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ABSTRACT 

         INVESTIGATION OF NEUTRAL TRIPLE GAUGE COUPLING VIA 

𝒑𝒑 → 𝒁𝒁 PRODUCTION WITH ANOMALOUS COUPLING APPROACH 

FOR FUTURE HADRON COLLIDERS 
MSC THESIS 

SHAHAD AHMED AL YOUSIF 
BOLU ABANT IZZET BAYSAL UNIVERSITY  

INSTITUTE OF GRADUATE STUDIES 
DEPARTMENT OF PHYSICS 

(SUPERVISOR: PROF. DR. ABDULKADIR SENOL)      
(CO-SUPERVISOR: PROF. DR. HALUK DENIZLI      

BOLU, NOVEMBER 2022 
xiv + 52 pages 

 
Examining the self-couplings of Electroweak gauge bosons as determined by the 
non-Abelian gauge nature of the Standard Model (SM) provides an important 
opportunity for the validity of the SM and the existence of new physics beyond the 
SM to the high energy scale. The sensitivity of anomalous ZZZ and ZZg  vertex 
couplings ( 𝑓!",$ , 𝑓%",$ )  defined in the anomalous coupling approach is investigated 
for various future circular hadron collider options, namely HL-LHC (√𝑠 =
14	𝑇𝑒𝑉, Lint	 = 3	a𝑏&'), HE-LHC (√𝑠 = 27	TeV, Lint	 = 5	a𝑏&'	), FCC-hh 
(√𝑠 = 100	TeV, Lint	 = 30	a𝑏&')	via pp ⟶ ZZ production with different decay 
channels of the Z boson. The signal and background events are generated with 
CalcHEP package program. The resulting events are passed through PYTHIA for 
hadron shower and Delphes for detector effects, and the kinematic distributions of 
the final state particles are obtained for the different decay channels of the Z boson. 
Sensitivities on the anomalous triple gauge couplings are We calculated with 95% 
confidence level via 𝜒( test with the corresponding integrated luminosities of future 
hadron colliders for different decay channels of Z boson. 
 
 
 
 
 
 
 
 
 
 
 
KEYWORDS: Anomalous triple gauge couplings, Future hadron colliders, ZZ 
production. 
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 ÖZET 

GELECEKTEKİ HADRON ÇARPIŞTIRICILARI İÇİN ANORMAL 
KUPLAJ YAKLAŞIMIYLA 𝒑𝒑 → 𝒁𝒁 

ÜRETİMİ YOLUYLA YÜKSÜZ ÜÇLÜ AYAR KUPLAJLARININ 
İNCELENMESİ 

YÜKSEK LİSANS TEZİ 
SHAHAD AHMED AL YOUSIF 

BOLU ABANT İZZET BAYSAL ÜNİVERSİTESİ 
LİSANSÜSTÜ EĞİTİM ENSTİTÜSÜ 

FİZİK ANABİLİM DALI 
 

(TEZ DANIŞMANI: PROF. DR. ABDULKADIR ŞENOL) 
(İKİNCİ DANIŞMAN: PROF. DR. HALUK DENİZLİ) 

BOLU, KASIM - 2022 
xiv + 52 sayfa 

 
Standart Modelin (SM) Abelian olmayan ayar doğası tarafından belirlenen 
Elektrozayıf ayar bozonlarının kendi kendine eşleşmelerini incelemek, SM'nin 
geçerliliği ve SM'nin ötesinde yüksek enerji ölçeğine yeni fiziğin varlığı için 
önemli bir fırsat sağlar. Anormal eşleşme yaklaşımında tanımlanan anormal ZZZ 
ve ZZg köşe kuplajlarını(( 𝑓!",$ , 𝑓%",$ )   hassasiyeti, Z bozonunun farklı bozunum 
kanalları ile pp ⟶ ZZ üretimi yoluyla HL-LHC (√𝑠 = 14	𝑇𝑒𝑉, Lint	 = 3	a𝑏&'), 
HE-LHC (√𝑠 = 27	TeV, Lint	 = 5	a𝑏&'), FCC-hh (√𝑠 = 100	𝑇𝑒𝑉, Lint	 =
30	a𝑏&')	gibi çeşitli dairesel hadron çarpıştırıcı seçenekleri için araştırılmıştır. 
Sinyal ve arka plan olayları CalcHEP paket programı ile üretilmiş. Elde edilen 
olaylar hadron duşu için PYTHIA'dan ve dedektör etkileri için Delphes'den 
geçirilmişve Z bozonunun farklı bozunma kanalları için son durum 
parçacıklarının kinematik dağılımları elde edilmiştir. Anormal üçlü ayar 
bağlantılarındaki hassasiyetler, Z bozonunun farklı bozunma kanalları için 
gelecekteki hadron çarpıştırıcılarının karşılık gelen entegre parlaklıkları ile 𝜒( 
testi yoluyla % 95 güvenilirlik seviyesiyle hesaplandı. 
 
 
 
 
 
 
 
 
 
 
 
ANAHTAR KELİMELER: Anormal üçlü ayar bağlaşımları, Gelecek hadron 
çarpıştırıcıları, ZZ üretimi. 
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1. INTRODUCTION 

The pair production of gauge bosons at hadron colliders can shed light on the 

electroweak sector of the Standard Model (SM). Not only this, but it can be of great 

importance in searching for new physics beyond the SM (1,2). In particular, the pair 

production of Z bosons is one of the important processes in the search for neutral triple 

gauge boson couplings which vanish in the SM at tree-level. 

Future hadron colliders will offer the possibility to test both the SM and its 

extensions at high energies and/or high luminosities (3, 4). This can be done through 

analyzing the collected data from the collisions aiming to find resonances of new 

particles for example in mass spectra (4). Another possibility to do that, is to probe the 

couplings between particles that are forbidden in the SM at tree-level.  

In the SM, couplings such as ZZZ, do not exist at tree-level. However, these 

couplings can emerge in some extensions of the SM and hence it is possible to search 

for their signatures at colliders.  This search will be significantly supported by the 

increase in the center of mass energy in planned future hadron colliders and also from 

the increase in integrated luminosities.          

This thesis is organized as follows: in chapter 1, we give a brief introduction to 

the SM, the electroweak interactions, triple Gauge Couplings (TGCs) and the missing 

parts in the SM. In chapter 2, highlight some directions for Beyond Standard Model 

(BSM) physics and discuss the approach used in carrying out the investigation in this 

thesis namely, the anomalous couplings approach.  In chapter 3, we give the relevant 

details of the future hadron colliders HL-LHC, HE-LHC and FCC-hh where the 

processes under investigation in this thesis will be explored.  Chapter 4 is devoted for 

presenting the aim and scope of the study in this study. In chapter 5 we display the 

method used in performing the required calculations. In addition, in that chapter also, 

we show our results for the processes under concern namely, 𝑝𝑝	 → 𝑍𝑍	 → 𝑙𝑙𝑣𝑣, 𝑝𝑝	 →
𝑍𝑍 → 	𝑞𝑞𝜈𝜈, 𝑞𝑞 → 𝑍𝑍 → 𝑙𝑙𝑞𝑞	and 𝑝𝑝	 → 𝑍𝑍	 → 	 𝑙)𝑙&𝑙)𝑙& at a particular set of 

colliders including FCC-hh, HE-LHC and HL-LHC using anomalous couplings 

approach. These results include the cross sections, the kinematic distributions of 

specified particles in the final states and the sensitivities. Finally, in chapter 6, we 

present our conclusions. Historical Background of Standard Model. 
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1.1 Historical Background of Standard Model  
             

          The Standard Model (SM) describe to a great content the nature at the subatomic 

level. SM is a quantum field theory that has been tested for decades. It has been proven 

to be in agreement with most of the observation up to date. In the context of the quantum 

field theory, each particle can be described by one field. This is also true for the force 

carriers including gluons, photons, gluons, 𝑊± and Z bosons. The  SM is 

the theory that describes three of the four known mean forces governing our universe 

namely,  the electromagnetic, weak, and strong forces.  In addition, SM accounts for 

the interactions of subatomic particles with these forces (5).  

The SM was formulated in the second half of the 20th century, through the 

pioneering work of three scientists. With the current formulation being finalized in the 

mid-1970s upon experimental confirmations of the existence of  heavier quarks, then 

the top quark (1995), the tau neutrino (2000), and finally the discovery of the Higgs 

boson (2012). Moreover the SM predicted, with an impressive accuracy, different 

properties of the weak neutral currents as well as the presence of W and Z bosons with 

masses equal their measured ones(5). 

The SM is a gauge theory that was inspired by the work of many physicists 

working in both theoretical and experimental fields.  

