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Abstract

In this thesis we examine the virtual Leptoquarks (LQ) exchange in the @-channel of the ¢'q — ve™

process, where we consider that direct LQ production is inaccessible to current colliders.

By calculating the total cross section at the partonic level, accounting for both Standard Model
(W~ exchange) and New physics contributions, we investigate the impact of LQ exchange and the
emergence of contact interactions (CI). Using CI energy scale bounds from Deep Inelastic Scattering

(DIS) experiments, we establish upper limits on LQ coupling.

Keywords: scalar leptoquark, cross section, contact interaction.

Dans cette thése, nous examinons I’échange de leptoquarks (LQ) virtuel dans le canal @ dans le

processus de diffusion ¢’q — ve™, ot la production directe de LQ est inaccessible aux collisionneurs
actuels.
En calculant la section efficace totale au niveau partonique, en tenant compte & la fois des contri-
butions du Modeéle Standard (échange de W) et de la nouvelle physique, nous étudions I'impact
de I’échange de LQ et I’émergence des interactions de contacts. En utilisant les limites supérieures
d’échelle d’énergie pour les interactions de contact issues des expériences de diffusion profondément
inélastique, nous établissons des limites supérieures sur le couplage des LQ.

Mots-clés: leptoquark scalaire, section efficace, interaction de contact.
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Chapter 1

Introduction

The Standard Model of particle physics is a theoretical framework that describes the fundamental
particles and their interactions. It is a highly successful model that provides a comprehensive un-
derstanding of the subatomic world[1|. This Model identifies two categories of elementary particles:
fermions and bosons, and recognizes three fundamental forces or interactions : the electromagnetic

force, the strong nuclear force, and the weak nuclear force.

The Standard Model is based on the principles of quantum field theory, which describes particles
as excitations of their respective quantum fields[2]. These fields exist everywhere in space and

interact with each other based on the exchange of force-carrying particles.

Symmetries and gauge invariance in the other hand are fundamental principles in understanding
particle physics. Gauge invariance ensures the consistency of the theory under local transforma-
tions, while symmetries (Lorentz, Chiral Symmetry, Flavor Symmetry, est) provide fundamental

conservation laws such as conservation of energy and momentum.

The Standard Model of particle physics has been tremendously successful in explaining the
behaviour of elementary particles and their interactions.
However, it also has several limitations that suggest the need for a more comprehensive theory. Here

are some of its key limitations :

1. Gravity: The Standard Model does not incorporate gravity, which is described by Einstein’s
theory of general relativity[3|. Gravity is responsible for the behaviour of massive objects
and the structure of the universe on a large scale. The unification of gravity with the other

fundamental forces remains an open challenge.

2. Dark Matter: Observations suggest that a significant portion of the universe’s mass is made
up of dark matter, a form of matter that does not interact with light or other electromag-
netic radiation. The Standard Model does not include a particle that could account for dark

matter[4], and its nature remains one of the biggest mysteries in modern physics.

3. Neutrino Masses: The Standard Model originally assumed that neutrinos were massless
particles. However, experiments have shown that neutrinos undergo oscillations[5], indicating
that they have nonzero masses. The Standard Model does not provide a natural explanation

for neutrino masses and requires an extension to accommodate them.

4. Matter-Antimatter Asymmetry: According to the Standard Model, the laws of physics
should treat matter and antimatter symmetrically. However, the universe is dominated by

matter, and there is a significant asymmetry between the two[6]. This phenomenon, known



as the matter-antimatter asymmetry or baryon asymmetry, is not accounted for within the
framework of the Standard Model.

5. Hierarchy Problem: The Higgs boson, discovered in 2012, plays a crucial role in giving
elementary particles their masses. However, the mass of the Higgs boson is highly unstable
and susceptible to quantum corrections. This leads to a fine-tuning problem known as the
hierarchy problem, where the Higgs mass is much lighter than what would be expected based
on quantum corrections|7|. It suggests the existence of new physics that stabilizes the Higgs

mass.

6. Unification of Forces: The Standard Model describes three fundamental forces. Physicists
strive for a more fundamental theory that can unify these forces into a single framework|§|,

often referred to as "Grand Unified Theory" or "Theory of Everything."

Various theoretical frameworks and extensions to the Standard Model, such as supersymmetry
[9], string theory [10], and extra dimensions [11], have been proposed to overcome its limitations
and address fundamental questions in physics. Leptoquarks (LQs) are hypothetical particles intro-
duced in these extensions, connecting leptons and quarks and suggesting a unified theory. Since
they possess properties of both particles, understanding them could shed light on the mechanisms
which underly particle interactions. The discovery of neutrino oscillations, indicating neutrino mass,
opened new avenues beyond the Standard Model, and leptoquarks could contribute in explaining
neutrino mass and flavors[12|. Additionally, leptoquarks are predicted by certain Grand Unified
Theories (GUTs) aiming to unify all fundamental forces. Their discovery would provide experi-
mental evidence and contribute to a more comprehensive understanding of the laws governing the

universe.

Direct producion of Leptoquarks at existing colliders proves challenging due to their high masses,
which place them beyond the kinematic reach of current experimental capabilities. As a result,

indirect approaches are crucial in probing the properties and interactions of Leptoquarks.

