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ABSTRACT

EXPLORING NEW PHYSICS BELOW AND ABOVE THE
ELECTROWEAK SCALE

Akyumuk, Esra
M.S., Department of Physics
Supervisor: Prof. Dr. Ismail Turan

Co-Supervisor: Assist. Prof. Dr. Durmug Karabacak

September 2022, [63| pages

There are new physics scenarios which are intended to modify the Standard Model
either at low or high energy scales. The interaction of a so-called hidden sector with
the Standard Model through various portals can be visualized at low energies, which
can be explored by using the data from fixed target experiments, beam dumped exper-
iments etc. Vector portal is one venue to explore the hidden sector through coupling
with the Standard Model. One way to visualize vector portal effects would be neu-
trino charge radius. Furthermore, recent successful measurement of the coherent neu-
trino nucleus cross section could also be sensitive to the electromagnetic form factors
of neutrino. Therefore, together with the vector portal contribution to the neutrino
electromagnetic form factors, specifically, the magnetic moment and charge radius of
neutrino will be discussed. On the other hand, new physics has been traditionally in-
vestigated in the framework of various scenarios at high energies beyond the validity
of the Standard Model. One such scenario would be the so-called Fat-brane Univer-
sal Extra Dimension Model whose signals can be tested at the Large Hadron Collider

(LHC). The colored level-1 KK (Kaluza-Klein) particles can be pair-produced at the



LHC. From the cascade decays of these particles, dijet plus missing transverse energy
signal and photonic signal topologies can be expected. The ATLAS Collaboration re-
cently has reported two searches at 13 TeV center-of-mass energy and 139 inverse
femtobarn integrated luminosity data; multi-jet plus missing transverse energy and
photon-j plus missing transverse energy. In the absence of excess events in both
searches, the fundamental parameters of fat-brane UED model, namely, the extra di-
mensional Planck mass (Mp) and the size of the small extra dimension (R~') will be

constrained.

Keywords: Physics beyond standard model, neutrino charge radius, phenomenology

of the field theories in higher dimensions, Extra-dimensional scenarios
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0z

YENI FiZiGIN ELEKTROZAYIF OLCEGIN ALTINDA VE USTUNDE
ARASTIRILMASI

Akyumuk, Esra
Yiiksek Lisans, Fizik Boliimii
Tez Yoneticisi: Prof. Dr. Ismail Turan

Ortak Tez Yoneticisi: Dr. Ogr. Uyesi. Durmus Karabacak

Eyliil 2022 , [63]sayfa

Standart Modeli diisiik veya yiiksek enerji 6l¢eklerinde de8istirmeyi amaglayan yeni
fizik senaryolar1 vardir. Gizli sektoriin ¢esitli portallar araciligiyla Standart Model
ile etkilesimi, diisiik enerjilerde gerceklesebilir ve bu etkilesimler sabit hedef, 151n
dokiimlii deneyleri gibi deney verileri ile incelenebilir. Vektor portali, Standart Mo-
del ile etkilesime girerek gizli sektoriin kesfedilebilecegi bir alandir. Vektor portal
etkilerini gérebilmenin bir yolu, nétrino yiik yaricapi olacaktir. Ote yandan, elastik
notrino-¢ekirdek tesir kesitinin son zamanlardaki bagarili 6l¢iimii, nétrinonun elekt-
romanyetik form faktorlerine de duyarli olabilir. Bu nedenle, nétrino elektromanye-
tik form faktorlerine vektor portal katkisi ile birlikte, 6zel olarak nétrinonun manye-
tik momenti ve yiik yarigap: tartisilacaktir. Ote yandan yeni fizik, geleneksel olarak
Standart Modelin gecerliligini asan yiiksek enerjilerde ¢esitli senaryolar cercevesinde
arastirilmistir. Boyle bir senaryo, sinyalleri su anda ¢alismakta olan Biiyilk Hadron
Carpistiricisinda (LHC) test edilebilen Kalin-zar Evrensel Ekstra Boyut Modeli ola-
bilir. Renkli seviye-1 KK (Kaluza-Klein) parcaciklar1 LHCde ciftler halinde iiretile-
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bilir. Bu parcaciklarin kademeli bozunmalarindan, dijet art1 kayip transverse enerji
sinyali ve fotonik sinyal topolojileri beklenebilir. ATLAS Isbirligi yakin zamanda 13
TeV Kkiitle merkezi enerjisi ve 139 ters femtobarn verisinde iki aragtirma rapor etmis-
tir; ¢coklu jet art1 kayip transverse enerji ve foton-j art1 kayip transverse enerji. Her iki
aramada da fazla olayin olmamasi durumunda, kalin-zar UED modelinin temel para-
metreleri, yani ekstra boyutlu Planck kiitlesi (Mp) ve kiigiik ekstra boyutun boyutu

(R™1) siirlandirilacaktir.

Anahtar Kelimeler: Standart model 6tesi fizik, notrino yiik yarigapi, evrensel ekstra

boyutlarda alan teorileri fenomenolojisi, ekstra boyut senaryolari
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CHAPTER 1

INTRODUCTION

After the discovery of the Higgs boson [1,2], which is the last needed fundamental
particle of the Standard Model (SM) of particle physics [3]], the particle spectrum of
the Standard Model has completed. Over the past decade, results from the LHC also

show that the Standard Model agrees tremendously with the observational data [4]].

On the other hand, the instability of the mass of the Higgs boson under ultraviolet
corrections (naturalness problem) [5-7]], the mass of neutrinos [8]], and the presence
of dark matter [9] are the subjects that do not have an explanation in the Standard
Model. The physicists have been developing new physics models that can answer

these problems while preserving the symmetries of the SM.

New physics models can be searched in either side of the electroweak scale. In the low
energy region, the hidden sector is one venue to explain the problems and anomalies
of the SM. The reason that this sector is ‘hidden’ (or ‘dark’) is that the interaction
of the SM with this sector is assumed to be very weak. The interaction of the dark
sector and visible sector (SM) occurs via mediator particles which are both charged
under the dark sector and the visible sector and they act as a ‘portal’ between two
sectors. The interaction of the mediator particles with the SM particles can be direct
or indirect, depending on the model. The portals that connect the SM to the dark
sector can be mainly categorized into four: neutrino portal, Higgs portal, axion portal,
and vector portal. The mediator particles can be scalars ¢, pseudoscalar a, vector A’,
axial vector Z’, and fermions N. In this thesis, the vector portal (whose mediator is
named as the dark photon A’) will be the main focus of the new physics searches on

the low energy region of the electroweak scale.



Other theoretical structures that can answer the current problems of SM are built on
multiple space-time models. For example, in the Arkani-Dimopoulos-Dvali (ADD)
model [10,11]], elementary particles are placed on the brane (3-brane), and only grav-
itation is assumed to reach N large extra dimensions ( ~ eV ! to keV™1). As a
result of this structure, the Planck mass in 4D is reduced by the volume from the
extra dimensions, and the high-dimensional Planck mass (Mp) is in the order of a
few TeV, thus solving the naturalness problem of the SM. In the case of the ADD
model, the results of the ATLAS group on the 139 fb~! dataset and the missing trans-
verse energy and mono-jet signal at the centre of mass energy of 13 TeV; for N = 2,
Mp = 11.2TeV,and N = 6, Mp = 5.9 TeV at 95% confidence level (CL) lim-
its have been introduced [[12]. Another multi-dimensional space-time model is the
Randall-Sundrum (RS) model [13,/14], which is a higher-dimensional warped met-
ric space-time model with two different brane structures (in the RS-I version of the
model, there are two separate branes in the 7'el” and Planck mass energy orders) is
trying to explain the naturalness problem of the SM. The current limits of the model

for the RS-I variant can be found in [15]].

Another model among the multi-dimensional space-time models that can be observed
in the current collider experiments is the Universal Extra Dimensions (UED) [16~
18]. Although the UED models do not solve the naturalness problem as neatly as in
the ADD and RS models, they rather introduce a new mechanism for spontaneous
breaking of SUSY [16], relaxing the upper limit of the mass of the lightest uncharged
Supersymmetric Higgs boson [19], lowering the unification scale down to a few TeV
orders [20-23]]. In addition to being able to bring a new aspect to the mass hierarchy
of fermions [24], predict that the number of the generation of fermions should be three
or a multiple of three [25], and contain a cosmologically suitable cold dark matter
candidate [26-37]], the UED models also draw attention by presenting compelling the
rich collider physics [33]].

The minimal UED (mUED), the most constrained version of the model, is created by
adding a single extra dimension relatively small in length and compacted on a circle
to (3+1)d dimensional space-time while preserving the gauge symmetry of the SM.
Considering the elements of the mUED model, such as KK symmetry and particle

spectrum, it can be seen that it is similar to the SUSY models in which R-parity is



conserved [38]]. ’Fat-Brane’ UED model is a variant of the mUED model obtained
by embedding the space-time structure in the mUED on the 4+N dimensional bulk,
under the assumption of N large extra dimensions (in the range of ~ eV ™1 — kel 1)
that only gravity can reach. In this thesis, the fat-brane mUED model will be the
main focus of the new physics searches on the high energy region of the electroweak

scale.






CHAPTER 2

VECTOR PORTAL CONTRIBUTION TO THE NEUTRINO
ELECTROMAGNETIC FORM FACTORS

2.1 Electromagnetic Properties of Neutrino

The neutrino and its electromagnetic properties have been an exciting and active re-
search area in particle physics. In the Standard Model, neutrinos are weakly interact-
ing massless left-handed fermions. It means that the electromagnetic characteristics
of a neutrino are all zero. However, the discovery of neutrino oscillations proved
that neutrinos are massive particles, and this discovery can reasonably support the
non-zero electromagnetic properties of neutrinos and leads scientists to explore the
properties and interactions of the neutrinos beyond the Standard Model (BSM). The
study of electromagnetic properties of neutrinos beyond the Standard Model can con-

strain the existing BSM scenarios and give a clue about new physics.