In the year 1954, Yang and Mills showed that the strong interaction can be 

described by non-abelian gauge group (6). This proposal can be considered as extending 

the concept of the abelian gauge group describing the quantum electrodynamics to 

account for strong and weak interactions.  In the year 1957, parity violation was 

observed in the weak interaction.  Four years later, Sheldon Glashow formulated a 

theory for unification of the weak and electromagnetic interactions. Few years later, a 

novel mechanism, known after that as the Higgs mechanism, was introduced to explain 

how quarks, charged leptons and the W and Z bosons acquire their masses.  The Higgs 

mechanism was then incorporated into Glashow's electroweak interaction by Weinberg 

and Abdus Salam in 1967. This leads to the familiar form of the SM currently we know 

(7).  

The electroweak theory predictions were supported by the discovery of the 

neutral currents resulting from the exchange of Z boson at CERN in the year 1973. As 
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a result of this success, Glashow, Weinberg, and Salam won Nobel Prize in Physics in 

1979 for their role in formulation of the SM. In the years followed that, lot of SM 

predictions were confirmed to be true. For instances, in 1983, the weak gauge bosons 

Z and W were observed with a ratio of masses in agreement with the SM prediction (7).  

 The theory describing the strong interaction is known as Quantum 

Chromodynamics (QCD). It was formulated in 1973–1974 upon the discovery of the 

asymptotic freedom which attracts more researches to QCD (8,9,10).  

Triman and Pais in 1975 (11) introduced the concept "Standard Model" firstly 

to refer to the electroweak theory having 4 quarks known at that time (12). Contrary to 

that, Weinberg stated that he invented the SM term, and utilized it when he gave a talk 

in France in 1973. The SM particle sector contains twelve spin 1⁄2 fermions.  

 

 

 

 

 

 

 

Figure 1.1. Standard Model of particle physics (13). 
Fermion 

A particle obeying Fermi–Dirac statistics is called fermion. In general, fermion 

has half odd integer spin. Fermions must respect the Pauli Exclusion Principle. They 

include all quarks and leptons, as well as all composite particles made of an odd number 

of these, such as all baryons which consist of 3 quarks or antiquarks. Fermions are totally 

different than bosons, which respect Bose–Einstein statistics (14). Some fermions do not 

have internal structure, such as leptons and quarks, while other fermions are composed 

of other particles, such as the proton which is composed of three quarks. Fermions 

additionally have another specific property: their decays must conserve baryon or lepton 

quantum numbers.  
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      The Paul Exclusion Principle implies that, in a giving time only one fermion can 

exist in a given quantum state at a given time. This is not the case for bosons which 

generally act as the force carrier mediating the main interactions.  Fermions display 

superfluity for uncharged particles while they show superconductivity for charged 

particles both happens at low temperatures. It’s well known that the essential building 

blocks of everyday matter are composed of fermions. Paul Dirac came up with the name 

fermion which was the surname of the famous scientist Enrico Fermi (15). 

 

Bosons 
 

A boson refers to a particle that obeys a kind of statistics known as Bose–Einstein 

statistics. It has a spin that must be an integer number such as 0, 1,2, etc.…. The name 

boson was given by Paul Dirac to honor Satyendra Nath Bose, an Indian physicist and 

professor of physics at University of Calcutta and at University of Dhaka for his 

significant impact on developing, together with Albert Einstein, the Bose–Einstein 

statistics, which established a theoretical framework of the properties of elementary 

particles (16).  

Among the known bosons one can refer to photons, gluons, W and Z bosons, and 

the mot recently discovered Higgs boson (16). Some composite particles such as mesons 

are also bosons. A consequence of respecting the Bose–Einstein statistics, there is no 

restriction on the number of bosons occupying the same quantum state. Gauge bosons 

are the force mediators of the main forces governing our universe (17). A Bose–Einstein 

condensate occurs as a result of cooling down a gas of Bose particles to very low 

temperatures close to the absolute zero temperature. Consequently, the kinetic energy of 

the particles approaches to an almost negligible value.  Then, the particles condense into 

states with minimum energy. This explains the phenomena of the superfluity (17). In 

Figure 1.2, we show a schematic graph of a classification of elementary particles into 

fermions, bosons and hadrons.   
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Figure 1.2. Schematic representation of a classification of elementary particles into 
fermions, bosons, and hadrons (17). 

 

1.2 Electroweak Interactions 
 Particle decays can be achieved through the weak interactions. For particles to 

undergo the weak and electromagnetic interactions, the condition of the presence of the 

electric and color charges respectively must hold. Satisfying this condition is not 

guarantee for all SM particles and thus not all of them can interact with both 

interactions. On the other hand, this is not the case regarding the weak interactions, 

introduced by Fermi to explain the beta decay, where all SM particles undergo the weak 

interaction (18). In the Fermi theory, weak interaction was considered as contact 

charged current interactions having the same current-current structure in a similar way 

to the electromagnetic interactions.  The weak and electromagnetic interactions were 

thought to be completely two different interactions. However, with the complete of the 

formulation of the SM at the end of the 1970’s, these two interactions became unified 

in what is known as the electroweak interactions. The unification is accomplished 

utilizing the symmetry group SU(2)L x	U(1) Y where L denotes the left chirality and Y 

stands for hypercharge (18). The hypercharge is different from the electromagnetic 

charge. Under SU (2) L the left-handed chirality leptons and quarks are classified into 

three families   as 

d8!9 e, f
8"
: g , d

8#
; e, d

<
=e, d

>
?e, d

1
@e                                        (1.1) 

  

While right-handed chirality charged leptons and quarks can be expressed as 
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𝑒A , 𝜇A , 𝜏A , 𝑢A , 𝑑A , 𝑐A , 𝑠A , 𝑡A , 𝑏A 

 

The SU (2) L has three generators which can be expressed in terms of the three 

Pauli 𝜎 matrices as Ta = 
'
(
𝜎B . Under SU (2) L local gauge transformation we have (18). 

                    𝜓(𝜒) ⟶ 	𝜓C(𝑥)𝑒/DB(F)HB𝜓(𝑥), 𝑎 = 1,2,3                              (1.2) 

Under the above transformation, the Lagrangian is not invariant. One need to 

introduce three-gauge field in order to restore the invariance of the Lagrangian (18). 

These gauge fields must transform as follows 

                      𝑊:B(𝑥) ⟶ 𝑊C
:	
B (𝑥) = 𝑊:B(𝑥) + '

I
𝜕:𝜃B(𝑥) +∈B@> 𝑊:@(𝑥)𝜃>(𝑥), 𝑎 = 1,2,3         (1.3) 

Here g is the coupling constant associated with SU (2) L gauge symmetry and 𝝐 

is structure constant. Next, we replace the usual derivative in the Lagrangian with the 

covariant one (18) i.e. 

 𝜕: ⟶𝐷:J	𝜕: − 𝑖𝑔𝑇B𝑊:B(𝑥)                                    (1.4)     

The real gauge 𝑊:B(𝑥) fields have kinetic terms that must be added to the 

Lagrangian. These terms can be written as (19). 

ℒ = − '
!
𝑊:8B𝑊B:8                                            (1.5) 

where W:K
L 	a field strength tensor defined as  

  𝑊:8B = 𝜕:𝑊8B − 𝜕8𝑊:B                                      (1.6)            

So far, we have four new gauge fields associated with the two-gauge groups SU 

(2)L and  𝑈 (1) Y. They are three for SU (2)L namely, the fields (W1, W2, W3) and one 

for U (1)Y the (𝐵:) field. The covariant derivative of the unified SU (2) L 𝑥	𝑈 (1) Y local 

gauge symmetry is given as (19) 

 

𝐷:M,A = 𝜕: − 𝑖𝑔𝐼BM,A𝑊:B − 𝑖 I
$

(
𝑌𝐵: ,					𝐼BM = '

(
𝜎B ,			𝐼BA = 0                            (1.7)        
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The last term of the Eqn. 7 expresses the fact that we do not need right 

component because SU (2)L does not act on right handed fermions.  The charged 

weak gauge bosons are combinations of the gauge fields 𝑊:'	𝑎𝑛𝑑	𝑊:( and given as 

 

𝑊±: = N%
")N&

"

√(
                                            (1.8) 

 

On the other hand, the photon and the Z boson are combinations of the gauge 

fields  𝐵: and 𝑊:P: 

 

																𝐴: = 𝐵: cos 𝜃Q +𝑊:P sin 𝜃Q , 𝑍: = −𝐵: sin 𝜃Q +𝑊:P cos 𝜃Q               (1.9) 

 

        where 𝜃Q is the Wienberg 𝜃 angle (19). 