In this master’s thesis, we focus on exploring the virtual exchange of Leptoquarks in the u-
channel of the ¢’ge v process. This later allows for the investigation of Leptoquark effects through

virtual interactions, offering insights into their couplings and potential new physics signatures.

Through the subsequent chapters, we present the theoretical framework, outline the methodology

employed for calculations, present our results, and discuss their implications.



Chapter 11

Theoretical framework

2.1 Leptoquarks and their theoretical properties

There are no interactions involving a quark, a lepton and a boson in the Standard Model. There
are vector bosons that are either coloured or electrically charged, but no boson carrying colour and
electric charge. This is a reflection of the fact that classically the leptons and quarks appear to be
independent and unrelated ingredients in the Standard Model. However striking symmetry between
quarks and leptons in the Standard Model strongly suggests that, if there exist a more fundamental
theory it should also introduces a more fundamental relation between them|[13]. It would therefore
seem natural to have interactions between the quarks and leptons in any extension of the Standard
Model[14], and, consequently, bosons coupling to a lepton and a quark. These bosons (leptoquarks)

have the following properties:

1. They carry colour charge.
2. there are leptoquarks with spin 1 (vector leptoquark) or 0 (scalar leptoquark).

3. The electrical charge of LQs is fractional, such as +2/3 or -1/3 in units of the elementary

charge.

4. They carry both lepton and baryon numbers, which define an additional quantum number

called fermion number F as F = L. + 3B.

Leptoquarks that couple to e™q have a fermion number of F = 0 and those coupling to e~ ¢ have

a fermion number of F = 2[15].

The coupling properties of leptoquarks describe their interactions with other particles. These
properties determine how leptoquarks couple to quarks, leptons, and gauge bosons, and play a crucial
role in their production and decay processes. The specific coupling properties of leptoquarks depend

on the theoretical framework in which they are considered and the specific model assumptions.

Leptoquarks can be produced in high-energy particle collisions through various processes. The
specific production mechanisms depend on the properties and interactions of the leptoquark, as well

as the energy of the collision. Here are a few common ways in which leptoquarks can be produced:

1. Lepton-Quark Fusion: Leptoquarks can be produced in collisions between a quark and a
Lepton|[16]. If a sufficiently high-energy collision occurs between the two particles, the energy
can be converted into the mass of a leptoquark. The quarks and lepton involved in the collision

must possess the appropriate quantum numbers to combine and form the leptoquark.



2. Gluon-gluon fusion: In quantum chromodynamics (QCD), the theory of the strong force, glu-
ons are the force-carrying particles. Leptoquarks can be produced via the fusion of gluons|17].
Gluons can interact and exchange energy, which can result in the creation of leptoquark anti-

leptoquark pairs or leptoquark-gluon pairs.

3. Quark-anti-quark annihilation: Leptoquarks can also be created through the annihilation of
a quark and an anti-quark. When a quark and an anti-quark collide with sufficient energy,

they can annihilate, resulting in the formation of a leptoquark anti-leptoquark pair.

It’s important to note that the specific production mechanisms and rates of leptoquarks depend
on their properties, such as their electric charge, spin, and coupling strengths to other particles.

These properties influence the probability of leptoquark production and subsequent detection.

To date, experiments at colliders, including the LHC, have not provided conclusive evidence
for leptoquarks. However, these experiments have placed stringent constraints on the properties
and masses of leptoquarks, ruling out certain regions of parameter space predicted by theoretical
models. Experimental collaborations at colliders continue to refine search strategies and analyze
more data to probe further into the existence of leptoquarks. They explore higher energies and new

collision channels, aiming to increase sensitivity to possible leptoquark signals.

2.2 Leptoquarks classification

Leptoquarks are classified as first, second, or third-generation, depending on the generation of

leptons to which they couple.

There are basic conditions that leptoquarks must satisfy in order to avoid the most severe
indirect limits [17]:

e Leptoquarks couple diagonally meaning that leptoquarks can interact with particles of one
generation of quarks and leptons but not with particles of different generations. In other
words, only to quarks and leptons of the same generation, The concept of diagonal couplings
is related to the principle of flavor conservation, so there are no intergenerational couplings

and thus no flavor-changing neutral currents (FCNC)[18].

e Leptoquark couplings are purely chiral [18|, meaning they either couple to left-handed leptons
or right-handed leptons.



A general classification of leptoquark states was proposed by Buchmuller,Ruckl and Wyler [19], this
model is based on the assumption that new interactions should respect the SU(3)c x SU(2) X
U(1)y symmetry of the Standard Model.In addition to other assumption [20] there are 10 possible
states of scalar and vector leptoquarks.

In this work we are interested in first generation scalar leptoquarks. Their interaction Lagrangian

is given by[21]:

LLQ = So()\LSOiZ'TQ(]c + )\Rsoéuc) + he. (1)

Where 79 is a Pauli matrix, so im provides the antisymmetric SU(2) contraction.and the SU(2)
singlet leptoquarks S have subscript 0, These leptoquarks can contribute to gg — e~ where [ is the
anti lepton involved, ¢ € {u,d} and the superscript ¢ indicates the color charge, A is the coupling
and the L/R index on it reflects the lepton chirality.

And the Hermitian Conjugate (hc) is :

(—/\LsoﬁciTgl + )\Rsoﬂce)sa_.