In favour of the existence of neutrino charge radius, participation of the neutrinos
in electromagnetic interactions can be expected to be observed in the nearest future.
The knowledge of the value of the neutrino charge radius would not be enough to
determine the electromagnetic properties of neutrinos. It would be great to discover
whether the neutrino charge radius is strictly diagonal with respect to the neutrino
flavour or not. If the neutrino charge radius is not diagonal with respect to the neutrino
flavour, that will indicate a new physics beyond the SM since it does not allow any
change of neutrino flavour as a result of interactions of neutrino. The other electro-
magnetic properties of neutrinos are electric charge (milicharge), magnetic moment,
anapole moment and electric dipole moment. Theoretical aspects of the main char-

acteristics of electromagnetic properties of neutrino and their current experimental
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limits will be discussed in the next section.

In this study, neutrino charge radius will be investigated under the Up_ (1) model.

2.1.1 Electromagnetic Vertex Function of Neutrino

The neutrino does not electromagnetically interact with matter at the tree level be-
cause it is electrically neutral. However, electromagnetic interactions can occur ra-

diatively.

The effective Hamiltonian of the electromagnetic interaction of a Dirac neutrino, in

one photon limit, can be defined as;

Hem(2) = 5, (2) A () = T7(2) Auvi(2) A" (2) 2.1)

where A, is the electromagnetic vertex function and j fM (x) is the electromagnetic
current. A, is the definition of the matrix element whose description is the transi-
tion of an initial state Dirac neutrino v;, and a final state neutrino v, with an initial

momentum p; and final momentum py, respectively (Figure [2.1)).

Figure 2.1: The effective vertex of the electromagnetic interaction of the neutrino.

Consistent with the Lorentz and electromagnetic gauge invariance, the most general

form of the electromagnetic vertex function A, is defined as,

6



A(@) = fo (@) v+ [ () 0wd” s — far () iowd” + fa () (P — aud) 75
2.2)

In this formulation, there is no possible transition between neutrino flavours. With
the interaction of a real photon (¢> = 0), the four sets of the neutrino electromagnetic
form factors fg g a4 are the electric charge, electric dipole moment, magnetic dipole

moment and anapole moment.

2.1.2 Electric and Magnetic Dipole Moments of Neutrino

The starting point of the investigation of neutrino electromagnetic properties is after
it was shown that for a massive neutrino, in the extended Standard Model with right-
handed neutrinos, the magnetic moment is a non-vanishing quantity, and its value is
determined by the mass of the neutrino [39-44]. Among the electromagnetic proper-
ties of the neutrino, magnetic and electric dipole moments are the ones that are being
studied mainly since they naturally emerge from the extensions of the SM. For a Dirac
neutrino, in the minimal extension of the Standard Model, magnetic moment, which

is diagonal in the mass basis, has a form [41]],

p _ 3eGpm;

Hig = 3 \/§7T2

where 15 is Bohr magneton.

~ 3.2 %1071 (%) 15 (2.3)

For a Majorana neutrino, the magnetic moment has a non-diagonal form in the mass

basis, which allows only transition magnetic moments.

The most general and model-independent upper limits for the magnetic moment of
a Dirac neutrino, generated above the electroweak symmetry breaking scale, within
the current bound on neutrino mass implies that neutrino magnetic moment is around
lpo| < 107 pp [45]. Compared to the bounds from astrophysical observations and
solar and reactor neutrino data, this bound is stronger by several orders of magnitude.
The corresponding upper limit for the magnetic moment of the Majorana neutrino is

much weaker [46]).



For a Dirac neutrino, at zero momentum transfer, the diagonal type of electric dipole
moment vanishes due to the hermicity of the electromagnetic current and the assump-
tion of its invariance under CP transformation. Nonzero electric dipole moments
occur only in the models where CP symmetry is violated. Astrophysical and labora-
tory experiments where contributions of magnetic moments in neutrino scattering are
examined can also provide constraints on the electric dipole moments since the contri-
butions from electric dipole moments interfere with the contributions from magnetic

dipole moments [47-49].

2.1.3 Neutrino Charge Radius

It is known that neutrino, as in the name suggests, is a neutral particle. However,
neutrino electric properties can still be obtained from the electric form factor fq. It
is possible to characterize a neutral particle as a superposition of two different charge
distributions with opposite signs. This is defined by the electric form factor which is

non-zero for ¢% = 0.

Expand the electric charge form factor in series around ¢ = 0,

dfq (¢*
fo (¢°) = fol0) + ¢° 32 A (2.4
q q2:o
The first term is the electric charge of the neutrino, and the second term gives the

neutrino charge radius.

Consider a spherically symmetric charge distribution with charge density p(r); the
charge form factor can be interpreted as a Fourier transformation of p(r), in the so-

called Breit frame where go = 0. In this frame, charge form factor only depends on

] = /—¢* with r = |Z],

fQ (qQ) _ /p(r)e—itj-dex _ /p(r)81n<|ﬂr)d3x (25)

|qlr

Taking the first derivative of this expression with respect to ¢> = —|q]?,



dffiq(g ) _ /p(r)sinﬂ(ﬂ?“) _2(2‘31: Cos(lﬂr)d:ax (2.6)

is obtained and,

. de(‘12>_ ﬁ?) _@
(};Lno e —/p(r)6dx— 5 (2.7)

Therefore, the squared charge radius of neutrino is defined as,

(2.8)

It should be noted that since the charge density p(r) is not defined as a positive quan-

tity, (r*) can be negative.

It is convenient to summarise the controversial history of the neutrino charge radius

in the Standard Model in the following.

First, it was claimed that neutrino charge radius is not a physical quantity in the Stan-
dard Model in the unitary gauge since the result is ultraviolet divergent [50]. For a
massive Dirac neutrino, a direct one-loop calculation of v — Z self-energy diagrams
and proper vertices in a general R gauge also gave a divergent result if ¢* # 0 [51].
However, by introducing the contributions from neutrino-lepton neutral scattering di-
agrams to the usual terms, it is possible to obtain a finite but gauge-dependent result
for the neutrino charge radius in unitary gauge [52]. Afterwards, it was shown that
it is possible to obtain a finite and gauge independent value for the neutrino charge
radius by considering additional box diagrams with the contributions from the proper
diagrams [40], and this leads to the discussion of neutrino electroweak radius which
was defined by [53,54]. In [55], an additional set of diagrams that contribute to the
electroweak radius of the neutrino was discussed. Finally, the neutrino electroweak
radius was introduced as a physical observable by [56-58]. The corresponding cal-
culations are performed while including the box diagrams involving W-Z bosons and
additional terms from the v — Z boson mixing in the one-loop approximation, and a

gauge-invariant result has been obtained for the neutrino charge radius. However, this

9



result leads to revivifying the discussion about the definition of the neutrino charge

radius [[59-H62].

In this thesis, the contribution of the dark photon to the one-loop calculation of the
neutrino charge radius is calculated in the Feynman gauge. Contributory diagrams

are called proper vertices, ¥ — Z and v — A’ self energy diagrams in Figures
[2.4] respectively.

Before going into the details, the dark photon will be introduced.

10



(e) ®)

Figure 2.2: Proper vertice diagrams contribute to the electromagnetic vertex function
of the neutrino. G is the Goldstone boson and [ is the corresponding lepton to the

neutrino.
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Figure 2.3: The v — Z self-energy diagrams. f denotes the e, u, and 7 lepton as well
as u, ¢, t, d, s, and b quarks. G is the Goldstone boson, ¢ @ and ¢ © are charged
Ghosts.
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Figure 2.4: The v — A’ self-energy diagrams. f denotes the e, 11, and 7 lepton as well
as u, ¢, t, d, s, and b quarks. G is the Goldstone boson, ¢ @ and ¢ & are charged
Ghosts.
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2.2 The Dark Photon

Up-1(1) model is formed by the addition of an abelian symmetry as an extra U(1)
to the SM as SU(2), x U(1)y x Up_r(1). The new Ug_p (1) field is kinetically
mixed with the SM U (1)y hypercharge field [63-65]. This kinetic mixing is always
possible because the field strengths of two Abelian gauge fields can be multiplied
together to give a dimension four operator whose existence means that as the two
gauge bosons propagate, they can go into each other. The SM particles with charge
Qp = (B — L), where L is the lepton number and B is the baryon number of the
corresponding particle, couple to the new field, which is the dark photon field. The

Lagrangian is,

LD — lwa Wems _ lBO BO,uy _ Sin(e) BO XO,uZ/ il lXO XO/JJ/
Ll 4 A& A 44 (2.9)
1 4 :
+ 5, Xy XY + (D, (H)) (D (H))' + Fii D

where W BY, and X are SUL(2), Uy (1) and Up_1 (1) gauge fields, respectively.

H is the Higgs field and f; are the fermions. In matrix form,

1 0 sin(e) B)
L= ( B Wi, X ) 0 1 0 W, (2.10)
sinfe) 0 1 X}
~ y

In this Lagrangian, the Z boson and photon fields are not in physical basis. The Z
boson and photon fields should be in physical form and the mixing between the two
U(1) fields should be removed. Change of basis from (BY W3, X0) to (B, W3, X,,)
will be applied so the kinetic terms in this Lagrangian become canonical and this is

done by transforming the matrix V' by a transformation R, which is of the form,

1 0 sin(e)
Ri=1101 0 (2.11)
0 0 cos(e)

14



After this transformation, the kinetic terms in the Lagrangian £ became canonical,
however the mass terms have a non-diagonal form. Another transformation is re-
quired to obtain a physical basis where gauge bosons are mass eigenstates with canon-

ical kinetic terms. Initially, the mass Lagrangian has a form,

1
Liass = 75, X0, X + (D, (H)) (D, (H))' 2.12)

where, D, = 8, — igl- W —ig’V B — igp,QpX).