 

1.3 Triple Gauge Coupling (TGCs) In The SM 
Among the very interesting features of the SM are the Triple Gauge Couplings. 

They arise due to the non-Abelian structure of the SU(2)L and SU(3)C gauge 

symmetries. They are responsible for the gauge boson self-interactions as can be 

remarked from the last term appearing in the equation (7).  

𝑔𝜖/RS𝑊:R𝑊TS 

𝑊:T/ = 𝜕:𝑊T/ − 𝜕T𝑊:/ + 𝑔𝜖/RS𝑊:/𝑊TS                              (1.10) 

where 𝜖/RS is the SU (2) structure constant which vanishes when two indices are 

equal, Thus, this term admits only self-interactions between different types of bosons 

which explains why the SM allows at tree level only the self-interaction of the charged 

gauge bosons giving rise to the vertices W+W−Z(γ). On the other hand, neutral triple 

gauge boson vertices are forbidden in the SM and hence no 𝑍𝛾𝑍 and 𝑍𝑍𝛾 vertices 

present at tree level. In searching for these neutral triple couplings, any deviations from 

these SM expectations will be a sign of new physics beyond SM (20). 

An example of a vertex representing a neutral triple gauge bosons interaction, 

is shown in Figure 1.3. As stated above, this vertex is forbidden in the SM at tree level. 

However, it can be obtained at loop level and thus is expected to be very small. In 

addition, it can be enhanced in some classes of new physics beyond SM and hence it is 
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possible to search for such couplings when analyzing multi-boson final states. In the 

literature, there are several approaches to parameterize such couplings. There are two 

common approaches to investigate these neutral triple couplings. The first approach is 

the anomalous coupling approach (21, 22, 23, 24) and the second one is the Effective 

Field Theory (EFT) approach (25). In the next chapter we review the first approach 

used in the study carried out in this thesis.  

  

 

 

 

 

Figure 1.3. ZZ production via s-channel which is forbidden in Standard Model (26). 
 

1.4 Missing Part In SM 
The standard model has been widely accepted to be in an outstanding agreement 

with lot of confirmed experimentally observations up to date. These include, for 

instances, the observation of the gauge bosons W and Z, with masses and decay 

properties that precisely 

match the SM predictions. Additionally, the discovery of the Higgs particles at LHC 

completed the spectrum of particles as expected within SM with three fermions 

generations (20). In fact, the SM is extraordinarily successful in explaining with high 

accuracy most aspects of the nature at the electroweak scale. However, even with these 

impressive experimental confirmations of the predictions of the SM, there are quite 

number of phenomenological and theoretical major issues that cannot be addressed in 

the SM. This implies that the SM cannot be the ultimate theory of Nature. Hence, the 

SM can be thought as only an effective low energy limit of a more fundamental theory. 

For any such theory beyond SM, it is obligatory to exactly reproduce the SM at the 

electroweak scale. In the following section we highlight the most relevant issues that 

cannot be addressed in the framework of the SM. 
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On the theoretical side, the SM gauge structure does not include a gauge group 

accounting for the gravity.  As a consequence, SM cannot be valid at energy scales above 

Planck scale MPl ∼ 1019 GeV. Additionally, the SM does not have a mechanism for 

generating neutrino masses and no viable candidate in the SM that cannot play the role 

of the Dark Matter (DM). Among the other theoretical problems that SM faces what is 

known as the naturalness problems of the Higgs boson in the SM. The problem arise due 

to the significant scale differences exists between the Higgs and the Plank mass and 

referred as the Hierarchy problem. One of the other main problems is related to the 

cosmological baryon asymmetry of the universe.  This asymmetry originates due to the 

presence of more matter than anti-matter in the universe. One of the main possible 

reasons behind this asymmetry is the strength of the charge conjugation-parity (CP) 

violation which in the SM is not enough to account for this asymmetry (21). 

At theory level, there are many doubts about accepting the SM as being a 

fundamental theory. One of these doubts is related to the number of free parameters in 

the SM which is 19. The value of these parameters cannot be predicted by the SM and 

consequently, they have to be measured experimentally.  In addition, with this large 

number of free parameters, any description of nature based on the SM will be so 

complicated. 

Having accepting that the SM cannot be a fundamental theory of nature, it is 

common attempts to look for alternative theoretical models seeking for addressing the 

raised questions not answered by the SM. These alternative theories or models are known 

as beyond standard model physics or sometimes they are called extensions of the SM. In 

the next chapter we give a brief introduction to the main directions for constructing such 

theories or models (21).  
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2. ANOMALOUS COUPLINGS APPROACH FOR TRIPLE 

GAUGE COUPLINGS. 

Alternative beyond standard model physics can be constructed upon enlarging 

some sectors or symmetries in the SM. For instances, enlarging the gauge symmetry of 

the SM by adding new gauge symmetry groups (27).  Another possibilities can be 

achieved by enlarging the Higgs Sector through adding new singlet scalars, new 

doublets and so on (28,29).  Another theories or models can be formulated by enlarging 

the matter content of the SM by adding new fermions, new gauge bosons etc.… (30). 

In other classes of beyond SM physics, the space-time dimensions can be enlarged by 

adding new dimensions such as in Extra-dimensions and string theory (31) while in 

others the Lorentz Symmetry can be enlarged as in Supersymmetry (32). Gravity also 

can be incorporated with the other three mean forces as was done in Supergravity (33). 

Direct searches for new physics beyond SM at current experimental facilities results 

nothing up to date. This will push for making new collides that have high center of mass 

energies and integrated luminosities to be constructed at future and boosting the search. 

A novel search can be done through investigating the neutral triple gauge couplings 

which are vanishing at tree-level in the SM as we will discuss in the following.  

The great finding of the Higgs boson LHC confirmed the Electroweak 

Symmetry Breaking (EWSB) essential for generating masses for quarks, charged 

leptons, the 𝑊± and the Z boson (34). However, the EWSB mechanism is still not fully 

understood. To do this you need an accurate measurement of Higgs self-couplings, 

Higgs to gauge boson couplings and gauge boson self-couplings.  In this thesis we shall 

restrict ourselves to Triple Gauge boson Couplings (TGC). The cubic and quartic self-

couplings of the electroweak gauge bosons exist in the SM due to the presence of the 

non-abelian gauge symmetry, and thus are completely fixed by the electromagnetic 

coupling constant e and the weak mixing angle sin 𝜃N. This in turn leads to precise 

predictions for these couplings within SM.  This, however, is not the case in a general 

BSM physics. As a consequence, processes that are sensitive to gauge boson self-

interactions are important tools used to search for new physics beyond the SM.  

Moreover, the absence of neutral aTGC at the LHC and future colliders will give a huge 

support to the EWSB. On the other hand, the presence of the neutral aTGC will be an 

indication of a possible new physics required to explain several phenomena including 

for instances CP violation, Baryogenesis, dark matter.   
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Based on the discussion above, the ZZ and Zγ production are the two leading 

processes where one can study the neutral aTGC. Any deviations of the couplings from 

the expected values would imply the existence of new physics beyond the SM.  In this 

thesis we concentration on a detailed investigation of the anomalous ZZV (V=Z, γ) 

couplings in 𝑍𝑍 production at future hadron-hadron colliders (34). 

The SM in the framework, at the patron level, the process 𝑝𝑝 → 𝑍𝑍 at tree-level 

originate from the Feynman diagrams shown in Figure 2.4.  The addition of the graph 

in Figure 2.2 is crucial to include the aTGC in the calculations of the process 𝑝𝑝 → 𝑍𝑍 

at tree-level.    

 

 

 
Figure 2.1. The Feynman diagrams for the tree level procedure contributing to  𝑝𝑝 →

	𝑍𝑍  in the SM (22). 
 
 

 

 

 

 

Figure 2.2. Contributions of ZZZ and 𝑍𝑍𝛾	diagrams to 𝑞𝑞¯	 → 	𝑍𝑍 (22). 
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Figure 2.3. Feynman rule for the general 𝑍𝑍𝑉	(𝑉	 = 	𝑍, 𝛾) vertex (22). 
 

The neutral aTGC can be achieved through extending the SM to include higher 

dimension effective operators (35,36). It starts to appear with dimension-8 onward and 

thus one expects that their effect will be very small at low energies. An alternative way 

is to parametrize the neutral aTGC with dimension-6 (and 8) form factors in a model-

independent way as discussed in Ref. (14).  A Lagrangian that describes the aTGCs can 

be obtained upon taking into account all Lorentz and U(1)9U invariant terms.  

Generally, there is an infinite number of such terms bearing in mind that higher order 

derivatives can be considered. However, as commonly considered in the literature, 

taking only lowest number of derivatives (lowest-order) reduces the number of such 

terms. In the case that all three bosons are on-shell, it is direct to show that the Bose 

statistics and the Gauge Invariance condition for V= γ,Z results in vanishing vertices. 