Chapter 111

Leptoquarks exchange in ¢'Ge” v process

Actual colliders have sensitivity to new physics from beyond their kinematic reach, which could, for
instance materialise, as extra events at high energy. Such a plateau at high centre of mass energy is
commonly parameterized by a four-fermion contact interaction with coefficient % and experimental

results are quoted as lower bounds on A.

In this section we attempt to extract bounds on a first generation scalar LQ exchanged in -
channel in ¢/Ge” 7 process, using experimental contact interaction bounds. DISQHERA ! searched

for contact interaction of the form:

47 =11
Lo = 2 [uv“PLd} [V’)/MPLG:| (2)
and set bounds of order|22]:
A >24TeV (3)

Since the quarks and the antiquarks involved in CI operator (2) are @ and d, we will be interested

to the LQ (Sp) exchanged in ad — pe™ process. So, we attempt to set limits on Sy coupling using

A2 47
= <3 (4)
M7, = A2

3.1 Standard model and new physics contributions to the total cross section

Regarding the SM contribution, the process under consideration is mediated by W~ boson in the
$-channel. The scattering amplitude corresponding to the associated Feynman diagram shown in

figure 1, is given by:

G M?
IMy = 2w AW

Lot [P/ 0 Pt o) [k P (k) (5)

Where, the indices i(j) stand for quarks (antiquark) colors, My is the W mass boson, P;, =
%(1 —7%) is for the left handed chiral projector and G'r is the Fermi constant coupling within the

Weak theory. The specific quark flavours that participate in this process satisfy the conservation

'Deep inelastic scattering (DIS) is a process in which a lepton scatters off a nucleon with large negative four-
momentum transfer Q2. Two types of deep inelastic scattering processes are measured at HERA (Hadron Electron
Ring Accelerator) located at Deutsches Elektronen-Synchrotron laboratory in Hamburg, Germany. The processes
are classified according to the particles exchanged between the interacting electron and proton and are called neutral
current (NC) or charged current (CC).



laws, such as the conservation of Lepton number L, Baryon number B and electric Charge Q.

At high energy, the SM contribution could be interfered with the L@ exchange in #-channel as
illustrated in Figure 2. Actually, the only L which contributes to this process is the Leptoquark
S involving up-quark and antidown-quark flavors. The 4-fermion vertex for this scalar leptoquark

is shown in the table below[13] :

interaction 4-fermion vertex Fierz-transformed vertex
. - AI _ ‘\2 -
(Ars, Giimabr + Ars,@%er)S! —;?(EEBL‘J(ULJE] ﬁ(uiy"d‘_’;}[ﬁ;ﬁusn}

Table 1. 4-fermion vertices for Sy leptoquark.

The scattering amplitude associated with LQ exchange in @-channel is:

/\2

iMpg = ) [E(pl)v“PLU(pz)] [ﬁ(kzx)wPLv(ks)] (6)

2(M[2,Q - (pl - k4)2

]

1LQ

1]

71(m) v(k3)
Figure 1. Feynman diagram in the § channel Figure 2. Feynman diagram in the 4 channel
for the ud — Te™ interaction by the exchange for the ud — ve™ interaction by the exchange
of a W~ boson. of a Leptoquark.

The contact interaction induced by Sy when § < ML%O (see the third column of table 1) is reached
when @ — 0. The total scattering amplitude is the sum of the two contributions (egs (5) and (6) )

from both Feynman diagrams shown in Figures 1 and 2, this is given by:

. G ME) /\2 -~ :
M= ( \f@§ * 2(MgQ —(p1 — k4)2)) [U(pl)’YNPLU(pﬂ} [u(k4)%PLv(k3) (7)



And the partonic cross section (see appendix A1) will be :

do _[iM[’

do, 16782

(8)

The bar on scattering amplitude squared indicates that the cross section is averaged over initial

colors and spins.

M= Y Y G Y Y limp 9

in spin out spin in color out color

To calculate the cross-section, we need to follow a set of Feynman rules [23],we can notice that
the two amplitudes in (5) and (6) have the same spinor part, so it is practical to write iM as spinor

part (S) and propagator part (iP) such as:

iM = (8)(iP) (10)
where, ) )
o GyME, A
P= V23 i 2(M3, — (p1 — k4)?) (1)
and,
S= ui(pz)v”Pﬁj(pl)} [ﬂ(h)’mf’w(/’f?) (12)
| M =[S]|iP? (13)

T2
Let’s calculate first the term |S| :

S| = [@(pl)')’ul(l - 75)U(p2)] [H(Mm%(l - 75)1)(’63)]

2
(551 = )utea)] [ (1= 7 holhs)] (14)

Using the definition in equation (9) and the calculation details in Appendix A2, we get,

— 5 3 1 . 1
ST = 57" [7“5(1 — ) (Y*Paz + m2)T (1= Y)(YPps1 + ml):|

1 1
Tr [ (1= 27) (0 ks + ma)7, 5 (1= 77) (1 ks +ma)| - (15)

Knowing that P, = 3(1 —95), (Pp)? = Pr, Py = =" P, 7/ = 7",



And because m; = mg = mgz = my4 = 0. (relativistic limit)

—2 1

‘S| = ETT [VHPLPL’}/Q”}/V”)/B}]?QQPBITT [VMPLPL’YA’YV’YU} kxako3 (16)
— 9 1 o v o

