time jet information. Moreover, CMS collaboration
has also searched for exotic very long-lived BSM particles stopped in the calorimeter [152],
which decay out-of-time with respect to the presence of proton bunches in the detector.

Multitrack vertices in the muon spectrometer
A neutral LLP with decay length of the order of O(1 m) can decay inside the muon spec-
trometer, leaving no trace of its presence in the tracker or calorimeters. Such decays can be
registered by ATLAS, which is able to reconstruct tracks inside the muon spectrometer. The
reconstructed tracks can be used to determine the displaced vertices in the MS and identify
individual jets.

Results of such searches were published by the ATLAS collaboration for /s = 13 TeV,
L = 139fb~! [153] and /s = 13 TeV, L = 36.1fb~! [154]. A study targeting a pair of
neutral LLPs where one of them decays inside the ID and the other in the MS was also
conducted [155]. CMS has published a novel analysis targeting long-lived particles decaying
in the endcap muon detectors |156].

Heavy stable charged particles

Heavy stable particles (HSCPs) do not decay in the detector volume. If they are charged, they

traverse the entire detector like muons but leaving a different signature. A typical method of

searching for charged LLPs is measuring their ionisation energy loss dE/dx in the tracker.
ATLAS has conducted several searches for highly-ionising particles in the context of the

supersymmetry [42,/157,|158|, and an analysis targeting mulicharged LLPs [159]. Similar

studies were conducted by the CMS experiment |160-163].

Emerging jets

One of the unresolved questions in modern Particle Physics is the nature of Dark Matter.
Some of the theoretical ideas try to explain it by assuming the existence of a dark sector with
a strong QCD-like interaction. Such sector could have dark quarks and dark baryons, where
the lightest of the latter would be stable, in analogy to the proton, and constitute a neutral
Dark Matter particle. Models of this type can predict the existence of a portal between the
dark sector and QCD at the TeV scale, resulting in phenomenologically attractive scenarios,
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in which dark hadrons decay to SM particles observable in the LHC experiments. A single
dark parton, when showering and hadronising, would result in the creation of multiple dark
hadrons, which would then decay into coloured SM particles. Coloured SM particles would
hadronise and appear in the detector as jets. If the decay length of the dark parton is of the
order of a few centimetres, then the experimental signature would be the emergence of one or
more jets inside the inner detector, with many displaced vertices and jet evolution different
from the ordinary SM jets. The emerging jets signature has been investigated by the CMS
collaboration [164].

Non-pointing photons

The non-pointing photon signature arises in a BSM scenario in which a neutral long-lived
particle decays, and as a result, a photon is produced with a different time of arrival and
angle in ECAL, with respect to photons produced in the primary vertex. An example scenario
leading to such a signature is the GMSB model, in which neutralino is a long-lived NLSP,
and decays to photon and gravitino. Since gravitino is invisible to the detector, the signature
of the process is a delayed photon coming from a different direction than the primary vertex,
without any charged particle’s track associated. Such a scenario has been tested by the CMS
experiment [165].

For more information about searches for long-lived BSM particles at the ATLAS and CMS
experiments, please refer to Ref. [122]| for a comprehensive overview, or to Ref. [166| for a
pedagogical introduction to the topic.

3.2 MoEDAL

3.2.1 Overview

Monopole and Ezotics Detector at the LHC (MoEDAL) [167] is a small experiment located
approximately 2 meters away from the IP8, outside the LHCb VErtex LOcator (VELO) de-
tector. MoEDAL was envisioned primarily to search for magnetic monopoles (MMs), hence
its design relies on unconventional passive detection methodologies, making it completely
different from ATLAS and CMS experiments. The four main subsystems of the MoEDAL de-
tector are: Nuclear Track Detectors (NTDs), Magnetic Monopole Trackers (MMTs), TimePiz
(TPX), and MoEDAL Apparatus for Penetrating Particles (MAPP). A 3D visualisation of
the MoEDAL detector is shown in Fig. 3.3.

The main sub-detector of the MoEDAL is a large array of passive NTDs covering an area
of ~ 100 m. Each NTD consists of three layers of CR39™ plastic (each ~ 1.5 mm thick)
and three layers of Makrofol® polymer (each ~ 0.5 mm thick), and three Lexan™ layers
(each ~ 0.25 mm thick): between CR39™ and Makrofol® stacks, in the front, and in the
back of the NTD panel. In addition, panels have a 125 pum thick aluminium shielding, as
shown in Fig. 3.4. NTD panels have 25 x 25 cm? dimensions in width and length, and
only a few millimetres in depth. The six plastic layers of CR39™ and Makrofol® enable
tracking of Highly Tonising Particles (HIPs), which can be magnetic monopoles, dyons?, ions or
electrically charged elementary particles. When a HIP traverses the Nuclear Track Detector,
it damages the plastic material at the level of polymeric bounds in the cylindrical region
around its trajectory, resulting in the creation of a so-called latent track. The latent track
can be revealed by putting NTD panels into an etching solution. The array of NTDs at
MoEDAL is exposed to the beam for a year, then it is dismantled and transported to the
laboratory in Bologna, where the etching process is conducted. Each panel is disassembled,

2Dyon is a hypothetical particle, which possesses both magnetic and electric charges, first proposed by
Schwinger in [170].
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Figure 3.3: A 3D visualisation of the MoEDAL detector located outside of the LHCb VELO. NTDs
and MMTs are displayed, but the TimePix pixel array and MAPP detectors are not shown. Image

from [168|.

Lexan CR39 Lexan Makrofol Lexan
250 pm 1500 pm 250 pm 500 pm 250 pm
< v vV ¥ < v
= \
[a)] A\
% ° ° ° °
x K
(TR
e o ° ol|e °
Fiducial holes _\ \

_ Aluminized plastic bag (125 pum thick) A

Figure 3.4: Nuclear Track Detectors in MoEDAL experiments consists of 25 x 25 cm? CR39™,
Makrofol®), and Lexan™ layers enveloped in a thick aluminium bag. Image from |169].

and plastic sheets are placed in the etching solution, leading to the dissolution of the outer
layer of the plastic material. The material damaged by the traversing HIP dissolves faster
than the unexposed plastic, leading to the formation of conical etch pits on both sides of the
plastic layer, as depicted in Fig. 3.5. If the etching process is long enough, etch-pits formed
on both sides of the polymer layer will eventually join and a hole in the detector will appear,
along the trajectory of a heavy-ionising particle. These holes can be found using optical
scanners. By analysing the shape and size of etch-pits, one can deduce the BSM particle’s
charge and incidence angle. A signature of a BSM particle would be six aligned holes in all

layers of plastic, pointing back to the interaction vertex.
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Figure 3.5: Tllustration of the etching technique used by the MoEDAL experiment to reveal tracks
of HIP particles: a) a highly-ionising particle traverses the plastic layer leading to the formation of a
latent track; b) conical etch-pits develop during the etching process; ¢) etch-pits join and form a hole
in the detector after a prolonged etching. Image from [169].

The incidence angle of a particle is crucial for the acceptance of the detector because
only the normal component of the particle’s velocity contributes to the formation of an etch-
pit. If the perpendicular component is too small, then the unavoidable removal of outer layers
of the polymer during the etching will hide any signature emerging from energy deposition by
HIP. Another critical characteristic of NTD panels is that they are sensitive only to particles
which are slow (or highly charged), which can be expressed within a rough approximation by
the formula:

|Q/€l

s

where @ is the electric charge of a particle and e is the elementary charge. This has to be
compared with ATLAS and CMS, which are sensitive only to fast particles with 5 > 0.5, due to
active readout and 25 ns time separation between consecutive bunch crossings. This property,
together with a very good resolution of NTD panels corresponding to precision of alignment
of etch-pits of the order of ~ 10 pm, allows to greatly reduce the possible SM background
coming from neutron recoils and spallation products. Typically these backgrounds only travel
~ 10 pm, if they manage to penetrate the whole plastic layer, which is very unlikely, they
would produce an etch-pit signature of a stopping particle, whereas the signal goes straight
without much change of an ionisation. In order to produce a false signal signature, several of
such unlikely events would have to occur in the same direction within the ~ 10 pm resolution.
It is so improbable that despite multiple years of exposure, MoEDAL was not able to find a set
of etch-pits satisfying signal selection criteria, despite its sensitivity confirmed by calibration
with heavy ions. Taking into account that the detector is placed 2 m away from the interaction
point and it is sensitive only to slowly moving particles, the conclusion is that MoEDAL
is effectively free from the Standard Model background, and any observation of
the signal would come from the New Physics.

There is however a caveat to this statement, while no SM process can render the signature
of a BSM signal, it is technically difficult to select etch-pits which may correspond to the
traversing HIP. In Fig. 3.6a one can see etched foil with several calibration pits created by
heavy ions. This plastic foil has not been exposed in MoEDAL, hence the reference pits are
clearly visible. In Fig. 3.6b one can see the same foil (slightly shifted in the picture), which
has been exposed in MoEDAL and etched again. Both images depict the same calibration
holes, but the analysis of etched plastic in Fig. 3.6b is far more challenging because of the
high multiplicity of shallow etch-pits. These pits arise because of various particles deposing
energy in the polymer, e.g. neutrons, spallation products, alphas, etc. Although they cannot

> 5, (3.1)
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(a) Etched NTD plastic foil unexposed in (b) Etched NTD plastic foil previously exposed in
MoEDAL. MoEDAL.

Figure 3.6: Etched polymer foil with reference holes produced by heavy ions. The picture on the left
depicts a plastic foil, which has not been exposed in MoEDAL, hence the reference holes are clearly
visible and easily recognised. The same foil after exposure in MoEDAL is depicted on the right (note
that the images are slightly shifted). Multiple shallow etch-pits are visible, making it much harder to
analyse and search for the signal. Image from [172].

mimic the signal, they introduce a large noise, which makes the analysis of NTD panels a
difficult and time-consuming process.

Other passive subdetectors being a part of the MoEDAL experiment are Magnetic Monopole
Trappers (MMTs), which allow for capturing magnetic monopoles. Any magnetic monopole
produced in the pp collision would lose its energy when traversing aluminium-based MMT
detectors, and may eventually stop. Due to the large magnetic charge of a monopole, it is
characterised by a strong magnetic dipole moment, which may lead to a strong binding with
the nuclei of the aluminium MMT. Trapped monopoles might be revealed by passing MMTs
through a superconducting quantum interference device (SQUID) magnetometer, allowing to
indirectly detect and measure magnetic charges. Additionally, MMTs can be also utilised to
search for heavy quasi-stable charged particles, which are revealed by the detection of their
decay products.

The third subdetector system of the MoEDAL experiment is the TimePiz (TPX) pixel
array. It is an active system, the purpose of which is to monitor radiative background from
the cavern. It can simultaneously establish the time-of-arrival and time-over-threshold of any
pixel data obtained. It is also capable of measuring the energy deposited in the detector
material. TimePix sensors are located in several regions of the MoEDAL detector in order to
provide information about a local radiation field.

For the Run 3 data-taking period the MoEDAL collaboration introduced a new subde-
tector, called MoEDAL Apparatus for Penetrating Particles (MAPP) , deployed in the
UAS3 tunnel situated 100 meters away from the IP8, at an angle of 7 degrees with respect
to the beam axis. MAPP is an active state-of-the-art scintillator detector, designed to search
for Feebly Interacting Particles, e.g. Milli-Charged Particles possessing electric charges up to
~ 0.00le. MAPP is a major development of the MoEDAL experiment allowing it to extend
its physics programme, hence the collaboration has recently started using the combined name
“MoEDAL-MAPP”.
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There are important differences between MoEDAL and general-purpose experiments like
ATLAS and CMS, which are worth pointing out explicitly:

e ATLAS and CMS can conduct a variety of searches, but MoEDAL is sensitive only to
highly-ionising particles with decay length = 2 m.

e Because of the requirements of the LHCb experiment, MoEDAL operates at approxi-
mately 10 times lower luminosity than ATLAS and CMS. It is one of the main limitations
of the experiment.

e Large experiments are sensitive to relativistic particles, while MoEDAL is sensitive to
particles with |Q|/8 Z 5, which for singly charged particles corresponds to 5 < 0.2.

e Unlike ATLAS and CMS, MoEDAL is a mostly passive experiment, which does not
suffer from pile-up and does not require a trigger for data selection. Instead, MoEDAL
aggregates all data over a long period of exposure.

e MoEDAL is effectively free from the SM background, which allows the collaboration to
claim the discovery of a New Physics after observing very few signal events, in principle
even one could be enough.

e MoEDAL delivers a permanent record of BSM particles in a form of particle tracks in
etched plastic sheets and trapped monopoles in MMTs.

Experimental results

MoEDAL experiment carried out searches for magnetic monopoles using the prototype [173],
forward [174,175], and full MMT arrays [176|. It also conducted searches for Highly Electrically
Charged Objects [169] for Run 1 data for /s = 8 TeV. MoEDAL was the first experiment
to perform searches for: 1) spin-1 magnetic monopoles |177]; 2) MMs produced in heavy-ion
collisions through the Schwinger Mechanism [178,/179]; 3) dyons [180], particles possessing
both electric and magnetic charges. In addition, MoEDAL published the only LHC’s search
for magnetic monopole production through photon fusion [176].

3.2.2 Detector simulation

In order to conduct the research presented in this thesis, an efficient and flexible method to
simulate MoEDAL’s detector was needed. For ATLAS and CMS there exists publically avail-
able software allowing for simplified detector simulation, e.g. Delphes [181}/182|. However,
the only existing Monte Carlo simulation code for MoEDAL involved full detector simulation
using Geant4 [183|, which is very precise, but time and resource-consuming. Phenomenologi-
cal studies often do not require precise simulation of all detector effects, hence in the course
of the PhD, a simplified simulation framework for MoEDAL was developed using a Python3
programming language.

The framework accepts Les Houches Event (LHE) files, which contain information about
the particles produced in a collision, and their subsequent decays. Such event files can be
created with one of the popular Monte Carlo event generators. The research presented in this
thesis was based on the MadGraphb event generator [184], which contains implementations
of the SM and MSSM, and allows to easily introduce new models, which can be created
with the help of the FeynRules |185] package for Mathematica. From each event, the final
state particles of interest are recognised and their four-momenta are kept. Next, the detector
geometry is loaded from a file, which has been used by the MoEDAL collaboration to perform
Geant4 simulation for Run 2. The only subdetector system relevant to the presented research
is the NTD array. The placement and dimensions of each of the NTD panels are read from the
file, see Fig. 3.7, and used to infer if particle trajectories cross the detector volume. Several
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Figure 3.7: Placement of NTD detectors for Run 2 MoEDAL used in the research presented in this
thesis. Compare it with the full 3D visualisation in Fig. 3.3.

simplifying assumptions are made here. First, it is assumed that the particle will travel from
the interaction point to the MoEDAL detector unperturbed, without any interaction with the
intermediate medium leading to a significant change of their momentum. The possibility of
decay is included in a later stage of analysis by assigning appropriate weights to particles.
Moreover, the depth of NTD panels is ignored, since it is three orders of magnitude smaller
than their length and width. Particles with trajectories that cross an NTD panel are subject
to velocity and incidence angle constraints, while the other particles are rejected.

Taking into account velocity and incidence angle constraints leads to the formula for partial
efficiency ¢;:

€i = PnTo (i, 7i) - © (Omax (B3, Q) — 95) , (3.2)

where index i enumerates particles in the event; Pytp (Pi, 73) stands for the probability of
reaching the NTD detector; © is the Heaviside function and corresponds to detector’s accep-
tance; 0; is the incidence angle of the ith particle, and dmax (8;, @) is the maximum angle of a
particle with a given speed and charge, for which the track can be effectively revealed in the
process of etching. Pytp in (3.2) is a function of the particle’s three-momentum, pj;, and life-
time, 7;. Its exact form will be provided later because it depends on the considered theoretic
scenario, it is different for particles produced in the primary vertex and for particles emerging
from a sequence of decays. In Fig. 3.8, the maximum allowed incidence angle as a function
of the particle’s speed is shown for singly and doubly charged particles. In Fig. 3.8 one can
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Figure 3.8: Acceptance of CR39™ for singly and doubly charged particles. The plot shows the
maximum allowed incidence angle 0.« as a function of the particle’s speed. If the incidence angle
of a particle is larger than the maximum allowed value, the particle track will not be revealed in the
etching process.

see that for 5 € [0.15,0.20], the particle has to hit the NTD panel almost perpendicularly in
order to be detected, therefore the rough approximate constraint given in Eq. (3.1) can be
made more precise without much loss of efficiency?® by taking |Q|/8 = 6.67, or equivalently:

8<0.15-]Q|. (3.3)

One can even consider relying only on Eq. (3.3) instead of using the function in Fig. 3.8.
Such approximation is valid if NTD panels directly face the interaction point resulting in
small incidence angles of incoming long-lived particles, which is the case for Run 3 but not
for Run 2. This issue will be discussed further in Chapter 4.

Within the approximation in Eq. (3.3), it follows that in order to be detectable at
MoEDAL, a singly charged particle has to have velocity 8 < 0.15, for doubly charged particle
(Q = +2e) it is B < 0.30, and so forth. If the charge of the particle is [Q| > 6% then (within
the considered approximation) even ultrarelativistic particles can be measured in MoEDAL.

The mean efficiency of the NTD detector array is calculated by summing all particles in

3The purpose of this discussion is to provide readers with a perspective allowing them to understand the
change in the methodology between the first (see Sec. 4.1) and second (see Sec. 4.2) project. Initially, |Q|/8 2
5 was provided by MoEDAL collaboration as a rough estimate of the sensitivity of MoEDAL NTDs, however,
a more detailed investigation revealed that for a realistic description, one should rather take |Q|/8 = 6.67 and
include the incidence angle constraint.
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an event, and averaging over the Monte Carlo sample, using the following formula:

N N
€ = <Z 62‘> . <Z PNTD (ﬁz) : @ (5max (617 Q) - 62)> . (34)
MC i=1

=1 MC

In a typical New Physics scenario BSM particles are produced in pairs, hence N = 2.
The quantity of interest for the MoEDAL experiment is the expected number of BSM
particles that can be detected. It is estimated using the following equation:

Nsig = 0 (m) x L X €, (3.5)

with o (m) being the production cross section for BSM particles with mass m, L being the
integrated luminosity at the end of data taking period at MoEDAL, and € is given by Eq.
(3.4). The integrated luminosity for MoEDAL is 20 fb~!, 30 fb=!, and 300 fb~! for Run 2,
Run 3 and HL-LHC, respectively. Since MoEDAL is effectively background free, even a very
small number of detected signal events, Ngz ~ O(1), might mark a discovery of the BSM
Physics.
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Research results

The research results presented in the thesis were published in four articles:

1. Prospects for discovering supersymmetric long-lived particles with MoEDAL
D. Felea, J. Mamuzic, R. Masetek, N.E. Mavromatos, V.A. Mitsou, J.L. Pinfold, R. Ruiz
de Austr, K. Sakurai, A. Santra, O. Vives
e-Print: 2001.05980 [hep-ph|
DOI: 10.1140/epjc/s10052-020-7994-7
Published in: Eur.Phys.J.C 80 (2020) 5, 431
Ref. [186]

2. Prospects of searches for long-lived charged particles with MoEDAL
B.S. Acharya, A. De Roeck, J. Ellis, D.K. Ghosh, R. Masetek, G. Panizzo, J.L. Pinfold,
K. Sakurai, A. Shaa, A. Wall
e-Print: 2004.11305 [hep-ph]
DOTI: 10.1140/epjc/s10052-020-8093-5
Published in: Eur.Phys.J.C 80 (2020) 6, 572
Ref. [187]

3. Detecting long-lived multi-charged particles in neutrino mass models with
MoEDAL
M. Hirsch, R. Masetek, K. Sakurai
e-Print: 2103.05644 [hep-ph|
DOI: 10.1140/epjc/s10052-021-09507-9 , 10.1140/epjc/s10052-022-10668-4 (erratum)
Published in: Eur.Phys.J.C 81 (2021) 8, 697, Eur.Phys.J.C 82 (2022) 8, 774 (erratum)
[188]

4. Discovery prospects for long-lived multiply charged particles at the LHC
M.M. Altakach, P. Lamba, R. Maselek, V.A. Mitsou, K. Sakurai
e-Print: 2204.03667 [hep-ph|
DOI: 10.1140/epjc/s10052-022-10805-z
Published in: Eur.Phys.J.C 82 (2022) 9, 848
Ref. [189]

The ordering of the articles is chronological so that the reader can trace the development
of understanding and progress in the research topic. The general goal of these studies is to
provide a comprehensive overview of prospects for the detection of heavy charged long-lived
particles at the LHC, including for the first time predictions for the MoEDAL experiment.
In the description of each of the projects, the “most recent” experimental constraints are
discussed, which has to be understood as the most up-to-date at the moment of writing the
article.
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For other scientific articles and conference proceedings published by the author of this thesis
in the course of his PhD, please refer to [169,190-195].

4.1 Prospects for discovering supersymmetric long-lived parti-
cles with MoEDAL

4.1.1 Introduction

Supersymmetry described in Sec. 2.1, is a well-motivated and attractive candidate for the
BSM Physics theory. Multiple searches of SUSY have been conducted at the LHC, and the
lack of discoveries set strong constraints on the simplest models, e.g. N = 1 supergrav-
ity and MSSM. Nevertheless, there are compelling arguments that supersymmetry might be
discovered in the near future [196] since there are still unexplored regions in the parameter
space.

In this project, we discuss the potential of the MoEDAL experiment to discover supersym-
metry by presenting a case study, which demonstrates a complementarity of the MoEDAL
detector to ATLAS and CMS searches. We consider a specific SUSY model predicting heavy
long-lived charged particles and we reveal the relevant parameter space in terms of lifetimes
and masses for which MoEDAL can detect signal from BSM particles.

4.1.2 Direct production of metastable sparticles at the LHC

In this project we discuss the kinematics of long-lived particles produced in 13 TeV pp col-
lisions, focusing on their velocity £, which is crucial for MoEDAL’s acceptance. We use
MadGraph5 |184] and Pythia8 [197| for Monte Carlo simulation. The velocity distribution of
pair-produced right-handed staus 7g is depicted in Fig. 4.1. One can see that the fraction of
particles with velocity 8 < 0.2, for which NTD panels deployed in MoEDAL are able to detect
BSM particles, grows with the stau mass msz,. Therefore, scenarios with mz, 2 O(1 TeV)
are favoured. However, the production cross section for heavy sleptons is small, as can be
seen in Fig. 4.2, hence the possibility to detect directly-produced 7 in an NTD array is very
small.

Direct pair production of higgsinos ()Z?)Zli, )Zg)zli) and gluinos (gg) is studied besides staus
(%gf'lg ). Comparison of velocity distributions shown in Fig. 4.3 reveals that fermions (higgsi-
nos and gluinos) are slower than bosons (staus), leading to larger ionisation loss of the former
and higher chances for detection in MoEDAL. The reason behind this is that the main produc-
tion process is an s-channel exchange of a spin-1 gauge boson (v*/Z*) with quark-antiquark
qq intial states. Helicity conservation in the initial vertex leads to the transverse polarisation
of the gauge boson, hence the final state must have a non-zero total angular momentum. The
production of scalar (spinless) staus 7 suffers from the p-wave suppression, i.e. the production
cross section vanishes as 8z — 0 because of the conservation of angular momentum. In the
case of fermions, there is no suppression, because they have non-zero spin.