As a consequence of all the aforementioned requirements, the effective Lagrangian for 

the on-shell ZZ final state can be expressed as (37): 

 

ℒV$$ = − 9
W'
& [𝑓!Vd𝜕:𝑉:Xe𝑍Ld𝜕L𝑍Xe + 𝑓%Vd𝜕L𝑉Y:e𝑍�:X𝑍X]                          (2.1) 

 

There are two drawbacks regarding the anomalous couplings approach. Firstly, 

the Lagrangian includes only the lowest order terms.  Secondly, the unitarily violation 

takes place when one computes the tree level amplitudes (37).  However, these two 

drawbacks can be partially overcome by working in the momentum space in an analogy 

to the position space Lagrangian. This is known as the vertex function framework. The 

ZZV neutral 𝑎𝑇𝐺𝐶 vertices can be expressed as (37) 
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															𝑔𝑧𝑧𝑣Γ++8LX: = 𝑒 Z
&&W(

&

W'
& [𝑖𝑓!Vd𝑃L𝑔:X + 𝑃X𝑔:Le + 𝑖𝑓%V𝜖:LX[(𝑞' − 𝑞()[	           (2.2) 

where 𝑉 = 𝑍, 𝛾 will hereafter stand for the off-shell 𝑍 or 𝛾 bosons,  𝑀$ is the 

Z-boson mass and 𝑒 is the proton charge. The overall factor (𝑃( −𝑀V
()	appears in Eq. 

(12) is a consequence of Bose symmetry for ZZZ couplings. The couplings 𝑓/V(i = 4, 5) 

are dimensionless complex functions of 𝑞(' , 𝑞(( and  𝑃( (21). The couplings 𝑓!	V 	is CP-

violating coupling while  𝑓%V is CP-conserving. It should be remarked that no 

interference terms between the CP-violating couplings and the standard model will be 

included in the square of the matrix element necessary for the cross-section evaluation. 

 

							𝑖𝑒Γ$"VLX:(𝑞', 𝑞(, 𝑞P) = &9(\)
&&U(

& )
W*&

{ℎ'Vd𝑞(:𝑔LX − 𝑞(L𝑔:Xe −
]&
(

W'
& 𝑞PL[(𝑞P𝑞()𝑔:X −

						𝑞(:𝑞PX − ℎPV𝜖:LX[𝑞([ −
]+
(

W'
& 𝑞PL𝜖:X[Y𝑞P[𝑞(Y}                                  (2.3) 

The ℎ'Vand ℎ(Vare CP-violating couplings while the ℎPVand ℎ!V are CP-conserving 

couplings. 
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3. DETAILS OF FUTURE HADRON COLLIDERS 

High energy hadron colliders has proven to be very useful tools for discoveries 

at the energy frontier from starting from the SppS collider to the Tevatron collider and 

nowadays the LHC. It is expected that, they will be unchallenged for the near future. In 

fact, a new era for particle physics has been reached as a result of the discovery of  

Higgs boson at the LHC (38). The discovery implies that the next key challenge for 

collider physics is to understand the origin of the electro-weak symmetry breaking 

mechanism. This can be achieved upon answering questions like up to which level of 

precision does  Higgs boson behaves as exactly predicted by the SM? Additionally, the 

question regarding the existence of new particles required for solving the electroweak 

(EW) naturalness problem.   

CERN has approved several options for upgrading the LHC. These future 

upgrades of the LHC include an upgrade with higher luminosities (HL-LHC) , an 

upgrade with higher energy (HE-LHC)  and a new proton collider with collisions taking 

place at a center of mass energy up to 100 TeV (FCC-hh) (38). 

The statistical gain in running the LHC collider at constant luminosity is 

expected to continuously decrease. As a result, the LHC will be in need for increasing 

of its luminosity to continue probing new phenomena and high mass scale (39). This 

new phase of the LHC is referred as the High Luminosity LHC (HL-LHC). In this 

phase, the machine will be prepared to achieve the astonishing threshold of 3000 fb -1 

of integrated luminosity during the first decade of its operation. It is well known that 

the precision of several key measurements at LHC can be increased through utilizing 

the upgrades to high luminosity colliders. Consequently, this will give the possibility 

to uncover rare processes. Moreover, it will guide and validate the improvement in 

formulating theoretical models and hence decrease the systematic uncertainties in the 

interpretation of the data.  

As declared by the CERN Council, the project is now considered the first 

priority of Europe (39). The superconducting (SC) magnet technology plays a crucial 

role regarding the LHC and proton proton colliders. The LHC, for instances, relied on 

approximately 40 years of development of SC technologies using 𝑁𝑏	𝑇𝑖 wire.  
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A favored way to increase the luminosity of the LHC to achive the 

desired HL-LHC collider is to reduce the β⁕ parameter of the beam optics, 

controlling the beam focusing at interaction point (IP), by means of larger 

aperture triplet magnets in the interaction area. Such design necessitates the 

presence of quadrupoles whose aperture is 150 mm and with peak field in 

excess of 12 T, beyond the limits of the 𝑁𝑏𝑇𝑖 conductor (40). 

Magnet technologies has a central role in any upgrade of the LHC toward higher 

energies. In addition to the oriented program of engineering development, the 

individual programs related to the long-range research focusing on magnetic materials 

and structures are of significant importance (40). 

Advances in magnets with operating magnetic fields of 14–16 T or beyond are 

quite essential for the long-range future high energy pp colliders (41).  For instances, 

the FCC-hh collider with collision energy 100 𝑇𝑒𝑉  and an 80 km tunnel, the target 

operating magnetic field is of 20 T dipoles. On the other hand, a 100 km tunnel will 

provide the same collision energy of 100	𝑇𝑒𝑉 with reduced field of just 14–16 T (42). 

One can notice that a large tunnel may also open up the possibility of an e+ e- storage 

ring as a Z, W and Higgs factory and of e p colliders (42).  

Colliders with center of mass energy beyond that of the LHC will face 

significant challenges. Among these challenges, the emission of beam synchrotron 

radiation. This is expected to be at least 20 times greater in comparison to the 

corresponding one of the LHC (43).  Regarding the HE-LHC a solution based on a 

beam screen at 40–60 K has been checked. The results show that the solution has no 

major drawbacks, although one should consider carefully developing the design, the 

engineering and prototyping to prove this solution. On the otherhand and for a 100 TeV 

machine such as FCC-hh collider, sealing with the synchrotron radiation will become a 

major challenge which necessitates further detailed study (43). 

3.1 HL – LHC 
One of the proposed upgrades of the LHC is the so-called High Luminosity 

Large Hadron Collider (HL-LHC). In the period starting from 2011 till the year 2020, 

the project was directed by Lucio Rossi and right after that by Oliver Brüning (44). The 

HL-LHC project is aiming to improve the performance of the LHC potential for 

discoveries after 2027. This will be accomplished through increasing the luminosity by 
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a factor of 10 in terms of the LHC’s designed value (44). Luminosity is one of the 

important factors regarding the performance of a collider. As it is known, the 

Luminosity is proportional to the number of collisions that occur in a given time 

interval. As a consequence, the higher the luminosity, the more collected data that can 

help in observing rare processes (45). The HL-LHC is planned to operate from the end 

of 2027. It will help physicists to study the known mechanisms, such as Higgs 

mechanism, in greater detail and it may lead to observations of rare new phenomena. 

For instances, the HL-LHC can produce at least 15 million Higgs bosons each year of 

operation. This has to be compared with the nearly three million Higgs bosons produced 

from the LHC in 2017 (45).  

In 2013, the HL-LHC project was declared as the top priority of the European 

Strategy for Particle Physics. The first stage of the project started in 2011. The design 

study of the collider came to a close in October 2015 while the civil-engineering work 

was initiated in April 2018. The project is led by CERN with the participation of 29 

institutions from different 13 countries around the world (46). 

Project timeline 

 Below we list the time line of the HL-LHC proposal till 2020. 

Ø 2011: The approval and starting of the FP7 HL-LHC design study. 

Ø 2014: Publishing the first preliminary report on the design study. 

Ø 2015: The technical design report, budget and schedule of the project was 

made available. 

Ø 2016: The approval of the initial budget and schedule of the project by 

CERN Council. 

Ø The parts of hardware including components and models were validated 

in the period 2018 – 2020.  

Ø Civil engineering constructions and prototyping process were continued 

till the year two thousandth twenty one.  