T
The vacuum expectation of the Higgs field is (H) = (O \%) and quantum numbers
are Qg =0,Y = % and t3 = —%. After the first transformation and change of basis,

the Lagrangian becomes,

1 2
Lonass = 57X sec?(€) X, X" + % {—gtsWs, — ¢YB,+¢'Y tan(e)Xﬂ}2

(2.13)

/

Using the Weinberg mixing angle sin(fy, ) = —=

1 v?
Linass = =Mx, seCQ(e)XWX“” + ) (92 + g’g) {gWs, — ¢'B, + g'tam(e)XM}2

2
= %mXo sec?(€) X, XM +
%2 (9% + ¢) {cos(Ow ) W3, — sin(6w) B, + sin(fw) tan(e) X, }*
(2.14)
Define an intermediate basis (AM Wgu X u) where Wgu is defined as,
W, = cos(fy )W, — sin(fw) B, (2.15)

The photon field A, is A,, = cos Oy B, + sin 0y W3, and remains massless. Then the

mass Lagrangian becomes,
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1 1 R 2
Lonass = =mixy 5662 (€) X X* + =m, {Wgu + sin(fw) tan(e)Xu}

2 2
Ay (2.16)
= ( Ay Wa, Xy, )MZ W,
X
where m%, = ; (¢° + ¢"*) v* and M? is,
0 0 0
Mi=10 my, m, tan(e) sin(fy) (2.17)

0 m%, tan(e)sin(Gw) m3, sec?(e) + m%, tan?(e) sin*(Gy)

In this basis, the only the photon field is physical and the mass terms of the Wgu
and X, is mixed. In order to eliminate the mass mixing between Wgu and X, an
orthogonal transformation 2, will be applied and the basis will be changed from A

to A= (Au Z, AL) which will eventually be the physical basis for all the fields.

10 0 A,
( Ay Z, A, ) =| 0 cos(B) sin(p) W3u
0 —sin(B) cos(p) X,

4

(2.18)

v~
2

After applying the transformations R; and R , the parameter 3 can be found as,
2 tan(e) sin(fyy)

tan(26) = 1 — AZ sec?(e) — tan(e) sin(fy) (2.19)

and

\/(AZ sec2(e) + tan?(e) sin? (O ) — 1)2 + 4 tan?(e) sin®(fy)
2 tan(e) sin(fyy) (2.20)
AZ sec?(e) + tan?(e) sin?(Oy) — 1
2 tan(e) sin(6yy)

tan(8) =
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where AZ = m§<0 / mZZO. Finally, the mass Lagrangian becomes,

10 0 A,
c=(A 2z 4)| oM o Z, (2.21)
0o 0 M)\ &

Dark photon and Z boson masses are,

M3, = m220 [sin(8) — cos(B) sin(by) tan(e)]2 +
(2.22)
M2 = m2Z0 [cos(3) + sin(S) sin(Ow) tan(e)]2 +

The same transformations should be applied to the interaction terms in Lagrangian in
Equation to obtain the interaction of the SM fermions with the dark photon. The
couplings of the Z boson and the dark photon to Standard Model neutrino and quarks
has given in Table [2.1] After the addition of the dark model to the SM, the couplings

of the Z boson with the SM particles have been modified and can be seen in Table

21l
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Table 2.1: Couplings of the Z boson and the dark photon to Standard Model neutrino

and quarks.
ct/cl ch/ci
sin(3) sin(8)
VL VL - gllecos(e) B g}fchos(s)
+ e(cos(B)+sin(B) tan(e) sin(fw)) __e(cos(B)+sin(B) tan(e) sin(fw))
Z 4 cos(Ow ) sin(fyy ) 4 cos(Ow ) sin(fywy )
gBL sin(f) __e(cos(B)+sin(B) tan(e) sin(Ow))
u u 12 cos(e) 4 cos(Ow ) sin(Oy )
4€ cos(B)(8sin? (O )—3)
12 cos(Ow ) sin(Oy)
VA +e(5 sin(8) tan(e) sin(fyy))
12 cos(bw ) sin(Ow)
__gBrsin(8) e(cos(B)+sin(B) tan(e) sin(fw))
12 cos(e) 4 cos(Ow ) sin(Ow )
d d +ecos([3)(4 sin? (0 )—3)
12 cos(Ow ) sin(Ow)
VA +esin(,3) tan(e) sin(Oy)
12 cos(bw ) sin(Oy)
gBL cos(p) e(sin(B)—cos(B) tan(e) sin(Oy))
VL VL 4 cos(€) 4 cos(Ow ) sin(fw )
+ e(sin(B)—cos(pB) tan(e) sin(fy))
A’ 4 cos(Ow ) sin(Ow )
u u gBL cos(B) e(sin(8)—cos(p) tan(e) sin(Gw ))
12 cos(e) 4 cos(Ow ) sin(fw )
__e(5cos(B) tan(e) sin(fw))
A’ 12 cos(Ow ) sin(6w)
__gBL cos(f) __e(sin(B)—cos(f) tan(e) sin(0w))
d d 12 cos(e) 4 cos(Ow ) sin(fywy )
+ esin(B)(4sin?(Oy)—3)
12 cos(Ow ) sin(6y)
A’ __ecos(f) tan(e) sin(fw)

12 cos(fw ) sin(6w )
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2.3 Results

2.3.1 Magnetic Moment and Charge Radius of the Neutrino

The magnetic moment of a neutrino has been calculated [66] in the extended Standard
Model in which a right handed SU(2) singlet neutrino is introduced. An example
calculation will be carried out to understand which diagrams in Figures [2.2]2.3] and
2.4 has a contribution to the magnetic moment of the neutrino. The gauge has chosen
as the Feynman gauge. Electromagnetic vertex function of the electron-type neutrino

in the diagram in Figure[2.3]is,

Figure 2.5: A diagram that contributes to the neutrino magnetic moment

. ~5
263'71}‘(%_7_

B 2>-( -(k+pz)+me)-v“
" 3274 (sin (0w ))? (k2 — m2,)

(k+p1)* —=m2) (k+p)*—m2) (223

(¢
(v (k+p1) +me) 7" (%‘%

where the expressions with a bar represent the objects living in the 4-dimensional
space and the rest is in the D-dimensional space. Applying Dirac equation and using
the properties and relations of the Dirac matrices, neutrino vertex function is calcu-

lated. The term that defines the magnetic moment of the neutrino is,
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1

A, D ie*my, - (ph + p*
#2322 (sin (o) P e W TR

2 2 2 2 2 2 2
2C, (mve,mve,O,me,mW, ) + DCy (m 0 mv ,mW,me,me)

+2Cy (m7,,0,m2 ,mjy,,mZ,m?) + DCy; (m2,_,0,m, ,my,, m2, mZ)
—2Cp (m 0,m? m%v,mg,mi)

+DC12(m Om m%,v,mg,mg)

2 2 2 2 2
- 2C12 (mv57 07 mye7 My, M me)

(2.24)

where Cy, C, C11, Co is the Passarino-Veltman integral representing the loop inte-
grals. The Gordon identity in Equation 2.25] is used to obtain the structure of the

magnetic moment form factor in Equation [2.2]

Py + Py i
2m 2m

% (72) vop1) = & (9s) [ o) (2.25)

putting the Equation into the the magnetic moment form factor is found to
be,

1
3272 (sin (6w ))

iYs (C_IQ) =

3 2 2 2 2 2
51€7My, {QCO (m2,,m2, ,0,m2, mj,,m?)

+ Dy (0, iy, m?, m)
20, (m2,,0,m2, iy, 2, m?)
+ DCyy (mg,,0,m? ,mi,, mZ,mZ) (2.26)
20y, (m2,,0,m2,, miy,m?, m?)

+DC12(m Om m%v,mﬁ,mz)

2 2 2 2 2

—2C (mve, 0, my,_, my,, mg, me)
This result is the contribution of the diagram in Figure[2.5|to the magnetic form factor
of the neutrino. However, after calculating all of the diagrams, the ones that contribute

to the magnetic moment of the neutrino are only the proper vertices given in Figure

[2.2] From the interaction of the dark photon with the neutrino and other visible matter
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in the model described above, there is no contribution from the dark photon to the
proper vertex diagrams. Therefore, it is concluded that the dark photon does not
contribute to the magnetic dipole form factor. On the other hand, all diagrams have
contributions for the electric form factor since v, structure exists in every diagram

included. Neutrino vertex function in Equation [2.23] contains the term,

1
642 sin®(Gy)

2 2 2 2 2 2 2 2
— 6 Bo (0,mZ,m?) — DmZCq (m_,m;,_,0,m2, mi,, m?)

Ay D e’y | D By (0,m2,m?) + 4 Bo (m7,,mZ, mjy)

2 2 2 2 2 2
+ Dmy;, Gy (mve, my,, 0, mZ, my,, me)

2 2 2 2 2 2
— Dmgy Cq (mve, my,, 0, mg, myy, me)

2 2 2 2 G 2
+ 6m_Cy (mve,mve, 0, m_, my, m ) (2.27)

€

2 2 2 2 2 2
— 6myy, Co (my,,ms_,0,m2, mj,, m?)

2 2 2 2 2 2
+ 6m2 Co (m?, ,m3_,0,mZ, my,, m?)