In Fig. 4.2 the pair production cross section, taken from [198], is shown for right-handed
staus, gluinos and higgsinos. The latter includes all production modes: )Z?)Zf + )Z(l)f(f +
ngﬁ + X9X; , where the gauginos are assumed to be mass degenerate. The pair-production
cross section for sleptons and higgsinos is calculated at the next-to-leading order (NLO) plus
the next-to-leading logarithmic (NLL) level. For gluinos, the precision is the approximate next
to NLO (NNLOgpprox) plus next to NLL (NNLL). Out of the sparticles considered, gluinos
exhibit the highest production cross section and do not suffer from the p-wave suppression,
hence their direct pair production constitutes the most promising scenario for MoEDAL.
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Figure 4.1: Distribution of stau 7g velocity for pair production at 13 TeV pp collisions. Different
histograms correspond to various masses of stau, from 200 GeV to 2 TeV.
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Figure 4.2: The cross section for pair production at 13 TeV LHC of staus (blue), gluinos (red), and
higgsinos (magenta). Cross sections of staus and higgsinos were calculated at NLO + NLL level, while
gluinos with NLLOgppr0x + NNLL precision m
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4.1.3 MoEDAL sensitivity to staus

A preliminary study [199] assessing the sensitivity of MoEDAL in comparison with CMS
revealed that MOEDAL experiment can be complementary to ATLAS/CMS despite the lower
luminosity available at the IP8. This study used a simplistic description of MoEDAL NTDs
and CMS efficiencies for Heavy (detector-)Stable Charged Particles (HSCPs) from |200], which
were used to re-interpret the CMS analysis [162] in specific supersymmetric models for /s =
7 TeV and /s = 8 TeV.

From Fig. 4.3 one can see that even for gluinos the fraction of particles with g < 0.2,
i.e. detectable in MOEDAL NTD array detector, is only 1%. Taking into account the lower
luminosity available in the TP8 ATLAS and CMS are expected to be more sensitive than
MoEDAL in most scenarios. Therefore, we are interested in particular SUSY models, for which
ATLAS and CMS lose sensitivity to long-lived charged particles, while MoEDAL maintains
it.

Model description

A crucial aspect of ATLAS and CMS searches for charged detector-stable particles is the
presence of a common requirement for multiple hits in the pixel detector, imposed in order to
provide a good track reconstruction of a charged particle. However, a presence of a neutral
particle in the decay cascade is likely to violate this selection criterium, leading to lower
acceptance and sensitivity loss to the particular model. The effect becomes more severe if the
intermediate neutral particle is long-lived.

This leads us to consider a model, in which a pair of gluinos is produced, pp — §g,
followed by a prompt decay of gluino to a long-lived neutralino and two quarks, § — ¥Vqq.
The neutralino is assumed to decay to a metastable stau and an off-shell tau, ¥? — 77%,
after traversing a distance of @O(1 m). The long lifetime of neutralino is a consequence of the
assumed small mass splitting between the neutralino and stau. Metastability of stau, on the
other hand, can be attributed to weak RPV couplings or gravitino LSP. The full decay chain
can be written as:

pp — §7 — (xS o) (G3xXY1n) = (7Lt (GiFinr), (4.1)

where j represents a jet emerging from (anti)quark produced in the decay of gluino, 71 is the
lighter of stau mass eigenstates, and subscript “LL” indicates that the particle is long-lived.
The lifetime of the neutralino depends on its mass difference ém with stau as o (§m)% in 3-
body decay [77,201]. Fig. 4.4 shows the plot taken from |201], which depicts the lifetime of an
annihilation partner 7 as a function of the mass splitting, AM, between 1 and Dark Matter
particle X. Several simplified models were considered in |201], in which the annihilation
partner decays to a Dark Matter particle and an off-shell stau, n — X7*. Different models
are depicted in the plot using distinct colours of the curves. As can be seen, all curves are
very similar, which means that the lifetime of the annihilation partner is not very sensitive
to the details of the model, and the result can be applied to our supersymmetric scenario,
by treating ¥ as 7. One can see from Fig. 4.4 that for §,, ~ 1 GeV, which is less than the
mass of tau (m, ~ 1.77 GeV), neutralino has a lifetime ~ 1072 s, which corresponds to decay
lengths of ~ O(100 m). If the metastable stau is LSP, it can eventually decay to tau and
other SM particles via very small RPV couplings. In a supergravity scenario, it could be an
NLSP decaying via gravitational interaction to tau 7 and gravitino G. Since we are interested
in the interaction of stau with the MoEDAL detector, the exact decay mode is irrelevant.

ATLAS analysis recasting and other constraints
At the time of the realisation of the project, the most recent LHC analysis searching for long-
lived charged particles was by ATLAS [157], relying on 36.1 fb~! 13 TeV data from Run 2.

Chapter 4 53



Prospects for detecting long-lived particles at the Large Hadron Collider

-.g T TT I T TT I T TT I T TT T TT T TT T TT TTTT T TT T TT
S 1E Productions 3
> - — 3
m - Stau (1TeV) .
ho] - =— Higgsino (1TeV) 1
3 10 = Gluino (1TeV) —
© = =
= = ]
B | —
Z 107 =
-3
10 " E
-4
10 " E
:I LAl 1111 | | | | 1111 | 1111 | 1111 | | | | 111 | 1111 | 111 I:

0O 01 02 03 04 05 06 07 08 09 1
B

Figure 4.3: Comparison of velocity distributions of staus (red), higgsinos (blue), and gluinos (green).
Pair production in 13 TeV pp collisions was simulated. All particles have m = 1 TeV.
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Figure 4.4: Plot taken from , showing the lifetime of an annihilation partner n as a function of
the mass splitting, AM, between 1 and the Dark Matter particle X. Several simplified models were
considered in , in which the annihilation partner decays to a Dark Matter particle and an off-shell
stau, n — X7*. Different models are depicted in the plot using distinct colours of the curves. As
can be seen, all curves are very similar, which means that the lifetime of the annihilation partner is
not very sensitive to the details of the model, and the result of the calculations can be applied to our
supersymmetric scenario, by treating X9 as 7.
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The latest CMS analysis |163] used only 2.5 fb~1 of 13 TeV data, therefore only the ATLAS
analysis was considered. As argued in Sec. 3.1.1, ATLAS and CMS detectors are very similar,
hence the obtained result is applicable also to the CMS experiment.

If neutralinos in the decay cascade in Eq. (4.1) have decay lengths of the order of O(1 m),
multiple hits in the pixel detector cannot be expected, because neutral particles traverse it
without interacting. In particular, the ATLAS analysis [157] requires seven hits in the pixel
detector. In order to satisfy this requirement, neutralino has to decay before reaching the
pixel detector, which can be expressed in terms of the probability:

Lpixel
P =1 — __ —Tpxel 4.9
pixel exp ( Frerggsmd ) (4.2)

where v = (1 — 82)~Y/2 with S being the velocity of neutralino, # € [0,7/2] is the angle
between the )Z? momentum and beam axis, and Lypixer/ sin 6 is the distance between the pixel
detector and interaction point. Lypixe = 34 mm is the minimal distance between the IP and
the first layer of the pixel detector (at 6 = 7/2). From Eq. (4.2) it is evident that Ppixe < 1
for CTzo > Lpixel-

In recasting the ATLAS analysis we follow the instructions provided in the HEPData record
[202] of [157], where detailed information about technical aspects of the analysis is provided,
i.e. efficiency maps for signal reconstruction and trigger efficiencies. The limit is obtained by
multiplying a carefully recast signal efficiency by Ppixel, and it is given in terms of the gluino

mass mg and neutralino decay length CTR.

MoEDAL detector geometry and response

Sensitivity of the MoEDAL detector to the considered SUSY scenario was estimated without
resorting to time and resource-consuming Geant4 simulation. Instead, a completely new fast
simulation framework was created, as described in Sec. 3.2.2. As a starting point, the Run 2
geometry, depicted in Fig. 3.7, was considered, for which the geometrical acceptance of NTD
array is ~ 20%. In order for the model to be testable in MoEDAL, neutralino must decay
into a charged stau before reaching the detector. However, it has to be long-lived in order to
evade ATLAS constraint, therefore a mass splitting less than m, = 1.777 GeV is assumed.
As a consequence, 7, and X! travel in almost the same direction with approximately equal
momenta. For a neutralino with momentum ]5}((1) and lifetime TR0, the probability of stau

hitting an NTD panel is given by:
Lo (Do
1 —exp J , (4.3)
Brersy

Pxtp (ﬁggﬁgg) =w (}9)

where LNTD (]5;2(1)) is the distance from IP to NTD panel along the trajectory of the particle!,

B is particle’s velocity, «v is a Lorentz factor, and w (55(?) is 1 if there is an NTD panel in the
direction of neutralino’s three-momentum 15’2(1), and 0 otherwise.

The efficiency of the detector is given by Eq. (3.4) and depends not only on PyTp, but
also on the incidence angle, i.e. for a given value of [ there exists a maximum incidence
angle dnq, following the plot in Fig. 3.8. A Monte Carlo event simulation was used to
obtain the distribution of the incidence angle of staus in the considered model, as depicted
in Fig. 4.5. Parameters of the simulation were: mg = 1.2 TeV, mgz — mge = 30 GeV and
mgo —mz =1 GeV. One can see from Fig. 4.5 that about 50% of produced staus have

X
incidence angle smaller than 25 degrees, which requires 5 < (0.08 = 0.15) to be detected.

'Since the momentum of neutralino and stau is almost the same, we do not differentiate between their
velocities nor trajectories
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Figure 4.5: The distribution of incidence angle of staus hitting NTD panels assuming Run 2 geometry.

Incidence angle constraint is a major factor limiting the sensitivity of the MoEDAL detec-
tor, therefore a configuration of NTD panels minimising the angle is desired. The rearrange-
ment of NTD panels in such a way that they face the interaction point is expected to enhance
MoEDAL’s sensitivity with respect to the Run 2 geometry. Therefore, in our study we addi-
tionally consider an “ideal” geometry set-up corresponding to NTD panels located spherically
around the interaction point, for which the incidence angle constraint is negligible, i.e.  ~ 0.
However, the requirement 5 < 0.15 - |Q/e| still holds. We do not change the number, size, or
distance from IP8 of NTD panels. The realistic Run 3 detector placement is expected to be
somewhere between Run 2 and ideal geometries.

Analysis and results

We follow the procedure described in Sec. 3.2.2 and estimate the expected number of BSM
signal events in MoEDAL using the Eq. (3.5). Since MoEDAL is effectively a background-free
experiment, we consider two small values: Ny = 1 and Nz = 2, and for each of them (and
for two NTD geometries) we plot sensitivity contours in Fig. 4.6. Contour lines correspond
to detecting exactly 1 or 2 signal events, while coloured areas enclosed by them correspond to
detecting even larger number of BSM particles, i.e. the light-blue region depicts the parameter
range for which MoEDAL with an “ideal” NTD geometry is expected to detect Ngz > 1 staus,
with Ngz = 1 at the edge (contour line). The integrated luminosity at the end of Run 3 for
MoEDAL is expected to be L = 30 fb~!, and this value is used when calculating the event
rate. In the same figure we superimpose the current experimental limit obtained by recasting
the ATLAS analysis . In addition, we plot the expected ATLAS limit for the Run 3

luminosity, L = 300 fb~!, obtained by assuming that signal and background scale in the same
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Figure 4.6: The sensitivity of the MoEDAL detector to the considered SUSY scenario, presented in
the mg vs. ¢7go parameter plane. Solid contour lines correspond to Ngjz = 1, while dashed contour
lines to Nge = 2. In the shaded area enclosed by the contour, the expected number of detected
signal events is equal to or larger than at the contour line. Red contours correspond to Run 2 NTD
geometry, while blue contours are obtained for an “ideal” geometry, for which all NTD panels face
the interaction point. The latest experimental constraint coming from the ATLAS search [157] - | for
Heavy (detector-)Stable Charged Particles (HSCPs) for L = 36.1 fb~! 13 TeV is recast and plotted
as a yellow contour with a dotted line. In addition, the exclusion contour by ATLAS is scaled up to
L = 300 fb~! and plotted in orange with a dotted contour line. For MoEDAL L = 30 fb~! at the end
of Run 3 is assumed.

way. We do not consider here any future upgrades of the ATLAS detector, nor improvements
to the analysis, e.g. relaxing the requirement for seven hits in the pixel detector, which would
likely allow ATLAS to outcompete MoEDAL in the whole parameter plane.

One can see from Fig. 4.6 that MoEDAL is able to investigate currently unconstrained
parameter region with mgz < 1.3 TeV and TR > 500 cm. Its expected detection reach is
comparable to sensitivity of the ATLAS search for heavy charged LLPs if Run 2 geometry
set-up is considered, however for the “ideal” NTD geometry MoEDAL is able to outperform
ATLAS search, even if the ATLAS limit is rescaled to match integrated luminosity at the end
of Run 3 (L = 300 tb™1).

The detection reach of the MoEDAL detector in Fig. 4.6 follows a different trend than the
ATLAS constraint. MoEDAL is capable of testing neutralinos with very long lifetimes due to
the larger distance from the IP, however, it loses sensitivity when gluinos are heavy, because of
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a small production cross section. ATLAS can overcome the latter limitation thanks to higher
luminosity. We would like to stress out that the possibility to test the same parameter space
of a BSM scenario using two experiments with totally different design philosophies is highly
useful. In case of observing a positive signal in one of the detectors, the other can confirm it
and provide additional information on the phenomenology. In case of the lack of BSM signal,
two experiments can provide stronger constraints thanks to the different characteristics of
their exclusion and uncorrelated systematic uncertainties.

Finally, we would like to comment on possible constraints on the considered model coming
from prompt gluino searches in the jets-plus-MET channel. Recently, stringent limits were
placed on the mass of gluino by ATLAS [203]| (1100 GeV) and CMS [204] (1300 GeV). The
simplified SUSY model assumed decays of gluino to stable neutralino (§ — ¢gx}) with a
compressed mass spectrum mg — mgo < 50 GeV. Contrary to this model, in the SUSY
scenario considered in this project, neutralino decays to metastable stau, hence the limits
from [203,204] cannot be applied directly. It is because the presence of a stau decaying inside
the detector volume would affect the trigger efficiency and estimation of the missing transverse
momentum. Although the estimation of this effect is complicated and beyond the scope of this
project, one should bear in mind that the region of the parameter space with mg < 1200 GeV
might already be excluded.

4.1.4 Conclusions and outlook

A feasibility study on the detection of long-lived charged sparticles at the MoEDAL ex-
periment was conducted, and complementarity with large general-purpose experiments, e.g.
ATLAS, was demonstrated. The most favourable BSM scenarios for MoEDAL were charac-
terised by a production of heavy (hence slow) fermions with a large production cross section
(via strong interaction).

MoEDAL is sensitive only to slowly moving particles, with velocity 8 < 0.2, in opposite
to ATLAS and CMS, which are able to detect particles with relativistic speeds. A key factor
limiting the sensitivity of MoEDAL to simple BSM scenarios is the low luminosity available at
the IP8. Nevertheless, the results of this project strongly suggest the utility of the MoEDAL
detector to test more complex topologies, e.g. scenarios with a decay chain involving interme-
diate production of neutral LLPs. For such a model, MoEDAL is able to cover a part of the
parameter space, which is currently unconstrained by ATLAS and CMS, but could be probed
by the general-purpose experiments if they manage to relax some of their selection criteria.

Even for the models that can be tested by both MoEDAL and ATLAS/CMS, there is
an added value of MoEDAL, because due to its passive detector design, MoEDAL provides
coverage with totally uncorrelated systematics. Moreover, if the BSM signal is observed, the
other experiment can confirm it, and provide additional information about the properties of
new particles. For example, the determination of the velocity and mass of BSM particles in
ATLAS/CMS relies on the assumption that the particle has a unit charge @ = +1le, while
NTDs in MoEDAL provide information about the energy and charge of the highly ionising
particle. Velocity, on the other hand, can only be constrained by the maximum allowed value,
which depends on the charge and incidence angle.

We would like to mention that in the published version of the project [186], a connection
between the study and observed anomaly in the ANITA experiment [205,206] was made. A
possible explanation for the anomaly could be provided by the considered SUSY scenario,
however, it was later demonstrated that the ANITA anomaly was due to experimental issues
and did not correspond to BSM Physics. Therefore, the discussion of the solution to the
anomaly is not included in the thesis, a curious reader is recommended to investigate the
published article [186].

Finally, we would like to point out that more effort is needed to explore realistic SUSY
scenarios in which decay sequences, similar to the one considered in this study, are embedded in
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a full theory and arise naturally. We have concentrated on interactions of metastable sleptons
with MoEDAL’s NTD array, however, charginos and R-hadrons could also be detected in
MoEDAL, and we leave their examination for the next study.

4.2 Prospects of searches for long-lived charged particles with
MoEDAL

4.2.1 Introduction

In Sec. 4.1 it was shown that MoEDAL can conduct tests of New Physics scenarios comple-
mentary to ATLAS and CMS, and in some cases it can investigate regions of the parameter
space unprobed by the two major LHC experiments. In this project we continue our previous
work and aim at providing a comparison between MoEDAL and ATLAS/CMS for a variety
of BSM models. We begin by considering the production of charged R-hadrons induced by
gluinos, stops or light-flavour squarks. Next, we study the production of charginos and slep-
tons, and prospects for their detection at the LHC. In both cases we do not make any specific
assumptions about the models in which the particles appear, we parametrise their lifetime
instead.

Another BSM Physics scenario, already introduced in Sec. 2.2.1, which potentially leads
to the production of long-lived charged fermions is a Type III seesaw model [104}207,208|,
with at least two new SU(2)p-triplet fermion fields (X) with ¥ = 0. In this model the
neutrino mass is given by m, ~ Y2v?/my, where Y, is the Yukawa coupling for neutrinos,
v & 246 GeV is the Higgs vev, and my is the mass of the new fermion. Typically, radiative
corrections generate a mass splitting ms+ —myo > m = [209], making % short-lived and the
decay ¥* — ¥9 + 7F kinematically allowed. Experimental signature of such decays would be
a disappearing track, because X0 is neutral, and 7% is very soft. Nevertheless, if there exists
additional contribution to £+ masses resulting in smaller mass splitting, the two-body decay
of £* would not be allowed. Instead, a three-body decay would occur, which is phase space
suppressed, and might result in a signature of a charged detector-stable particle.

Doubly charged long-lived scalars can appear in many New Physics scenarios. One example
is a type II seesaw model, in which SM is augmented with a complex SU(2); triplet of
scalar fields with hypercharge Y = 2 [99,/101,210-212]. Spin-1/2 particles might also be
doubly charged, e.g. a doubly charged Higgsino in supersymmetric L-R models [213-215].
Another possibility is to simply add new doubly charged particles on top of the SM field
content [216,217|, write the possible interaction terms, and investigate phenomenological
consequences. In this project, we consider doubly charged scalars and spin-1/2 fermions that
may be either singlets or triplets with respect to SU(2)r gauge symmetry group.

We note that parameters of L-R symmetric models, as well as type II and III seesaw
models, are constrained based on theoretical considerations and low-energy experimental data
[210H212,1218|. Since the goal of the project is to assess the sensitivity of the MoEDAL
experiment in a model-independent way, we restrain from further discussing these indirect
constraints.

4.2.2 Previous LHC searches

Various types of searches for long-lived particles were conducted by both ATLAS and CMS,
and have been already discussed in Sec. 3.1.2. General-purpose experiments group their
searches into two broad classes: 1) Heavy Stable Charged Particles (HSCPs), which do not
decay within the detector volume; 2) decaying LLPs. Since we are interested in comparing the
sensitivity of ATLAS and CMS to MoEDAL, we consider only the former class of searches,
which relies on measurements of the anomalous ionisation loss dF/dx and a very long time
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of flight (ToF) to the Muon System. Most of these searches were interpreted by ATLAS and
CMS in the context of supersymmetry.

The ATLAS collaboration used 36.1 fb™! of data collected for 13 TeV pp collisions, and
searched for HSCPs, but no significant signal was observed. It allowed setting 95% CL upper-
limits on the pair-production cross sections of long-lived R-hadrons, staus and charginos.
These limits can be translated into lower mass limits on SUSY particles: gluino 2000 GeV,
sbottom 1250 GeV, stop 1340 GeV, stau 430 GeV and chargino 1090 GeV [157]*.

ATLAS also performed a dedicated search [159] for the anomalous ionisation signal caused
by the pair production of SU(2)1, and SU(3)c-singlet multiply charged (|Q| = Z-€,2 < Z <7)
HSCPs with spin-1/2, in the mass range m € [50,1400] GeV. The data set consisted of
36.1 fb~! recorded pp collisions at the center of mass energy of 13 TeV. No excess signal events
were observed, which led to setting a 95% CL upper limits on the Drell-Yan pair production
cross section as a function of the charge magnitude of the lepton-like HSCP. These upper
cross section limits can be recast to lower mass limits for spin-1/2 fermions, ranging from 980
GeV for Z =2 to 1220 GeV for Z =T7.

CMS experiment searched for SU(2);, and SU(3)¢ singlet HSCPs, with single |Q| = le,
multiple |Q] > le, and fractional || < le charge. The analysis |162] considered only spin-1/2
particles produced via the Drell-Yan process. The study was conducted using two datasets:
5fb~! and 18.8 fb~!, with center of mass v/5s = 7 TeV and /s = 8 TeV energies, respectively.
The lower mass bounds obtained are: 480 GeV for |Q| = 2/3e, 574 GeV for |Q| = le, 685
GeV for |Q| = 2e, 796 GeV for |Q| = e, 781 GeV for |Q| = 6e, 757 GeV for |Q| = Te, and
715 GeV for |Q] = 8e.

The CMS collaboration used 13 TeV 2.5 fb~! data set to set 95% CL lower mass bounds
on SUSY particles [163]: gluino (1610 GeV), stop (1040 GeV) and stau (490 GeV). In addition,
550 GeV and 680 GeV mass limits were set on singly and doubly charged lepton-like fermions,
respectively. 3

4.2.3 Analysis framework

In this project we consider pair production of new, singly or doubly charged particles at the
LHC, pp — YY + X, where Y is the antiparticle of a new BSM particle Y, and X stands for
soft particles originating from the beam remnants or initial QCD radiation. More specifically,
the particle Y can be a SUSY particle, i.e. an R-hadron formed by gluino §, stop £, or
light-flavour squark ¢ € {1, d,c,s, B}, or it can also be a long-lived chargino X%E or a charged
slepton I*. In addition, we consider scenarios in which Y is a doubly charged, SU(2)-singlet
or triplet, scalar ST or spin-1/2 fermion f*7.

As already discussed in Sec. 3.2, the MoEDAL NTD array is sensitive only to charged
particles, hence coloured sparticles must hadronise to charged R-hadrons in order to be de-
tected. Since the probability x to form a charged R-hadron is not well understood [220], we
vary this parameter over the range x € [0.5,0.7]. Distance from the interaction point to the
MoEDAL NTD array is ~ 2 m, which corresponds to lifetimes of the order of O(1 m/c). For
shorter lifetimes, 7, the detection probability will be exponentially suppressed. In this study,

2A shorter-lived coloured sparticle can decay within the detector volume after hadronisation, e.g. a gluino
hadron might decay to a pair of quarks and the lightest neutralino, ¥J. Using the same data set ATLAS
collaboration imposed weaker lower mass limits of 1290—2060 GeV on the gluino, assuming the aforementioned
decay scheme and mgo =100 GeV [158].

3CMS performed also a search [126] for an anomalous signal arising from disappearing tracks using 13 TeV
data collected during Run 2. The 95% CL limits provided were Mok = 884 (474) GeV for purely wino LSP
in the AMSB model with Tek = 3 (0.2) ns, with L = 140 fb~!. Results for purely higgsino neutralino were
mg+ =750 (175) GeV for 7.+ =3 (0.05) ns, with L = 101 fb~!.. A similar analysis [219] was constructed by

1 1

the CMS in order to constrain SU(2)r-triplet charged fermion in the type ITI seesaw model. 35.9 fb~! of 13
TeV LHC data was used, and the lower mass bound was estimated to be my+ > 840 GeV.
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similarly to the project described in Sec. 4.1, we treat the lifetime 7 of the new BSM particle
Y as a free parameter, in order to achieve a higher level of model independence. The results
will be presented in 2D planes, corresponding to my vs. ¢ty parameter space.