3.2 HE – LHC 
                 The HE-LHC project is a pp collider, planned to work at center of mass 

energy	√𝑠 = 27	TeV. It is designed to collect data of order 15 ab−1 during a period of 20 

years of operation. It use the current LHC tunnel and will rely on the 16 T magnet 

technology which will be advanced for FCC-hh collider (47).  
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The center of mass energy planned 27 TeV, of the HE-LHC collider, lies below 

the 100 TeV target of the FCC-hh. However, the energy and luminosity of the HE-LHC 

constitutes an important improvement compared to the HL-LHC reach (48). In fact, the 

discussion of the capabilities for HE-LHC related to the exploration of physics should 

not be done through a comparison with the FCC-hh project. Rather, one should consider 

the expected costs and benefits that it will bring when the HL-LHC finishes its period 

of operation. The potential returns of the HE-LHC can be summarized in the following 

specific four areas (48): 

1. Broadening the HL-LHC mass reach in direct searches for new 

nonstandard particles, by nearly doubling the reach in mass. 

2. Foundation the mechanism of the symmetry-breaking in the Higgs 

sector of the SM.  

3. Reaching a high accuracy of the HL-LHC measurements in the 

electroweak and flavor sectors. This will have a consequence leading 

to a better indirect sensitivity to look for new physics at high mass 

scales, and also to search directly for final states such as dark matter 

(DM). 

4. Investigating the properties of the potential future LHC discoveries with large 

detail, confirming initial signs of discoveries from the LHC, or recognizing 

the exporter of new phenomena such as DM. 

It should be noted that, only future data can allow to qualify and quantify the 

importance of the fourth space in the planning for the HE-LHC (48). At present, only 

a few scenarios can be taken as examples.  In the workshop “The physics of HL-LHC, 

and perspectives at HE-LHC”, detailed discussions and evaluations of the physics 

program at the HE-LHC has been presented (49). 

3.3 The Future Circular Collider (FCC)  
The FCC is one of the candidates of post-LHC collider. The FCC is planned to 

have an energy significantly much larger compared to SPS, the Tevatron, and the LHC 

circular colliders. It has three proposed scenarios each corresponds to a different type 

of colliders (50). The first one is a hadron-hadron collider (proton–proton and heavy 

ion) and it is known as the FCC-hh collider. The second one is an electron–positron 

collider known as the FCC-ee collider. The last one is a proton–electron collider which 

is referred to as the FCC-eh (50). 
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The energy-frontier future hadron colliders will have the chance for observation 

of mediators of possible unknown forces in the range of mass scale up to 30	TeV. These 

proposed colliders can extend the search for candidates of dark matter beyond the TeV 

scale. Moreover, they can search for supersymmetric partners of the quarks and gluons 

at masses up to 15-20	TeV. At these energy-frontier future hadron colliders also, the 

exploration of possible internal structure of the quarks can be performed at distances of 

order 10-21 m (51). Studies concerning the Higgs and gauge boson interactions are 

among the main important studies at these specific colliders. Such studies are planned 

to be carried out at energies well above the TeV scale. Consequently, they can provide 

a method to analyze in great detail the electroweak symmetry breaking.  

The design of the planned FCC-hh collider allows each colliding beam to 

achieve total energy reaching 560 MJ and a center-of-mass energy equals to 100 TeV 

(to be compared with 14 TeV at LHC). CERN hosted a study about Future Circular 

Collider aiming to explore different scenarios of particle colliders. The aim of the study 

is to look for the best options regarding the increase of the center of mass energy and 

the luminosity compared to the existing colliders. Another goal is to advance the 

technical designs of the future linear electron-positron colliders (ILC and CLIC) (51).   

The physics program at the FCC collider aims to search for candidates of dark 

matter particles that constitute about a quarter of the total energy of our observed 

universe. Particularly this can be carried out in the mass range GeV – 10's of TeV for a 

verity of many proposed models with dark matter candidates being the weakly 

interacting massive particles (WIMPs) (51). 

The FCC collider can improve significantly the measurement of the electroweak 

precision observables (EWPO) which are significant for better understanding of the SM 

and can further direct the development of the theoretical side. Additionally, data of such 

measurements can be obtained with the help of some astrophysical/cosmological 

observations.  In fact, the improved precision that is expected to be obtained from the 

FCC collider may increase the discovery potential for physics beyond the SM (51).  

One of the possibilities of the FCC-hh collider is to allow for the heavy-ion collisions. 

This will serve as an important tool for exploring the structure of the matter at 

conditions characterized by very extreme density and temperature (51). 
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The FCC-eh collider aims to explore the interaction point for electron with 

proton (51). The FCC-eh collider is planned to reach to huge center of mass energy 

through colliding a 50 TeV proton beam and electron beam that has energy close to 60 

GeV. With this energy, it is expected to open new windows to investigate deep inelastic 

scattering processes. On the other hand, the deep inelastic scattering measurements, 

which will be carried out at the FCC-eh, can help to resolve the Parton structure with 

very large precision. In turn, this will lead to a per mille accurate measurements of the 

strong coupling constant. These measurements will further improve the sensitivity of 

search for new phenomena. In particular, this can be the case at higher masses.  Based 

on the discussion above, one can look to the FCC-eh collider as a Higgs factory with a 

high-precision and also as being a powerful tool giving the opportunity to the discovery 

of new particles. Moreover, the FCC-he collider will contribute to the studies related to 

the interactions involving quarks and gluons, and possible further internal structure of 

matter present in our universe (51). 

The preparatory phase for the FCC-hh collider is planned to start operation in 

the first half of the running stage of the FCC-ee.  Then, when the operation of the FCC-

ee collider stops, there will be a machine removal, limited activities regarding the civil 

engineering and modification related to the infrastructures. The next step after that is 

the installation of the FCC-hh machine and detector and commissioning which is 

expected to take about 10 years in total (51). The planned duration of the operation of 

the FCC-hh is 25 years (52). This long period can permit different technologies to be 

utilized in the construction of the collider. For instances, these include high-temperature 

superconducting magnets, improved machine parameters and reduced risks, all to be 

compared with the immediate construction after HL-LHC (52). 
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4.  AIM AND SCOPE THE STUDY 

The main purpose of this thesis is to represent the effect of CP violating (CPV) [𝑓!",𝑓!$], 

and CP conserving (CPC) [𝑓%",𝑓%$] anomalous triple gauge couplings through 𝑝𝑝 → ZZ 

process with subsequent decay channels of Z boson in anomalous coupling approach 

framework for future hadron-hadron colliders. 

These effects are examined at the three energy stages of the future hadron-hadron 

collider; namely HL-LHC; HE-LHC; FCC-hh. which is plan to build at Conseil 

European pour Ia Recherché Nucleaire (CERN) in Geneva, Switzerland. 
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5. MATERIAL AND METHODS 

Monte Carlo (53) simulation method play important role of high energy particle 

physics. The discovery and identification of BSM physics needs better simulation tools. 

General purpose matrix-element based event generators have been found in the 

literature. One of them is Calculator for High Energy Physics (CalcHEP) (54) package 

program. Other packages created to solve a similar problem are GRACE (55, 56, 57), 

HELAS (58), CompHEP (59), FeynArts/FormCalc (60, 61, 62), MADGRAPH (63, 64), 

HELAC-PHEGAS (65, 66, 67), WIHIZARD (68), and SHERPA (69,70). 

In the current study, we inspect the sensitivity of the anomalous triple gauge 

couplings, 𝑓!" , 𝑓!$ , 𝑓%" , 𝑓%$ via 𝑝𝑝 → 𝑍𝑍	process using the CalcHEP program after 

implementation of the vertex function. We use CalcHEP in all event generation in this 

thesis. We will give details of CalcHEP event generation in the next subsection. 

 
5.1 Details Of CalcHEP Package Program 

         CalcHEP (71) is a software package for the automatic calculation of the Feynman 

diagrams related to a gıven process, integration over multi-particle phase space in 

addition to event simulation at parton level. In turn, this makes CalcHEP a useful tool 

to perform effective evaluation and simulation, at the parton level, of high energy 

physics collider processes. 

       The basic idea of CalcHEP is to offer an interactive environment enabling the user 

to proceed from the Lagrangian to the final distributions in an effective way and a high 

level of automation at the same time. The implementation of a new model, describing 

particle interactions, into CalcHEP can be achieved through writing a set of pure text 

model files (71). These files should contain details of the model such as the properties 

of the model particles, parameters of the model, and vertices expressing particle 

interactions. The CalcHEP package is composed of three parts allowing to conduct 

symbolic, numerical and batch evaluations. The first two parts of the package are 

expressed in the C programming language (72) where the symbolic part generates C 

codes for the calculated squared matrix elements which can be then used in the 

numerical estimations. The third part of the package is written in Perl.  