‘S’ = ZSTT |}YH(1 _ 75>7 ~ ’Yﬂ:|po¢2pﬁlTT |:"y“(1 — ")/5)’)’/\7y")/ :|k)\4ka3 (17)

for the first trace term

= Pa2Psl [Tr['y“vo‘v”’yﬁ ] = Triy®y#yy"+" ]]

= Pa2Pp1 [4(9#0491/5 _ gm/gaﬁ + gu gau) + 41'6#041113}

B uB

=4 [(g““paag”ﬁ g1 — g g™ 819" Pa2) + iE“O‘”Bpmp,m]

4 [(nglf — g"phpsr + PiDY) + iE““”'Bpazpm}

Pa2pp1 + g

=4 [(png +pips — 9" (p2 - p1)) + ieW”Bpazp,m} (18)
so,
Tr [(v“ — ) (I (7 )]paZPBI =4 [(pé‘pi +pips — 9" (p2 - p1)) + ieﬂayﬂpoﬁpﬁl} (19)
The same is for the second term,
T | (e = 10 )W (0 Frabios = 4| (Raysy + kb = g (R - K3)) + iegno k3RS | (20)
Replacing (19) and (20) in (17) we get,
ISP = L[t + et — (o2 1)) + i€ o]

A (kaksy + Raukas = gy (s - ks)) + ieun kRS (21)

so after expanding equation (21) and calculating the Levi-Civita terms (see Appendix A3) the

equation becomes ;

- % :2@1 ~k3)(p2 - ka) +2(p1 - ka)(p2 - k3) — 21(6ardso — 5a05[3>\)pa2p51kikg}

- % :2(p1 < k3)(p2 - ka) + 2(p1 - ka)(p2 - k3) — 2'(6andgoPazpsr k2 kS — 5wémpazpmk2k§>}
= % :2(1?1  k3)(p2 - ka) + 2(p1 - ka) (P2 - k3) — 2 (paopp1 kG KS — pazp/agkfkg‘)}

— % :2(p1 - k3)(pa - ka) + 2(p1 - ka)(p2 - k3) — 2(p1 - k3)(p2 - ka) + 2(p1 - ka) (p2 - kg)}




Finally,

2= % [4(191 “ka)(p2 - k3)] (22)

Using Mandelstam variable in the relativistic limit (See Appendix A4).

S

-9
—2 O
ISI" =5 (23)

3.2 Including the Leptoquark propagator

To deal with the scattering probability of equation (13), we should also, calculate the amplitude
coming from the propagator part, i.e, equation (10).
So,

GyM2 A2

. GrM2 A2
V23 2(MEQ — (p2 — k4))?

VI 2(Mig — (p2 — ka))?

PT = (=)

A2 ’ N Gy M2\
2(Mg — (2 — k)| 2V35(Mfg — (p2 — ha))?

New physics term(LQ?) Inter ference term(W xLQ)

— G M21?

Pl = [ ! f”]
NGE

N’

W boson exchange

Now, substituting (25) and (23) in (13), then the result in (8) we get,

-2 2\ 2 2 2 2142
dO-LQJrW . u <Gwa> n A + Gwa/\ (26)
di.  487§? V23 2(M7, — ) 2v/25(M3, — @)

Its important to note that the Mandelstam variables are linked as follows:
§+1+a=(p1+p2)+ (p1+ks)? + (p1 + ka)?

To find the total cross section, we integrate over the kinematic variable 4,

§ ’MP .
0 167T§2

OLQ+W =

Soa2 | eM2N? 2o\ ey
o = . =) | ] + z dii 28
Lo+w /0 48752 < V25 ) 2(M3, — i) 2v/25(M3, — @) (28)

~ 3 2 $
L GfM3,>2 ) / N : / GrMuX® oo
LW = 48r 2 /0 ( V25 o \2(Mig—1) 0 2vV23(Mj, — i)

10



1
48752

OLQ+W =

G M2 2 3 2\ 2 3 ~2 G M2 )\2 § ~2
( f Aw > / QQd’[JJ + <)\> / 5 U — di, + f ’u}A / 2U _ dis
V23 0 2 0 (MLQ — ) 2v/23 0 (MLQ — )

To integrate (30), we perform a change of variable (see Appendix A5). Accordingly, we get the total

cross section of the ¢’q — ve™ process, including the Leptoquark propagator in i-channel.

1 GrM2N\* 8 A2\ Mt ) 5
— 2 ) \M §— ——— —2Mj;yln(l + ——
TLQW = Y32 ( vz ) 37\ 2 R VA n(l+ M,%Q) *

G M2\ [§2 9 A 5 }
——Y | — — Miys+ M;pln(l + —— 31

And for § << MgQ equation (31) becomes :

_ L [(GAMEN L GMaN
48T V2 ) 33 22 @

And for § >> M%Q equation (31) becomes :

1 [/GM2N\? 1 (a2\? , 3 GyM2XN2[ 1 . 3
S w) (20 |5—2M2,0n(1 w? | s ME (14—
487r[< V2 ) 57\ 3 ) [P 2o +MgQ) T os |25 St Mieln +MgQ)

we evaluate (31) where v/§ € [400,2000] GeV, G = 1.1663787 x 10-°GeV 2, M,, = 80.379<5",
A =1, and Mg = 5005~

C

V3(GeV) | =~ | o(GeV=2).(10710)

M2,
400 0.64 8.6101

500 1 9.1564

600 1.44 9.20378
700 1.96 8.90864
800 2.56 8.41855
1000 4 7.23541
1200 5.76 6.09135
1400 7.84 5.11264
1600 | 10.24 4.31004
1800 12.96 3.66027
2000 16 3.13445

Table 2. the cross section (og+w) in function of v/3.
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3.3 Contact interaction induced by Leptoquarks

To analyse the calculated data in table 2, it will be interesting to compare at the partonic level, as
a first approximation, the contributions of new physics (LQ exchange) to the total effective cross-

section for contact interaction A%/ 2M%Q 2 shown in figure 3.