As discussed previously in Sec. 3.2, the incidence angle constraint is one of the key
factors limiting the sensitivity of the MoEDAL detector. When the MoEDAL collaboration
got acquainted with the results presented in Sec. 4.1.3, a decision was made to reorganise
the deployment of NTD panels in order for them to face the interaction point and minimise
the incidence angle of incoming particles. Therefore, from now on only the “ideal” geometry
set-up, introduced in Sec. 4.1.3, is considered, for which the incidence angle condition in Eq.
(3.2) can be approximated with:

© (5max (ﬂu Q) - 61) — 0O (ﬁmax(Q) - Bz) 3 (4.4)

where Bnax(Q) = 0.15-|Q/e| was introduced in Eq. (3.3). One can then replace the Eq. (3.4)
with the following formula:

N N
€= <Z 6i> = <ZPNTD (ﬁiaT) -0 (ﬁmaX(Q) - Bl)> ) (4'5)
MC MC

i=1 i=1

where N = 2 because we consider pair production in this study. The probability Pxtp in Eq.
(4.5) is given by:
I o
NTD (pY) ) (4.6)
Byery

where py and 7y are the three-momentum and lifetime of the considered BSM particle Y,
B is the particle’s velocity expressed in the units of the speed of light in the vacuum c,
y=(1- ﬁg)fé is the Lorentz factor, and LyTp(py) is the distance from the IP8 to the point
in which particle Y hit an NTD panel. w (py) in Eq. (4.6) is the geometrical acceptance
factor, equal to 1 if there is an NTD panel in the direction of py, and 0 otherwise. Note
that the probability in Eq. (4.6) is different for the expression in Eq. (4.3). It is because
in the first project described in Sec. 4.1, we considered a long-lived neutralino decaying to a
metastable stau, where the latter could be detected by MoEDAL. Therefore, we required the
neutralino to decay before reaching the MoEDAL detector, which is expressed in Eq. (4.3).
In this project, on the other hand, we are interested in charged particles produced directly
in the pp collisions (or shortly afterwards in the case of R-hadrons), which have to live long
enough (7y 2 O(1 %)) to reach the MoEDAL detector. Hence the Eq. (4.6) is proportional
to the expression for exponential decay.

In order to evaluate the Monte Carlo average in Eq. (4.5) we used MC event generator
MadGraph5_aMC v-2.6.7 [184] and implemented doubly charged particles with FeynRules
2 |185]. The fast analysis framework described in Sec. 3.2.2 was properly adjusted to the
needs of the project, and used to derive MoEDAL detection reach as a function of the mass
and decay length for each of the BSM particles.

Parn By, 1) = w (Fy) exp (

4.2.4 Singly charged particles

Motivation for candidates
A general overview of long-lived SUSY particles was given in Sec. 2.1.4. Sparticles which can
be detected in MoEDAL are: gluino, stop, other squarks, charginos, and charged sleptons.
The gluino cannot be directly detected, because it rapidly hadronises into colour-neutral
R-hadrons. If the colour charge of the gluino is neutralised by a gluon, the resulting R-
hadron is electrically neutral and cannot be detected by MoEDAL. The other possibility is
the formation of colour-neutral bound states involving gluino and two colour-octet quarks. By
assuming that R-hadrons formed with the first-generation quarks are the lightest, we arrive at
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four possible bound states: @u, §dd, jud, gdu*. The former two states are electrically neutral
and cannot be detected in the MoEDAL experiment, hence we will discuss the prospects for
detection of the latter two charged R-hadrons. In the succeeding sections, we will introduce a
parameter k to represent the fraction of charged states among all of the produced R-hadrons,
and study MoEDAL’s sensitivity to charged R-hadrons for different values of «.

In the case of squarks, we distinguish between two scenarios. In the first model, stop
is the lightest squark forming a long-lived R-hadron, while the other five flavours are much
heavier. In the second scenario the situation is reversed, stop is very heavy, while the other
five squarks are nearly mass degenerate and form long-lived R-hadrons. In both cases we
assume that heavy squarks decay to the lightest one on a time scale < O(1 m/c). Similarly
to the gluino, the lightest squark is assumed to form bound states with the first generation
of SM quarks: @, dd, @d, du. The first two bound states are electrically neutral, while the
other two are charged. Similarly to gluino R-hadrons, we will introduce a parameter s to
represent the fraction of charged states among all of the produced R-hadrons, and present
prospects for detection of charged R-hadrons in MoEDAL for different values of k.

A long-lived chargino, being a mixture of wino W and higgsino h, can also be a long-
lived particle. In this project we consider the case when one of the components dominates
the production. Decays to the lightest state (wino-like or higgsino- like) is again assumed to
occur on a short time scale: < O(1 m/c). We do not consider neutralinos, since they are
chargeless and cannot be directly detected at the MoEDAL detector, therefore chargino is
assumed to be lighter than neutralino®.

Finally, we admit a possibility to detect long-lived charged sleptons [+ in MoEDAL. A
long-lived slepton might be a superpartner of a left- or right-handed SM lepton and both cases
are considered. We refer to the charged slepton as stau 77, since in many SUSY scenarios
staus are lighter than selectrons and smuons, however, our results apply to all flavours. Unlike
the project described in Sec. 4.1, we consider a direct production of staus in pp collisions.

Run 3 projections for supersymmetric particles

We begin the discussion of MoEDAL’s expected sensitivity to long-lived singly charged sparti-
cles at the end of Run 3, by showing in Fig. 4.7 pair production cross sections for various SUSY
particles. All values were taken from the LHC SUSY Cross Section Working Group [198],
except for 7y, /g, for which Resummino 2.0.1 was used [221|. The precision of cross section
calculations for the coloured sparticles, (g, #, G), is at the approximate next-to-leading order
(NNLOgapprox) precision level with the resummation of soft gluon emission at the next-to-
next-to-leading-logarithmic (NNLL) accuracy [222]. The accuracy for the weakly interacting
sparticles, (W, h, Tr/R), is at the NLO + NLL level.

The cross section curve for ¢ in Fig. 4.7 is the sum of contributions to both left- and
right-handed squarks of the first 5 flavours, calculated with the assumption mgz = 3 TeV.
For the weakly interacting sparticles, cross sections are summed over all triplet (doublet)
components of 1% (71 and 77). To be more explicit, we include WEWO and WHW— production
modes for winos, fz*if, iL%ZiLi and ﬁ?ﬁg production for higgsinos, and 77,77, DT%EE and U, U,
for producing left-handed slepton, with the assumption that the heavier components of the
multiplets decay to lighter long-lived charged sleptons °.

One can see in Fig. 4.7 that coloured sparticles have the largest cross section, while
charged sleptons the smallest. For the cross section to be above 1 pb, sparticles need to be
lighter than (approximately): 1 TeV (g), 700 GeV (g, %), 400 GeV (W, h), and 200 GeV

(TL/R)-

4Here we use the bar notation to indicate antiquarks.

STypically, charged wino is heavier than the neutral one by > m_,+ thanks to the radiative corrections.
However, this mass hierarchy can be reversed by tuning the mixing in the neutralino and chargino sectors,
which is the case considered in this study.

5Phenomenological studies of such scenarios with a long-lived 7 were described in [76/{78].
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SUSY sparticle pair production cross-section
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Figure 4.7: Pair production cross section for various sparticles as a function of their mass. For the
coloured sparticles, (g, t, §), cross sections were calculated at the NNLOapprox + NNLL level [198]222],

while for the weakly interacting particles, (W, h, 71 /Rr), the accuracy was at the NLO + NLL level
[2211[222].

The velocity distribution of BSM particles heavily affects the sensitivity of MoEDAL
NTDs, therefore § distributions for various SUSY particles are depicted in Fig. 4.8. The
following representative masses were taken to produce the plot in Fig. 4.8: g: 1010 GeV, ¢:
920 GeV, ¢: 720 GeV, W: 300 GeV, 7r: 80 GeV. The velocity distribution of 7 (not shown)
is similar to the distribution of 7.

As evident from Fig. 4.8, coloured sparticles have, in general, much lower velocities than
charginos and sleptons. One reason is that the considered masses of coloured sparticles are
larger than winos, higgsinos or sleptons. Another effect is that the production of coloured
sparticles might be dominated by a t-channel fusion of two gluons, while the poduction of
weakly interacting sparticles is mainly via the s-channel Drell-Yan process initiated by the
quark-antiquark initial state. We also observe that charginos are typically slower than slep-
tons. The reason is that the s-channel is mediated by the spin-1 gauge boson (y*, Z*), and
the pair production rate for scalar particles vanishes in the § — 0 limit because of the p-wave
suppression, which is not the case for fermions.

The vertical grey line in Fig. 4.8 corresponds to the MoEDAL sensitivity limit for singly
charged particles, i.e. only particles with § < 0.15 can be registered by NTDs. We can
see that the largest fraction of detectable particles is for coloured sparticles, intermediate for
charginos, and the lowest for sleptons.

We now discuss the expected sensitivity of the MoEDAL detector to long-lived charged
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Figure 4.8: Velocity distributions for various SUSY particles. The vertical grey line corresponds to
the MoEDAL sensitivity limit for singly charged particles, i.e. only particles with 8 < 0.15 can be

registered by NTDs. The following representative masses were taken to produce the plot: g: 1010
GeV, ¢: 920 GeV, ¢: 720 GeV, W: 300 GeV, 71: 80 GeV.

SUSY particles in Run 3 LHC, with the integrated luminosity L = 30 fb~!. The contours in
Fig. 4.9 enclose the range of masses and decay lengths that MoEDAL can test. Solid lines
correspond to Ngg = 1, while dashed represent Ny, = 2.

The plot in Fig. 4.9a shows the expected MoEDAL’s sensitivity for gluino R-hadrons,
with red (blue) contours corresponding to x = 0.5 (k = 0.7) fraction of charged bound states
produced. In the more conservative case k = 0.5, MoOEDAL is expected to observe 1 (2) signal
event(s) for mgz ~ 1530 (1400) GeV, in the limit of a very long lifetime (c7 > 100 m). Under
the more optimistic assumption x = 0.7, the maximum gluino mass that MoEDAL can probe
is ~1600 (1470) GeV if 1 (2) signal event(s) are demanded.

The sensitivity to the lighter stop, 1, is plotted in Fig. 4.9b. The mass of the long-lived
stop can be probed by MoEDAL up to ~870 GeV (Ngjz = 1) and ~780 GeV (Ngg = 2) for
x = 0.5, while for x = 0.7 the limits are ~920 GeV (Ngjz = 1) and ~830 GeV (N = 2)

The sensitivity to squarks is shown in Fig. 4.9¢. Since the production cross section depends
on mg, we show contours for mg = 2 TeV and mgz = 3 TeV. In the most optimistic case, i.e.
for Kk = 0.7, mz = 2 TeV and cr > 100 m, MoEDAL can probe squark mass up to ~1920
(1700) GeV for Ngjg =1 (2). On the other hand for x = 0.5 and mgz = 3 TeV the mass reach
is ~1670 (1450) GeV for Nz =1 (2).

We now turn to discuss the prospects for the detection of weakly interacting sparticles.
MoEDAL sensitivity for charged winos (blue) and higgsinos (red) is shown in Fig. 4.9d.
MoEDAL can probe the wino mass up to ~670 (570) GeV for Ny = 1 (2). In the case of
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higgsinos, the mass reach is ~530 (430) GeV for Ny, = 1 (2). Higher sensitivity to winos
comes from the larger production cross section caused by the bigger SU(2)y charge.

Finally, we discuss the possibility to discover sleptons with MoEDAL. Run 3 sensitivities
for 7r (blue) and 77, (red) are shown in Fig. 4.9e. The limits are weak, it is ~61 (58) GeV for
the metastable 77, with Ngg = 1 (2), and ~56 GeV for 7g, corresponding to Ngs = 1 (there is
no Ngg = 2 contour for 7). All masses are below the LEP limit [223| and already excluded.
The reason why MoEDAL is insensitive to sleptons is the s-channel production mode with a
heavy spin-1 gauge boson propagator, resulting in velocity suppression of the production cross
section and unfavourable, from the perspective of MoEDAL, distribution of slepton velocities.

Comparison with the existing searches

We now compare the expected sensitivity of MoEDAL to supersymmetric particles with the
existing constraints by ATLAS and CMS experiments. Multiple searches for long-lived par-
ticles are described in Sec. 3.1.2, however, in most of them the assumed lifetimes are much
shorter than in the scenarios considered in this project. Searches for Heavy Stable Charged
Particles (HSCPs) are an exception since they assume that particles live long enough to be
considered detector-stable. They rely on the ionisation energy loss and time of flight measure-
ments and are less model dependent than other searches. Therefore, we focus on the bounds
provided by the HSCP searches.

In Tab. 4.1 we summarise the expected sensitivity of MOEDAL to supersymmetric particles
at Run 3 for k = 0.7 and Nge = 1. We compare these results with constraints from the latest
ATLAS HSCP analysis [157] with L = 36.1 fb~!. The ATLAS collaboration interpreted their
results for long-lived stau, wino, stop and gluino, and derived the lower 95% CL mass limits,
which are shown in the third column in Tab. 4.1. At the time of conducting the project, the
most recent CMS analysis [163] was based on a smaller set of data L = 2.5 fb~! and provided
weaker limits on gluino, stop and stau. Lower mass limits from this analysis are presented in
the right-most column in Tab. 4.1.

The limits on long-lived §, £ and W are nominally stronger than the expected detection
reach of the MoEDAL detector. However, the ATLAS selection cuts might lead to gaps in the
full phase space, which can be avoided by MoEDAL. In Tab. 1 of [157], ATLAS defined 5 signal
regions, all of which incorporated single (isolated) high-momentum muons and E’fTniss triggers
varying between 70 and 110 GeV. Similarly, the CMS analysis [163| assumed ERS > 170
GeV. These requirements might not be satisfied in some of the long-lived sparticle scenarios,
e.g. there would be no E%liss signature in models with weak R-parity violation.

We also note that in [157] ATLAS collaboration did not interpret their results for higginos
nor light-flavour squarks, therefore we recast the cross section upper limits for sbottoms and
winos. Our approach assumes that the detection efficiencies for HSCP analysis would be
similar for sbottom and light-flavour squarks, and similarly for winos and higgsinos. Based
on this assumption we obtain lower mass limits 1170 (2310) GeV for higgsinos (squarks), as
written in double parentheses in Tab. 4.1.

Comparing the expected sensitivity of MoEDAL and current experimental constraints by
ATLAS and CMS we note two points. Firstly, MoEDAL is sensitive only to particles with
Z/B < 7, which reduced its ability to detect singly charged particles. Secondly, the amount of
data which MoEDAL is expected to accumulate is already about 5 times smaller than the one
already collected by ATLAS and CMS. It is because MoEDAL is located at the IP8 together
with the LHCb detector, which requires a restricted instantaneous luminosity in order to
suppress pile-up.

As a final remark, we comment on the scenario with an SU(2)-triplet fermion(X*, ¥0)
in type III seesaw, already mentioned in Sec. 4.2.1. In general, the mass degeneracy between
the charged and neutral fermions is uplifted by the radiative corrections: ms+ —mso > m +,
resulting in a relatively short lifetime of ©*. However, if there are additional contributions
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Figure 4.9: The expected sensitivity of the MOEDAL detector, at the end of Run 3 (L = 30 fb™'),
to various types of SUSY particles.
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Table 4.1: Comparison of the expected MoEDAL sensitivity at the end of Run 3 (L =
30 b~ k=0.7, Ngig = 1) with the latest ATLAS and CMS constraints.

MoEDAL | (ATLAS) | (CMS)
Fi 1600 (2000) | (1500)
q 1920 ((2310)) -
t 920 (1350) | (1000)
W 670 (1090) -
h 530 ((1170)) -
7 61 (430) (230)

to the mass splitting, such that my+ — myso < m, =, the lifetime of 3% might be long enough
to allow for its detection at the MoEDAL detector. In the case when myo > my+ +my+, X°
decays promptly to ©* and the mass reach of MoEDAL would be ~ 670 GeV, similarly to
Winos studied in this section. For mso + m,+ > my+ > myo, T undergoes a three-body
decay to X0 with lifetime O(1 s). In this case, X% does not contribute to the signal and
the signal yield is reduced by approximately 1/2 because the dominant production mode is
pp — BEX0. We expect that the mass reach in such a scenario would be similar to the result
for higgsinos.

4.2.5 Doubly charged particles

Motivation for candidates

Scalar particles with an electric charge twice the charge of a proton/electron can arise in many
BSM scenarios. A typical example, already mentioned in Sec. 4.2.1, is the type II seesaw
model 99}(101},210-212], in which the SM is augmented with a complex SU(2)-triplet of
scalar fields. Other BSM scenarios in which doubly charged scalars appear are: Left-Right
symmetric model [224-226|, Georgi-Machacek model [227H230], 3-3-1 model [231,1232] and
Little Higgs model [233]. Supersymmetric versions of these models might lead to doubly
charged spin-1/2 higgsinos, e.g. the supersymmetric version of the Left-Right symmetric
model based on SU(3)¢c x SU(2)r x SU(2)gr x U(1) p—1, gauge group. Doubly charged scalars
can be also introduced in simplified models [216,217].

The type II seesaw model, already introduced in Sec. 2.2.1, contains SU(2)-triplet scalar
multiplet A interacting with leptons and W bosons. The interaction strength is regulated by
the vacuum expectation value, v, of the neutral component of the A. Majorana masses of
neutrinos are given by M, = \/§viT, with Y}, being the neutrino Yukawa coupling. Collider
limits on the mass of the doubly charged scalar, H**, depend on the value of vy. For
small vy < 107* GeV (corresponding to large Y,), the like-sign dilepton (LSD) channel can
be effectively used to search for a doubly charged Higgs. The latest limit was set by the
ATLAS collaboration [234], and for a doubly charged Higgs boson coupled to left-handed
leptons Hfi, it varies between 770 and 870 GeV, depending on the branching ratio for a
HE* — e*e® decay, with an assumption that Br(Hf* — 1%1%) = 100% (1 = e, u). For
Br(HE* — 1F1%) = 10%, the limit is 450 GeV.

On the other hand, if we assume a small Yukawa and large vev vy > 107* GeV, then
the LSD decay mode is highly suppressed, while several other competing modes open up if
kinematically accessible, e.g. (i) pair of heavy bosons WEW*, (ii) W*h* and (iii) H* H*.
W= and H* decay subsequently to jets and leptons, resulting in a variety of rather compli-
cated final states, and weak limits on the mass of a doubly charged scalar. ATLAS considered
production of a pair of doubly charged scalars, each decaying to two W bosons with 100%
branching ratio, for L = 36.1 fb~! 13 TeV LHC data. No signal excess was observed, allowing
to exclude mpy++ between 200 and 220 GeV are 95% CL [235].
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In the Left-Right (LR) symmetric model there are two scalar multiplets Ay and Ag,
corresponding to SU(2), and SU(2)p triplet representations, respectively. Each of them has
an associated doubly charged component Hfﬁ Since the scalars are gauged under different
SU(2) groups, their couplings to fermions and gauge bosons are distinct [234}|236]. The
ATLAS collaboration investigated the LSD channel looking for doubly charged scalars in

= 36.1 fb~! 13 TeV LHC data [234]. No signal excess over the SM background was
observed allowing to set 95% CL limits on My and Mgt The limit for M is the
same as for type II seesaw scalar. In the case of the Hp £+ w1th Br(HjEjE 1) = 100% the
limit varies between 660 and 760 GeV, depending on the branching ratio for Hp et
For Br(HE® — 171%) = 10% the corresponding limit is 320 GeV.

The 95% CL lower limit on a mass of a doubly charged scalar in the Georgi-Machacek
model is 220 GeV. It was obtained by the ATLAS collaboration using L = 36.1 fb~! 13 TeV
LHC data [235].

We would like to stress that in all the searches described above, the doubly charged scalar
is assumed to decay promptly (¢ < 10 pum), hence they are complementary to the search for
long-lived charged particles at the MoEDAL detector. There exist values of vy and mg++ in
the type II seesaw model for which the doubly charged scalar H** can have a significantly
longer lifetime, resulting in an HSCP-like signature. Such signatures were studied by both

ATLAS and CMS and will be discussed later.

Run 3 projections for doubly charged particles

In the project, we estimate the sensitivity of MoEDAL to doubly charged scalars and spin-
1/2 fermions, which are either SU(2)y, singlets or triplets with quantum number assignments
(SU2)L,U(l)y) = (1,2) and (SU(2)1,U(1)y) = (3,1), respectively. All these particles are
assumed to be SU(3)¢ singlets”.

The pair production cross section for the four considered types of doubly charged particles
is depicted in Fig. 4.10. For particles with the same spin, the triplet cross section is about an
order of magnitude larger than for the singlet. The difference comes from including all neutral
pp — YOVO YTY~— Y+ttY~—+. .. andcharged pp — YOY*, Y*Y*++ 4 | triplet production
modes, with the assumption that the heavier components decay to nearly-degenerate lightest
doubly charged particle. In that way, all production modes lead to a final state with two
doubly charged particles. Neutral production modes are produced via s-channel with ~/Z
exchange, while charged ones with s- channel involving W*. In the SU(2)r-singlet case,
there is only one neutral production mode, i.e. pp — YY"~ + .. .

Another observation is that the cross section in Fig. 4.10 is an order of magnitude larger
for fermions than scalars with the same quantum numbers. It is because a Dirac fermion has
twice as many degrees of freedom as a complex scalar. Another reason, already discussed
earlier, is that scalars suffer from threshold velocity suppression, i.e. ¢ — 0 as 8 — 0, which
is absent for fermions.

One important difference between sparticles in Sec. 4.2.4 and doubly charged particles
is the change of the sensitivity limit on velocity, below which MoEDAL can detect BSM
particles. For singly charged particles, the limit is S < 0.15, but for doubly charged particles
it is B < 0.30, which significantly enhances the sensitivity of MoEDAL. Fig. 4.11 depicts
normalised velocity distributions for various pair-produced doubly charged particles, where
the plot on the left (right) is for my = 50 (300) GeV. The vertical grey lines in Fig. 4.11
correspond to MoEDAL’s sensitivity limit for doubly charged particles. Comparing both plots
in Fig. 4.11 we observe that they are more mass-dependent in the high 5 region, and mildly
change for the low 8. Nonetheless, the difference is still sizeable, for my = 300 GeV about

“In this project we do not consider heavy coloured particles hadronising into doubly charged bound states.
Such particles are interesting from the MoEDAL point of view, because their cross section is expected to be
large, and velocity distribution might be favourable. Such particles will be discussed in the next two projects.
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Figure 4.10: Leading order cross section for pair production of various doubly charged particles at
13 TeV LHC.
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Figure 4.11: The velocity distributions of various doubly charged particles Y, with my =
50 GeV (left) and my = 300 GeV (right). The vertical grey line corresponds to the MoOEDAL’s
sensitivity limit, i.e. the requirement that 8 < 0.3.

twice as many events fall into the 8 < 0.3 region than for my = 50 GeV.

Finally, in Fig. 4.12 we present the expected sensitivity of Run 3 MoEDAL to the four
considered types of doubly charged particles: scalar singlet (red), fermion singlet (green),
scalar triplet (blue) and fermion triplet (magenta). Solid contours correspond to Nggz =
1, while dashed contours represent Ngz = 2. As expected, MoEDAL is most sensitive to
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fermion SU(2)-triplet, due to its large cross section and favourable velocity distribution.
The detection reach in the ¢r > 100 m limit is 1130 (990) GeV for Ng, = 1 (2). For the
singlet fermion, MoEDAL can probe masses up to 650 (540) GeV for Ng, = 1 (2). Sensitivity
to scalars is much lower than fermions due to lower production cross section and unfavourable
velocity distribution. The MoEDAL mass reach for the scalar triplet is about 340 (280) GeV,
and for the singlet, it is 160 (130) GeV, for N, =1 (2) (if c7 > 100 m).