2 2 2 2 2
—2DCyq (m3,,0,m, ,miy,, mZ, mZ)

2 2 2 2 2
+ 4COO (mvc7 07 mv€7 mW7 me7 me)

and this is the electric form factor in the Equation[2.2] The neutrino charge radius can

be found using the Equation [2.§]

After calculating the matrix elements of all of the diagrams in Figure Figure[2.3
and Figure the charge radius of the neutrino in the one-loop limit in the Up_ (1)
model is calculated. From the diagrams, couple of them are calculated manually to
understand the structure and the terms that arise from each type of diagram. Calcula-
tion of the vertex functions and one-loop integrals are handled with the help of pub-
lically available Mathematica packages, FeynCalc [67,68] and FeynArts [69]. Then,
after the one-loop integrals are converted into the Passarino-Veltman functions, their
explicit forms are obtained by taking the integrals with the help of the PackageX [70].
The diagrams a,b,c and f in Figure @; b, c, d, e, f, g, and h given in Figure@ and
Figure [2.4] contain ultraviolet divergent terms given in Tables [2.2] [2.3] and [2.4] and

their summation is found to be zero. The expression of the charge radius is,
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6
2\ _
() = 2m203 M4, M7} cos(e€) cos? (B )

{me cos(€) cos®(Oy) sin(fw ) [ sin(bw) (cos®(B) M4 + My sin®(B))

In (270)myy sin(Qyy)

+ cos(3) sin(3) tan(e) (My — My) ]

+myy cos(e) cos’ () (cos™(8) My, + My sin®(5))

+my cos(e) sin® () [ sin®(Bw) (cos®(B) My, + M sin®(65))
+ tan®(€) (cos®(8) My + M}, sin*(8))

+ 2 cos(3) sin(3) tan(e) (M3, — My) sin(by )]

— 2ugpy, cos(Bw) sin(fw) [ tan(e) (cos®(8) Mz + My, sin®(9))
+ cos(B) sin(B) (M3 — My) sin(6w )]

+ 2vugp;, cos(B) sin(B) (My — M}, 0083(9W)}
(2.28)

Analytical result obtained for the neutrino charge radius can be used to bound pa-
rameter space of the Up_ (1) model. The data from scattering experiments such as
neutrino-electron scattering and coherent elastic neutrino nucleus scattering CEvNS
can be used for this purpose since the diagrams of the charge radius also contribute
to the scattering processes mentioned above which are expected to be sensitive to the

light dark photon region.
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Table 2.2: Divergent parts of the proper vertex diagrams given in Figure corre-
sponding to the process v, — v, in Section m

Proper Vertex Diagrams
Diagram .
Divergent part
Label
m2myy sin(fy)
a 4 167203
X m2myy sin(Oyy)
167203
m3, sin(6Oyy)
¢ 823
¢ 3m3, sin(Oy)
8m2vy3
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Table 2.3: Divergent parts of the self-energy diagrams given in Figure[2.3|correspond-
ing to the process v, — Y1, in Section@

~v — Z Self-Energy Diagrams

Diagram .
Divergent part
Label
9 .
~ s co(em? cos(B)myy, sin(fw )
b

[ cos(B) cos(e)mw cos®(w) + cos(e)m sin(fy) (cos(B) sin(Ow)

+ sin(p) tan(e)) — 2¢gpr sin(fB)v COS(HW)}
1

81203 cos(€)m?% cos?(Oyw )

miy sin(fy)

[ — cos?(B) cos(€)my cos* (Bw) — 2vgpr, cos(Byw ) sin(by)
x (— cos®(3) tan(e) + cos(B) sin(3) sin(fy) + tan(e))
) sin(fy) + sin(8) tan(e))”

+ 2v cos(B) g1 sin(f5) COSg(QW)]

1

w23 cos(e)m cos?(Oyy )

dy (cos(B) sin(fy) + sin(B) tan(e)) [ cos(B) cos(€)mu, cos®(Ow)
+ cos(€e)mw sin(fw ) (cos(B) sin(fw)

+ sin(B) tan(e)) — 2gpy, sin(B)v cos(fw)]

1
2

8m2v3 cos(e)m?, cos?(Oy )
do myy, sin? (0y) (cos(B) sin(fy ) + sin(B) tan(e))
[my cos(3) cos(e) cos®(Ow) + muy cos(e) sin(fy) (cos(3) sin(fw)

+ sin(B) tan(e)) — 2vgp. sin(3) cos(Ow)]

(
+ cos(€)my sin?(fy) (cos(B

myy, sin® ()
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Table 2.4: Divergent parts of the self-energy diagrams given in Figurecorrespond-
ing to the process v, — Y1, in Section @

v — Z Selt-Energy Diagrams

Diagram .
Divergent part
Label
1 ) _
167203 cos(e)mZmW cos(8) sin (B
e [ cos(B) cos(e)muy cos®(By)
+ myy cos(e€) sin(Oy ) (cos(B) sin(fw ) + sin(B) tan(e))
— 2gp. sin(B)v cos(bw )]
1
1672 cos(€)v3m?, cos(B)miy sin(fw)
f [ cos(B) cos(€)mu cos®(f)

+ cos(€e)my sin(fy ) (cos(f) sin(fy ) + sin(f) tan(e))

— 2gpr sin(B)v COS(GW)]
1

— 4 sin(6
8m2v3 cos(e)m?, cos2(€w)mw sin(6w)

[ — muw cos?(8) cos(e) cos (B

o | —2vgsscos(fy)sin(0w)( — cos’() tan(e) + tan(e)

+ cos(B) sin(8) sin (0

+ cos(e)mu sin(Byy) (cos(B) sin(fyw) + sin(3) tan(e))’

+ 2vgpy cos() sin(f) cos3(9W)]

3
4 .
T cos( cos(B)myy, sin(fw )

h [ cos(B) cos(€e)mu cos® (O )
+ cos(e)myy sin(fy ) (cos(B) sin(fy) + sin(f3) tan(e))
— 2ugpy sin(B) cos(bw )]
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Table 2.5: Divergent parts of the self-energy diagrams in Figure 2.4/ corresponding to
the process v, — Y1, in Section@

v — A’ Self-Energy Diagrams

Diagram .
Divergent part
Label
9 4 . .
~ s cos(€)Mi/mW sin(S) sin(fyw )
b

[mw cos(e) sin(By ) (sin(B) sin(By ) — cos() tan(e))
+ 2ugpy, cos(B) cos(Bw) + muw cos(e) sin(B) cos® (G )]

1
- 4 sin(6
8123 cos?(Oyy) cos(e)Mi,mW sin(0w)

c [sin(Bw) (cos(B) tan(e) — sin(B3) sin(fw)) + sin(B) cos®(fw)]
[m cos(e) sin(By) (sin(B) sin(fy) — cos(S3) tan(e))

(
+ 2vgpr cos(f) cos(Oy ) + cos(e) sin(5)mpy COSQ(QW)}

1
4 o2
0
8m2v3 cos? (O ) cos(e)vamW sin” (6w )

d, [ cos(3) tan(e) — sin(B) sin(Ow)]
[mw cos(e) sin(By ) (sin(B) sin(Byw) — cos(B) tan(e))
+ 2ugpy, cos(B) cos(bw) + cos(e) sin(B)mw cos® (O )]

1
81203 cos?(Oyy) cos(e)Mi,mW s (Ow)
do [cos(ﬁ) tan(e) — sin(5) sin(@w)}

[mu cos(e) sin(By) (sin(B) sin(fy) — cos(B) tan(e))
+ 2ugpr, cos(B) cos(bw) + my cos(e) sin(B) cos® ()]
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Table 2.6: Divergent parts of the self-energy diagrams in Figure corresponding to
the process v, — v, in Sectionm

~ — A’ Self-Energy Diagrams
Diagram Divergent part
Label
1
167208 con( 72, S0 (9) sin(0w)
\ [ cos(eJmu sin(6uy) (sin(8) sin (6) — cos(3) tan(c)
+ 20ga, cos(8) cos(fiw) + cos(e) sin(B)mu cos?(9)]
f 167203 (j)s(e)Mfl,m%V sin(5) sin(6w)
[cos(e)muy sin(By) (sin(8) sin(6w) — cos(5) tan(e))
+ 2c05(8) g1 cos(fiy) + cos(e) sin(B)mu cos?(8)]
oo g ) [ (o) )
e | —sin()sin(6w)) + sin(8) cos(6hy)]
[cos(e)muy sin () (sin(8) sin(6) — cos(3) tan(e))
+ 2c08(8)giLv cos(Biw) + cos(e) sin(B)mu cos?(Bu)]
47208 cjs(e)Mf,,m%V sin(6) sin(fw)
" [y cos(e) sin(@) (sin(6) sin(éhe) — cos(5) tan(e)
+ 20gs, cos(8) cos(fiy) -+ may cos(€) sin(8) cos?(9)]
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CHAPTER 3

PARAMETER SPACE OF FAT-BRANE UNIVERSAL EXTRA DIMENSION
MODEL AFTER ATLAS MULTI-JET AND PHOTON PLUS JET
SEARCHES AT 13 TEV LHC DATA

3.1 Universal Extra Dimensions (UED) and Minimal Universal Extra Dimen-

sions (mUED) Models

The Universal Extra Dimensions (UED) is a general name given to particle physics
models created by compactifying m extra dimensions, in size of the order of TeV !,
on different geometries and preserving the gauge symmetry of the SM and then mov-
ing them into 3+ 1+ m dimensional space. In UED models, all fundamental particles
in the SM are assumed to be able to reach small extra dimensions, and due to com-
pactification, the existence of a Kaluza-Kelin (KK) particle tower is expected. Each
level in the KK tower is identified by the integer (KK-number). Due to the conserva-
tion of translational symmetry in the extra dimensions, the KK-number is conserved
in interactions with KK particles. On the other hand, adding Z> symmetry to the
model is necessary to preserve the SM’s chiral structure that is seen in 3 + 1 di-
mensional space-time and eliminate unwanted particle modes. For example, in the
constrained variant of the model (minimal UED (mUED)), there is one extra spatial
dimension compactified on the semicircle of 2—;, and due to the Z; symmetry added
to the model, translational symmetry of the extra dimension has been broken. As a
result, the KK-number is broken at the first mode level and KK-parity (= (—1)")
symmetry remains. This finite symmetry has several interesting consequences. First,
level-1 KK particles can only be produced in pairs in collider experiments as a result
of this symmetry. Also, contributions of KK particles to electroweak (EW) param-

eters are possible only at the mode levels. Another significant result of KK-parity
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is that it allows the relatively heavy level-1 KK particles in the spectrum to decay
into lighter level-1 particles while keeping the lightest KK (LKP) particle stable and
presents a cosmologically suitable cold dark matter candidate. Level-1 KK gluons
and quarks (doublet, singlet) have colour charges, and they can be produced in pairs
in collider experiments with higher cross sections compared to electroweak gauge
bosons. As one can see in the literature, multi-jet, multi-lepton and missing transverse
energy signals [7/1-75] are expected due to the sequential decay of the aforementioned
particles. This signal type is similar to SUSY models with the degenerate mass spec-
trum and conserved R-parity [76], and KK particles have higher cross-section values

compared to SUSY particles due to their spin values at similar mass order [[77,78].