Figure 3. Contact interaction for the ud — e~ interaction induced by leptoquark (Sp).

In this approximation, the total scattering amplitude is therefore:

2
iMeriw] = MQLQ) (#0751 = )ulea)] [AE g (1 = 7 e(ks)] (33)

and as same as before,

[iMcrw| =[S Porw? (34)
where, .
—2 u
ST =< (35)
and,
Gy M2 A2

[Porrw] = i(—1) (36)

GM? v]

V3 a3y | | Vs 207y

substituting (35),(36) in (34) we get:

— 5 a|/a;M2N\? 2o\ G M2\
iM =— (=2 + + N 37
iMerwl =3 < V23 ) 2(M3,) | T 2v/23(M2,) 7

2Contact interaction, also known as zero-range interaction, is a type of theoretical interaction in particle physics.
It is a short-range interaction between particles, which is assumed to occur instantaneously when two particles come
into contact with each other. Contact interactions are often used in theoretical models to describe the behaviour
of particles at very high energies or very short distances.They are particularly useful in describing the behaviour of
particles that are too massive to be directly produced in particle accelerators, such as leptoquarks.

12



and the total cross section,

. 2 .
1 GfM2>2/S ) A2 / ) G M2)2
o = w W2di+ | = WPda 4 —F
W= y8rs? ( V23 0 2(M3,) ) Jo 2v/25(M?,)

B 2
1 (GfMg>2§3 ( A2 >s3 GrM2IN® &

48752 V28 2(Mi,) ) 3 2V23(M7,) 3

3

oCI+w =

And for § << M%Q equation (39) becomes :

1 [<GfMg>2 1 GyM2N 1 ]

s\ V2 ) 35 62 M

And for § >> MEQ equation (39) becomes :

L [(GyME 2i+)\722 S, GaMpN 1
48 V2 35 2 ) 3Mj, 6v2 M,

V& s— | o(GeV™2).(1077)

M2,
400 | 0.64 1.68951
500 | 1 2.47116
600 | 1.44 3.43610
700 | 1.96 4.58093
800 | 2.56 5.90422
1000 | 4 9.08379
1200 | 5.76 12.9723
1400 | 7.84 17.5690
1600 | 10.24 22.8734
1800 | 12.96 28.8854
2000 | 16 35.6049

Table 3. the cross section (o7 ) in function of /3.

13
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3.4 Limits

We plot the cross sections curves in the same plot (see figure 4) to compare the SM (W ™), CI and

_5

LQ cross sections. For better comparison we set a log scale for both o, and Mig"

s - = —w+CI (A=1)

et S S SN oo wlQ (A=1) | |
e il ==#-=w+LQ (1=0.3)

cross section

1010 ¢

101 &

10712
107 10° 10!
siM?

Figure 4. the cross sections as functions of for different values of LQ couplings .

_s
M3,
As we can see from figure 4, the cross section for LQ exchange (green dashed line) is almost
independent of § at low energy § < M%Q (this the interference between LQ and W), and decreases
in 1/§ for § > M%Q. However, the CI cross section (blue dashed line) continues its increase with
§ as expected. Therefore the increase of the LQ exchange cross section at high energy, upon which
CI bounds rely, is absent. However, we still want to know if the search for contact interactions at
HERA can exclude massive leptoquarks with high couplings.

We observe in figure 4, that for coupling A > gw (gw =~ 0.65107), the LQ exchange makes a plateau
over W~ exchange descent (red line), and result, around § ~ M LQ in a significant excess of events
similar to contact interactions. Therefore, a first way to set bounds on leptoquarks in the 4-channel
is to calculate the ratio C' = org+w/ocr+w and assume that the bound on contact interactions

comes from § ~ MgQ. The results are shown in both table 4, and figure 5.
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V3(TeV) C
0.4 0.50962

0.5 0.37053
0.6 0.26785
0.7 0.19447
0.8 0.14259
1.0 0.07965
1.2 0.04696

14 0.02910
1.6 0.01884
1.8 0.01267
2 0.00880

Table 4. the ratio C as a function of the center of mass energy v/3.

VS (TeV)
Figure 5. the ratio C in function of the center of Mass energy v/3.

This ratio is of order C' ~ 0.37 for § =~ MgQ, then the effect of the LQ propagator would be to
affect the bound on ), in (4), by a factor of ~ C?23,

A2 47
/2 < — (42)
2MgQ A2
Then,
8t Mg
rs\oE (43)
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And,
A< 1.34 (44)

So, with A = 2.4 TeV and Mg, ~ 0.5 TeV, we exclude couplings A > 1.34. Our result is
illustrated in Figure 6.