MoEDAL Run 3 sensitivity, doubly charged particles
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Figure 4.12: The expected sensitivity of the MoEDAL detector at the end of Run 3 to doubly
charged singlet and triplet spin-0 and spin-1/2 particles. The integrated luminosity is assumed to be

L=230f"

Comparison with the existing searches
We compare prospects for the detection of doubly charged particles at the Run 3 MoEDAL
with the current constraints from ATLAS and CMS. As discussed in Sec. 4.2.4, the most
relevant constraints come from HSCP searches, which are based on the ionisation energy loss
and time of flight measurements, but also incorporate some additional trigger requirements.
ATLAS analysis for L = 36.1 fb~! 13 TeV data utilises the largest data set, but the
collaboration did not interpret its results for doubly charged particles.

The CMS collaboration, on the other hand, published its result for smaller data set
(L = 2.5 fb™1), but interpreted it for long-lived doubly charged spin-1/2 SU(2)r- singlet.
The mass bound provided in [163] is 680 GeV, which is 30 GeV higher than the MoEDAL
mass reach for Run 3, as shown in Tab. 4.2. We would like to stress that CMS analysis
relies on extra assumptions, e.g. E%‘iss > 170 GeV, making its lower mass bound more
model-dependent than the expected MoEDAL sensitivity.
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Table 4.2: Comparison of the expected MoEDAL sensitivity (Ngg = 1) to doubly charged particles
at Run 3, and the current (95% CL) mass bounds for a long-lived fermion-singlet doubly charged
particle obtained from the CMS HSCP search with L = 2.5 fb=! [163] (in parentheses). Additionally,
we provide lower mass bound for fermion triplet and scalars obtained by re-interpreting [163] (in
double parentheses).

MoEDAL | (CMS)

Scalar singlet 160 ((320))
Fermion singlet 650 (680)

Scalar triplet 340 ((590))

Fermion triplet 1130 ((900))

Unfortunately, the CMS collaboration did not interpret their result in [163]| for other
types of doubly charged particles, hence we are forced to recast it. In order to derive the
approximate mass bounds, we assume that detector efficiencies are not very sensitive to the
type of particle, only to its electric charge. The mass bounds obtained within this assumption
for long-lived doubly charged scalars and fermion triplet are in double parentheses in Tab.
4.2.

The recast CMS sensitivity to scalar singlet (triplet) is estimated to be 320 (590) GeV,
which is to be compared with the expected sensitivity of the MoEDAL detector of 160 (340)
GeV (for L = 30 fb™ 1, Nsig = 1 and e¢r > 100 m). In the case of the fermion triplet, the
estimated CMS bound is 900 GeV, to be compared with 1130 GeV that can be probed at Run
3 MoEDAL. All lower mass bounds are summarised in Tab. 4.2.

4.2.6 Conclusions

In this project, we have estimated the expected sensitivity of the MoEDAL detector to various
types of long-lived charged particles, and compared it to current lower mass bounds provided
by ATLAS and CMS experiments. First, various types of singly charged supersymmetric
particles were considered. Next, long-lived doubly charged scalars and fermions, inspired by
type Il and type III seesaw models, were investigated. We emphasise that the MoEDAL
search for long-lived BSM particles is completely model-independent and effectively free from
the SM background, contrary to ATLAS and CMS analyses, which always rely on a set of
triggers and selection cuts to reduce the SM background. However, the sensitivity of MoEDAL
is severely limited due to two factors. The first reason is that MoEDAL is sensitive only to
slowly moving particles, i.e. 8 <0.15 (0.30) for |Q| = le (|Q| = 2¢). The second reason is the
low luminosity available to MoEDAL, due to requirements of the LHCb experiment located
at the same interaction point. At the end of Run 3 MoEDAL is expected to collect an order
of magnitude fewer data than ATLAS and CMS.

The best sensitivity of MoEDAL to supersymmetric particles is for strongly interacting
sparticles forming long-lived R-hadrons, namely gluinos, light-flavour quarks and stops. Sensi-
tivity to charged winos and higgsinos is also interesting, but there are no prospects to detect di-
rectly produced long-lived staus because the lower mass bound is below the model-independent
limit established by LEP. Nonetheless, we regard the MoEDAL model-independent limits to be
complementary to searches by ATLAS and CMS, and particularly interesting in the scenario
with weakly-broken R-parity, in which there is no ErTniSS.

Out of all the particles considered in this project, doubly charged SU(2)-triplet fermions
are the most favourable for MoEDAL. Since they are doubly charged, the velocity threshold
is relaxed to Bi, = 0.30. Unlike scalar particles, the production cross section of fermions does
not vanish in the 8 — 0 limit, which results in slower, thus detectable in MoEDAL, particles
produced. Finally, the production cross section for SU(2)-triplet is enhanced with respect
to the singlet. Our analysis suggests that MoEDAL can provide better limits than CMS,
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however, one has to remember that the CMS result is based on a small data set and the CMS
lower mass bound was obtained using our approximate recasting procedure.

It is evident that at the end of Run 3, ATLAS and CMS will be able to provide stronger
constraints on all of the considered doubly charged particles. However, once more we would
like to emphasise that the limits of MoEDAL are complementary and free of typical auxiliary
signal assumptions.

4.3 Detecting long-lived multi-charged particles in neutrino mass
models with MoEDAL

4.3.1 Introduction

In the previous two projects, the prospects for the detection of supersymmetric and doubly
charged particles at Run 3 MoEDAL were discussed. Now we turn to study radiative neutrino
mass models introduced in |118] and described in Sec. 2.2.2. These two models (coloured and
uncoloured) are particularly interesting to MoEDAL because they predict the existence of
long-lived multiply charged particles, for which MoEDAL’s sensitivity might be significantly
enhanced. They are also interesting from a theoretical point of view. Many of the 1-loop
models introduce additional discrete symmetry in orded to remove unwanted tree-level con-
tributions to neutrino masses and provide a Dark Matter candidate. A prototype model of
this class is the scotogenic model [237]. On contrary, the models introduced in |[118] do not
require imposing ad-hoc discrete symmetries, the leading order contributions to the mass of
the neutrino are automatically at the 1-loop level.

In this project, we consider both coloured and uncoloured versions of the model described
in Sec. 2.2.2. We perform a scan over the model’s parameters in order to determine for which
values MoEDAL can test the considered scenario. Moreover, we present the sensitivity of
MoEDAL to multiply charged particles in a general case, where the mass and decay length
of the new particle are free parameters. We also demonstrate the significance of the photon
fusion process to the production of particles with large electric charges, which allows us to
update lower mass bounds from Sec. 4.2.5.

4.3.2 Neutrino mass models and multiply charged long-lived particles

One of the consequences of the radiative neutrino mass model described in Sec. 2.2.2 is the
existence of long-lived multiply charged scalars. In this section, we will study the phenomenol-
ogy of these particles.

Let us begin with the basic (uncoloured) version of the model, in which there is a scalar
SU(2)-singlet S; with Y = 2, a scalar SU(2)-triplet S3 with Y = 1, and three generations
of fermionic SU(2)r-doublets F; (F;) with Y = +5/2 (Y = +5/2), as listed in Tab. 2.3. If
mg, < mp,ms,, then the components of the scalar SU(2) -triplet might be long-lived. These
components are ST2, 13 and ST, with charges 2e, 3¢, and 4e, respectively. We would like
to investigate the decays of these particles and their dependence on the model’s parameters
in order to understand what controls their lifetime. The relevant interactions from Eq. (2.72)
are:

Lrsu 3 Lxix — (hee)ij (€R)C (€3)C ST = (hp)ij LiFj ST — (hj)ij LiFjS3— A\s HHS1 Sy +-h.c. (4.7)

The first term in Eq. (4.7) is just the ordinary kinetic term Lkn containing interactions
between the SM gauge bosons and BSM fields. The second term in Eq. (4.7) is responsible
for the decay of the lightest BSM particle to SM leptons via S;. The next two terms are
Yukawa-type interactions connecting SM lepton doublet with BSM scalars and fermions. The
last term in Eq. (4.7) allows for mixing between the singlet S; and triplet Ss scalars. The
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Figure 4.13: Diagrams for possible decays of S*4, §73 and S72. The same particle can decay into
L = —4 final state (left) and L = —2 (right), hence its lepton number is not fixed unless A5 or hp X hp
is non-zero.

dimensionless coupling A5 is connected to the violation of the lepton number conservation,
i.e. when A5 — 0 the lepton number is conserved. The last three terms in the Eq. (4.7)
contribute to the neutrino mass generation loop diagram shown in Fig. 2.4, hence the product
A5 X hphp is constrained from above by the neutrino data (see Eq. (2.74)), which implies
that for phenomenologically viable parameter values A5 oc (hphp)™L.

Let us now discuss possible decay modes of long-lived scalars. Decays of ST* within the
triplet states, e.g. St* — [TvS™3 through an off-shell W boson are subdominant, because
of the chiral suppression and proportionality to the final state lepton. Therefore, the main
decay modes for the quadruply charged state are ST — 4it and ST — WHTWTIl, as
depicted in Fig. 4.13. The approximate formulas for partial decay widths, if we assume
v? < mg, < mg,, mp, are given by [118]:

9 2 7
hee)ag|? | | M s mg
r(st4 ) ~ |(ree of Fr 3 4.8
( T latgh 5) 192(47)5 |\ mp myg (4.8)
2
2 2 2 B
W) ~ |93 (hee)as|” [ Asv Mg,
g (S - la lﬁ) 48(4m)> mg | my’ (4.9)

with _— —
v v

Z hp hy + h hF

mr '

k k

(4.10)

o
hep \| _
mp o

It is worth noting that the four-lepton decay width in Eq. (4.8) is proportional to hrphg,
while the decay width in Eq. (4.9) is proportional to A5. A correct explanation of neutrino
masses requires the product of all these couplings to be small, which follows from the Eq.
(2.74).

The two relevant decay modes for the triply charged scalar are ST3 — [ttty and
S35 WHIHIT. As for the S14, the first decay mode obeys the conservation of the lepton
number, while the second violates it. Partial decay rates are (approximately):
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Note that Eq. (4.11) is identical to Eq. (4.8), because the two decays are related by the
SU(2)r, symmetry.

Decay modes for the doubly charged component of the scalar triplet are St2 — vvlti*
and ST2 — [1TIT, and the partial decay widths are:

4 2 7
hee)apl® | [ g \ | ™5
F( +2 ++++)N‘(eea5 FF 3 4.1
S — lOélIBV’Y 1/5 192(47{')5 mE m4 ) ( 3)
S1
2
2 + ‘(heE)aﬂ|2 >\SU2
P<S+ —>1ng) ~ ) mee (4.14)
1

Again, the approximate formula for the 4-body decay in Eq. (4.13) is the same as Eqgs. (4.8)
and (4.11), because of the SU(2)r, symmetry. This decay is subdominant in the case of the
doubly charged scalar unless the A5 parameter is very small.

In the case of the coloured version of the model, formulas for masses of new particles and
their decay widths remain the same in their form, with the following replacements: S*2 —
SHA/3GH3  SHT/3 g+ o SHIO03 (he)as — (hed)as, and one charged lepton in each of

the considered final states is exchanged for the down antiquark d, e.g. T’ <S+2 — l;’l;) —
(57 dutt),

4.3.3 Model implementation and signal estimation

In order to perform simulations, the studied model is first implemented in SARAH [238|,239].
The output is plugged to SPheno [240,241] in order to calculate mass spectra, mixing matrices
and scalar two-body decay rates and cross sections. Next, this information is fed to MadGraph5
|[184] for event generation and numerical evaluation of cross sections and decay rates. For the
cross section calculations, we use the

LUXqed17_plus_PDFALHC15_nnlo_100 PDF, which is based on the work of Manohar et al.
[242,1243|. It combines QCD partons from PDF4LHC15 [244] with an improved estimation of
the photon density in the proton.

The expected signal estimation for the MoEDAL detector is conducted following the pro-
cedure introduced in Sec. 3.2.2 with the modifications described in Sec. 4.2.3, i.e. we assume
an “ideal” NTD array geometry and use Egs. (4.5) and (4.6), with Bpax = 0.15 - |Q/e]|, to
estimate the expected number of signal events Ngig.

4.3.4 Numerical analysis for the colour-singlet model

Among the particles of the uncoloured model, the SU(2)-triplet scalar, S5, may be long-lived
if it is lighter than other exotic states: SU(2)p-singlet scalar, Si, and vector-like SU(2)r-
triplet fermions F' and F. We assume here that the model parameters are tuned in a way to
explain the neutrino masses. In this section, we first investigate general collider properties of
multiply charged scalars, derive model-independent MoEDAL detection reach, and identify
what range of parameters of the model can be probed by MoEDAL by the end of the Run 3
data-taking period.
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T —

Figure 4.14: The leading order cross section for various modes of particle production in the coloured
and uncoloured models introduced in Sec. 2.2.2. The dashed curves correspond to the cross section
without the photon fusion process. The orange curve corresponds to the associated production:
pp — ST2eGE3e (or §F3¢G+4e gince the values are the same), mediated by the s-channel W boson.

The cyan curve depicts the production cross section for a pair of coloured scalar particles, i.e. pp —
SFABGFAB py o SET/BGFT/3 and pp — §F10/3GF10/3,

MoEDAL sensitivity to multiply charged scalars

The S5 and its conjugate field have three almost mass degenerate eigenstates with charges:
+2e, +3e, +4e, denoted as: ST2¢, §E3¢ GHie regpectively. All these particles might be
long-lived and contribute to the signal observed in MoEDAL. There are three production
mechanisms: (i) Drell-Yan process with s-channel exchange of a gauge boson v*/Z* (ii) photon
fusion (iii) associated productions: SF2¢5%3¢ and SF3¢S+4¢ via W boson exchange.

In Fig. 4.14 we plot the LO pair production cross section for S*2¢ (red) S*3¢ (green)
and Stie (blue). In order to visualise the impact of photon fusion production, two sets
of curves are plotted. Solid curves represent the total cross section, which includes both
Drell-Yan and photon fusion production, while the dashed curves correspond to only the
Drell-Yan component. One can see from Fig. 4.14 that photon fusion production is especially
important for particles with higher electric charges. For example, if the mass of new scalar
is mg, ~ 300 GeV, then photon fusion enhances the production cross section by ~ 30% for
S§E2, but for S§E4 its contribution is over 50%. The reason behind this is that the contribution
from the s-channel photon exchange is proportional to @2, while in the fusion process it is
Q*. Photon fusion also affects the velocity distribution of the produced scalar particles. As
already discussed several times before, scalars produced via s-channel spin-1 gauge boson
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exchange suffer from the velocity suppression, i.e. ¢ — 0 when 8 — 0. However, there is
no such effect for scalars produced via the photon fusion process. This explains why photon
fusion contribution to the production cross section in Fig. 4.14 becomes more significant for
heavier particles. When scalars are heavy, the energetic cost of high velocity is larger, so the
Drell-Yan production is disfavoured and the related cross section is suppressed by the parton
distribution function.

The associated production pp — ST2¢5E3¢ (or SF3¢S+4€ gince the leading order values
are the same) cross section is also plotted in Fig. 4.14, in orange. Its size is comparable to
the cross section for the pair production of S¥3 and gives non-negligible effects when studying
the MoEDAL’s capability to test the parameters of the model. Finally, in Fig. 4.14 we
superimpose the production cross section for a pair of coloured scalars (cyan) predicted by
the coloured version of the model. It will be discussed in the next section.

In Fig. 4.15 we plot velocity distributions for various production modes, using the same
colouring scheme as in Fig. 4.14 and dashed lines to indicate production without photon
fusion. The masses of all particles in the plot are set to 500 GeV. One can immediately notice
from Fig. 4.15 that including the photon fusion production significantly enhances the fraction
of particles with low velocities, which is fortuitous for MoEDAL, because NTD detectors are
only sensitive to slowly moving particles. This effect reflects the lack of the p-wave suppression
for scalars produced from two initial photons. The high sensitivity of the photon fusion to

mg, = mg, = 500 GeV
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Figure 4.15: Velocity distributions for particles in various production modes. The dashed curves
correspond to production without the photon fusion process included. The orange curve corresponds
to the associated production: pp — ST2¢§%3¢ (or SF3¢G+4€ gince the values are the same), mediated
by the s-channel W boson. The cyan curve depicts the production cross section for a pair of coloured
scalar particles, i.e. pp — SEY3SFA/3 pp — SEV/3SFT/3 and pp — SFLO/3SFI0/3 The masses of
all particles were 500 GeV. Vertical grey lines depict MoEDAL NTD velocity thresholds for |Q] €
{2e, 3e,4e}. Only particles moving below the appropriate velocity threshold can be detected.

76 Chapter 4



Rafal Maselek

magnitude of the electric charge (Q%) is also visible in Fig. 4.15, where the fraction of slowly
moving particles is larger for particles with a higher magnitude of the electric charge.

As already explained, MoEDAL NTDs are sensitive only to slowly moving particles with
B < 0.15- Z, where Z = |Q|/e. Vertical grey lines in Fig. 4.15, depict velocity thresholds
for Z = 2,3,4. One can see in Fig. 4.15 that there is a twofold enhancement of MoEDAL’s
acceptance for particles with large electric charge, because of the higher velocity threshold,
and more favourable velocity distribution with a larger fraction of slow particles.

Fig. 4.16 depicts the sensitivity of the MoEDAL detector to scalars with Z = 2,3,4
and triply charged fermions F*3. The plots show regions of the m vs. ¢r parameter plane,
for which the expected number of events detected by MoEDAL, Ny, exceeds 1 (solid), 2
(dashed) and 3 (dotted), with the integrated luminosity of 30 fb~! (left) and 300 fb™! (right).
These luminosities are predicted to be delivered at the end of the Run 3 and HL-LHC phases,
respectively. In this part of the study, we consider only particle-antiparticle pair production,
e.g. pp — ST2572, which depends solely on the mass and lifetime of the particle treated here
as free parameters. Therefore, the results in Fig. 4.16 are model-independent.

The top row of Fig. 4.16 depicts MoEDAL’s sensitivity to S*2. Since MoEDAL is effec-
tively free from the SM background, Ny, = 3 roughly corresponds to the 95% CL exclusion®
when observing no signal event. The mass reach for Ng, = 1 (3) with er > 100 m is
mg+2 = 290 (190) GeV in Run 3 (30 fb~!). This can be compared with Tab. 4.2, where
mg+2 ~ 160 GeV for Ng; = 1, where the photon fusion is not taken into account. For
the HL-LHC (300 fb~!) the expected mass reach is extended to mg=2 ~ 600 (400) GeV for
Ngig =1 (3).

Second and third rows in Fig. 4.16 show the expected sensitivity to triply (S*3) and
quadruply (S**) charged scalars, respectively. One can see that the detection reach is sig-
nificantly larger than for S*2. MoEDAL can expect to probe S up to 610 (430) GeV for
Run 3, and 1100 (850) GeV for the HL-LHC, with Nz =1 (3). In the case of the quadruply
charged scalar, lower mass bounds are even higher, and extend to 960 (700) GeV for Run 3,
and 1430 (1200) GeV for HL-LHC, with Nge =1 (3) and er > 100 m.

The neutrino mass model considered in this project has a triply charged fermion, F*3,
which is expected to be short-lived. Nonetheless, in the bottom row of Fig. 4.16 we present
the model-independent sensitivity of the MoEDAL detector to this kind of particle. In the
large lifetime region, ¢ > 100 m, Run 3 MoEDAL can probe masses of such fermions up to
1030 (800) GeV for Ngg =1 (3). For HL-LHC the reach is extended to 1550 (1300) GeV for
Nsig = 1 (3). MoEDAL is more sensitive to triply charged fermion than to scalar field with
the same charge. The reason is the following. Dirac fermions have twice as many degrees of
freedom as complex scalars and their Drell-Yan production does not suffer from the p-wave
suppression, hence the production cross section, and consequently the signal event rate in
MoEDAL, is enhanced.

One can see in Fig. 4.16 that the sensitivity of MoEDAL does not change for c¢r > 100 m.
It is a general feature of the detector set-up, and applies to all kinds of particles. The
signal in MoEDAL comes from energy deposition in all layers of an NTD panel. In order to
produce this signature, a particle has to live long enough to reach and traverse the detector.
The probability for this to happen approaches asymptotically one for very long lifetimes. It
corresponds to the situation in which almost all particles live long enough to reach the NTD
array. Increasing the lifetime even further has little benefit for the MoEDAL’s sensitivity,
which is now determined by the cross section and velocity distribution, as can be seen from
Egs. (3.4) and (3.5).

In Tab. 4.3 MoEDAL mass reach for multiply charged colour-singlet particles is sum-

8In the previous two projects we provided results only for Nsig = 1,2, because we estimated that Nz = 2
should roughly correspond to 95% CL limit, however, more precise computation revealed that it should be
Nsig = 3.
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Figure 4.16: The model-independent detection reach of Run 3 (left, L = 30 fb™') and HL-LHC

(right, L = 300 fb~') MoEDAL detector for colour-singlet multiply charged particles. Solid, dashed
and dotted contours correspond to Ny = 1, 2, and 3, respectively.
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Table 4.3: Comparison of the most recent [159,/245| lower mass bounds on multiply charged particles
from ATLAS for 36 fb~! (column 1) and 300 fb=! (column 2), with the detection reach by MoEDAL
for 30 fb~! (column 3) and 300 fb~! (column 4). Values in double parentheses were obtained by
recasting the ATLAS search [159]. MoEDAL reach outside (inside) the parentheses corresponds to
Nsig = 3 (1). All masses are in GeV units.

current HSCP bound | HSCP (Run-3) | MoEDAL (Run-3) | MoEDAL (HL-LHC)
36 fb=1 [159] 300 fb=1 [245] 30 fb~! 300 fb~1
S*2 ((650)) - 190 (290) 400 (600)
SE3 ((780)) - 430 (610) 850 (1100)
S+ ((920)) — 700 (960) 1200 (1430)
F*3 1130 1500 800 (1030) 1300 (1550)

marised and compared to the latest mass bounds from ATLAS and CMS (if available). The
current experimental limits are taken (estimated) from the ATLAS analysis |[159] relying on
L = 36 tb~! data. In this analysis, the collaboration interpreted its result only for spin-1 /2
particles, therefore we estimated the lower mass bounds of scalar particles by naively imposing
the cross section bounds from [159], assuming that the ATLAS efficiencies are not very sensi-
tive to spins. Numbers obtained in such a way are written in double parentheses in Tab. 4.3
and have to be treated with caution. To our knowledge, the Run 3 projection is available only
for fermions [245|, and estimated to be ~1500 GeV for F*3. The numbers outside (inside)
the brackets in the last two columns correspond to MoEDAL’s mass reach with Ny, >3 (1),
for Run 3 and HL-LHC.

As evident from the comparison in Tab. 4.3, there is not much hope to observe particles
predicted by the studied model in the Run 3 MoEDAL, since the majority of accessible mass
ranges is already excluded by ATLAS, except for S*4, for which there is a small ~ 40 GeV
window. The situation is more optimistic for the HL-LHC, for which MoEDAL can probe
larger masses, which are currently unconstrained.

Interpretation of the results for the uncoloured version of the model

So far we have treated multiply charged particles in a model-independent way, parametris-
ing their mass and decay length. Now we will estimate the capability of the MoEDAL exper-
iment to test the parameters of the neutrino mass generation model described in Sec. 2.2.2.
The Lagrangian of the studied model is given by Eq. (2.72). There are many parameters, but
phenomenologically interesting are (hee)ij, As and the product hphg. For simplicity, we will
assume from now on that only the 1-1 component of (he.);; is non-zero, but extensions to other
cases are simple and will be discussed later. The L-violating decays: St* — WHW+iti+,
St3 — WHIHIt and ST2 — [T, are controlled by hee = (hee)11 and A5 couplings, as evident
from Eqs. (4.9), (4.12) and (4.14). The decay rates of the L-conserving processes: St4 — 41,
SH3 — vITIFIF and ST2 — vwitiT, depend on hee = (hee)11 and hphp, as can be seen from
Eqgs. (4.8), (4.11), and (4.13). L-violating processes depend on the masses of scalar singlet,
msg,, and triplet, mg,, while L-conserving decays depend also on mp, (i = 1,2,3). Particles
in the model can be long-lived if mg, < mg,, mp,, hence we assume this hierarchy and set
mp, = 3 TeV for simplicity.