The mUED model draws attention as it is the minimum model among the UED
model frameworks. In the model, there is only one extra dimension with the size of
~ O(TeV™!). As a result of the extra dimension compactified on the % semicircle,
there is an expected mass at every n > 0 level. The mass of the level-n KK particle is
roughly m2 = m? + (nR‘l)2 where my represents the SM mass corresponding to the
particle and R represents the radius of the extra dimension. Even with relatively small
values of R~ > 500GeV, mUED expects a highly degenerate [38]] particle spectrum
for KK particles, and thus the decay channels of the particles are closed. However,
by including radiative corrections [18] in the calculations, this degeneration can be
partially eliminated, and the decay of high-mass particles can be possible. Since the
model is higher-dimensional and non-renormalizable, it is assumed that it is valid
only up to the energy level A > R~!, and beyond this level, other dynamics will arise
and renormalize the model. As such, the particle mass spectrum of the model can be
clarified with only two parameters (A, R); thus, radiative corrections will determine
the collider phenomenology of the model. In addition to the radiative corrections
expected from the 4-dimensional Minkowskian space-time to the masses of the par-
ticles in the model, due to a new extra dimension compacted on the semicircle, two
new types of corrections occur: (i) bulk corrections, (ii) boundary corrections. Bulk
corrections exist only for KK excitations of gauge bosons and are finite corrections
resulting from compactified extra-dimensional turns of internal nodes. Boundary cor-
rections are due to the boundary kinetic terms of the particles. The corrections for

these terms, which are assumed to disappear in the model’s upper validity limit A,
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are divergent and directly proportional to In (2—2) In the expression, p represents
the renormalization scale. A is the main parameter in determining the masses of par-
ticles in the mUED model since the bulk corrections are smaller than the boundary
corrections. The condition that the coupling of the U (1) gauge symmetry remains
perturbative gives the upper limit value A < 40 R~!. The radiative corrections spe-

cific to the mUED model can be accessed from [18]].

In the model, by diagonalizing the following mass squared matrix, the mixing of ex-
cited KK uncharged electro-weak gauge bosons is similar to that in SM, with eigen-

values (masses) and eigenstates of KK-photon and KK-Z bosons are determined,

;1—2 +omd, + L g2y y 18g'v? 3.0)

1gg/v? B+ 0miy. + 1 g2v2
In Equation 3.1/, ém2,. and ém2,., B and W™ are corrections the first mode
level for the gauge bosons, ¢’ and g represent gauge couplings of U (1) and SU (2),
respectively. Another important consequence of the mixing matrix above is that even
at reasonable values such as R~! > 500 GeV, the mixing of high-level KK particles
remains at low levels. Thus, for most of the mUED parameter space, the physical
particles Z' and ' are basically W, and B, and that leads to significant effects on

the signals of particles from collider experiments.

The model considered within the scope of this thesis is a variant of the mUED model,
briefly fat-brane UED [79-86] model. The fat-brane model is the model obtained
by embedding the space-time structure in the mUED on the 4+N dimensional bulk,
under the assumption of N large extra dimensions, in the range of ~ eV ! to kel 1,
that only gravity can reach. The fat-brane model consists of the small single extra
dimension (accessible to both gravity and the SM) that can be realised as the thickness
of the SM three-brane in the (4 + /V)-dimensional bulk, all of which only gravity can
access. Thus, in the fat-brane model, both the SM particles and the graviton have
KK excitations at different masses due to different compactification orders (eV !
and TeV~!). A unique feature of the model compared to mUED is that neither the
KK-number nor the KK-parity is conserved under gravity-mediated decays (GMD).
For example, due to GMD, direct decays of level-1 KK particles into lighter SM
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particles and graviton, which is not possible in mUED (or, more generally, UED
models), are allowed, and the stability of LKP is lost. In this context, the expected
signals of fat-brane models in collider experiments may differ drastically from that of

mUED [87,88].

In the model, what makes the collider experiments even more interesting is the cases
where gravity-mediated decays occur at a higher rate than KK-number conserved
decays (KKCD). In this case, the produced level-1 KK gluons and/or quarks decay
directly into the SM particle and graviton and form the di-jet and the signal of missing
transverse energy originating from invisible graviton in the detector. Studies examin-
ing the model with this perspective are available in the literature [87]. Other signals
that can be expected from the model occur when KKCD is higher than or equal to
GMD. In the case where KKCD is higher, for example, the level-1 KK particles pro-
duced as a result of the collision decay into level-1 KK and SM particles with lower
masses by successive decays. vy / vZ / ZZ and the missing transverse energy signals

can be observed at the detector.

The last case is when KKCD and GMD are comparable to each other. In this case, for
example, one of the pair generated massive level-1 particles decays sequentially over
KKCD and eventually produces yZ-boson and graviton, while the other undergoes
GMD-type decay and decays directly into graviton and SM particle and can form
~vZ and the missing transverse energy signal in the detector. In the literature, the
parameters of the model were constrained by the v final signal [87.88]], and another
signal type, vj and missing transverse energy final signal, which can be expected from

the model and has not been examined before, is examined in this thesis.

3.1.1 Fat-Brane UED Model and Interaction of Gravitation with Matter

3.1.1.1 Kaluza-Klein Tower

With the addition of one extra spatial dimension y to the usual 4-dimensions (4D),

one can write the momentum of a particle as
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E = /p* 4+ p2+m? = /P? + miyg (3.2)

where p, is the momentum of the particle in the extra dimension and disguise as a
mass in the usual 4D space. In the case that the extra dimension extends to infinity, p,
is continuous. However, if the extra spatial dimension is compactified on the circle of
radius R, the spectrum of p, is discrete and number of levels are infinite. As a result,
there is a collection of particles with various masses known as the Kaluza-Klein tower

(KK-tower).
The metric for the background vacuum can be expressed as,
ds? = gundXMd X" = g, datdz” — dy®

(3.3)
gMN = dlag(la _17 _17 _17 _1)

where XM is the 5-dimensional (5D) coordinates and ¥ is assumed to be confined in

acircle of 0 < y < 27 R so that any function ¢(z, y) is periodic, i.e. ¢(z,y+27R) =
oz, y).

Starting with the action of a massless scalar field in 5D,

S60) — / P (%an>(x)an>(a:))

o (3.4)
— /d4x/0 dy§ 10,@(x,7)0"®(z,y) — 0,P(x, y)0,P(x, )]

Periodicity of the y coordinates allows the Fourier expansion of the field,

iny

1 X

- "0+ e {0 e () s ()}
3.5)

n=1

where real scalar fields have been introduced since the scalar field ® is real, and this

implies ¢(~™ = ¢(™T and

33



P = gt O = pO S (n>0)= (¢(+n) == iqﬁ(_")) (3.6)

Sl -

Substitute Equation [3.5]into [3.4] and integrate over y,

D) _ /d% - 3 {amp( oo §¢< ) )}]

n

_ / o 2 |9,000060 + 3 {@d)(i”)@“d)(i”) _ ﬁ(ﬁ(i%(in)}]
L n=1
3.7)

This equation is the 4D effective action that characterizes the field theory in the com-
pactified extra dimensional space. The first term is the typical massless scalar field.
By switching to 5D, the second term appears along with an infinite series of massive
particles (KK towers) with masses m,, = %. In other words, if the scalar field phi has

a mass m0 in 4D, then the KK tower of this field in extra dimensions has a mass,

2
T

2 __ 2
m fmo‘f’RQ
@

+.-, i=5,6,... (3.8)

where R; denotes the size of the extra dimensions and n; denotes the excitation levels.
The size of the extra dimension must be sufficiently large to keep the masses small
and within the extent of the accelerator energy in order to be able to observe such a

KK tower.

3.1.1.2 Lagrangian of the MUED

The Lagrangian of the theory is obtained by embedding the 4-dimensional (4D) Stan-
dard Model Lagrangian into 5-dimensional (5D) geometry,

1 1. .
ZBMNBMN _ ZWJZMNWHV[N + (DMH)T (DMH)

1 a a
Lsp =— ZGMNG M —
+iQTM Dy Q 4+ iLT™ Dy, L + iaT™ Dyyu + idT'M Dyyd + ieT™ Dyre
+2HTH — Ay (HTH)® — (yuQu[fl + yaQdH + y.LeH + he. )
(3.9)
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where B, W and G are U(1), SU(2) and SU(3) gauge bosons, respectively. L and ()
are lepton and quark doublets, H and H are Higgs fields where H = i0>H*. e, d and

u represent the electron-like singlets, down-type and up-type quarks, respectively.