5.1.1 Installation 
The download of the package CalcHEP can be achieved following the link 

http://theory.sinp.msu.ru/~pukhov/calchep.html. 
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The installation of the CalcHEP package will be start once the user unpack the 

downloaded file (73). This can be done by  

                                       tar -xvzf   calchep_3.4.tgz 

That generates the directory calchep_3.4 referred, here, as $CALCHEP. The next step 

is to compile CalcHEP. This can be done by typing cd into the $CALCHEP directory 

and do the run (73). 

We will refer to this directory as $WORK. To install this directory, the user should run                                                 

                          . /mkWORKdir   <directory name> 

where mkWORKdir is present at the $CALCHEP directory. This command establishes 

the directory $WORK= in addition to the subdirectories  

                                                      models/ tmp/ results/ bin/  

calchep is the shell script that can be utilized to start the symbolic session. It is invoked 

as ./calchep. On the other hand, CalcHEP batch is the shell script that can initiate a 

batch session. It is invoked as ./calchep-batch < batch. File > where batch refer to the 

file containing the batch instructions (74). 

5.1.2 A Closer Look Into Model Files: Particles, Vertices, Parameters, 
Constraints, Libraries 

(1) “Particles”: This file contains the definitions of particles. For the SM, it is 

named as“prtcls1.mdl” and it is shown below (74).  

 
Picture 5.1. prtcls1.mdl files of our models. 
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(2) “Parameters”: This file contains all needed independent parameters of the 

considered model. For a given parameter a numerical value will be assigned to 

it. Below we show “vars1.mdl” corresponds to our model (74). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Picture 5.2. vars1.mdl file of our models. 
 

(3) “Constraints”: This defines the variables which depend on the parameters or 

the constraints that are defined previously. Their values are evaluated 

automatically once CalcHEP is running “func1.mdl”. In the model considered 

in this work, our used constraints as listed below (75). 

 

Picture 5.3. func1.mdl. file of our models.  
 

(4) “Vertices”: It includes actual particle interactions (“lgrng1.mdl”). The latest 

version of CalcHEP admits interactions with 4 particles. An interaction is 
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determined by a perfector and Lorentz. Our lgrng.mdl file, which is 

implemented with ZZV vertexes, is as follows (74). 

 

 
Picture 5.4. lgrng.mdl. file of our models. 

  
(5) “Libraries” includes codes to be defined by the user. In our model, we used 
default libraries in Calchep (74). 
 

5.2  Cross Section For Process 𝒑𝒑 → 𝒁𝒁  
The process 𝑝𝑝 → 𝑍𝑍 at tree level Feynman diagrams for the SM backgrounds and 

signal process are shown in Figure 2.1 and Figure 2.2, respectively. Figure 2.2 represent 

contribution of the anomalous triple gauge couplings. The total cross section of 𝑝𝑝 →
𝑍𝑍 process is evaluated using the CalcHEP package program after implementation of 

the following operators: 

𝑖𝑒𝛤+	+	8L,X,:(𝑞',𝑞(, 𝑞P)=	&9^\)
&	&U-

&		_

W*&
	[𝑓!Vf𝑞PL𝑔:X +	𝑞PX𝑔:Lg −	𝑓%V ∈:LX[ (𝑞' −	𝑞()[] (5.1) 

 
During the cross-section calculations, we use the CTEQ6L Parton distribution 

function (75). To determine the region where aTGCs are separated from the SM at high 

center of mass energies in the 𝑝𝑝 → 𝑍𝑍 process, we give total cross section as a function 

of center of mass energies for four different aTGC couplings (𝑓!" , 𝑓!$ , 𝑓%" , 𝑓%$) in Figure 

5.1. In this figure, only one anomalous coupling is kept to be different from zero. It is 

seen from this figure; the effects of the anomalous triple gauge coupling appear at the 

high energy values at the center of mass. Therefore, we focus on the future high energy 

hadron -hadron colliders, namely HL-LHC (√𝑠 = 14	𝑇𝑒𝑉 ), HE-LHC (√𝑠 = 27	𝑇𝑒𝑉 

), and FCC-hh (√𝑠 = 100	𝑇𝑒𝑉 ). To see the effect of each aTGC on the cross section, 
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we obtained cross section versus coupling graphs for each future collider option. We 

plot total cross section as a function of anomalous triple gauge couplings 

[	𝑓!" , 𝑓!$ , 𝑓%" , 𝑓%		$], in Figure 5.2 for HL-LHC (√𝑠 = 14	𝑇𝑒𝑉 ), respectively. While 

obtaining these graphs, data were obtained by calculating the cross section values for 

each coupling value (after the others were set to zero), and also the quadratic fit 

functions applied to the obtained data were obtained. In these figures, the solid line 

shows the fit functions and circle points shows data calculated from CalcHEP. 

Similarly, the cross section versus couplings plots for other future hadron collider 

options are obtained in Figure 5.3 for HE-LHC, while Figure 5.4 for FCC-hh. Clearly 

from the figures, the cross sections corresponding to the couplings		𝑓!" , 𝑓!$ are larger in 

comparison with 𝑓%" , 𝑓%		$ . This is attributed to the fact that the dependency of the squared 

matrix element on the terms  𝑓%" , 𝑓%		$  and 	𝑓!" , 𝑓!$ are not the same, due to the existence 

of the different overall factors in the vertex functions.  

 
 
Figure 5.1. The cross section of the 𝑝𝑝 → 𝑍𝑍 as a function of center of mass energy 

for SM and anomalous TGC [	𝑓!" , 𝑓!$ , 𝑓%" , 𝑓%		$]. 
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Figure 5.2. The variations of cross section (pb) as a function of 𝑎𝑇𝐺𝐶	 (𝑓!" , 𝑓!$,  𝑓%" , 
𝑓%$ ) at HL-LHC (√𝑠 =14 𝑇𝑒𝑉). 

 
 

Figure 5.3. The variations of cross section (pb) as a function of 𝑎𝑇𝐺𝐶  (𝑓!" , 𝑓!$,  𝑓%" , 
𝑓%$ ) at HE-LHC (√𝑠 =27 TeV). 
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Figure 5.4. The variations of cross section (pb) as a function of 𝑎𝑇𝐺𝐶	(𝑓!" , 𝑓!$,  𝑓%" , 

𝑓%$ ) at FCC-hh (√𝑠 =100 𝑇𝑒𝑉). 
 
 

5.3 Kinematic Distributions Of The Final State Particles For 𝒑𝒑 →
𝒁𝒁 Process 

 
 The events for 𝑝𝑝 → 𝑍𝑍 process are generated by CalcHEP program using 

CTEQ6L Parton distribution functions of initial sate quarks and gluons. Parton 

showering and hadronization of the generated events with PYTHIA (76). After than the 

detector response are simulated by DELPHES (77) using HL-LHC, HE-LHC and FCC-

hh detector cards. All events are analyzed by using the ExRootAnalysis (78) package 

with ROOT. In order to show the distributions of kinematic variables of final state 

particles, we generate events for standard model background (with final states being 

similar to the signal) and signal (with 𝑓%" = 0.01)  for demonstrative purpose at FCC-

hh energy (√s=100 TeV).  

Distributions are discussed the following subsections where one of the Z bosons 

decays to 𝑣𝑣 while the other decays to 𝑒)𝑒& or 𝜇)𝜇&or 𝑞𝑞. 

 

5.3.1   𝒍𝒍	𝒗𝒗  Final State 

In this section, we demonstrate the behavior of kinematic variables of the final 

state charged leptons and neutrinos such as transverse momentum 𝑝𝑇, rapidity, 

missing energy transverse (𝑀𝐸𝑇) and invariant mass of reconstructed Z boson from 

leading and sub leading electrons where they are oppositely charged.  In figure 5.5 we 



 

 28 

show the transverse momentum (𝑃H) and pseudo-rapidity (𝜂) at distributions of the 

final state leading (first row) and sub leading electron (at second row) for FCC-hh 

energy (√𝑠=100	𝑇𝑒𝑣), respectively similar figure for the final state leading and sub 

leading muon are shown in Figure 5.6 for the FCC-hh 

 
Figure 5.5. Distributions of the Transverse momentum pseudo-rapidity of the leading 

and sub-leading electron at FCC-hh. 

 
 

Figure 5.6. Distributions of the transverse momentum and pseudo-rapidity for the 
leading and sub-leading muon at FCC-hh. 
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In Figure 5.7 (Figure 5.8) we give the distribution of the invariant mass of reconstructed 

Z boson from electrons (muons) and missing energy transverse (MET) of the 𝑙)𝑙&	𝑣𝑣 

channel for   𝑝𝑝 → 𝑍𝑍 process. 