The values of dimensionless couplings and masses are important for the determination of
the neutrino masses. The approximate formula is provided in Eq. (2.74), however, in our
analysis we do not use it. Instead, we do a parameter fit for the neutrino data and choose
the value of hphp for a given A5 and masses. In Fig. 4.17 we show decay lengths of S*2 (red
dotted), S*3 (green dashed), and S** (blue solid) as a function of 5, with hrhz from the
fit. Other parameters are set to hee = 0.1, mg, = 750 GeV, and mg, = 3 (10) TeV for the
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Figure 4.17: Decay lengths of S** (blue solid), S*3 (green dashed) and S*2 (red dotted) as a function
of As. Other parameters are set to hee = 0.1, mg, = 750 GeV, and mg, = 3 (10) TeV for the left
(right) plot. For the given set of mass and A5 parameters, hph is obtained from fitting the neutrino
data.

left (right) plot in Fig. 4.17. Lifetimes for other values of (hee);; can be obtained by simple
rescaling, since they are proportional to (3_;; |(hee)iz]?) L.

One can see from the plots in Fig. 4.17 that for A5 > 10~* | lifetimes of the particles
decrease with the growth of A5. This is because in this region the L-violating decay processes,
proportional to A5, are dominant. On the other hand, when A5 < 107¢ | decrease of A5 implies
shorter lifetimes. The reason is that in this region the L-conserving decays are dominant, and
their decay rates depend on hr and hz, the product of which is inversely related to A5 through
the neutrino mass constraints (see Eq. (2.74)). In the region where L-conserving decays
dominate, lifetimes of S*2, §3 and S** coincide. This is expected, since these decays are
related by the SU(2), symmetry, and the decay rates formulas are identical, when small effects
of the electroweak symmetry breaking are neglected, as discussed in Sec. 4.3.2. Lifetimes of
the considered particles peak for the intermediate values of A5, at which L-conserving and
L-violating decay processes are comparabale. It happens at A5 ~ 107°, 3 x 107%, and 1076
for S*4, 83 §%2 respectively.

In Fig. 4.18 we present the sensitivity of the MoEDAL NTD detector for the considered
radiative neutrino mass models, in the mg, vs. A5 parameter plane. The plots on the left
are for Run 3 MoEDAL with L = 30 fb~!, while the plots on the right are for HL-LHC
with L = 300 fb~!. Plots in the upper row of Fig. 4.18 assume mg, = 3 TeV, while in
the lower row mg, = 10 TeV. Other parameters, common to all plots, are mp, = 3 TeV
and hee = 0.1. In Fig. 4.18 all production modes are considered, including the associated
production: pp — SF2¢8%3¢ and §T3¢S+4¢. The region shaded in grey, around A5 ~ 1079, is
non-perturbative, because in that region max;; (|(hr)i;|, |(hg)ij]) > 2.

In the upper left plot in Fig. 4.18, corresponding to mg, = 3 TeV and L = 30 b, we
can see that MOEDAL can probe mg, up to 1000 (800) GeV with Ng =1 (3) for A5 ~ 1077,
at which the lifetime of quadruply charged scalar is maximised. If one considers A5 ~ 1073
or A5 ~ 1077, then the mass reach is lowered to ~ 600 GeV for both Nsig = 1 and N = 3.
In the HL-LHC case, the sensitivity is improved to 1450 (1250) GeV with Nz = 1 (3) for
A5 ~ 1075, For other values of the A5 coupling, the sensitivity degrades, e.g. for A5 ~ 1073
the maximum reach is ~ 750 GeV, similarly for A5 ~ 10~7. The bottom plots in Fig. 4.18,
which correspond to mg, = 10 TeV, tend to be less sharply peaked around A5 ~ 10, which
signalises smaller sensitivity to variation of the A5 coupling. The reason behind this is that
decay rates get extra suppression due to larger mg,, and ¢ comes down to the ~ 10 m
range only for A5 < 1077 or A5 > 1073, as can be seen in the right panel of Fig. 4.17.

~
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Figure 4.18: MoEDAL’s sensitivity to the uncoloured version of the studied neutrino mass model on
the (msg,, As) parameter plane. Regions enclosed by solid, dashed and dotted contour lines correspond
to Ngig >1, 2, and 3 signal event observations, respectively. The region with Ny, > 3 will be excluded
at 95% CL if MoOEDAL observes no events. The left and right panels correspond to Run 3 (L = 30 fb_l)
and HL-LHC (L = 300 fb™'). The upper (lower) two panels assume mg, = 3 (10) TeV. The hr and
hp are fitted to neutrino data. The region shaded in grey, around A5 ~ 1079, is non-perturbative,
because in that region max;; (|(hr)ijl,|(hz)ij|) > 2. Other parameters, common to all plots, are
mp, =3 TeV and he, = 0.1.

For A5 € (107%,107%) and mg, = 10 TeV, Run 3 MoEDAL can probe the model up to
mg, ~ 1000 (800) GeV for Ngz = 1 (3). In the HL-LHC case, the mass reach is extended
to 1500 (1250) GeV for N, = 1 (3). In all plots in Fig. 4.18, the maximum reach for mg,
roughly corresponds to the maximum lifetime of S*4.

So far we have assumed he = 0.1. In Fig. 4.19 we show the impact of he. on the
MoEDAL’s sensitivity. Distinct colours in the plots correspond to Ngz = 1 contours for
different values of the hee coupling. We set mp, = 3 TeV and mg, = 3 (10) TeV for the left
(right) plot in Fig. 4.19. Both L-conserving and L-violating decays are proportional to he.
at the amplitude level, and the lifetimes of multiply charged particles in the S3 triplet are
inversely proportional to |hee|?. In the left panel of Fig. 4.19, for which mg, = 3 TeV, one
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Figure 4.19: Ny, = 1 contours for different values of the h. coupling, ranging from 0.01 to 1.0. The
other parameters are assumed to take the following values:imp, = 3 TeV, (1= 1,2,3), L = 30 b1,
and mg, = 3 (10) TeV in the left (right) plot.

can observe that for smaller values of he., the maximum mass reach is less dependent on the
A5 coupling. It is because a smaller value of h.. results in decay suppression. For the right
plot in Fig. 4.19, corresponding to mg, = 10 TeV, the effect is even stronger, because the
decay modes receive an additional suppression due to very large mg, .

4.3.5 Numerical analysis for the coloured model

In this section, we describe the coloured version of the radiative neutrino mass model intro-
duced in Sec. 2.2.2. The coloured version is obtained by promoting the fields of the basic model
from SU(3)c-singlets to (anti)triplets, S — S and F — F according to Tab. 2.4. Another
modification is the BSM parity breaking term: (hee)i; (e%)c(eﬁ)cSI — (hed)ij (d’}%)c(eﬁ)CSI.
This is necessary for gauge invariance and making the lightest of the new particles unstable.
The relevant decays for the coloured model are:

L conserving, L violating

SHI0/3 5 ptptetq, WHtWtetd
SH/3 5 prtetd, Wtetd (4.15)
SHA/3 5 puetd, td

We assign L = 3 for S, and call the first (second) column of decay modes in Eq. (4.15)
“L-conserving” (“L-violating”). With the replacements [T — d and hee — heq the decay rate
formulas remain the same as for the uncoloured version of the model.

There is however one complication. One can (for example) consider a process SH10/3
IT1T1+d, which is a coloured version of the decay depicted in the left panel of Fig. 4.13. It
is possible to move the d-antiquark (d) from the final state to the initial state, and study
a hadron (S‘HO/ 3d)paq composed of a d-quark and a BSM scalar. This hadron can undergo
a three-body decay: (S119/3d),q — ITITIT, however, the contribution from this process is

subdominant. For example, if we set mg, = 600 GeV, we can estimate [188]:

T [(S’+10/3d)had - l—s—l—&-l—&-} Py f2

~ ~1075, (4.16
r[§+0/s o prprped] - Py :

82 Chapter 4



Rafal Maselek

with f. being the pion decay constant, and P, = [4- (47)?" 3. (n—1)!- (n — 2)!]~! being the
n-body phase-space factor. Since the rate of the three-body decay of a hadron state is several
orders of magnitude smaller than the decay rate for ST19/3 — [*[*I*d, we do not include the
former process in our analysis.

Long-lived particles in the coloured model are members of the SU(2)-triplet Ss: 5’; 10/ 3,

S”;t 7/ 3, and S’gi 43 These fields are analogous to S+2 G+ and S+, but with electric charges
reduced by 2/3e and charged under SU(3)¢.

The dominant production processes are particle-antiparticle pair creations via QCD in-
teractions with the gg or qq initial states. Contributions from electroweak processes are
negligible, hence cross sections for pair production of different components of the SU(3)c-
triplet are almost the same. This cross section is depicted in Fig. 4.14 by a cyan curve. One
can see from Fig. 4.14 that the production cross section for coloured scalars is almost two
orders of magnitude larger than for pp — ST4S~* at m ~ 400 GeV. The difference is biggest
for small masses because the parton distribution function of gluons is enhanced for smaller
values of the parton energy fraction, x.

Fig. 4.15 contains the velocity distribution of coloured scalars (cyan). As can be seen,
coloured particles are characterised by smaller velocities than uncoloured ones. The reason
is that, unlike the Drell-Yann production of the electroweak particles, gluon fusion does not
suffer from the p-wave suppression. What is more, as mentioned above, gluon PDF is signifi-
cantly enhanced for smaller energy fraction, x, favouring near-threshold production with low
velocities.

Multi-charged long-lived coloured particles will hadronise, and the charges of the colour-
singlet states will be shifted with respect to the original BSM particles. Precise simulation of
this process is complicated and beyond the scope of this work, therefore we resort to a crude
hadronisation model in order to investigate the impact of the charge shifting on MoEDAL’s
sensitivity. In our hadronisation model, § = (§+10/3 §+7/3 §+4/3) hadronises into mesonic
state with the probability k, and into a baryonic state with the probability 1 — k. We assume
that colour-singlet states will be formed with the first generation of SM quarks and the
probability to bound to u quark is the same as for the d quark. The two possible mesonic
states are:

Spin-1/2 mesons: probability k
S+upp  (+2/3) (4.17)
§+dL/R (_1/3)7

where the charge shift is provided in the brackets. For baryons, we assume four spin-0 and
two spin-1 states:

Spin-0 baryons: probability %(1 — k)
S+apur  (—4/3)

S+dydr  (+2/3) (4.18)
S+ardg  (—1/3)
S+dyug  (—1/3)

Spin-1 baryons: probability %(1 — k)
S+apd, (—1/3) (4.19)
S—I-TLRJR (—=1/3),

In order to roughly estimate the size of the uncertainty associated with our crude hadroni-
sation model, we vary the k parameter from 0.3 to 0.7. We stress that we use our hadronisation
model only for approximate estimation of the MoEDAL’s detection reach for the considered
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BSM scenario. More rigorous treatment of the hadronisation effects might be necessary to
fully understand the sensitivity of the MoEDAL detector.

The expected sensitivity of the MoEDAL detector to multiply charged colour particles is
presented in Fig. 4.20. The results can be regarded as model-independent because masses and
decay lengths of the new particles are treated as free parameters. Analysis related directly
to parameters of the coloured model from Sec. 2.2.2. will be presented later. The panel
on the left (right) of Fig. 4.20 corresponds to L = 30 fb~! (L = 300 fb~!) integrated
luminosity expected at the end of the Run 3 (HL-LHC) data-taking phase. Ny, =1, 2, and
3, correspond to solid, dashed, and dotted contour lines, respectively. Sensitivities to all
particles are calculated for three different values of the k parameter, k € {0.3,0.5,0.7}, in
order to parametrise the uncertainty of our crude hadronisation model. One can immediately
observe, that the dependence of the maximum mass reach (for ¢ > 100 m) on k is relatively
small. The difference between k = 0.3 and k = 0.7 mass reach is only ~ 50 GeV for S4/3.
For S*10/3 the effect is even smaller, approximately 30 GeV. This is because the change of
the signal acceptance by varying By, is milder for larger charges, as can be seen in Fig. 4.15.
Another observation is that the detection reach of MoEDAL increases for larger values of
k. Tt can be easily understood by looking at the Eqs. (4.17), (4.18) and (4.19). Greater
k corresponds to a higher probability of forming a meson state, half of which increases the
absolute value of the electric charge and thus the signal acceptance of the MoEDAL detector.
It also implies a lower probability of forming a baryon state, which in most cases have an
electric charge lowered.

The top row of Fig. 4.20 presents results for S+4/3 For Ngig = 1 (3) Run 3 MoEDAL
(L = 30 fb~!) can probe mass of S¥43 up to 1050 (880) GeV. MoEDAL for HL-LHC
(L = 300 fb™!) can improve this result up to ~ 1400 (1250) GeV with Ny = 1 (3). The
middle row of Fig. 4.20 depicts MoEDAL’s sensitivity to ST7/3. One can see that for Nsg =1
(3) Run 3 MoEDAL can test mass of S¥7/3 up to ~ 1250 (1080) GeV. In the case of the HL-
LHC, it can improve this result up to ~ 1650 (1450) GeV with Ng, = 1 (3). Finally, the
prospects for detection of S£10/3 are shown in the bottom row. The maximum m g+10/3 reach
of Run 3 MoEDAL is ~ 1400 (1200) GeV for Ngs = 1 (3). HL-LHC allows to raise these
values up to ~ 1800 (1600) GeV with Ngg =1 (3).

The sensitivity of the MoEDAL detector to long-lived multiply charged coloured scalars
is summarised in Tab. 4.4. In the same table prospects for BSM detection in MoEDAL are
compared with the latest HSCPs searches by ATLAS and CMS (if available). All masses in
Tab. 4.4 are in GeV units. The numbers in double parentheses in the first column represent
the estimated mass bounds obtained in [245] by rescaling the 8 TeV CMS result [162] to 13
TeV with L = 36 fb~!. The second column presents the projected mass reach for Run 3 (300
fb~1) obtained in [245]. The numbers outside (inside) the brackets in the third and fourth
columns represent MoEDAL’s mass reaches with Ny, > 3 (1) assuming L = 30 (Run 3) and
300 (HL-LHC) fb~1!, respectively. By comparing the values in Tab. 4.4 one can see that the
current HSCP bounds are rather strong and masses testable in Run 3 MoEDAL are already
excluded. However, in the case of S¥7/3 and S*10/3 HL-LHC MoEDAL is capable of testing
currently unconstrained mass regions, but even then its overall sensitivity is expected to be
lower or comparable to that of ATLAS/CMS.

Interpretation of the results for the coloured version of the model
We now move on to discussing the testability of the coloured model’s parameters in MoEDAL.
Our goal is to reveal the parameter region that can be probed by Run 3 (30 fb~!) and HL-
LHC (300 fb~1) MoEDAL within the subspace of parameters for which neutrino masses and
mixing angles can be explained.

We begin by showing in Fig. 4.21 decay lengths of multiply charged coloured scalar
particles as a function of the A5 parameter. hp and hz are fitted from the neutrino data.
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Figure 4.20: The model-independent detection reach of the MoEDAL detector. Results for the
multiply charged colour-triplet particles are presented in the m vs. c¢r parameter plane . Solid,
dashed and dotted contours correspond to Ny, = 1, 2, and 3, respectively. Red, green and blue
colours represent k = 0.3, k = 0.5, and k = 0.7, respectively. The integrated luminosity is 30 fb~!

(left) and 300 fb~! (right).
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Table 4.4: Model-independent mass reaches (in GeV) of the multiply charged particles in the coloured
model by MoEDAL (2nd and 3rd columns). In the first column, the numbers in the double parentheses
correspond to the estimated mass bounds obtained in [245] by rescaling the 7 and 8 TeV CMS result
[162] to 13 TeV with L = 36 fb~1. The second column presents the projected mass reach for Run
3 (300 fb~1) obtained in [245]. The numbers outside (inside) the brackets in the third and fourth
columns represent MoEDAL’s mass reaches with N, > 3 (1) assuming L = 30 (Run 3) and 300
(HL-LHC) fb~!, respectively.

current HSCP bound | HSCP (Run-3) | MoEDAL (Run-3) | MoEDAL (HL-LHC)
36 fh=1 [245] 300 fh~1 [245] 30 b1 300 fb~!
SF4/3 ((1450)) 1700 880 (1050) 1250 (1400)
SE7/3 ((1480)) 1730 1080 (1250) 1450 (1650)
SE10/3 ((1510)) 1790 1200 (1400) 1600 (1800)
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Figure 4.21: Decay lengths of S*10/3 (blue solid), S*7/3 (green dashed) and S**/3 (red dotted) as
a function of A5. Other parameters are set to heq = 0.1, mg, = 750 GeV, and mg, = 3 (10) TeV for
the left (right) plot. For the given set of mass and A5 parameters, hphz is obtained from fitting the
neutrino data. The thick black horizontal line corresponds to ¢7 = 1 m, which is a typical distance
for the MoEDAL detector.

We fix mg, = 750 GeV, mp = 3 TeV and heq = 0.1. The plot on the left (right) in Fig.
4.21 corresponds to mg = 3 (10) TeV. Black horizontal lines in Fig. 4.21 correspond to
¢t ~ 1 m, which is a typical decay length for particles measurable in MoEDAL. The result
in Fig. 4.21 is very similar to the one for the uncoloured model in Fig. 4.17, which is natural
since decay rate formulas in both models are identical, and contribution to neutrino masses
is also the same up to a colour factor N¢o. As a consequence, decay lengths in Fig. 4.21 are
about ~ 2 times larger than in Fig. 4.17. As mentioned in Sec. 4.3.4, for large A5 > 107
the L-violating decay modes, which are proportional to |A5]?, dominate. On the other hand,
in the low A5 < 1076 region the L-conserving decays dominate because their decay rate is
proportional to hphg, which is inversely proportional to As due to neutrino mass constraints.
As a result, the particles predicted in the studied neutrino mass model are long-lived for
intermediate values of A5, i.e. 1077 < A5 <1072 for mg =3 TeV, and 5-107% < A5 < 1072
for mg =10 TeV.

Fig. 4.22 shows the sensitivity of MoEDAL to the coloured version of the studied model
in a mg, vs. A; parameter plane, with hphp fitted to neutrino data. The top (bottom) plots
in Fig. 4.22 correspond to mg = 3 (10) TeV, and left (right) panels are for L = 30 fh—*
(L = 300 fb™') integrated luminosity. Other parameters are fixed to mz = 3 TeV and
heq = 0.1 for all plots. Solid, dashed and dotted contours in Fig. 4.22 correspzond to Ngig = 1,
2 and 3, respectively. Similarly to Fig. 4.20, we vary the value of the parameter k to reveal
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the uncertainty of our crude hadronisation model. Red, green and blue curves in Fig. 4.22
represent k = 0.3, k = 0.5, and k = 0.7, respectively. The grey region for small values of A5
is non-perturbative, because of a large coupling max;; (|(hr)i;l, |(hf7)ij|) > 2, and cannot be
trusted. By looking at Fig. 4.22 we can see that varying k parameter from 0.3 to 0.7 changes
the maximum mass reach only slightly, about ~ 30 GeV, which leads to a conclusion that
our analysis is quite robust despite a crude model of hadronisation. The highest mass of the
SU(2)r, triplet, mg., which can be probed by MoEDAL roughly agrees with the mass reach
for mg+10/3, though for mg, it is slightly higher due to the effect of other particles.
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Figure 4.22: Sensitivity of the MoOEDAL detector to the coloured version of the neutrino mass model
studied in this project. Results are presented in mg_ Vs. A5 parameter plane, with hphgp fitted to
neutrino data. The top (bottom) panels correspond to mg = 3 (10) TeV, while other parameters are
set to mp, = 3 TeV and heq = 0.1 for all plots. Plots on the left (right) correspond to L = 30 bt
(L = 300 fb71) integrated luminosity. Solid, dashed and dotted contours represent N, = 1, 2
and 3, respectively. Red, green and blue curves correspond to £k = 0.3, k = 0.5, and k£ = 0.7,
respectively. The grey region for small values of A5 is non-perturbative, because of a large coupling
max;; (|(hr)ijl,|(R5)ij|) > 2, and cannot be trusted.

The top two panels in Fig. 4.22 correspond to mg =3 TeV. One can see from the
left (right) panel that the maximum mass reach for the Run 3 (HL-LHC) MoEDAL with
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L =30~ (L =300 fb~") is mg, = 1400 (1800) GeV, for Ny = 1 and A5 ~ 1075 This
value of A5 roughly corresponds to the longest lifetime of the G+10/3 explaining why the
MoEDAL’s sensitivity is enhanced. For A5 ~ 1073 or 1077 MoEDAL is expected to observe
one or more signal events only if the mass of S3 does not exceed ~ 800 (1000) GeV for L = 30
(300) fb~!. Results of the two bottom panels in Fig. 4.22 correspond to mg =10 TeV. One
can see that for the higher mass of mg, the range of A5 values giving the maximum mass
reach is broader, and the reach is slightly higher. The latter is caused by the enhancement of
lifetimes of multiply charged particles in the Ss triplet when mg, becomes large, due to the

presence of an off-shell scalar singlet particle 5’1‘ in decays of the triplet (see Fig. 4.13). The
largest reach for mg_ is obtained around As ~ 1075 and it is ~ 1500 (1900) GeV with L = 30
(300) fb~! and Ngg = 1. For values of the A5 coupling much larger or much lower than 1075
the detection reach is degraded as can be seen in Fig. 4.22.

We finish our discussion of the MoEDAL’s sensitivity to the coloured version of the studied
neutrino mass model by investigating the dependence of the maximum reach for mg, with
Nsig = 1, when the value of the h.q coupling is varied between 0.01 and 1.0. The results
are depicted in the (mgg, A5) parameter plane, which is shown in Fig. 4.23, where the left
and right panels correspond to mg = 3 TeV and mg = 10 TeV, respectively. We assume
30 fb~! and we set other parameters to k = 0.5 and
mp =3 TeV. As can be seen in Fig 4.23, when the value of the h.g coupling is smaller,
MoEDAL is sensitive to a broader range of A5 values. It is a similar behaviour as in Fig. 4.19,
caused by the suppression of decay rates, which are proportional to |he4|? (see for example
Eq. (4.8)). Nonetheless, the sensitivity of MoEDAL to hq in Fig. 4.23 is stronger than for
hee 4.19, which reveals that MoEDAL is more sensitive to the lifetimes of particles in the
coloured model.
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Figure 4.23: Nggz = 1 contours for different values of the h.q coupling, ranging from 0.01 to 1.0.
Other parameters were mp, = 3 TeV, (i = 1,2,3), L = 30 fb™', and mg, = 3 (10) TeV for the left
(right) plot.

4.3.6 Conclusions

In this project, we investigated the prospects for detection of multiply charged long-lived
particles with the MoEDAL detector for Run 3 and HL-LHC phases of the Large Hadron
Collider. The BSM particles were inspired by two 1-loop radiative neutrino mass models,
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introduced in Sec. 2.2.2. In the first model, all BSM fields are singlets under SU(3)¢ gauge
group. In this model, there are three multiply charged long-lived scalars: S¥2 §*3 S+
and a short-lived triply charged fermion F*3. BSM fields in the second model are colour
(anti)triplets, and the long-lived scalars predicted in this scenario are: SE4/3 GET/3  GgEI0/3,
In both models the lifetimes of multiply charged particles depend on A5, hp, hz couplings,
as well as the BSM parity breaking coupling hee (hegq) for the uncoloured (coloured) version
of the model. What is more, A5 and the product hp - hj are related through constraints on
the neutrino masses and mixing angles.

We demonstrated that multiply charged LLPs are favourable from the point of view of
the MoEDAL detector. Firstly, the ionisation power increases with the magnitude of the
electric charge, allowing to relax the velocity threshold below which MoEDAL can detect
BSM particles. Secondly, a large electric charge enhances the photon fusion production mode,
which becomes as important as the Drell-Yann process and leads to a higher total production
cross section than for the singly charged particles. The lower significance of the Drell-Yan
production mode has another benefit for MoEDAL because scalar production via the Drell-
Yan process is an s-channel exchange of a gauge boson and suffers from the p-wave suppression,
i.e. ¢ — 0 when 8 — 0. Photon fusion, on the other hand, is free from this effect and allows
for the production of slow particles, which improves MoEDAL’s detection efficiency.