Coupling Limits
55 T T

M(TeV)

05=
02

Figure 6. Bound on 4 channel LQ exchange, obtained from HERA contact interaction searches
A =24TeV.
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Conclusion

In conclusion, this thesis focused on analyzing the cross section behavior in the context of high-
energy particle interactions. The main objectives were to investigate the impact of virtual leptoquark
(LQ) exchange in the ¢'g — e process and to explore the emergence of contact interactions (CI) at
the partonic level. Through rigorous calculations, we calculated the total cross section, accounting
for both Standard Model (W~ exchange) and new physics coming from LQ contributions. The
results revealed interesting insights into the presence of L(Q) exchange and its potential coupling
strengths. We established upper limits on LQ coupling by using energy scale bounds A = 2.4 TeV

from Deep Inelastic Scattering (DIS) experiments.

Our findings indicated that the contact interaction model holds promise for understanding the
dynamics of particle interactions at high energies. Moreover, the limitations imposed by the energy

scales provided crucial information for future research in particle physics.

It is essential to acknowledge certain limitations. The calculations were conducted under specific
collider conditions, not taking into account many other factors (Parton Distribution Functions
(PDFs), Luminosity), and further investigations with different experimental setups are warranted

to validate our results.

In summary, while our study reveals no evidence for new physics signals, the set upper limits on
Leptoquarks masses contribute to the ongoing search for new physics phenomena. By addressing
the limitations and considering future improvements, we pave the way for more accurate future

investigations.
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Appendix

5.1 Appendix Al

Cross section Scattering is essentially colliding two (or more) particles and monitoring the result in

terms of cross sections.

The likelihood of a particular collision event A + B = C + D is the scattering cross-section o;,

were the total or inclusive cross-section for A + B is
n

Otot = E 0j.
i

S0 040t is the measure of all different outcomes, but for a particular outcome (C'+ D) for example
we measure oj.
Suppose particles 1 and 2 collide, producing particles 3, 4, . . . n. The scattering cross section is

given by the formula:

Sh? /
7= |M|?(2m)* 6% (p1 + p2 — P3 — --veePn)
44/ (p1 - p2)? — (mimac?)?

d4pj
(2m)*

H?:327r5(p? - m?c2)@(p9)

Where S is a statistical factor that corrects for double counting when there are identical particles
in the final state.

The term : (2m)*6*(p1 +p2 —p3 —......pn) ) is a delta function so (p1 +p2 — p3 — ......p,) must equal 0
for the integral to be equal to 1 any other values and the integral is 0, So p1 +p2 = p3+pa+ ... + Pn.
Were p; and ps are the 4-momenta of the in-going particles and ps, p4, ..., pn are the 4-momenta of

the outgoing particles, so the ¢ function is the condition for momentum conservation.

The term: H;?:327r5(p]2- - mjzc2) is a § function so the same as before (p? = m? 2).
We know that p,pH = %2 — p% but for the rest frame p,p" = %2 — 0 = m?c? and because pupt is

. . 2
invariant across all references % — p% = m?c?

particles, so the § (p? — m?cz) is a condition for the outgoing particles to be real particles and each

witch is known as the mass-shell condition for real

particles has to satisfy this condition.
The term @(p?) is a function that for all negative values it will be 0 and for all positive values its
1 so it’s a condition for p? (energy) of all outgoing particles to have a positive value.

The term M contains the dynamics (the forces involved)[24].
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Sh? / -
= M6 (01 & Dy — 1 —
64721/ (p1 - p2)? — (mimac?)? |M[76%(p1 + p2 — p3 — pa)
1 1

V2 —m3e) [/ (pi® — mie?)

d*p3d*py.

in the CM frame ps = —p1

V(p1-p2)? — (mimac?)? =

\/ c
FE1FEy . E\FEy E? E2 .
Z\/<( 24Pt + 20 Plz)—(gl—pl (=2 —pi®)
C C C
FE1FEy N E\FEy E2E2 Lo E? Lo E2 -
= \/(( 2 )2 +pit+2 2 p12> —(%—pfc%—mzc% +pi?)
F1FEy . F1FEy E2E? . E . E2 .
= \/( 2 )2+p14+2 2 [ 1042 + p1 27+p12?_p14
E2F?2 . E\Es5 E2E2 =2 _‘
:\/( 1042)+ it +2 2221’12_ 104 %<E2+E2) !
E\By _, pi?
- \/+2 2 pi’+ CT(E% + E3)
52
= f(+2E1E2 + E? + E2)
2
pi’ o4
02( 1+ E»)
_i 2
= ?(El +E2)>
il g s g
= 1+ E»)
Sh2c 1 1 .
7= a2 (Br + B)Ipi| |M|*6*(p1 + p2 — p3 — pa) - - d*p3d*pi
sz V@ = mie) /(51— mie?)

The ¢ function can be written as fallow

§(p1 4+ p2 — p3 — pa) = 6(p} + p3 — P§ — PY)&° (P + P3 — P3 — p)
El +E2 0

=0(——— —p3- p3)8*(—p3 — pi)
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So o becomes

Sh2c

B Ei+ B 0
6472(E1 + E»)|pi|

MO — )6 (i — i)
1 1
V2 —m3e) [/ (pi® — mie?)

g

d’p3d’pi.

From the mass-shell condition we get

P) =/ (p3* + mic?)