['* are the Dirac matrices I'* = (y#,i7°) and the covariant derivative is,

Dar = 0y —iY ¢ Bas — z‘gg”)%w@ —igPtGe, (3.10)

where g; are the 5D gauge couplings which are related to the couplings in the 4D
by the relation g7 = g¢;/V/7R, Y is the usual hypercharge, and t* and o' are the

Gell-Mann and Pauli matrices, respectively.

Decomposition of the Fields: In the Equation [3.7] kinetic term of a scalar field ¢
contains two derivatives, and it can be even or odd under a Z, transformation, i.e.

¢(—y) = £é(y). Thus the expansion of a scalar field in KK modes is either,

1
VTR

o(z,y) =

o (z) + ﬂ; o™ () cos %} , ¢ iseven (3.11)

or,

o(z,y) = \/%Zqﬁ(”)(aﬂ) sinn—g, ¢ is odd (3.12)
n=1

It is convenient to represent a scalar field (such as the Higgs field) with an even scalar

since it has a zero mode and is accompanied by the infinite tower of ¢(™ states.

A fermion field can be decomposed similarly. Higher dimensional fermions are
placed on an orbifold S' /Z, of length R to produce 4D chiral fermions. Fermionic

doublets and singlets are,

Q= \/717% {QL + \/énz:l [QECOS (%) + Q% sin (%)}}

= e 3 e () i ()]

(3.13)

3

™
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Finally, the decomposition of a gauge boson A, is,

1 = ny
_ (0) (n)
Az, y) = Wy A, (z) + V2 g_ Al cos —
- e (3.14)
2 (n) . Ny
As(z,y) = e nE:I A5 (x) sin 7

Furthermore, the gauge can be chosen as A; = 0.

3.1.1.3 Interaction of Gravity with Matter

In the fat-brane model, gravity is assumed to propagate in the extra dimensions. The

linearized metric field can be expanded over N large extra dimensions as,

'2W”'y> (3.15)

il,m(l'ay) = Zﬁﬁu@) exp (Z ,

where (1,7 =0,...,3,...44+ Nand u,v =0,...,3.

The decomposition of (4 + N)D graviton field into a vector, scalar, and 4D tensor

components is,

thj + 77#1/¢ﬁ ALL,Z

iy
v N 7 7t

(3.16)

where i,j = 5,6,7,--- ,4+ N, ¢" = ¢, and Vy = r" is the volume of the N-
dimensional torus in which the large extra dimensions are compactified. Also, the
three components of the 4 + N dimensional tensor are ¢;;, A,; and h,, which are
gravi-scalars, gravi-vectors and graviton, respectively. These three components are

decomposed as in the Equation
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Gij(w,y) = Z¢
Ai(,y) ZA e (3.17)

Iy (2, y) = Zh

where 77 = {ny,ng,...,ny}. i = 0 modes corresponds to massless scalars, bosons,

and gravitons in 4D, and 77 # 0 is their higher level KK-states.

The following relations hold for the fields in Equation and remove the extra

internal degrees of freedom of the 4 + N dimensional graviton.

AN 1 A . o
8" (hﬂ,} — §ﬁﬂgh> = 0, nlAZl = 0, n; ?j = 0 (318)

Kinetic terms of the fields in Equations [3.1T][3.13|[3.14] have canonical form in the
effective field theory. However, this is not true for the Lagrangian of the gravity writ-
ten in terms of ¢} and h” Fields in the gravity Lagrangian will be redefined

and h" will be

i ,uz’

by using the relations in Equation (3.18| and physical fields ¢

ij° m’

introduced.

m2 2
AT = AT (3.19)
- 1 ~  3wa ning\ i
b=y ()9

and ¢" = (3w/2)¢"

The N-dimensional action describing the interaction of the matter with the gravity is,

Sint = —g / doxd (1) ... 6 (2N) W T, (3.20)

where k is the gravitational coupling in 4 + /N dimension, and it is analogous to the

4D one by the relation k£ = I%VJQ Y > and T, o 18 the 5D energy-momentum tensor of
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the matter.

Expand the gravity field in terms of KK-modes as,

I TR
K o o N - 2m1(n5y)
S =3 / d'z /0 dy > [(h, + 1uwd") T — 2475 T8 + 205 Tss] e+
' (3.21)
The effective 4D Lagrangian in terms of the physical fields is,
K TR 0 al/ n v
Eint = _§ Z{ |:huy +C<J (nﬂy + #) ¢ :| T’rl;{,
g " (3.22)

o 2117:5T#55 + (\/55?5 =3 fgﬁ) T%s}

where the projections of the matter energy momantum tensor on the 7i-th graviton

state 1s defined as,

nsy

TR
Tyin(x) :/0 dyTyn (@, y)e*™ (3.23)

From this Lagrangian, Feynman rules of the interaction of gravity with matter can be
derived by using the explicit form of the energy-momentum tensor for each matter

field [89].

3.2 Collider Phenomenology of Fat-Brane UED Model

In fat-brane UED scenarios, SM particles can reach a small (R™! ~ TeV) ex-
tra dimension that extends through the large (r~! ~ (eV — keV')) extra dimension
which only gravity can reach. This orientation of the brane in bulk breaks the trans-
lational invariance at the small extra dimension, and the interactions preserve neither
KK-parity nor KK-number. Violation of conservation of KK-parity and KK-number
makes the collider phenomenology of fat-brane UED scenarios quite different from
other UED models. For this reason, for example, level-1 KK particles can decay

directly into SM particles and level-n gravitational excitation G (G" C graviton,
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gravi-vector and gravi- scalar) which has important implications for collider exper-
iments. Examining the decay channels of the level-1 KK-particles in the fat-brane

UED model would be convenient to observe these results.

3.2.1 Decay Channels of Level-1 KK Particles in Fat-Brane UED Model

There are two decay mechanisms for level-1 KK-particles from the fat-brane UED
model. The first is the KKCD decays in the general UED models. Due to the conser-
vation of KK-parity, heavier level-1 KK particles decay into SM particles and lighter
level-1 KK particles. For example, the highest particle of the spectrum level-1 KK
gluon ¢! decays into SM quarks and level-1 KK quarks (doublet Q! and singlet ¢')
at almost the same rate. The only decay channels of singlet quarks are directly LKP
(v") and SM quarks, while doublet quarks Q' decay into level-1 electro-weak gauge
bosons W% / Z! and SM quark. The hadronic decay channels of level-1 gauge
bosons are kinematically closed. Hence, they decay into SM leptons and level-1 KK
leptons. Finally, decaying into SM lepton and LKP occurs. The LKP, not being sta-
ble in fat-brane model UED, further decays into v/Z-boson and gravity excitation.
Within this framework, the first type of collider signal expected by the model is v,
~vZ or ZZ + X + missing Ep, where X in the expression corresponds to hadronic SM
jets and/or leptons that cannot be observed in the detector. Another signal that can be
considered under the same type of decay is 7j + X + missing Fr. As details given in
Figure [3.1] below, this final signal can be seen when both decay mechanisms (KKCD
and GMD) contribute similarly. Another issue with KKCD decay widths is that these
widths (as in mUED) depend only on R~! and A and are independent of the number

(N) or length (r) of the large extra dimensions.

Another type of decay specific to the fat-brane UED model is gravity-mediated de-
cays. As discussed in the previous sections, neither KK-number nor KK-parity is a
conservative symmetry under gravity-matter interactions. As a result, level-1 KK par-
ticles can decay directly into SM particle and G C (graviton, gravi-vector and gravi-
scalar). Using Feynman rules derived from the action describing the gravity-matter
interactions, the partial GMD decay width of level-1 KK-particles into level-n grav-

ity excitation can be calculated, and total decay width can be obtained by summing
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all possible decay amplitudes for all gravity excitations with masses smaller than the
mass of the decaying particle. Thus, as a result of the gravity-matter interaction,
level-1 KK particles (¢', Q' and ¢') produced after the collision directly decay into
SM jets and G resulting in di-jet and the missing transverse energy signal at par-
ton level. Unlike KKCD, the GMD decay width directly depends on the large extra

dimension number /N and its length 7.

Expected final signal from the model and how it will be observed depends on which
decay channels have been described above will dominate the other. In order to exam-
ine this situation in more detail, it is helpful to examine how the decay mechanisms
of level-1 KK gluons and quarks are affected in cases where N = 2,4, 6, with the

help of Figure [3.1] in which the decay widths of the particles have shown.

Level-1 Kaluza-Klein Gauge bosons Level-1 Kaluza-Klein Fermions
GMD N=2 — GMD N=2 —
10%F KKCD N=2 — 105+ KKCD N=2 —
GMD N=4 — GMD N=4 —
KKCD N=4 KKCD N=4
,| GMDN=6 — 5 GMD N=6 —
10°r kkcD N=6 —— 0°r KKCD N=6 ——
Y Y
() [
= =
£ 10'f g 10't
3z ]
2 2
> >
© ©
|93 o
8107t 8107t
1073} 10-3F
-5 n n n -5 n n n
1077% 1.5 2.0 2.5 3.0 1075 1.5 2.0 2.5 3.0
My [TeV] My [TeV]

Figure 3.1: The Gravity Mediated Decay (GMD) and KK-Number Conserving Decay
(KKCD) widths for level-1 quarks (right) and level-1 KK gauge boson (left) as a
function of the mass of the particle Mx. N is the number of large extra dimensions.

R =5and Mp = 5 TeV are set in producing KKCD and GMD widths [[87].

For N = 6: In this particular case, GMD widths remain low compared to KKCD
decay widths. As a result, the level-1 KK-particles decay into the lighter level-1
KK-particles and relevant SM particles in successive decays. The successive decay
continues until LKP (v;). Contrary to the mUED model, the LKP is no longer stable

and decays to photon and level-n gravity excitation (G™) via the GMD. For example,

40



considering that there are two decays per event, it can be said that the pairwise gen-
eration and decay of ¢! is characterized by v + lepton + jet and missing transverse
energy. In this final signal, the source of the missing transverse energy is gravity

excitation, while jets and leptons are released as a result of successive decay.