Our study consiseds of both model-independent and model-specific parts. In the former,
we considered particles from the considered neutrino mass model, but we simply parametrised
their masses and decay lengths without relating them to neutrino constraints nor parameters
of the model’s Lagrangian. This approach allowed us to derive MoEDAL’s sensitivity to
multiply charged particles in the (m, c7) plane, which could be compared with any theoretic
scenario predicting such particles. This approach led to results summarised in Fig. 4.18 and
Tab. 4.3 for the uncoloured version of the model, and in Fig. 4.22 and Tab. 4.4 for the model
with particles charged under SU(3)¢c. In the optimistic case, i.e. ¢ > 100 m and Ngg > 1,
MoEDAL could search for $¥2, 3 and S, up to 290 (600) GeV, 610 (1100) GeV and 960
(1430) for Run 3 (HL-LHC) with the integrated luminosity of L = 30 fb~! (L = 300 fb™!),
respectively. These values ought to be compared with the constraints from the HSCP searches,
which are 650 GeV, 780 GeV and 920 GeV for S*2, §*3 and S*, respectively. Even though
the most of the parameter space accessible for Run 3 MoEDAL has already been excluded
by the HSCP searches, for the HL-LHC phase MoEDAL can test masses of multiply charged
BSM scalars that are still unprobed. In the case of the coloured version of the studied neutrino
mass model, for very long lifetimes c¢r > 100 m with Ngs > 1 MoEDAL can search for SE4/3,
SET/3 and SF/3 up to 1050 (1400) GeV, 1250 (1650) GeV, and 1400 (1800) GeV for Run
3 (HL-LHC) with the integrated luminosity of L = 30 fb~! (L = 300 fb™!), respectively.
Comparing these values to estimated LHC bounds: 1450 GeV, 1480 GeV and 1510 GeV for
SE4/ 3, SET/ 3 and S+10/3, respectively, we arrive to conclusion that there is little hope for
discovering multiply charged coloured scalars in Run 3 MoEDAL, but for the HL-LHC phase
MoEDAL can investigate part of the unconstrained parameter space. Nonetheless, we would
like to emphasise that results provided by MoEDAL are complementary to those by ATLAS
and CMS, because MoEDAL has a completely different design and detection principle with
respect to the major LHC experiments.

In the part of the study that was model-specific, we investigated the subspace of the
model’s parameters satisfying current constraints on neutrino masses and mixing angles. We
revealed that for A5 ~ 107, which roughly corresponded to the longest lifetime of S** (and
G+10/ 3), the sensitvity of MoEDAL was the largest. The maximum range of scalar triplet
masses Mg, (mgg) that MoEDAL could probe was found to be approximately the same as for
Mgza (Mgi10/3) found in the model-independent part of the study.

As a final remark, we point out that our analysis relies on a simplified model of NTD
acceptance, which depends on the velocity and charge of the BSM particle. In reality, the
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incidence angle of the particle also plays a role, however, this effect is expected to be negligible
since the MoEDAL collaboration decided to slightly rearrange the deployment of NTD panels
in order to minimise the incidence angle.

4.4 Discovery prospects for long-lived multiply charged parti-
cles at the LHC

4.4.1 Introduction

In this project, we investigate in a model-independent way the prospects for the detection of
multiply charged long-lived particles at the LHC. We study BSM particles with spin 0 and 1/2,
singlet or triplet under SU(3)¢, with electric charge @ in the range 1 < |@Q/e| < 8, where e is
the elementary charge. We consider the production of particle-antiparticle pairs propagating
through the detector, as well as the formation of positronium/quarkonium-like bound states
decaying to two photons. In this study we are interested in particles with lifetimes long
enough to be considered as detector-stable by ATLAS and CMS, i.e. ¢r 2 1 m. We estimate
the lower mass bounds on new BSM particles that ATLAS, CMS and MoEDAL experiments
can provide at the end of the Run 3 and HL-LHC phases.

CMS and ATLAS collaborations have searched for multiply charged LLPs |159}/162,/163,
246| with electric charge @ in the range 2 < |@/e| < 7. Their analyses are based on highly
ionising tracks with anomalously large energy loss, dE/dx, which is a very characteristic
signature of highly charged LLPs. Up to this point, ATLAS and CMS searches for multiply
charged LLPs are limited to colourless fermions and include only Drell-Yan production, which
for a particle with a large electric charge is subdominant with respect to the photon fusion
production, as demonstrated in Sec. 4.3. In this project we recast a search for the large
dE/dx |163] in order to derive limits for various multiply charged LLPs with spin 0 and 1/2.
Our study includes photon-induced production modes and takes into account two important
experimental effects. The first one is the underestimation of the transverse momentum, pr,
of charged tracks for multiply charged particles. The reason behind this effect is that the
transverse momentum is estimated based on the curvature of the track (r o« Q/pr) with the
assumption ) = *1le, which is true for SM and SUSY, but not for the BSM scenario we are
interested in. As a result, multiply charged particles are assigned lower pt than they really
have, and part of the signal is removed due to pr cuts. Another effect is the rejection of slowly
moving particles. Highly charged particles loose kinetic energy by multiple electromagnetic
interactions inside the detector’s volume, and may arrive in the muon system after the next
bunch crossing occurs. Such events are rejected resulting in the loss of sensitivity.

Another interesting possibility is the formation of bound states, B, by pair-produced BSM
particles. These bound states are typically short-lived and decay into SM particles. Out of all
possible decay channels, B — =~ is the most promising, where New Physics can be discovered
by observing a significant bump in the diphoton mass distribution. In this study, we evaluate
the event rate of the pp — B — ~ process for different types of charged LLPs, we obtain
current limits, and estimate the expected sensitivities at Run 3 and HL-LHC.

It was demonstrated in the previous three projects that the MoEDAL detector may be
used to search for electrically charged long-lived particles. These projects concentrated on
|Q| < 4e, and led to a conclusion that ATLAS/CMS searches for large dE/dx are generally
more sensitive than MoEDAL, except for some special cases, e.g. supersymmetric model
in Sec. 4.1. One of the reasons is much lower (x10) integrated luminosity available to
MoEDAL. Additionally, MoEDAL is restricted only to slowly moving particles, with the
threshold depending on particle’s charge, 8 < 0.15 - |@Q/e|, while particles at the LHC are
often produced with relativistic velocities, thus inaccessible to MoEDAL.

The result might, however, be different for particles with |Q| 2 4e. For the MoEDAL NTD
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array, the efficiency of the BSM signal increases with the magnitude of the electric charge,
while for large dE/dx searches it eventually decreases due to the aforementioned difficulties:
pr underestimation and late arrival to the muon system.

In this project we calculate, for the first time, MoEDAL’s sensitivity to highly charged
(|Q| > 4e) LLPs, and compare it to the limits obtained by recasting ATLAS and CMS anal-
yses. Moreover, in order to provide a comprehensive overview of the prospects for detecting
LLPs at the LHC, we estimate lower mass bounds by ATLAS, CMS and MoEDAL for long-
lived spin-0 and spin-1/2 particles with |@Q| < 4e, including production modes with photons
in the initial state. The results of this project are obtained for Run 3 and HL-LHC, where in
the latter case we perform a “naive scaling” of luminosity, assuming no significant change in
detector set-up. This assumption is certainly not satisfied but allows us to provide a rough
estimate of what progress in the LLP field we can hope for.

4.4.2 Model selection

In this project we consider four types of electrically charged LLPs: (spin 0 and 1/2)x (colour-
singlet and triplet). We use the simplified model approach, which allows us to derive results
characterised by a high level of model independence. Each type of particle has its own
simplified model, which is built by introducing a BSM scalar field, ¢, or a Dirac fermion field,
1. We postulate that these fields are singlets under the SU(2);, gauge group, and we assign
to them hypercharges Y = @Q/e, where @ is the electric charge of a given particle and e is the
elementary charge.
We augment the SM lagrangian, Lgy, with these new fields:

L= Lesv+ |Dudl> —m?of* + ..., (4.20)

for scalar particles and

L = Lom + iy — maph + ... (4.21)

for fermions with 1) = v*D,,. When SU (3)¢- singlets are considered, the covariant derivative
is D0y, —igy @By, while for SU(3)c-triplets it is D0, —igy @By, — igcT*GY,, where By, and
Gf, are U(1)y and SU(3)c gauge fields, respectively, and T stands for SU(3)c generators.
After the electroweak symmetry is spontaneously broken, interactions with the B, field should
be rewritten in terms of the Z-boson, Z,, and photon, A,,, fields:

gy QB — eQA, — eQtan Oy Z,,, (4.22)

with 6y being the weak mixing angle.

We use the ¢1¢ (¢7Q) symbol for scalar (fermionic) particle with electric charge +@,
and ¢~9 (¢=9) for the corresponding antiparticle. It is useful to introduce £é+% and ¢~9 to
symbolise particle and antiparticle without specifying the spin. “...” in Egs. (4.20) and (4.21)
indicate presence of additional interactions leading to decay of the considered BSM particle.
Their presence is required due to cosmology, but we do not specify their form nor details of
the decays in order to remain as model-independent as possible. Instead, when studying the
sensitivity of MoEDAL, we treat the lifetime of €% as a free parameter, while for ATLAS
and CMS we assume that the BSM particles are detector-stable, i.e. they typically traverse
the entire detector volume without decaying.

The descibed models are implemented in MadGraph5 [184] using FeynRules |185|. MadGraph5
is used to calculate tree-level production cross sections and generate Monte Carlo events.

4.4.3 Open production mode

The long-lived BSM particles described in the previous section might be produced in pairs
and traverse the detector volume without decaying. This production process will from now on
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be referred to as the open production mode. The production processes in this case are similar
to other scenarios with exotic particles, e.g. magnetic monopoles |177].

Colour-singlet particles

Colour-singlet BSM particles can be produced via (i) Drell-Yan with ¢q initial state and
s-channel exchange of v*/Z* boson; (ii) photon fusion with v initial state and t-channel
interaction. Additionally, scalar particles have a 4-point interaction with ~+ initial state.
Tree-level diagrams for the production of colour-singlet particles are shown in Fig. 4.24. As
can be deduced from the diagrams in Fig. 4.24, the production rate for the Drell-Yan process
initiated by ¢ is proportional to @2, while for the processes initiated by ~7, it is proportional
to Q*. The latter type of process is typically suppressed by the PDF, however, it can be
significant for larger charges *.

q TR tQ y AL 0% ¢+Q

i T ’er.fJ ¢~

Figure 4.24: Feynman diagrams for colour-singlet open production modes.

q ¢~ 9

Leading order cross sections for the open production mode are depicted in Fig. 4.25, where
the panel on the left (right) corresponds to colour-singlet scalars (fermions). Cross sections
are calculated with MadGraphb [184] using the
LUXqed17_plus_PDF4LHC15_nnlo_100 PDF [242)243|, which provides an improved calculation
of the photon PDF. One can see in Fig. 4.25 that for m = 100 GeV the production cross
section spans over two orders of magnitude from |Q| = le to |@Q] = 8e. The impact of the
magnitude of the electric charge on the production cross section is more evident for scalars and
heavy masses because for these cases the photon fusion production channel is relatively more
important than the Drell-Yan process. For example, for scalars with m = 2 TeV and ) = 8e,
the production cross section is about three orders of magnitude larger than for ) = le.
We expect that for |Q] > le, the electromagnetic higher order corrections are considerable,
however, NLO cross sections for multiply charged particles have not been well studied and
including these effects is beyond the scope of this work.

In order to better understand the impact of different production processes, in Fig. 4.26
we plot the relative contribution of photon fusion and Drell-Yan processes to the total cross
section of colour-singlet scalars (left) and fermions (right), assuming m = 1 TeV. One can
see that for singly charged particles, || = le, the photon fusion is subdominant because
of the suppression of the photon PDF. However, for larger charges photon fusion becomes
relatively more important since 6.,/64; < Q2, and becomes dominant for |Q/e| > 3 (5) for
scalars (fermions). The relative impact of the photon fusion grows more rapidly for scalars
than fermions, due to the p-wave suppression in the Drell-Yan channel. Drell-Yan process
for pair production is an s-channel exchange of a spin-1 gauge boson /Z from the initial ¢q
state. In order for a non-zero cross section, the final state configuration is required to have
a non-zero angular momentum. In the case of scalars, it leads to velocity suppression of the
production cross section. This effect is absent for scalars produced via photon fusion and
spin-1/2 fermions.

9One might argue that the processes with a Z boson in the initial state should also be taken into account.
However, we have checked that this contribution is small < 15% compared to photon fusion. For further
information see Appendix A in [189).
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Figure 4.25: Leading order cross section for pair-production production of scalar (left) and fermion
(right) particles. Curves with different colours correspond to particles with different magnitudes of
the electric charge, @, from +1e to +8e.
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Figure 4.26: Relative contribution to the total production cross section of multiply charged scalars
(left) and fermions (right) coming from ¢g (red) and vy (green) initial states. All particles were
assumed to have m =1 TeV.

Colour-triplet particles and a hadronisation model

In the case of colour-triplet particles, the open production mode receives contributions from
the following set of processes: (i) Drel-Yan process with a ¢g initial state and an s-channel
exchange of a spin-1 boson v*/Z*/g*; (ii) gluon fusion; (iii) photon-gluon fusion with the
mixed QED and QCD interaction via t-channel; (iv) photon fusion with the t-channel QED
interaction and v in the initial state. In the case of scalar particles, there is also a 4-point
QED vertex with v in the initial state.

In Fig. 4.27 we depict the leading order open mode production (pp — £+1£7) cross section
for colour-triplet scalars (left) and fermions (right), as a function of mass of the produced
BSM particles. By comparing Fig. 4.27 with the analogous plot for colour-singlet particles in
Fig. 4.25, we observe that the impact of the electric charge magnitude |@| on the cross section
is weaker, particularly for small masses. The reason behind this is that production processes
with the QCD interactions, i.e. DY with gluon exchange and gg/vg fusions, constitute a large
fraction of the total production cross section for all values of @, as visible from Fig. 4.28.
The dependence of these processes on the value of @) is weak or none. The strong interaction
is relatively more important for smaller masses, because of the gluon PDF enhancement for
small momentum fraction, x. As already mentioned, electromagnetic higher-order corrections
for multiply charged particles are not available to date. In order to remain consistent, we use
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Figure 4.27: LO cross section for open mode production (pp — £T£7) of colour-triplet scalars (left)
and fermions (right). Curves with different colours correspond to particles with different magnitudes
of the electric charge, @, from +1e to +8e.
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Figure 4.28: Relative contributions of different initial states, ¢q (red), vy (green), gg (yellow),
~g (blue), to the total production cross section of SU(3)c-triplet scalars (left) and fermions (right),
assuming m = 1 TeV.

the leading-order cross section calculations also for the QCD processes.

If the lifetime of SU(3)c-triplet particles is sufficiently long, they will hadronise into
colour-neutral states by drawing quark-antiquark pairs from the vacuum. The electric charge
of a colour-neutral hadron state, Q, will be shifted with respect to the charge @ of the involved
SU (3)c-triplet component by AQ due to extra quarks: Q = Q+ AQ. The shift of the electric
charge is an important effect resulting in a change in detector’s sensitivity. We estimate
it by introducing a simple hadronisation model, similar to the one considered in Sec. 4.3.
The model has only one free parameter, k, which is the probability to form a mesonic final
state. Among the possible mesonic (baryonic) states, the probability is distributed equally.
Possible colour-singlet hadronic states are listed in Tab. 4.5 and 4.6 for scalar (¢7%) and
fermion (1)7?) particles, respectively, together with the probability of forming a given state
and the corresponding charge shift A@Q. We assume that hadrons will be formed with the
first generation of SM quarks only. When estimating the sensitivity of MoEDAL, ATLAS and
CMS, the free parameter k is varied between 0.3 and 0.7 in order to estimate the uncertainty
of the hadronisation model.
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Table 4.5: The hadronisation model for colour-triplet scalars (¢*?) explained. Possible spin-1/2,
spin-0 and spin-1 colour-singlet states are listed in the left, centre and right tables, respectively. Each
state has a probability of creation and charge shift assigned to it. The only free parameter of the
model, k, being the probability to form a mesonic state, is varied between 0.3 and 0.7 when estimating
the sensitivity of the LHC experiments to coloured LLPs.
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Table 4.6: The hadronisation model for colour-triplet fermions (¢)7?) explained. Possible spin-1/2,
spin-0 and spin-1 colour-singlet states are listed in the left, centre and right tables, respectively. Each
state has a probability of creation and charge shift assigned to it. The only free parameter of the
model, k, being the probability to form a mesonic state, is varied between 0.3 and 0.7 when estimating
the sensitivity of the LHC experiments to coloured LLPs.
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4.4.4 Detecting open production at ATLAS and CMS

ATLAS and CMS have conducted searches for charged long-lived particles, out of which
the most relevant for our study are analyses targeting the large dF/dx channel, which is
characterised by anomalously high deposition of energy in the inner tracker. ATLAS searched
for highly ionising particles in [246], where the full Run 1 data (8 TeV, L = 20.3 fb™!)
was analysed, and the results were interpreted for spin-1/2 fermions with 2 < |Q/e| < 6.
The search was updated for L = 36.1 fb~! 13 TeV data [159] and interpreted for long-lived
fermions with 2 < |Q/e| < 7. CMS collaboration studied a combined dataset of 7 and 8
TeV pp collisions with integrated luminosity of 5.0 and 18.8 fb~!, respectively [162]. The
most recent CMS result was obtained using only a small L = 2.5 fb™! 13 TeV data set [163].
The results of the CMS analyses were interpreted for supersymmetric particles and charged
fermions with |Q| < 2e.

For particles with |@Q| > 2e, the results of the aforementioned ATLAS and CMS studies
were interpreted only to colourless spin-1/2 fermions. What is more, these searches included
only Drell-Yan production channel, which has been revealed in the previous section to be
subdominant for multiply charged particles. In Ref. [245], results of the CMS analysis [162]
were recast for coloured scalars and fermions, moreover, vector boson fusion processes (77,
99, vg) were included. In this project, we follow the approach in [245] and extend it by
including colourless scalar particles and estimation of projected sensitivities for 13 TeV Run
3 and HL-LHC.

Our recasting procedure follows the approach in [245| and relies on the CMS analy-
ses [162,|163]. It is based on the Tracker+Time of Flight (TOF) selection. Signal regions
are constructed with several kinematic cuts, e.g. pr and n of charged tracks, along with
more subtle conditions, e.g. requirement on the number of hits in the pixel detector and the
uncertainty of the 1/4 measurement. The former class of data selections is sensitive to parti-
cle’s spin and production mechanism, and its efficiency might be predicted with Monte Carlo
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simulation. The latter class of selections, on the other hand, depends highly on the mass and
charge of the BSM particle. The signal efficiency, €, is obtained in a two-step procedure. First,
the efficiency of the online (muon trigger) selection, €y, is estimated using MC simulations.
Then, the offline selection efficiency, €., is based on the cut-flow tables provided in [247]. eqg
is calculated as a product of relative efficiencies of selection cuts with respect to the previous
ones in the cut-flow table: e,g(m,Q) = []; €;(m, Q) with ¢; =(number of events passing all
cuts up to 4)/(number of events passing all cuts up to i — 1)!’. The relative efficiencies of the
kinematical cuts are estimated with Monte Carlo simulations, while for the non-kinematical
selection cuts the efficiencies are taken directly from [247]. This is justified because the non-
kinematical selections are not very sensitive neither to the spin of the BSM particle, nor the
production mechanism, nor the collision energy. The total efficiency is given by € = €qy - €.

Several important effects need to be taken into account when estimating detector efficien-
cies. First of all, the ATLAS and CMS experiments underestimate transverse momentum,
pr, for multiply charged particles. The reason is that pr is inferred from the curvature of a
track in a magnetic field, which is proportional to pr/|Q|, assuming |Q| = le. For a particle
with charge Q = Ze, its reconstructed momentum will be Z times smaller than the real value,
resulting in worse sensitivity to higher charges, e.g. one of the online selection cuts demands
the measured pr to be larger than 50 GeV [163], which can be expressed in terms of the true
transverse momentum, piU®, as pf"® > 50 GeV x |Q/e|. In the extreme, when |Q| = 8e, the
condition is pff"® > 400 GeV, which significantly diminishes the sensitivity of the analysis to
BSM particles with large electric charges.

The large dE /dz analysis relies on the muon trigger with an implicit assumption regarding
the time of flight of the highly ionising particles. The tracks in the inner pixel detector are
expected to match the signal in the muon system within the same bunch crossing. However,
heavy highly ionising particles lose a significant fraction of their kinetic energy via electro-
magnetic interactions in the detector volume. As a consequence, they slow down and are
registered in the muon system after the subsequent bunch crossing. Such events are rejected.
In our analysis we follow the approach described in |245] in order to include this effect. We
denote by Zrigger @ minimum distance that a particle has to travel in order to be detected
at the MS, as a function of pseudorapidity 7. Next, we calculate for each simulated particle
the time of flight, ¢Tor, needed to travel to the distance @t igger. The exact procedure is pro-
vided in the appendix of |245|. It is based on the information about the detector’s geometry,
materials used, and the Bethe-Bloch formula [248|. Consecutive bunch crossings at the LHC
occur every 25 ns, therefore we require t1oF — Zirigger/c < 25 ns to satisfy the muon trigger
selection. Charged particles with < 1.6 can be detected using the resisitve plate chamber
(RPC) muon trigger, which has a relaxed threshold of 50 ns. We would like to note that the
energy loss in the Bethe-Bloch formula depends quadratically on the electric charge, oc @2,
therefore we expect the effect to be more relevant for higher charges.

To sum up, the muon trigger (online) event selection requires at least one candidate particle
satisfying:

pr > 50-|Q/e| GeV, |n| < 2.1,

_ Ttrigger 50 ns --- ‘77| <1.6
fror c  ° { 25ns -+ 1.6 <|n/ <21 (4.23)

Next, we use Monte Carlo simulation to estimate and replace relative efficiencies of the kine-
matical cuts in the offline selection:

pr > 65-|Q/e| GeV,
1 _c-troF

Bus Ttrigger

> 1.25, (4.24)

0T he relative efficiency of the first offline cut, €1, is defined with respect to the online selection.
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Figure 4.29: Signal efficiency as a function of BSM particle’s charge @, for scalar (left) and fermionic
(right) particles. The panels in the bottom (top) correspond to colour-triplet (singlet) particles.
Curves with different colours represent different masses.

with Sys being the velocity measured in the MS. As explained earlier, for relative efficiencies
of the non-kinematical cuts we simply take the relevant values from cut-flow tables in [247].
Values in these tables are provided only up to m = 1 TeV, however, all non-kinematical cuts
reach plateaus for m < 1 TeV. Therefore, if the mass of the BSM particle is larger than 1
TeV, we assume its relative efficiency is approximately the same as for m = 1 TeV.

The total signal efficiency, € = €op - €off, is shown in Fig. 4.29 as a function of electric
charge ). The left (right) panels in Fig. 4.29 correspond to scalar (fermionic) particles,
and the upper (lower) panels are for colour-singlets (triplets). Distinct colours of the curves
represent LLPs with different masses. A general tendency can be observed in Fig. 4.29. For
a fixed mass, increasing the electric charge from le to 2e results in higher efficiency, however,
for large charges the efficiency diminishes. The overall peak is around 2e < |@Q| < 3e. The
reason behind the initial growth of the efficiency comes from larger energy loss in the pixel
detector, leading to a distinctive dE/dzx signature. However, when the charge is large, i.e.
|Q| 2 4e, the pt cut (pr > 65 x |Q/e| GeV) requires particles to have large velocities, which
prevents them from satisfying the 1/8ys > 1.25 selection. For a fixed momentum and bigger
mass, the velocity is lower, which explains why the signal efficiency in Fig. 4.29, as a function
of the electric charge, decreases less for larger masses. On the other hand, for particles other
than colourless scalar, at m = 500 GeV the highest efficiency is for Q = +1le. This effect is
caused by the reduction of the efficiency of the charge track isolation criterium for heavier
particles. In the case of colourless scalars, the typical velocity is larger than for other types
of particles. It causes the loss of signal efficiency due to 1/8y¢ > 1.25 selection.