Figure 5.7. Distributions of the MET and invariant mass of the reconstructed Z boson 
from opposite charge of two electron at FCC-hh 

 
Figure 5.8. Distributions of the MET and invariant mass of the reconstructed Z boson 

from opposite charge of two muon at FCC-hh. 
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Figure 5.9. Distributions of the MET (first column), leading (second column) and 
sub-leading (third column) transverse momentum of electron versus mass of the 

reconstructed Z boson for signal (upper row) and background (lower row) at FCC-hh. 
 

 

The phase space plots showing MET, leading and sub-leading electron versus the 

invariant mass distribution of the reconstructed Z boson from oppositely charged 

electron pairs are given in Figure 5.9 Plots similar to those Figure 5.9 obtained for 

the muon decay channels of Z boson as shown in Figure 5.10. 
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Figure 5.10. MET (first, Colum) leading and (second, Colum) sub-leading (three, 

Colum) transverse momentum of muon versus mass of the reconstructed Z boson for 
signal (upper row) and background (lower row) at FCC-hh. 

 

In order to distinguish signal from background, the transverse momentum 𝑝H$ ,  cos𝜃$ 

(𝜃$	polar angle), the opening angle in transverse plane (𝜙$) distribution of Z boson 

and Δ𝑅 distribution of  𝑒), 𝑒&  (𝜇), 𝜇&) pair originating from the decay of Z boson are 

given in Figure 5.11 (Figure 5.12) for electron (muon). Where the separation in pseudo 

rapidity azimuthal angle plane are defined as follows 

                               ∆𝑅(𝑙)𝑙&) = [(∆∅(𝑙)𝑙&) + (∆𝜂(𝑙)𝑙&)(]
%

&                                  (5.2) 
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Figure 5.11. (a) Distribution of transverse momentum, (b) cosθ., (c) ϕ. of 

reconstructed Z boson from two electron, (d) ∆R(e+, e−) for signal and background 
at FCC-hh. 

 

 
Figure 5.12. (a) Distribution of transverse momentum, (b)	𝑐𝑜𝑠𝜃$ (c) 𝜙$ of 

reconstructed Z boson from two muons and (d) ∆R (𝜇+, 𝜇-) for signal and background 
at FCC-hh. 
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5.3.2    𝒒𝒒	𝒗𝒗 Final State 
Assumming decay of one of the Z boson hadronically, the other decays to 

neutrinos, we shall give the kinematical distributions of the jets generated in the final 

states of the process 𝑝𝑝 → 𝑍𝑍. Figure 5.13 displays the transverse momentum (𝑃H) and 

pseudo-rapidity (𝜂) distributions of the final state leading (first row) and sub leading 

jets (at second row) for FCC-hh energy (√𝑠=100 TeV), respectively. The invariant mass 

of reconstructed Z boson from jets and missing energy transverse (MET) of the semi-

hadronic final state in  𝑍𝑍 production are given in Figure 5.14. 

 

Figure 5.13. Distributions of the transverse momentum and pseudo-rapidity of the 
leading and sub-leading jets at FCC-hh. 

 

  
Figure 5.14. Distributions of the MET and invariant mass of the reconstructed Z 

boson from two jets at FCC-hh. 
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The phase space plots showing MET, leading and sub-leading jets versus the invariant 

mass distribution of the reconstructed Z boson from oppositely charged jets pairs are 

given in Figure 5.15

 

Figure 5.15. Distributions of the MET (first column), leading (second column) and 
sub-leading (third column) transverse momentum of jet versus mass of the 

reconstructed Z boson for signal (upper row) and Background (lower row) at FCC-hh. 
 

The transverse momentum (a) 𝑝H$ ,  (b) cos𝜃$  (𝜃$	𝑖𝑠	𝑝𝑜𝑙𝑎𝑟	𝑎𝑛𝑔𝑙𝑒) scatting angle, (c) 

azimuth angle (𝜙$) distribution of Z boson and (d) Δ𝑅 distribution of  𝑞', 𝑞( pair 

originating from the decay of Z boson are given in Figure 5.16. 
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Figure 5.16. (a) Distribution of transvers momentum, (b) cos𝜃$ where (𝜃$) is Polar 

angle, (c) azimuth angle (𝜙$) of reconstructed Z boson from two jets and (d) ∆R 
(𝑞',𝑞() for signal and Background at FCC-hh. 

 

5.4 Sensitivity Limits For Anomalous Couplings 
We present, in the following, the procedure applied to derive the sensitivity 

limits on the anomalous couplings. We evaluate the limits on 𝑓!",$ and 𝑓%",$ considering 

four signatures of ZZ production: decays to two leptons and missing energy; two 

leptons and two jets; two jets plus missing energy; and four leptons; at the set of the 

colliders presented before.  

One of the well know method to show the sensitivities of the coupling in the 

literature is 𝜒( criterion. The chi-square 𝜒( is one of the most useful statistics for testing 

hypotheses when the variables are nominal (79). Is a valuable analysis tool that 

provides considerable information about the nature of research data. The 𝜒( function is 

defined as follows; 

                                      χ( = (Y
./01234	5.6

Y.6.		a
)(                                          (5.3) 

 
where 𝜎?/I0Bb is the cross section in the presence of anomalous couplings and 𝜎?U 
corresponding SM background, 𝛿 = '

√c
 and N is number of events. We use following 

forms at number of events four signatures of ZZ production: 
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𝑁 = 𝜎dW . 𝐿/01	. 𝐵𝑅(𝑍 → 𝑙)𝑙&). 𝐵𝑅(𝑍 → 𝑣𝑣)  for 𝑙)𝑙&𝑣𝑣 , 

 
    𝑁 = 𝜎dW . 𝐿/01 . 𝐵𝑅(𝑍 → 𝑞𝑞&). 𝐵𝑅(𝑍 → 𝑖𝑛𝑣𝑟𝑠𝑖𝑏𝑙𝑒) for  𝑞𝑞𝑣𝑣. 

 
𝑁 = 𝜎dW . 𝐿/01 . 𝐵𝑅(𝑍 → 𝑙)𝑙&). 𝐵𝑅(𝑍 → 𝑞𝑞&) for 𝑙)𝑙&𝑞𝑞. 

 
𝑁 = 𝜎dW . 𝐿/01𝐵𝑅. (𝑍 → 𝑙)𝑙&). 𝐵𝑅(𝑍 → 𝑙)𝑙&) for 𝑙)𝑙&𝑙)𝑙& 

 
where BR (Z→ 𝑙𝑙)= 20% , BR (𝑍 → 𝑞𝑞)=69.9% , BR (𝑍 → 𝑖𝑛𝑣𝑖𝑠𝑖𝑏𝑙𝑒	)= 20 % 

(80). Lint =3 a𝑏&', 15 a𝑏&' and 30 a𝑏&' for HL-LHC, HE-LHC and FCC-hh, 
respectively. 

These four different signatures of ZZ production have some advantages over 

each other: while the ZZ→ 𝑙)𝑙&𝑙)𝑙&mode is almost background-independent, if one of 

the two Z-bosons decays into neutrinos, it has a larger branching fraction, although 

there are several potentially important background processes. Besides these two decay 

modes, decay modes in which one of the two Z bosons decays hadronically have much 

larger branching fractions than the ZZ→ 𝑙)𝑙&𝑙)𝑙& and ZZ→ 𝑙)𝑙&𝑣𝑣 channels, but also 

have much higher backgrounds. Therefore, we apply 𝜒(	 criterion to obtain 95% 

Confidence Level (C.L.) limits four different signatures of ZZ production on each 

coupling for each collider project which is considered in this thesis. The limits are 

discussed the following subsections where one of the Z bosons decays to 𝑣𝑣 while the 

other decays to 𝑒)𝑒& or 𝜇)𝜇&or 𝑞𝑞 for each collider option in thesis. 
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5.4.1 𝒍𝒍𝒗𝒗	Final State 
                 In this section we present 𝜒( as a function of the different anomalous triple 

gauge couplings for the 𝑙)𝑙&𝑣𝑣 channel in ZZ production process for each collider 

option considered in thesis. In Figure 5.17. we plot 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!+ , 

(c) 𝑓%" , and (d) 𝑓%+ for HL-LHC with an integrated luminosity 3 ab-1. In this figure, red 

line shows 95% C.L. limits. Similar Figures are given in Figure 5.18 and Figure 5.19 

for HE-LHC and FCC-hh with are integrated luminosity 15 ab-1 and 30 ab-1, 

respectively. 