For N = 2 or N = 4: In this particular case, GMD widths are comparable to or
higher than KKCD decay widths (Figure[3.1)). For example, if N=2 case, for the level-
1 KK particle in the mass range of Mx = 1 — 3 T'eV shown in Figure 3.1, GMD is
the dominant decay channel compared to KKCD. Likewise, for N = 4, it will be seen
that GMD is the dominant decay channel for masses of Mx 2 2,(1.5) TeV level-1
KK gauge bosons (fermions). For these reasons, when N = 2 and 4, successive
decays of level-1 KK-particles may include decays with GMD and KKCD at each

decay step.

In the light of the above discussions, in the fat-brane UED models, in addition to the
~7 + missing transverse energy signal for the N = 6 state, especially in the N = 2,4
states, after the direct decay of pair produced coloured level-1 KK-particles (gluons
and quarks) into gravity excitation, multi-jet + missing transverse energy signal is
expected. On the other hand, decomposition of one of the produced level-1 KK-
particles via KKCD and the other via GMD to form the final signal v plus missing
transverse energy is also expected. After discussing the decay channels in the model
and the final signals that may occur, the experimental studies (i) multi-jet and missing
transverse energy (ii) 7 plus missing transverse energy signals, which is examined
within the scope of this thesis, will be discussed, and the state of the model under

these current data will be examined then.

3.2.2 ATLAS Multi-jet and Missing Transverse Momentum Searches

The multi-jet and missing transverse energy final signal is a characteristic signal type
that is expected from the SUSY models in which R-parity is conserved, resulting
from the sequential decay of pair-produced squarks and gluinos, and is a type of
signal topology that the leading groups in the LHC (ATLAS and CMS) often work.
The most recent study of the ATLAS group on this signal can be found in [90]. In this
study, the ATLAS collaboration used the total data of 139 fb~! integrated luminosity
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at the centre of mass energy of /s = 13 TeV in the LHC and did not observe an
event above the expected background event level from the SM, and 95% CL upper
limits are set on R-parity conserved simplified SUSY model parameters (masses of
SUSY particles). On the other hand, the model-independent 95% CL upper limits are
set on the cross-section in the signal regions (SR) examined in the study mentioned

above. These values can also be used to restrict the parameters of other models.

To make their analysis even more inclusive, the ATLAS group characterizes the multi-
jet signal with increasing jet numbers and divides it into ten distinct signal regions.

The analysis of the ATLAS group can be summarized in three parts:

Object reconstruction: Jet candidates were reconstructed within a jet radius pa-
rameter of R = 0.4 and anti-k7 jet clustering algorithm. From the regenerated
jets, those that met the criteria p}, > 20 GeV and || < 2.8 were included in
the further stages of the analysis. Electron (muon) candidates are required to meet
the criteria p}, > 7(6) GeV and |n'| < 2.47(2.7). Signal-region electrons and
muons are then required to be isolated, satisfying a loose isolation requirement and
having pr > 25GeV. Then, leptons as close to the regenerated jets as AR <

min | 0.4, 0.04 + wG—ev) were excluded from the analysis. By using the remaining

e/
visible objects (jet, lzpton, photon), the missing transverse energy E7** in the event
was computed with an object-based algorithm considering baseline objects. For the
event with n; jets, the effective mass parameter is defined as m.ys, defined as the
scalar sum of the missing transverse energy and the energies of all jets satisfying the
pjf > 50 GeV conditions. This parameter is very effective in distinguishing SUSY
models containing heavy particles from SM background events. After reconstruc-

tion of the different physical objects (jets, leptons, photons, EZ'**%), the events were

subjected to preselection criteria for further analysis.

Pre-selection criteria: Events satisfying the condition |p/!| > 200 GeV of the lead-
ing jet and the condition ‘ p]TQ{ > 50 GeV of at least one jet are selected for further
analysis. Events containing leptons were excluded from the analysis (all events in-
volving electron (muon) with pr > 7 (6) Gel/ were rejected). It is ensured that the
events in the analysis contain a relatively high degree of missing transverse energy

of Ef¥ss > 300 GeV and effective mass of m.r; > 800 GeV. Events that do not
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meet the criterion A¢ (jy 2, Pt > 0.4 (A¢ is angular separation between jet

)min

and p7'**) are excluded.

Event Selection and Signal Regions (SR): After the objects were defined and ap-
proved through the preselection criteria, ten different signal regions were defined,
where the number of jets started from 2 and then increased to 6. The analysis has
been comprehensive, with signal regions characterized by increasing jet numbers and
mesy values. Signal region definitions, preselection criteria and model-independent
upper limits of cross sections (<eo>2i’s) for each signal region at 95% CL reached by

the ATLAS Collaboration is presented in Tables[3.1]and [3.2]
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Table 3.1: Summary of common pre-selection criteria and signal regions used in
the ATLAS Collaboration multi-jet and missing transverse energy signal search at a
center of mass energy of \/s = 13 TeV, corresponding to an integrated luminosity of

L =139 fb= [90].

Cuts Preselection Criteria
Electron [GeV] pr > 7
Muon [GeV] pr > 6
Em55[GeV] > 300
pr(j1) [GeV] > 200
pr (j2) [GeV] > 50
A¢ (j12,3), P?Liss)mm > 0.2
Mmesr [GeV] > 800
Signal Regions (SR)
Cuts 2j-1600 | 2j-2200 | 2j-2800
N; £y
pr (j1) [GeV] >250 | >600 | > 250
pr (jico,..n, ) [GeV]] | >250 | >50 | > 250
0 (=1, )| <20 | <28 | <12
A¢ (jl,2,(3),p?iss)mm > 0.8 > 0.4 > 0.8
AG (Jiss, PT*) min >04 | >02 | >04
Aplanarity -
Emiss |\/Hy GeV''/2 > 16
mess [GeV] > 1600 | > 2200 | > 2800
(ea)P [fU] 1.47 0.78 0.14
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Table 3.2: Summary of common preselection criteria and signal regions used in the
ATLAS Collaboration multi-jet and missing transverse energy signal search at a cen-

ter of mass energy of /s = 13 TeV, corresponding to an integrated luminosity of

L =139 fb=! [90](continued).

Signal Regions (SR)
Cuts 4j-1000 | 43-2200 4j-3400
N; >4
pr (j1) [GeV] > 200
pr (Jiza,..n;,,,) [GeV]] > 100
n (.jizl ..... ijm) | < 2.0
A (j12,3), bqu"}iss)mm > 0.4
AQ (Ji=3: PF ) yin > 0.2
Aplanarity > 0.04
Eqviss |\/Hy GeV''/2 > 16 > 10
Mmesr [GeV] > 1000 | > 2200 > 3400
(ea)%3  [fb] 0.52 0.14 0.04
Signal Regions (SR)
Cuts 5j-1600 | 6j-1000 | 6j-2000 | 6j-3400
N; > 2 >4
pr (j1) [GeV] > 250 > 200
pr (jiza,..v, ) [GeV]| | > 250 > 100
n (ji:l ..... NJ) | <20 <20
A¢ (j12,3), pTTMSS)mm > 0.8
AG (Ji>3: PF) puin > 0.4
Aplanarity - > 0.04
Ep* |\/Hy GeV'/? > 16 > 10
mess [GeV] > 1600 | > 1000 | > 2200 | > 3400
(ea)P [fU] 1.47 0.52 0.14 0.04
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3.2.3 ATLAS Photonic Signal Search

The ATLAS Collaboration [[12] used a dataset at the centre of mass energy of /s =
13 TeV corresponding to an integrated luminosity of 139 fb~! when examining this
signal, which includes photons, jets and missing transverse energy. The analysis
examines the expected signals from the (General Gauge Mediation (GGM)) SUSY
models. Similar object reconstruction criteria were used with multi-jet analysis; the
final signal was required to contain one isolated photon, hadronic jet, and missing
transverse energy. Three signal regions (SRL, SRM, and SRT) were determined after
object reconstruction, preselection criteria, event selection and definition of the signal
region. Signal regions, kinematical constraints/cuts, and model-independent upper
limits of cross sections ({¢o)”” ) for each signal region at 95% CL set by the ATLAS

obs

Collaboration are given in Table

Table 3.3: The ATLAS Collaboration photon-jet and missing p selection criteria for
SRL, SRM and SRH regions [|12]

ot Signal Regions
SRL SRM SRH
Nphoton > 1 21 =1
pletding= [GeV] | 145 300 400
Niepton 0 0 0
Nyets 25 =25 =23

A¢ (jet, Emss) | 04 04 04
A¢ (v, Emss) | 04 04 04
Emiss [GeV] | 250 300 600

Hy [GeV] 2000 1600 1600
RA 090 090 -

(). [fb] | 0.030 0.018 0.054

obs
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3.2.4 Current Status of Fat-Brane Model Under the ATLAS Researches
3.2.4.1 Agreement of the Analysis

The multi-directional collision simulation software PYTHIA [91]] is used to determine
the state of the parameter space of the fat-brane UED model under current observa-
tional data. In order to determine the extent to which the exclusion values from the
multi-jet (and photonic signal) analysis of the ATLAS group can constrain the model
under consideration, the viability and applicability of the analysis code have to be

tested.