The effective cross section, e = 0 - €, is shown in Fig. 4.30. The left (right) panels
correspond to scalar (fermionic) particles, bottom (top) plots are for colour-triplets (singlets).
As evident from Fig. 4.30, the effective cross section of colourless particles is significantly
enhanced for larger electric charges. This is because in the case of colourless particles, the
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Figure 4.30: Effective cross section, oo = 0 - €off, for colourless scalars (top left), colourless fermions
(top right), coloured scalars (bottom left), and coloured fermions (bottom right). Distinct colours of
solid lines correspond to the effective cross section of particles with different electric charges. The
dashed green, magenta, grey and black lines correspond to upper bounds for 2.5 fb=!, 138 fb—!, 300
fb=!, and 3000 fb~!, respectively. Limits were obtained by re-interpreting the CMS analysis .

photon fusion production process is crucial, and its production rate increases with Q2.

When it comes to SU (3)c-triplet particles, we can see in Fig. 4.30 that their effective cross
section also grows for larger electric charges, but the effect is much milder than for colour-
singlet particles. The reason is that photon fusion is never as significant as other production
modes (cf. Fig. 4.28), which either do not depend on electric charge (gluon-gluon fusion and
gluon- mediated Drell-Yan) or they depend only quadratically (photon-gluon fusion and DY
mediated by electroweak gauge bosons). What is interesting, for m < 800 GeV the effective
cross section drops as a function of the electric charge. This is because for larger charges
(|Q| Z 3e) the signal efficiency drops, and this effect is stronger for lighter particles, as can
be seen in Fig. 4.29.

The effective cross sections in Fig. 4.30 are superimposed with the (projected) model-
independent upper limits (O’EHL). The latest 13 TeV L = 2.5 fb~* CMS analysis [163] was
re-interpreted in order to include photon-induced production modes for all four types of the
considered particles. The obtained limits are shown in Fig. 4.30 as green dashed lines.
Projections for Run 3 (L = 300 fb~!) and HL-LHC (L = 3000 fb~!) were also made, and are
shown in Fig. 4.30 as grey and black lines, respectively. The sensitive (excluded) mass region
in the future (present) corresponds to the condition oeg > ol

98 Chapter 4



Rafal Maselek

100 m =500 GeV 100 m=2000 GeV
i*le !*2e ix3e lxde !x5e !Ge lrle fs2e 3¢ l=de iise |+6e
@ 107! == B0
o [ b o 10
9] : i o
> | >
m ! ! m
T 102 ! -
2 10 i g
(7] 1 2}
= [ = 1072
] i <
£ R — : E e —
51073 === scalar singlet ¢ 5 === scalar singlet
Z === fermion singlet i Z === fermion singlet .
I _ . : n
==== scalar triplet ! 1073 ==== scalar triplet i L
104 fermion triplet { fermion triplet
' ' i i i ' '
00 01 02 03 04 05 06 07 08 09 1.0 0.0 01 02 03 04 05 06 0.7 08 09 1.0
B B

Figure 4.31: Velocity distributions of multiply charged long-lived particles with mass 500 GeV (left)
and 2 TeV (right). Solid (dashed) histogram lines correspond to particles with @ = le (8¢). Vertical
dashed grey lines correspond to MoEDAL velocity thresholds for different magnitudes of the electric
charge.

4.4.5 Detecting open production in MoEDAL

A characteristic property of the MoEDAL NTD array is that its sensitivity grows with the
magnitude of the electric charge of BSM particles. It is a different behaviour to large dE/dz
searches, for which the signal efficiency peaks around @ = (2 — 3)e, then declines for bigger
charges. This property is a huge advantage of the MoEDAL detector and might allow it to
provide a comparable sensitivity to ATLAS and CMS, despite approximately 10 times lower
integrated luminosity. Therefore, in our analysis we include the MoEDAL detector and use
the simulation framework developed in the course of the previous projects (see Sec. 3.2.2) to
derive prospects for the detection of long-lived multi-charged particles.

We use a similar approach to analysis as in the project described in Sec. 4.3. To be more
precise, we aim at estimating the expected number of signal events, Ngg, to be observed at
MoEDAL in Run 3 (L = 30 fb~!) and HL-LHC (L = 300 fb™!) data taking phases. The
expression for Ny is given in Eq. (3.5).

Several comments regarding the MoEDAL’s efficiency calculation. In general, the effi-
ciencies of NTDs depend on the velocity and incidence angle of BSM particles, however, the
MoEDAL collaboration decided to rearrange the placement of detectors in order for NTD
panels to directly face the IP8. Therefore, incidence angles are expected to be small, and the
averaged detector efficiency can be approximated by Eq. (4.5) with Pyp given by Eq. (4.6).
In this approximation, the velocity threshold constraint, 5 < Sy, = 0.15 - |Q/e], becomes
relaxed for particles with |@/e| = (0.15)"' = 62. Since 3 < 1 by definition, MoEDAL can
detect particles with any speed if their electric charge is |Q| > 6%6. Moreover, we assume
that the interactions of particles moving through the LHCb VELO detector do not alter their
four-momentum significantly, which is a fair approximation for the considered range of electric
charges. For very highly charged particles, |@Q/e| > 8, ionisation loss becomes so large that
more precise treatment is needed to properly estimate the detector’s efficiency.

To illustrate the impact of the velocity threshold on the signal acceptance, we plot in Fig.
4.31 velocity distributions for all four considered types of charged LLPs: colourless scalars
(red), colourless fermions (green), coloured scalars (blue), and coloured fermions (yellow).
Solid and dashed histograms correspond to Q = le and () = 8e, respectively. The panel on
the left (right) in Fig. 4.31 is made for m = 500 GeV (m = 200 GeV). By comparing both
panels one can observe that the velocities of lighter particles are generally larger. Moreover,
colour-singlet scalars with |Q| = le are characterised by the highest velocities, notably larger
than other particles. This is because singly charged colour-singlet scalar particles are produced
via s-channel Drell-Yan exchange of a spin-1 gauge boson. Such a process suffers from the
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p-wave suppression, i.e. ¢ — 0 when 8 — 0, as discussed previously. As can be seen from Fig.
4.26, for (Q = +8e colourless scalar Drell-Yan production is subdominant, and indeed in Fig.
4.31 we do not observe the effect of the p-wave suppression. The grey vertical lines in Fig.
4.31 represent velocity thresholds for different magnitudes of the electric charge, according
to Bn = 0.15-|Q/e]. One can see that for @ = +1e only a small fraction of the produced
particles satisfy the velocity condition, while for |@Q| = (5 — 6)e the majority of particles can
be detected in MoEDAL.

As argued in Sec. 3.2, the MoEDAL detector is effectively free from the SM background,
hence it makes sense to consider low thresholds on the expected number of observed signal
events. In our study, we focus on Ngz = 1, 2, and 3. In Sec. 4.4.9 we present sensitivity
limits to all studied BSM particles in (m, ¢7) parameter planes, where both m and ¢7 are free
parameters. These results are obtained for Run 3 and HL-LHC MoEDAL with L = 30 fb~!
and L = 300 fb™!, respectively.

4.4.6 Closed production and diphoton signature

Bound state and diphoton decay mode
If pair-produced BSM particles of mass m have large electric charges, they can form a
positronium-like bound state, B, with mass Mp =~ 2 m, as shown in Fig. 4.32. From now on,
we refer this case as closed production mode.

(9) Y 0l

Figure 4.32: Diagrammatic representation of a bound state formation and decay into the diphoton
channel, pp — B — 7.

The spin of the bound state B depends on the initial partons. For instance, if the initial
state is ¢G (or gg for SU(3)c-triplet particles €¢), the s-channel exchange of a gauge boson
~v*/Z* (or g*) allows B to have spin 1. Initial states with two gauge bosons result in the
formation of B with spin 0 or 2, via t-channel or 4-point interaction diagrams.

The spin of the bound state regulates its decay. Spin 0 and 2 bound states decay to ZZ,
~vZ and ~7v final states, and additionally for coloured particles into gg. Bound states with
spin 1, on the other hand, can decay into WTW ™ or any SM fermion particle-antiparticle
pair through the s-channel v*/Z* /g* exchange. Amongst all final states, the diphoton channel
(B — ~7) has the best experimental sensitivity, therefore we focus on this search channel in
order to derive constraints on the closed production mode [245|.

In the case of coloured BSM particles, the bound state formed by a pair £7Q¢~% might be
a colour singlet or octet, since 3 ® 3 = 1 @ 8. However, the octet configuration in the QCD
does not lead to attractive force, which makes the production rate subdominant with respect
to the production of colour-singlet bound states. Moreover, the octet state cannot decay to
~v final state, which we are interested in, hence in this study we will consider the formation
of colour-singlet states only.

The system consisting of £79¢~9 can be described near the threshold, in a fair approxi-
mation, by the non-relativistic Quantum Mechanics. The calculations of energy eigenstates
for the considered bound state B are analogous to solving the hydrogen atom. Labelling the
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displacement from the position of £¥% to the position of £~ as 7 (r = |]), we can write the
static potential between the two BSM particles as:
Cas(r7!) + Q%

V(7) = - : (4.25)

with ag(r~1) being the running strong coupling at the scale 7~!, o being the electromagnetic
fine-structure constant, C' = (Cy + C2 — Cp)/2, Cp and (/5 being the quadratic SU(3)c
Casimirs for the bound state and two constituent particles, respectively (C' = 4/3 (0) for the
colour-triplet (singlet)). We introduce the reduced mass: p = (mgrq-me-@)/(Mmero+me-—q) =
m/2 (m = mgr@ = mg-q); which allows us to write the Schroedinger equation (1.2) in the
same form as for the hydrogen atom. The relevant energy eigenstates and wave functions,
Ui (7), can be found in analogy to this textbook calculation.

The decay rate for the considered bound state is proportional to the probability of finding
the two particles in the same point in space, | ¥, (0)|?, which is non-vanishing only for the
s-wave. The relevant wave function (¥,, = U,q9) at ¥ = 0 is given by:

¥ (0) = ()2 1y = (Cas + Qo (4.26)

The 7, in Eq. (4.26) stands for the Bohr radius of this bound system, as; = ag(ryL) for

a ground state 7mms = v/3rp. The probability of finding two particles at the same point is

therefore expressed by:

(Cas + Q%a)’m?
8mn3 ’

[0, (0)]* = (4.27)

From Eq. (4.27) we see that radial excitations are suppressed by n~3, therefore we include
only the ground state contribution with n = 1.
The partial decay rates to gg and v are given by:

81Q*a?
Ty = Wncnfy\p(o)y% (4.28)
B
4rCo’
Diosgg = —3 g [ WO, (4.29)
B

with nc being the number of colours (1 for colour-singlet and 3 for colour triplet), and ny
being the dimension of the Lorentz representation (1 for scalars and 2 for fermions). In the
colour-singlet case, the gg final state is unavailable, hence we set 'y, = 0.

The partonic cross section for the B production is given by:

2r(2Jp+1)Dp I'ap
DD, Mp

a'ab—>8(§) = Cab - 27T5(§ - MZZS)’ (430)
with the partonic centre of mass energy denoted as §, ¢y, being a symmetry factor (cqp =
1+ 6ap), Dp being the dimension of the colour representation of particle p, and Jg labelling
the spin of the bound state B.

In order to get the hadronic production cross section, oy, 5, one needs to convolve the
partonic cross section, d45—5(s7), with the luminosity function dLy/dr:

Y7,.99 1
dLgp(7) .. .
Opp—B = E /0 dr dl;_( )UabHB(ST% (431>
ab

with the collision energy denoted as s and 7 = §/s. The integration is conducted using the
ManeParse [249| package for Mathematica, with LUXqed17_plus_PDF4LHC15_nnlo_100 PDF
set [242}243].
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The signal rate for a production of a bound state that decays to the diphoton channel can
be obtained using the narrow-width approximation:

Opp—sB—yy = Opp—B - BRB 5y, (4.32)
with .
By
BRpg = 4.33
o FB*)’y'y + FB%Z')/ + I'pszz + FBHgg ( )
2 my
IBoyz =By - 2tan® Oy ( - M?> , (4.34)
B
and
4m2
Iozz =TBoyy - tan* Ow - FZ (4.35)
B

Constraints from diphoton resonance searches

The signal rate in the B — ~7 channel calculated for the considered BSM particles should
be compared with the latest experimental constraints. The most recent CMS result [250]
corresponds to 13 TeV 35.9 fb~! data set, while the latest ATLAS analysis [251] used 13
TeV 139 fb~! data. Because the ATLAS analysis [251] is based on a larger data set, we use
it to derive the current limit on the bound state production and we estimate the projected
sensitivities for Run 3 (L = 300 fb~!) and HL-LHC (L = 3 ab™1).

In Ref. [251], ATLAS collaboration analysed the diphoton channel and did not observe
any significant signal excess over the SM background. The results were interpreted for spin-
0 and spin-2 particles for several different values of decay widths. The upper limits on the
production cross section times the branching ratio to two photons were obtained, as a function
of the resonance mass. In our simple BSM model, we have I'g/Mp < 2% for the relevant
range of Mp and () parameters, therefore it is justified to use the upper limit provided by
ATLAS, which relies on the narrow width approximation.

We present the diphoton signal cross section, oy, 5+, as a function of the bound state
mass (Mg = 2m), in Fig. 4.33. The panels on the left(right)-hand side correspond to scalar
T (fermionic ¥/ ) particles. Panels in the upper (lower) row in Fig. 4.33 are for colour-
singlet (triplet) particles. The 95% CL upper limit provided by ATLAS [251] for 13 TeV 139
fb~! dataset is depicted in Fig. 4.33 as a red dashed line. The ATLAS study [251] provided
results only up to Mp = 2.5 TeV. In order to derive the upper limit for heavier states, we use
the same value as for Mg = 2.5 TeV. This approach is justified because in the Mz > 2.5 TeV
region ATLAS observed no events and the SM background is below one event.

In order to estimate the projected sensitivity of ATLAS for Run 3 (Lruns = 300 fbfl)
and HL-LHC (Ly, = 3 ab™!), we rescale the current (Lo = 139 fb~!) upper limit 0" in the
following manner:

L
Ot = 00"\ (4.36)
un

L
opr = oy L—HOL. (4.37)

We assume that the signal/background efficiencies and systematic uncertainties will not
change drastically. This approach is conservative because improving the efficiencies or re-
ducing systematics would result in better sensitivity. The projected upper cross section limits
are shown in Fig. 4.33, where black and blue dashed curves correspond to Run 3 and HL-LHC,
respectively.
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Figure 4.33: Diphoton resonant production cross section for colourless (top row) and coloured (bot-
tom row) particles, with spin-0 (left column) and spin-1/2 (right column). The cross section is
presented as a function of the mass of the formed bound state, Mz =~ 2m. Dashed lines represent

exclusion (sensitivity) upper limits for 139 (red), 300 (black), and 3000 (blue) fb=! ATLAS, based
on [251].

4.4.7 Results

In the following section, we summarise calculations for the open and closed production modes
of long-lived BSM particles and compare them with the sensitivity of ATLAS, CMS and
MoEDAL experiments. For the major general-purpose LHC experiments, we recast large
dE /dx and diphoton resonance searches for Run 3 (L = 300 fb™!) and HL-LHC (L = 3 ab™ ),
and obtain 95% CL limits. For MoEDAL, we present the expected number of observed BSM
signal events, Ngg = 1,2,3, for Run 3 (L = 30 fb~!) and HL-LHC (L = 300 fb™1).

We begin by presenting in Fig. 4.34 the current 95% CL mass limits as a function of Q.
The upper (lower) panels in Fig. 4.34 correspond to colour-singlet (triplet) particles. The left
and right panels in Fig. 4.34 are for scalars and fermions, respectively. The parameter region
in Fig. 4.34 shaded in red and enclosed between two red curves is excluded by the most recent
CMS search for large dF /dx with 13 TeV 2.5 fb~! data. The analysis was re-interpreted
in order to provide mass limits on all four types of studied particles and to include initial states
with photons. The lower boundary of the exclusion region originates from the fact that for
large |@Q| the pr selection cut (pr > 65-|Q/e| GeV) makes it hard for light particles to satisfy
the 1/8ms > 1.25 condition. However, one can observe that the parameter regions below the
lower boundaries of the large dE/dx limits in Fig. 4.34 are mostly excluded by the ATLAS
diphoton resonance search , depicted in blue. Moreover, we believe that the remaining
unconstrained low masses are already excluded by the previous large dE/dx analysis [162],
based on 7 and 8 TeV data, in which the pt cut is weaker. For the colour-singlet scalars no
exclusion is found for |Q| > 6e, due to 1/fys > 1.25 and generally large production velocity.
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Figure 4.34: Current lower limits on masses of multiply charged particles: colourless scalars (top
left), colourless fermions (top right), coloured scalars (bottom left), and coloured fermions (bottom
right). The limits were recast to include production processes with initial state photons. The region
shaded in red is excluded by the large dFE/dz CMS search [163], based on 13 TeV 2.5 fb~' data
set. For colourless fermions with 2e < |@Q| < 7e there is an additional constrain from the ATLAS
search |159| for large dFE/dz based on 13 TeV 36.1 fb~! data. The region shaded in blue is excluded
by the diphoton resonance search by ATLAS [251], based on 13 TeV 139 fb~! data set.

The latest large dE /dx search by ATLAS [159] with 36.1 fb~! of 13 TeV data reported results
only for colourless fermions with 2e < |Q| < 7e. We include this limit in the top right panel of
Fig. 4.34. This limit is based on the leading-order cross section calculations without including
the photon fusion production. The amount of data used in the ATLAS analysis is larger than
in the CMS study [163]|, however, the signal efficiency for the former analysis is unavailable
and therefore we cannot re-interpret it.

The mass limits from recasting the 13 TeV L = 139 fb~! ATLAS analysis [251], which
searched for diphoton resonances, are shown in Fig. 4.34 as blue curves. The corresponding
regions shaded in blue correspond to excluded values of mass and electric charge parameters.
From Fig. 4.34 we can see that for particles with small electric charges (Q < 2—4e) the
diphoton resonance search provides weaker constraints than the search for large dE/dz. The
limit becomes rapidly much stronger for larger charges, and it exceeds the large dE/dx limit
for QQ ~ 2—4e, where the exact magnitude of charge depends on the type of the BSM particle.
This behaviour can be understood by looking at Eqgs. (4.27)-(4.30), from which it follows that
the production cross section for the bound state from v+ initial state grows as Q'°. The limits
from large dF/dx searches, on the other hand, increase only mildly with the growth of the
electric charge. This is because of the two opposite effects: the open production mode cross
section grows with the charge (cf. Fig. 4.25 and Fig. 4.27), but the signal efficiency drops,
as depicted in Fig. 4.29, due to underestimation of particle’s transverse momentum and the
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Figure 4.35: Sensitivities of the Run 3 LHC experiments to multiply charged long-lived BSM particles:
colourless scalars (top left), colourless fermions (top right), coloured scalars (bottom left), and coloured
fermions (bottom right). The integrated luminosity is assumed to be 30 fb~! for MoEDAL, and
300 fb~! for ATLAS and CMS. The region shaded in grey colour is already excluded (cf. Fig. 4.34).
Red, blue and green curves correspond to limits provided by large dE/dz, diphoton resonance, and
MoEDAL searches, respectively. The uncertainty of the hadronisation model for colour-triplet particles
is depicted as the variable width of the curves. This effect is visible only for MoEDAL and particles
with @ < 3e.

velocity loss through electromagnetic interactions with the detector material.

In Fig. 4.35 we present the projected mass limits for Run 3. The red and blue curves
in Fig. 4.35 correspond to 95% CL limits from searches for the large dE/dx and resonance
decaying to two photons, respectively. The green curves with diamond, triangle and circle
markers represent the sensitivity of MoEDAL, and correspond to Ngs = 3,2, 1, respectively.
In Fig. 4.35 we do not show the lower boundary from the large dFE/dx search, because
the parameter region below this boundary is tested by open channel MoEDAL and ATLAS
diphoton analyses, as well as by other searches done with Run 1 and Run 2 data. For coloured
particles, we vary the free parameter of the hadronisation model, &k, from 0.3 to 0.7. This
parameter changes the distribution of charge of the final state hadrons and in principle might
alter the results. We see this effect in MoEDAL searching for particles with |Q| < 3e, which
is depicted in the lower panels of Fig. 4.35 by the width of the green curves. However, for
bigger charge magnitudes, and for large dE/dx searches, the effect is so small that it cannot
be seen in the plots. This proves that the uncertainty from using our crude hadronisation
model is small.

When recasting the CMS search for the large dE/dx and scaling the luminosity from
2.5 b1 to 300 fb~ !, we follow the steps in , to obtain the 95% CL upper limit on the
detected signal. We assume that the systematic uncertainty stays at the same level, ~ 66%,
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Figure 4.36: Sensitivities of the HL-LHC experiments for multiply charged long-lived BSM particles:
colourless scalars (top left), colourless fermions (top right), coloured scalars (bottom left), and coloured
fermions (bottom right). The integrated luminosity is assumed to be 300 fb~! for MoEDAL, and
3 ab™! for ATLAS and CMS. The region shaded in grey colour is already excluded (cf. Fig. 4.34).
Red, blue and green curves correspond to limits provided by large dE/dz, diphoton resonance, and
MoEDAL searches, respectively. The uncertainty of the hadronisation model for colour-triplet particles
is depicted as the variable width of the curves. This effect is visible only for MoEDAL and particles
with @ < 3e.

relative to the total background. In this regard our limits are conservative. The grey-shaded
regions in Fig. 4.35 show currently constrained parameters. One can see in Fig. 4.35 that
the Run 3 improvement from the diphoton resonance search is modest, it is because the data
used in the ATLAS search is already quite large, L = 139 fb~!. On the other hand,
the recast limits from large dE/dz search [163] are based on L = 2.5 fb~! data set, and
scaling up to Run 3 luminosity, L = 300 fb—!, allows to derive much stronger constraints.
For colour-singlet fermions with 2e < |Q| < 7e, there is another limit from the ATLAS search
for large dE/dx , based on 13 TeV 36.1 tb~! data, hence the change of the limits when
considering Run 3 luminosity is smaller for these particles. As already stated before, open
mode searches for large dE/dx provide predominant constraints for smaller charges, while
diphoton resonance analysis for the closed production mode effectively constrains particles
with high electric charges. For Run 3, both types of searches provide a similar discovery
potential at |Q| ~ (5 — 6)e. The lower mass bounds, which MoEDAL is expected to provide
at the end of Run 3, typically lie between the open and closed channel limits by ATLAS and
CMS. For @ ~ (4 — 6)e with Ngz = 1, MoEDAL can provide a comparable sensitivity to
large dE/dxz and diphoton resonance searches. We would like to emphasise that the limits
provided by MoEDAL are complementary to ATLAS and CMS, because of the completely
different detector design and uncorrelated systematic uncertainties.
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In Fig. 4.36 we present the expected sensitivities at the HL-LHC, where we use the same
graphical conventions as in Fig. 4.35. From Fig. 4.36 one can see that the improvement in
lower mass bounds from large dE'/dx search is very mild, when compared to Run 3 estimation
in Fig. 4.35. The event selection used was the same as in [163|, where the background
contribution to the relevant signal region was estimated by the CMS collaboration to be 0.06
with L = 2.5 fb~!. In the case of the HL-LHC with L = 3 ab™!, the same contribution
is expected to be 72 events, which demands a large number of signal events for exclusion.
We expect that the large dE/dz could provide better limits if optimised for the HL-LHC,
however, it is beyond the scope of this work. When MoEDAL’s sensitivity is compared to
large dE'/dx and diphoton resonance searches, one can observe a significant improvement for
HL-LHC, with respect to Run 3. The main reason is that the SM background for MoEDAL
is negligibly small. While for ATLAS and CMS searches both the background and signal
event rates increase with the luminosity, for MoEDAL only the signal increases, while the
background remains zero. This creates a possibility for MoEDAL to compete with major
experiments, and provide superior mass limits for LLPs with 3e < |Q| < Te.