Doing the same for p§ we get

Sh*c Ey + Es
= M2s 7_\/—*2 22_\/-*2 2.2
7 6471’2(E1—|—E2)’p_i’/| | < c (P53~ + m3c?) (p3° + m3c?)
1 1

V& - m3e) [ - mie)

In our case we have no identical particles in the final state so S =1

dps.

we didn’t really want ¢ in the first place, what we're after isg—g.

do  |MJ?
di, 16782
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5.2 Appendix A2

G= [E(a)rlu(b)] [@(a)mu(b)} )

we know that

a(a) = ut(a)y’.
()" =1"
(v%)? =

[o(@)Tu(b)] " =[o(@)Tu(0)] i

because [@(a)Fgu(b)} is a scalar.

[o(@)Tou(b)] T v (a

Where Ty = 7°TF1° so G becomes [ﬁ(a)f‘lu(b)} [H(b)fgv(a)}

Because u(b)u(b) are next to each other we can sum over the spin orientations of particle b.

3 G:[@(a)rl 3 u(bya(h) fw(a)}

bspins sp=1,2

Using the completeness relation:

Z G = [@(a)l“l (Y'pu + myc) fgv(a)]

bspins

In order to sum over the spin orientations of particle a T(a)v(a) must be next to each other but

I'1To7* are in the same spin space. But noticing that [ﬁ(a)H (vpy + mpc) Tov(a)| is a scaler

Z G=Tr :I‘l (Y'pu + mpc) fg@(a)v(a)}

bspins

witch gives

Z ZG:T’F

aspins bspins

Iy (v"pu + mupe) To (v py + mac)}
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5.3 Appendix A3

Expanding (21) and calculating the Levi-Civita terms

1 .
= 54 (ot + Pps — 9 (92 p1)) + € paop |
4|:(k4uk3y + k3uk4u - g,ul/(k4 . k3)) + ieuAuaké/l\kg

3
— DK P g (ks - k3) + DS vkt kS — " (pa - p1)kapksy — g™ (D2 - p1)ksukay + " (p2 - p1) g (ka - k3)

— 9" (p2 - P1)i€rvo ki kS 4 i€ Ppaapsikauksy + i€ Ppaspsi kauka — i€ Ppasps g (ka - k3)

1 .
{nglfmuks” + pgqu3uk4u - pgplfguu(kll : k3) + pgplllze,u)\uokz/l\kg + p?p5k4uk3u + plfpgk3uk4y

- euauﬁpaﬂjﬁl Cudvo ki\ kg

| , i
=3 (p2 - ka)(p1 - k) + (p2 - k3)(p1 - ka) — (p2 - p1)(ka - k3) + phplic ok k3
+ (p1 - ka)(p2 - k3) + (p1 - k3)(p2 - ka) — (p1 - p2) (ka - k3) + ppSic nvo ki kS

— (p2 - p1)(ka - k3) — (pa - p1) (ks - ka) + 4(p1 - p2) (k3 - k1) — g™ (p1 - p2)icavo ks kS

+ Z‘Eumjlgpoﬂpﬁl k4uk3u + ieuayﬁpa2p61k3uk4u - ieuauﬂpaQPﬁlguu(kB : k4) - fﬂayﬁpa2p61€u)\yoki\kg

For the Levi-Civita symbol we know that

+1, if pAvo is an even permutation of 0123
€we = -1, if uAvo is an odd permutation of 0123

0, if any two indices are the same .

-1, if pAvo is an even permutation of 0123
M = i puAvo is an odd permutation of 0123

0. if any two indices are the same.

iekovP DPajPBiPkpPly = i(pljp3z‘p0k]321 + P2;P1iPokP3l + P3jP2iPokP1l + Po;jP2iP1kP31 + P2 P3iP1kPol

+ P3P0iP1kP21 + P0;iP3iP2kP11 + P1iP0iP2kP31 + P3P1iP2kPol + Po;iP1iP3kP21 + D1iP2iP3kPol + P2 P0iD3kP11
— DP2jP3iPokP1l — P3;P1iPokP2l — P15P2iP0kP3l — P0jP3iP1kP2l — P25P0iP1kP31 — P3;5P2iP1kP0IP0; P1iP2kP31
— P1jP3iP2kPol — P3jP0iP2kP11 — P0jP2iP3kP1l — P1jP0iP3kP2l — p2jpup3k;p0l)
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jehorP DPajPBiPluPly = i(pupaipozpzk + P2;p1iPoiP3k + P3jP2iPoiP1k + Po;P2iPLP3k + D2jP3iP11P0k

+ P3P0iP1LIP2k + P0;P3iP2P1k + P1iP0iP21P3k + P35 P1iD21P0k + Po;P1iP31P2k + P15P2iP31Pok + P2 P0iD3IP1k
— DP2jP3iPoiP1k — P3;P1iP0oiP2k — P15P2iP0IP3k — P0jP3iP1iP2k — P25P0iP1iP3k — P3;5P2iP11P0kP0;P1iP21P3k

— P1jP3iP2iPok — P3;jP0iP2iP1k — P0jP2iP31P1k — P1iP0iP31P2k — P2jP1iP3lP0k)
We see that for every term in the fist one we have its negative term in the second one so

ieﬂo‘yﬁpalpmk{g“kmj = _ieuayﬁpalpBZk‘lltk?’V

The same could be said for

V. A V. A
pivsie ok k] = —phplicnvoks k]

The remainng term is

=|2(p1 - k3)(p2 - k1) + 2(p1 - ka)(p2 - k3) — 4(p1 - p2) (k3 - ka) + 4(p1 - p2) (ks - ka)

- eﬂayﬁpalpBQ Cudvo ké\ kZ

We have
E'uowﬁeu/\ua = 2!(504/\5,30 - 5&05,3>\)
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5.4 Appendix A4

We know that
@ = (p1 — k1)* = (p2 — ks)?