In the multi-jet report, the ATLAS group presented the cut-flow information of the
pair-production of the gulino of mass mz = 2200 GeV and its direct decay to
the lightest neutralino of mass myg = 600 GeV at a centre of mass energy of
13 TeV in Table 17 of [92]], in which they simulated and showed how kinematic
constraints affect the generated events. To demonstrate the accuracy of the analysis
code and constraints that are used in this study, the pair-production of gluinos of mass
mg = 2200 GeV at a centre of mass energy of 13 7T'eV and its direct decay to the
lightest neutralino of mass my = 600 GeV is performed. While performing this
simulation, the information of the particles in the SUSY spectrum (mass information,
decay channels ) is produced in the SUSPECT [93] software and introduced them
to PYTHIA via the SLHA [94,95] file. The decays, showers and hadronization of
the particles were also performed via PYTHIA, and the hadronic jets were recon-
structed using the anti-kT [96]] algorithm with the help of the Fastlet [97] package.
Throughout the analysis, the parton distribution function set NNPDF2.3LO [98] is
used, which the ATLAS group also used for simulations. In order to show the relia-
bility of the analysis code that has been written, the ATLAS group cut-flow table and

the values obtained were presented in Table [3.4/in a comparative way.

After this stage, the GMD decays found in the model has integrated into the PYTHIA
program to examine the parameter space of the fat-brane UED model under cur-
rent data. When scanning the parameter space of the model, 20 GeV interval in
the R~! = [1, 3] TeV range and 250 GeV interval in the Mp = [5, 15] TeV has
taken. For each parameter value, 500000 events have been generated in the PYTHIA
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event generator and passed through the analysis program, whose reliability has been
verified. The cross-section values of each model parameter have been calculated in
each signal region (ten in multi-jet analysis and three in photonic signal analysis).
Cross section values have been compared to the model-independent cross section val-
ues given in the last row of Tables [3.113.2} and [3.3|for each signal region at 95% CL.
In the case of a value larger than the given cross-section, it is concluded that the cor-
responding model parameter has been excluded at 95% CL. These calculations have
been repeated for the values N = 2,4, 6. At its current state, this analysis has been
one of the most comprehensive and up-to-date analyzes of the fat-brane UED model

in the literature.

As a result of this study, the details of which are given above, it was found that the
parameter space of the examined model was excluded under the results of ATLAS

multi-jet and photonic final signals, as given in the Figure[3.2]

3.3 Exclusion Limits on Fat-Brane UED Model Parameters

The collider phenomenology of the fat-brane UED model depends on three parame-
ters. These are the radius of the small extra dimension (R), the large extra dimension
Planck mass (Mp) (or the large extra dimension length r equivalent to this parame-
ter), and the number of large extra dimensions (/). R determines the mass order of
the level-1 KK particles and, therefore, the production cross-section of these particles
in the LHC. On the other hand, Mp and N determine the mass difference between
the excited gravitons and hence the graviton states and the gravity-mediated decay
amplitude. The collider phenomenology of the model at the LHC is determined by

determining these three parameters.

In this thesis, the parameter space of the fat-brane UED model investigated under the
multi-jet [90] and photonic [12] signals of ATLAS Collaboration at /s = 13 TeV
centre of mass energy and 139 fb~' luminosity. As a result of this study, given in
Figure [3.2] the three parameters of the fat-brane UED model have been constrained
by using the upper limits of model-independent cross section obtained by ATLAS
Collaboration at 95% CL.
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Exclusion limits for N = 2: The most distinctive feature of fewer large extra di-
mensions in the model is that the mass difference between graviton excitations is
small; in other words, the number densities are higher than in other cases. The corol-
lary of this in collider physics is that the GMD amplitudes of level-1 KK gauge bosons
and fermions dominate (almost) at every R-value relative to the KKCD amplitudes.
The high-value GMD amplitude allows the coloured level-1 KK quarks and gluons
produced in pairs in the LHC to decay directly into the SM particle (quark or gluon)
and graviton excitation, thus generating the missing transverse energy signal from
the di-jet and graviton. As given in Figure the region under R~! = 2.9 TeV
is excluded by the ATLAS multi-jet 2j-2800 signal area, and this exclusion is also
independent of the value Mp = [5,15] TeV that has scanned. On the other hand,
as a result of the ATLAS group photonic signal study, the R~ < 1780 (2200) GeV
region is excluded for Mp = 5 (15) TeV values. The reason why the photonic signal
is not sensitive to low R~! is because GMD (KKCD) widths increase (decrease) with

increasing Mp (R™1).

Exclusion limits for N = 4: In this case, both decay amplitudes can become com-
parable, and the result becomes evident in Figure As a result of low (high) Mp
values dominating GMD (KKCD), different signals are sensitive to different and com-
plementary parts of the model’s parameter space. It is concluded that at N = 4 value,
the R™! < 2840 (2900) GeV region was excluded at Mp = 5(15) TeV values of
the model.

Exclusion limits for N = 6: For this particular N value, KKCD has higher values
than GMD at large R~! and the direct result of this is that in the successive decay of
the produced level-1 particles, the decay continues until v, and then the LKP decays
into photons and gravitons, thus making the photon-containing signal topology more
common. It is seen in Figure that the exclusion from the photonic signal is more
evident. Within the scope of this thesis, ATLAS results were found to exclude the
region R~ < 2740 (2900) GeV and Mp = 5(15) TeV of the model at N = 6.
Besides, it can be understood that the ATLAS multi-jet search has sensitivity only in
the Mp < 8 T'eV region of the model.
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Table 3.4: Cut-flow table for 4j-1000 signal area. The values in the second column
are taken from Table 17 of [92]]. The values in the third column are from this study

and are presented for comparison.

Gluino-pair production

and its direct decay to lightest neutralino

Selection
(mg = 2200 GeV and m;(lg = 600 GeV,
Vs =13TeV)
Efficiency (%)
Requirements
Results
Table 17 [92] from
this analysis

Pre-selection + jet multiplication > 2 100 100
jet multiplicaion > 4 92.7 98.7
A (jet1 s pF"), > 0.4 77.6 82.9
Ag (jet;> 3,ppss) . > 0.2 69.1 73.3
pr (jets) > 100 GeV 61.3 62.9
In (jeti234)} > 2.0 55.7 57.7
Aplanarity > 0.04 38.7 44.2
Eriss [\/Hy > 16 GeV''/? 24.1 27.8
meff > 1000 GeV 24.1 27.8
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Figure 3.2: The exclusion regions of the fat-brane UED model parameters Mp and

R~ from ATLAS multi-jet (red) and vj (green) for N = 6. AR™! = 5 is assumed

throughout the analysis.
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CHAPTER 4

CONCLUSIONS

It is known that the Standard Model is an effective theory valid up to energies around
the electroweak scale. There is new physics which extends the validity of the Stan-
dard Model by embedding it into larger frameworks. The nature of new physics is a
subject of intense studies. While it is common to assume that new physics lies be-
yond the Standard Model, it is equally possible to see signs of new physics in energies
much less than the scale of the electroweak theory. Therefore, in this thesis, we have
conducted a search for new physics extending in either side of the electroweak scale,
namely the contribution of the dark photon to the charge radius of the neutrino and

discerning signals of the fat-brane UED Model by using the LHC data.

In Chapter [2] two electromagnetic form factors of the neutrino which are the neu-
trino magnetic moment and the neutrino charge radius, are calculated in the Ug_r,(1)
model. It is found that there is no contribution to the neutrino magnetic moment
from the dark photon sector at one-loop level. On the other hand, it is shown that
there is a finite contribution to the neutrino charge radius from the dark scenario at
hand. Calculation of the electromagnetic vertex function responsible for the magnetic
moment and charge radius has been carried out in a detailed manner. The one-loop
integrals are handled with the help of publicly available Mathematica packages, Feyn-
Calc [[67,/68] and FeynArts [69]. Then, after the one-loop integrals are converted into
the Passarino-Veltman functions, their explicit forms are obtained by taking the in-
tegrals with the help of the PackageX [70]. The non-trivial part of the calculation
is the cancellation of the UV-divergent parts of the diagrams. Those parts from the
proper vertex and self energy diagrams are extracted and it is found that, by using

the t’'Hooft-Feynman gauge, the total sum of these terms identically vanishes in the
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¢> = 0 limit. Therefore, it is concluded that the charge radius of the massive neutrino
is a finite physical quantity. Furthermore, the validity of this assessment has been
checked in the Standard Model limit (with the right-handed neutrinos added to the
content of the SM) and are found to be in agreement with the previous calculations of
the neutrino charge radius done by [66] where the gauge-independence and finiteness

of the result has been shown explicitly in the ¢* = 0 limit by using general R gauge.

In future studies, analytical result obtained for the neutrino charge radius will be
used to bound parameter space of the Up_r(1) model. The data from scattering
experiments such as neutrino-electron scattering and coherent elastic neutrino nucleus
scattering CEvNS can be used for this purpose since the diagrams of the charge radius
also contribute to the scattering processes mentioned above which are expected to be

sensitive to the light dark photon region.

In Chapter 3] new physics signals from the fat-brane UED model has been studied at
the LHC. In the analyses carried out in this thesis, the parameter space of the fat-brane
UED model in the range of Mp = [5,15] T'eV and R~' = [1, 3] TeV are scanned for
values N = 2,4, 6 and some regions of the parameter space of the model are excluded
with 95% CL on the ATLAS multi-jet and yj and missing transverse energy signals
performed with the center of mass energy of /s = 13TeV and 139 fb~! dataset. In
addition to the di-photon plus missing transverse energy signal in the literature, it has
also been shown that vj plus missing transverse energy signal can also constrain the
parameters of the model. The current exclusions on the model have been improved
by ~ 200 GeV for each N = 2,4,6 value at Mp = 5 T'eV as a result of the multi-jet
search. Similarly, in the context of constraints from the photon signal search, there
is an improvement of ~ 650 GeV and ~ 200 GeV for N = 2 and N = 4 values at
Mp = 15 TeV, respectively. In the case of NV = 6, the largest improvement is in the
low Mp area, with ~ 200 GeV for Mp = 5 TeV. No significant improvement has

been seen at higher M, values.
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