4.4.8 Conclusions

In this project, we have studied prospects for the detection of long-lived particles with electric
charges in the range le < |Q| < 8¢ at the LHC. We compared Run 3 and HL-LHC sensitivities
of three distinct types of searches: (i) anomalous track searches (i.e. large dE/dx analyses)
at ATLAS and CMS, (ii) searches for charged LLPs in MoEDAL, (iii) diphoton resonance
searches at ATLAS and CMS. The former two types of searches target the open production
mode, pp — £TQE~?, for which pair produced long-lived particles are directly detected, while
the diphoton resonance searches consider the production of a bound state decaying into two
photons: pp — B — 7.

We have proven the relevance of the photon fusion on the open mode production cross
section for highly charged particles, which was not considered by the ATLAS and CMS large
dE/dx analyses. Moreover, we have also investigated the impact of the photon fusion pro-
duction on the MoEDAL’s sensitivity, which is twofold: (i) it significantly increases the total
production cross section for particles with @ = 4e, (ii) it alters the velocity distribution of
produced particles, especially colourless scalars, such that more particles can be detected in
MoEDAL.

To estimate the current and projected bounds from large dF/dx searches, we recast the
CMS analysis [163] for various types of charged long-lived BSM particles, including the pho-
tonic initial states. We investigated the effect of underestimation of the transverse momentum
for multiply charged particles, as well as velocity loss due to (strong) electromagnetic inter-
action with the detector medium. Both effects become stronger for larger charges and lead
to reduced efficiency, therefore the large dE/dx searches were found to be the most powerful
for smaller Q.

The sensitivity of the diphoton resonance search, on the other hand, expands rapidly for
larger charges, since the event rate of pp — B — v grows as Q'°.

We revealed that the sensitivity of MoEDAL is typically between those of diphoton res-
onance studies and anomalous track searches. Run 3 MoEDAL might be competitive to
ATLAS and CMS for |Q| ~ (5 — 6)e. The advantage of MoOEDAL over ATLAS and CMS
comes from the lack of the SM background and becomes evident for the HL-LHC data-taking
phase, for which MoEDAL can provide superior sensitivity for 3e < |@Q] < Te than the two
general-purpose experiments.

Although the derived mass bounds rely on the leading-order cross section calculations,
our conclusion is qualitatively robust. However, one has to remember that our estimates of
the projected sensitivities of the large dE/dx and diphoton resonance searches rely on event
selection designed for Run 2 and conservative assumptions on the systematic uncertainties.
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4.4.9 Appendix

In this section we provide a model-independent mass reach (Ngg > 1, 2 and 3) of the MoEDAL
experiment for the long-lived multiply charged particles. The results are obtained both for
Run 3 (L = 30 fb~!) and HL-LHC (L = 300 fb~!), and presented in the mass versus lifetime
planes (m, c7). Figs. 4.37, 4.38, 4.39 and 4.40 correspond to colour-singlet scalars, colour-
singlet fermions, colour-triplet scalars and colour-triplet fermions, respectively.
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Figure 4.37: Model-independent detection reach of MoEDAL in the (m, ¢7) parameter plane for
SU (3)c-singlet scalars. Solid, dashed, and dotted contour lines correspond to Ngg = 1, 2 and 3,
respectively. Green and red colours represent results for Run 3 (L = 30 fb~!) and HL-LHC (L = 300
fb~!) data taking phases, respectively.
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Figure 4.39: Model-independent detection reach of MoEDAL in the (m, ¢7r) parameter plane for
SU(3)c-triplet scalars. Solid, dashed, and dotted contour lines correspond to Nge = 1, 2 and 3,

respectively. Green and red colours represent results for Run 3 (L = 30 fb=!) and HL-LHC (L = 300
fb_l) data taking phases, respectively.
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Figure 4.40: Model-independent detection reach of MoEDAL in the (m, ¢r) parameter plane for
SU(3)c-triplet fermions. Solid, dashed, and dotted contour lines correspond to Ngz = 1, 2 and 3,

respectively. Green and red colours represent results for Run 3 (L = 30 fb=1) and HL-LHC (L = 300
fb_l) data taking phases, respectively.
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Chapter 5

Summary

This thesis summarises four years of research in Particle Physics Phenomenology and con-
cetrates on the prospects for detection of long-lived particles at the Large Hadron Collider
(LHC). The main goal of the conducted research was to provide a comprehensive and an
updated overview of the field and estimate the progress that is expected to happen during
Run 3 and High Luminosity LHC data taking phases.

The first chapter of the thesis embeded the conducted research in a broader perspective
of Particle Physics. It began by recalling the historical evolution of our understanding of the
microscopic physical reality, which eventually led to the formulation of Quantum Mechanics
and the birth of Particle Physics. Next, the current paradigm of the field, the Standard
Model of Particle Physics (SM), was introduced. The basic ingredients of the theory and
the most important phenomena were discussed. Issues and shortcomings of the Standard
Model were listed to support the claim about the existence of yet unseen New Physics, the so-
called Beyond the Standard Model (BSM) Physics. A comprehensive overview of experimental
searches for BSM Physics at the LHC was provided. So far none of these searches had resulted
in undisputed evidence for New Physics, therefore, the necessity to focus on more exotic and
unexplored theoretical scenarios was argued. Searches for BSM particles with large lifetimes,
referred to as long-lived particles (LLPs), were presented as an interesting and promising
alternative to ordinary studies.

The second chapter of the thesis was devoted to a description of some of the most popular
New Physics scenarios, which predicted the existence of long-lived particles. The discussion
started with supersymmetry, which is one of the most favoured BSM scenarios capable of
resolving the hierarchy problem and providing a viable Dark Matter candidate. In the begin-
ning, a general concept of supersymmetry, being a symmetry relating bosons and fermions,
was introduced. Next, a mathematical framework of the theory was presented and applied to
construct the Minimal Supersymmetric (extension of the) Standard Model (MSSM). Particle
content and phenomenological consequences of the MSSM were discussed. Finally, theoretic
scenarios resulting in supersymmetric LLPs were reviewed. The second half of the chapter
was devoted to neutrino mass models. First, the main idea of seesaw models was introduced.
The seesaw mechanism provides a simple explanation of the origin and scale of the neutrino
masses, by introducing new fields on top of the Standard Model. Some of these scenarios
predict the existence of doubly or triply charged particles, which may be long-lived due to
phase space suppression, mass degeneracy or small couplings. The other class of neutrino
models are radiative neutrino models, in which neutrino masses arise through loop diagrams.
One of such models, particularly interesting due to the presence of multiply charged |Q| > le
long-lived scalars, was discussed in detail.

Chapter 3 provided an overview of searches for long-lived particles at the LHC. First, major
general-purpose experiments, ATLAS and CMS, were discussed. These experiments have a
similar design, they both consist of three main subdetector systems deployed in concentric
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cylindrical layers around the beam. The inner system is a tracker capable of measuring the
momentum of produced particles, thanks to a powerful magnetic field. The intermediate
layer is a calorimetric system, consisting of electromagnetic and hadronic calorimeters. The
outermost detector layer is a muon system.

In the successive section, different kinds of searches for long-lived particles were reviewed.
Searches for LLPs rely on a plethora of exotic signatures, e.g.: displaced vertices, disappearing
tracks, anomalous jets, enlarged ionisation loss, and many more. The second part of Chapter
3 was devoted to the MoEDAL detector, designed primarily to search for magnetic monopoles,
however, as proven in the thesis, MoEDAL is also capable of searching for charged particles
with large decay length ¢ 2 1 m. The design and principle of operation of MoEDAL are
completely different from ATLAS and CMS detectors. MoEDAL is a mostly passive detector,
sensitive only to slowly moving particles with velocities 5 < 0.15 - |Q/e|, where @ is the
electric charge of a particle. ATLAS and CMS, on the other hand, have active read out prone
to pile-up, and they are sensitive only to particles with relativistic velocities § 2 0.5. The
biggest advantage of MoEDAL is that the Standard Model background is negligibly small.
Its worst shortcoming is much fewer data available, due to placement next to the LHCb
experiment, which opts for smaller instantaneous luminosity. After the description of the
MoEDAL detector and its principle of operation, a simulation framework developed in the
course of the PhD was described. The framework allowed for a simplified simulation of the
detector and estimation of the number of signal events that MoEDAL is expected to observe
in Run 3 and HL-LHC.

Chapter 4 contained research results and constituted the essence of the thesis. The results
were grouped into four projects which corresponded to four studies conducted and published
in the course of the PhD. The projects were described in chronological order, and not only
did they provide a detailed description of the conducted research but also demonstrated the
development of the research methodology and understanding of the underlying physics.

The first project was titled “Prospects for discovering supersymmetric long-lived particles
with MoEDAL”. The goal of the project was to investigate the MoEDAL detector, which at the
time of conducting the study was known only for magnetic monopole searches, in the context
of searches for long-lived supersymmetric particles. In particular, a specific supersymmetric
scenario was considered, in which a pair of gluinos was produced (pp — §g), each of them
promptly decayed to SM jets and a long-lived neutralino (§ — jjX?), which then decayed to
metastable stau and off-shell tau (Y — 77%), schematically: pp — §j — ()Z?jj) ()Z?jj) —
(717*57) (717*77). A small mass difference between gluino and neutralino, mg—mgo = 30 GeV,
was assumed, and approximate mass degeneracy between neutralino and metastable stau,
mgo —mz = 1 GeV, was imposed. This theoretical scenario had some peculiar properties
leading to enhanced sensitivity in the MoEDAL detector and deteriorated detection capability
in ATLAS and CMS. Firstly, the production of gluinos was characterised by a large cross
section, hence a higher chance for detection at the LHC. Secondly, gluino decayed promptly
to long-lived neutralino, which could escape the ATLAS and CMS detectors unnoticed, if
only its lifetime was long enough. Finally, the decay of the long-lived neutralino to charged
metastable stau allowed MoEDAL to test this scenario because MoEDAL is sensitive only to
highly ionising particles. The obtained result is very interesting. It was revealed that Run 3
MoEDAL can probe the supersymmetric model in a region of mass (m) vs. decay length (c7)
parameter space, m € (1000, 1350) GeV and c7 € (103, 10%) cm, where the most recent (at the
time of realising the project) ATLAS search for heavy stable charged particles [157] (13 TeV
36.1 fb~1) is not sensitive. Moreover, it was shown that by rearranging the deployment of
the MoEDAL detector such that it would directly face the interaction point, MoEDAL could
significantly increase its detection reach and compete with the projected Run 3 sensitivity
of ATLAS. This result influenced the MoEDAL collaboration, and the necessary changes to
the detector placement were applied for Run 3. The optimistic conclusion of the first study
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inspired three follow-up projects, which are all described in this thesis.

The second project was titled “Prospects of searches for long-lived charged particles with
MoEDAL” and it is a direct continuation of the first study. In this project, a direct detection
of various pair-produced supersymmetric LLPs at MoEDAL was studied. The candidates for
long-lived particles were: gluinos (§), stops (%), five light-flavour squarks (§ = (,d, ¢, 3, l;)),
charginos (ﬁ[) and sleptons (Z) A model-independent approach was adopted, in which masses
and lifetimes of supersymmetric particles were varied as free parameters. In the case of
coloured supersymmetric particles, a simple hadronisation model was proposed in order to
describe formation of R-hadrons in the final state. Re-interpretation for the Run 3 of the
most recent ATLAS (13 TeV, L = 36.1 fb~1) [157] and CMS (13 TeV, L = 2.5 fb~!) [163]
searches for heavy stable charged particles allowed us to compare MoEDAL’s sensitivity to
that of general-purpose experiments. The highest masses that MoEDAL could probe during
Run 3 (L = 30 fb™ '), requiring Ngg = 1, were: 1600 GeV (§), 1920 GeV (§), 920 GeV
(i), 670 (W), 530 GeV (h), and 61 GeV (7). This was compared with the recast limits
by ATLAS (CMS): 2000 (1500) GeV, 2310 GeV, 1350 (1000) GeV, 1090 GeV, 1170 GeV,
and 430 (230) GeV, respectively. We found that MoEDAL cannot compete with ATLAS
nor CMS in the considered supersymmetric scenarios. Nonetheless, we would like to stress
that constraints provided by MoEDAL are valuable because they are obtained using totally
different experimental techniques, which might be sensitive to some regions of the model space
overlooked by ATLAS and CMS, e.g. scenarios with small RPV couplings in which there is
no missing transverse energy required by ATLAS/CMS data selection.

Another types of BSM particles considered were doubly charged scalars and spin-1/2
fermions, inspired by type II and type III seesaw models. Particles were assumed to be
colourless, and transforming under a singlet or triplet SU(2)r, representation. Their masses
and lifetimes were treated as free parameters in order to obtain model-independent results.
MoEDAL'’s sensitivity at the end of Run 3 was estimated, with N, = 1, to be: 160 GeV,
650 GeV, 340 GeV, and 1130 GeV, for scalar SU(2)p-singlet, fermion SU(2)-singlet, scalar
SU (2)p-triplet, fermion SU(2)p-triplet, respectively. The corresponding 95% CL limits set
by the (recast) CMS analysis [163]| were: 320 GeV, 680 GeV, 590 GeV, and 900 GeV, respec-
tively. The conclusion was that MoEDAL, although always providing a valuable cross-check
results, could compete with CMS only in the case of SU(2)p-triplet fermion. The reason why
MoEDAL is sensitive to this type of particle is twofold. Firstly, SU(2)p-triplet production
cross section is enhanced with respect to the singlet, but more importantly, the production of
scalar particles suffers from the p-wave suppression, i.e. ¢ — 0 for 8 — 0 due to the angular
momentum conservation in an s-channel production with v*/Z* exchange. Since MoEDAL is
sensitive only to slowly moving particles, i.e. 5 < 0.15-|Q/e|, the p-wave suppression results
in an unfavourable velocity distribution for produced BSM particles. This effect is absent for
fermions, which typically move with lower velocities and are more likely to be detected in
MoEDAL.

The third project, titled “Detecting long-lived multi-charged particles in neutrino mass
models with MoEDAL”, concentrated on particular 1-loop radiative neutrino mass generation
model [118], which predicted the existence of long-lived scalar particles: S*2, §+3 g+
with electric charges +2e, +3e, and +4e, respectively. These particles originated from a
scalar SU(2)-triplet (S3). The model contained also a triply charged fermion, F*3  which
was expected to be short-lived. Particles in the basic (uncoloured) version of the model
were colour-singlets, however, a coloured version of the scenario was obtained by promoting
the BSM fields to SU(3)c-(anti)triplets and adjusting the Lagrangian density appropriately.
Long-lived particles in the coloured version of the model were: SEA/3 GET/3 and SFL0/3,
with electric charges %61 %e, and %e, respectively. These particles originated from a coloured
scalar SU(2)-triplet (S3)

In this project we have pointed out the relevance of the photon fusion production process
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to searches for multiply charged particles at the LHC. Up to that point, ATLAS and CMS
analyses targeting multiply charged particles had been considering only the s-channel Drell-
Yan production, while completely ignoring photon fusion, which is negligible for singly charged
particles. However, when the electric charge of the particle is large, photon-induced production
processes become significant. Fortunately for MoEDAL, including photon fusion not only
enhances the total production cross section for the BSM particles but also alters their velocity
distributions such that the MoEDAL’s acceptance increases.

The analysis presented in the project was divided into two parts. First, model-independent
limits on the multiply charged particles were estimated for Run 3 (L = 30 fb~!) and HL-LHC
(L =300 fb~1) MoEDAL. Limits on these particles were obtained by treating their mass and
lifetime as free parameters.

In the case of the uncoloured model, the estimated model-independent detection reach
for Run 3 (HL-LHC) MoEDAL with N, = 1 was: 290 (600) GeV, 610 (1100) GeV, 960
(1430) GeV, and 1030 (1550) GeV, for S*2, §*3 S+ and F*3 respectively. This has to
be compared with current ATLAS limits (13 TeV 36.1 fb=1) [159]: 650 GeV (S*2), 780 GeV
S+3.920 GeVS*H, 1130 GeV (F*3). For the Run 3 phase (L = 300 fb~1), the only available
ATLAS projection [245] was 1500 GeV for F*3.

When it comes to the coloured LLPs, a model-independent MoEDAL detection reach for
Run 3 (HL-LHC) with Ny, = 1 was estimated to: 1050 (1400) GeV, 1250 (1650) GeV, and
1400 (1800) GeV, for S¥4/3 SE7/3 and S+10/3  respectively. The current (future) exclusion
(sensitivity) limits from ATLAS/CMS were: 1450 (1700) GeV, 1480 (1730) GeV and 1510
(1790) GeV, for §+4/3 §E7/3 and SF19/3 | respectively.

The second part of the analysis concerned the possibility to contrain parameters of the
two considered models with the MoEDAL detector. Three phenomenologically interesting
quantities are: lepton number violating coupling As, the product of Yukawa couplings hrhz,
and coupling of the neutrino mass model to the SM hee. In our analysis we varied masses of
the BSM fields and A5 parameter, keeping hee (heq in the coloured version) fixed, and fitted
neutrino data to get phenomenologically viable hphz. We found that the highest sensitivity
of MoEDAL was for A5 ~ 107° in both versions of the model. This value of A5 corresponded
to the longest lifetime of S** (S*19/3) in the uncoloured (coloured) model. In addition, we
investigated how different values of the hee (heg) coupling influenced the sensitivity of the
MoEDAL, and we found that while the maximum testable mass of the scalar SU(2)-triplet
BSM field did not change much, it was accessible for a wider range of A5 values.

Our conclusion from the third project was that most of the parameter space accessible
to Run 3 MoEDAL had been constrained by the large general-purpose LHC experiments,
however, the prospects for BSM detection during the HL-LHC phase were more optimistic.

The last of the studied projects, named “Discovery prospects for long-lived multiply
charged particles at the LHC 7, continued the research direction established in the previ-
ous projects. In the fourth study, a comprehensive overview of prospects for the detection of
multiply charged LLPs at the LHC was provided. Four types of SU(2)-singlet particles were
considered: colour-singlet and colour-triplet, scalars and spin-1/2 fermions. Projected sensi-
tivities of direct detection searches at MoEDAL and ATLAS/CMS were compared, together
with possible limits from the formation of new bound states decaying to ~vy. We studied
model-independent limits in the (m, ¢7) parameter plane for particles with electric charges in
the range le < |Q| < 8e.

In the last project we investigated in detail the impact of different production processes on
the prospects for detection of multiply charged BSM particles, and we confirmed the relevance
of photon-induced processes to the total production cross section and velocity distributions.
In the case of colourless particles, for |Q| ~ (3 — 4)e the photon fusion production process
became comparable to Drell-Yan, while for larger charges it dominated. This effect also altered
the velocity distributions, especially for scalars, for which the Drell-Yan production led to
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velocity suppression, i.e. ¢ — 0 when § — 0. The prevalence of photon fusion resulted in
typically slower particles, for which it was easier to satisfy the MoEDAL sensitivity criterium,
B < 0.15-|Q/e|. In the case of the coloured particles the effect was much milder because
other production processes were contributing, i.e. gluon-gluon and gluon-photon fusion, which
depended on the electric charge as oc Q¥ and o Q?, respectively.

In order to estimate the current limits on direct detection of multiply charged LLPs, the
CMS search for large dE/dz |163], based on 13 TeV 2.5 fb~! dataset, was re-interpreted. In
addition, for the SU(3)c-singlet fermions constraints from the ATLAS search |159] for large
dE/dx, based on 13 TeV 36.1 fb~! data set, were available. In this part of the analysis,
we treated BSM particles as collider stable, i.e. traversing the whole volume of the CMS
detector without decaying. In the recast procedure two important experimental issues were
investigated in order to provide more precise limits. The first effect was the underestimation of
the transverse momentum of a multiply charged particle, due to implicit assumption Q) = £1e
of the reconstruction algorithms. The other concern was the loss of signal efficiency due to
slowly moving LLPs that reach the muon system already after the succeeding bunch crossing.
In our procedure, we corrected for these two effects and included photon-induced production
processes. With the help of the Monte Carlo simulation, the effective production cross section
for the considered BSM particles was obtained and compared with the experimental limits
provided by the CMS. Moreover, projection for the Run 3 (L = 300 fb~!) and HL-LHC
(L = 3 ab™!) luminosities was made.

Charged LLPs could also be directly detected in the MoEDAL experiment. In order to
assess the detector’s sensitivity, a similar approach as in the previous three projects was
used. Masses and lifetimes of particles were treated as free parameters, which allowed to
derive MoEDAL’s sensitivity reach and the expected number of signal events N for Run
3 (L = 30 fb~!) and HL-LHC (L = 300 fb~!). For very large decay lengths, cr > 100 m,
MoEDAL’s sensitivity saturated.

Finally, we considered a creation of bound states formed by a pair of new BSM particles,
in analogy to positronium and quarkonium systems. We used a narrow-width approximation
to calculate the cross section, 0},,—s5—~~, corresponding to the production of a bound state
in a 13 TeV pp collision and a subsequent decay to two photons. Searches for two photons,
referred to as diphoton channel, are the most sensitive and constitute a discovery channel.
We recast the most recent diphoton search by ATLAS [251], which was based on 139 fb~!
data set, and compared it with the theoretically calculated cross section op,—5-,+ in order
to derive lower mass limits, including the projections for the Run 3 and HL-LHC.

All three types of searches were compared and the following conclusions were drawn. For
Run 3, large dE/dx searches by ATLAS and CMS were by far the most sensitive for lower
magnitudes of the electric charge, |Q| < (3 —4)e. This is because for low charges MoEDAL
had poor sensitivity due to the requirement 5 < 0.15 - |@Q/e|, while bound state formation
was very unlikely. For larger charges, |Q| = (4 — 5)e, the probability of forming a bound
state increased rapidly, as @'°, which made this kind of search the most sensitive. MoEDAL
typically provided an intermediate sensitivity. However, the situation became more interesting
for the HL-LHC phase. ATLAS and CMS analyses, both large dE /dx and diphoton resonance
searches, suffered from the increased background, which significantly reduced the benefit of
increased luminosity. MoEDAL, on the other hand, was effectively background free, hence the
signal rate increased dramatically and MoEDAL’s sensitivity surpassed the projected results of
major general-purpose LHC experiments for intermediate electric charges, i.e. 3e < |Q| < Te.
However, this projection is to be taken with a pinch of salt, because it does not include
detector changes nor improvements to analyses.

All four projects provided a detailed and comprehensive overview of prospects for the
detection of long-lived charged BSM particles in Run 3 and HL-LHC. Various New Physics
scenarios were tested, e.g. supersymmetry, seesaw, radiative neutrino mass generation, and
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simplified models. For the first time the expected sensitivity of MoEDAL was estimated and
compared to major general-purpose experiments. While typically ATLAS and CMS have bet-
ter sensitivity than MoEDAL, in some particular scenarios, e.g. for multiply charged LLPs
with 3e < |Q| < 7Te, MoEDAL might successfully compete with the large experiments, espe-
cially for the HL-LHC phase. The presented work resulted not only in qualitative research,
but also influenced the field. First of all, it led to the rearrangement of MoEDAL subdetectors
in order to increase the overall sensitivity and allow the experiment to effectively compete
with ATLAS and CMS. Moreover, the content of this thesis was presented at several inter-
national conferences, where the relevance of the photon-induced production processes on the
correct interpretation of experimental results for multiply charged LLPs was presented to the
community. The very recent ATLAS and CMS studies, e.g. |254], take photon-fusion into
account.
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