@ (pL—ka)*(p2 — k3)”
3 3
()2 + 0)? = 20p) (k) ) ((02)? + (ks)? = 2(p2) (k)

- 3

where (p;)? = m?c?
<m%02 + m?lcz — Q(pl)(k4)) <m§c2 + m%c2 — 2(p2)(k3))
B 3

And because my; = mg = mg = my = 0. (relativistic limit)
(=20 0) (= 202)(ks))

- 3

= %[4(1?1 ~ka)(p2 - ks)}

w| 8, w| R
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5.5 Appendix A5

G+ M2 2 .3 22 2 3 ~9 M2)2 [8 2
( ! }”) /an@+<> / — A2dﬂ+GF wA / o dil
V23 0 2 0 (MLQ — ) 2v/25 0 (MLQ — )

to simplify the integral we put Q? = —@ so it reduces to

GfMi>2 * 2 <V>2 o o, GrMaN [* Q' >
(ﬂé /onQ+ 2 /O(M3Q+Q2>2dQ+ 2v/23 /o(M%Q+Q2)dQ

we define z = MgQ +Q?

1
g =
48752

_ 1
48782

g

o 1 GfMg; 2 M%Q+§(x a2 )2d$+ )\72 2 MEQ—i-é (x _ MgQ)Qdm_{_
48732 V28 2 LQ 2 2 (x)?
Mg Miq
GrM2)\2 [Migts (x — M32,)?
F w- / ( io) g
2V/25 M3, x
1 GfMg>2 /M%Q+§ N ) (/\2>2 /M%Q+é w2+ M}, —2M},a
o= — z°+ M;H —2M7Hxdr + | — dr+
48737 < V2i ) g, te T 2) Juz, ()
GrM2N? /MEQ+§ a? + M}, — 2M§Qxd
—_— x
223 M3, T
we solve each integral separately
M3 ,+3

G M2\2 [Mig+s G2 [
( \f/isw> /Mz $2+M3Q_2M%Qxd$:< &isw> [Z+MEQ$—M3QJC2}

2
LQ MLQ

Gsz%)2 (M%Q + §)3 4 2 A 2 2 2
= + M;H(MifH+8) — Min(MiH+ 8
(“2: : Lo(Mig +) ~ MEg(Mig +5)
(M3

3

— MioMigo+ M%Q(M%Q)2]

G M2\? [(MS, + 8 +3M2,5(M32, + 5)) :

= ( g f”) e LOT 10 TP M + Migs — Mig(Mpg + 8 + 2M33)

V23 3
M3,

Lo

MPqo+ MEQ]
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B <GfM3u

V23

2 MEQ
3

/\

+ +MLQS+MLQ +MLQ+MLQS

3

6

- (%58) [+5]
V23 3
for the second one
NNT Mttt Miq Z2Miqr, (AN Mt | Miq  2Mig),
2 2 22 - 9 22 T
MLQ MLQ
M2 ,+5
)\2 2 M4 LQ
= (2) (x — ;Q - QMEan(az)
MI%Q
A2 ? 2 MEQ 2 2 M4
A2\ Miq
= (=) [+M3, 45— ——— —2M?, (In(M?, + 5) — In(M?
(%) Mg 4 - g 2 (Mg +) - (A1)
A2\ 2 Miq 5
= = +MPy+ 85— —— —OM?,In(1+
( 2 ) i Le M%Q +35 Latn( MzQ)
for the final inregral
GpM2N? (Miotsa® + Myg —2Mior — GpM2N? [Miets — Mj,
S M3, z 2425 M2, T
2 o
GFM2 )\2 ) MLQ+S
= —|— M#l —2M
2\[3 2 LQ n(x) LQ® e
iQ
GrM2X2 | (M7 +5) 4 2, . 2 2
= + Mrpln(Mis + 8) —2M7H(M7in + 8
el foin(MEq +5) - 21 (MEq +5)
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(M)

2

— Mjoln(Mig) + 2M7oMi,



G M2)\2 M4 22 ) R )
— gﬂws [ QLQ + % + Mios+ Migin(Mig + 8) — 2M} o — 2M73)

My
- 2Q — Mioln(M3o) +2Mi,

GpM2X2 [ &2
_ GrpM,, [ﬁ — M7os+ Mg (zn(MgQ +38) — ln(MfQ)>]

223 2
GrM2)\2 | 32 o 4 E
= ——=— |+ — Migé+ M;oln(l+ ——
2vas | Tz T Miet Mg+ 5p )

assembling all three part of the integral we get

GrM2\* 8 /2?2 M 8
LQ

1
V2§ ) 3 2 M}, +5

TS

GrM2N? [ 82 5 4 3 ]
w12 M2584 Mioln(l 4+ ——
2% |2 Le el MgQ)
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