 

Figure 5.17. 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!$, (c) 𝑓%" , (d) 𝑓%$ for 𝑙𝑙𝑣𝑣 channel at 
HL-LHC with	𝐿/01 = 3 ab-1. 
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Figure 5.18. 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!$ , (c) 𝑓%", (d) 𝑓%$ 	 for 𝑙𝑙𝑣𝑣 channel at 

HE-LHC for √𝑠 =27 TeV with 	𝐿/01 = 15 ab-1. 
 

 
Figure 5.19. 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!$, (c) 𝑓%", (d) 𝑓%$	 for 𝑙𝑙𝑣𝑣 channel at 

FCC-hh for  √𝑠 =100 TeV with 	𝐿/01 = 30 ab-1. 
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5.4.2 𝒒𝒒𝒗𝒗 Final State 
In this subsection, we show 𝜒( as a function of the different anomalous gauge couplings 

in ZZ production process with one of the Z decays to neutrons, the other two jets where 

the calculations correspond to the same set of colliders taken in the previous sections. 

Figure 5.20 shows 𝜒( as a function of (a) 	𝑓!"  , (b) 𝑓!$ , (c) 𝑓%" , and (d) 𝑓%$ for HL-LHC 

with an integrated luminosity 3 ab-1, where the blue line represents 𝜒(=3.84 for one 

parameter. Similar Figures for HE-LHC and FCC-hh are given in Figure 5.21 and 

Figure 5.22 with are integrated luminosity 15 ab-1 and 30 ab-1, respectively. 

 
Figure 5.20. 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!$ , (c) 𝑓%", (d) 𝑓%$ for 𝑞𝑞𝑣𝑣 channel at 

HL-LHC with 𝐿/01= 3 𝑎𝑏&' . 
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Figure 5.21. 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!$ , (c) 𝑓%", (d) 𝑓%$  for 𝑞𝑞𝑣𝑣 channel at 

HE-LHC with	𝐿/01= 15 ab-1. 
 

 
Figure 5.22. 𝜒( as a function of (a) 	𝑓!"  , (b) 𝑓!$ , (c) 𝑓%" , and (d) 𝑓%$	for 𝑞𝑞𝑣𝑣 

channel at FCC-hh with 𝐿/01 = 30 ab-1. 
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5.4.3 𝒍)𝒍&𝒒𝒒  Final State 

In this section we display 𝜒( as a function of	𝑓!",  𝑓!$ , 𝑓%" , and 𝑓%$ couplings for the 

𝑙𝑙𝑞𝑞 channel in ZZ production process for the same set of colliders under concern in 

this study. Figure 5.23 shows 𝜒( as a function of (a) 	𝑓!"  , (b) 𝑓!$ , (c) 𝑓%" , and (d) 𝑓%$ 

for HL-LHC with an integrated luminosity 3 ab-1. Similar figures for HE-LHC and 

FCC-hh are given in Figure 5.24 and Figure 5.25 with are integrated luminosity 15 ab-

1 and 30 ab-1, respectively. 

 

 
Figure 5.23. 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!$, (c) 𝑓%", (d) 𝑓%$ for 	𝑙)𝑙&𝑞𝑞  channel at 

HL-LHC with 𝐿/01 = 3 ab-1. 
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Figure 5.24. 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!$, (c) 𝑓%", and (d) 𝑓%$ for 	𝑙)𝑙&𝑞𝑞  

channel at HE-LHC with 𝐿/01= 15ab-1. 
 

 
 
Figure 5.25. 𝜒( as a function of (a) 	𝑓!", (b) 𝑓!$, (c) 𝑓%", (d) 𝑓%$	for 	𝑙)𝑙&𝑞𝑞  channel at 

FCC-hh with 𝐿/01 = 30 ab-1. 
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5.4.4  𝒍)𝒍&𝒍)𝒍& Final State 
Considering the process  𝑍𝑍 → 𝑙)𝑙&𝑙)𝑙&and for the same set of colliders 

considered before and luminosity 3ab-1 , 15ab-1 and 30ab-1 .In Figure 5.26 we plots 𝜒( 

variation with  (a) 	𝑓!"  , (b) 𝑓!$ , (c) 𝑓%" , and (d) 𝑓%$  , and similar Figures for FCC-hh  

and HE-LHC colliders are given in Figure 5.27 and Figure 5.28 respectively. 

 

 
Figure 5.26. 𝜒(as a function of anomalous TGC (a) 	𝑓!"  , (b) 𝑓!$ , (c) 𝑓%" , and (d) 𝑓%$   

for 𝒍)𝒍&𝒍)𝒍&channel at HL-LHC with 	𝐿/01= 3 ab-1. 
 

 
Figure 5.27. 𝜒( as a function of anomalous TGC (a) 	𝑓!"  , (b) 𝑓!$ , (c) 𝑓%" , and (d) 𝑓%$ 

		at HE-LHC with 	𝐿/01 = 15 ab-1. 
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Figure 5.28. 𝜒( as a function of anomalous TGC (a) 	𝑓!"  , (b) 𝑓!$ , (c) 𝑓%" , and (d) 

𝑓%$	at FCC-hh with	𝐿/01= 30 ab-1. 

 

We turn now to the current experimental limits obtained by ATLAS and CMS 

collaborations for aTGCs. These limits are given in Table 5.1. The ATLAS 

collaborators set limits on 𝑓!",  𝑓!$ , 𝑓%" , and 𝑓%$	related to the quartic ZZZ and ZZγ 

vertices at √s = 13 TeV and corresponding to an integrated luminosity 36.1 fb−1 through 

the measurement of ZZ production using the llνν final state (81) and four lepton final 

state (82). Up to date, the best limits have been obtained by CMS collaborators (83) via 

four-lepton final states in proton–proton collisions at a center-of-mass energy of 13 TeV 

with an integrated luminosity of 137fb-1 on the couplings 𝑓!",  𝑓!$ , 𝑓%" ,and 𝑓%$ are also 

displayed in Table 5.1. CMS results are the most stringent limits to date on anomalous 

ZZZ and ZZγ triple gauge couplings and they improve the previous strictest results 

from ATLAS by ≈ 30–40%. 
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Table 5.1. Current experimental limits on anomalous 𝑇𝐺𝐶𝑠 from ATLAS and CMS 
collaboration. 
 

Couplings 
𝒁𝒁 → 𝒍7𝒍8	𝒗𝒗 

ATLAS (81) 

𝒁𝒁 → 𝒍7𝒍8𝒍7𝒍8 

ATLAS (82) CMS (83) 

𝒇𝟒
𝜸
	𝒙𝟏𝟎8𝟑 [-1.2; 1.2] [-1.8; 1.8] [-0.78; 0.71] 

𝒇𝟒
𝒛 	𝒙𝟏𝟎8𝟑 [-1.0; 1.0] [-1.5; 1.5] [-0.66; 0.60] 
𝒇𝟓
𝜸
	𝒙𝟏𝟎8𝟑 [-1.2; 1.2] [-1.8; 1.8] [-0.68; 0.75] 

𝒇𝟓
𝒛 	𝒙𝟏𝟎8𝟑 [-1.0; 1.0] [-1.5; 1.5] [-0.55; 0.75] 

 
The limits values for aTGCs for four different channels of ZZ production were 

obtained from the values where the 𝜒( distributions we obtained intersect with the 95% 

C.L. line. It should be noted that, we obtained the 95% C.L. limits of the aTGCs through 

the variation of  the coefficient of one nonzero operator at a time for the set of the 

colliders under concern in this thesis via  ZZ →𝑙)𝑙&𝑣𝑣, , ZZ →𝑞𝑞𝑣𝑣, ZZ → 𝑙)𝑙&𝑞𝑞	and 

ZZ → 𝑙)𝑙&𝑙)𝑙&process are given in Table 5.2, Table 5.3, Table 5.4  and Table 5.5, 

respectively. When we compared our results with ATLAS and CMS collaborations. 

When we made a comparison between the different Z decay channels we worked with, 

we obtained the best limits for 𝑓!", 𝑓!$and 𝑓%"couplings in the 𝑙)𝑙&𝑞𝑞	channel, while for 

𝑓%$ from the 𝑞𝑞𝑣𝑣 channel from the FCC-hh collider in future colliders  as you seen in 

Table 5.3 and Table 5.4. Our result looks one order of magnitude better compared to 

the current ATLAS results for all couplings, while the same order of CMS results for 

HE-LHC and FCC-hh. 
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Table 5.2. The 95% C.L. limits on 𝑇𝐺𝐶𝑠	 for process 𝑝𝑝 → 𝑍𝑍 → 𝑙)𝑙&𝑣𝑣	for the set 
of the colliders under concern in this thesis. 

 
Colliders 𝑓!"𝑥10&P 𝑓!$𝑥10&P 𝑓%"𝑥10&P 𝑓%$𝑥10&P 

HL-LHC [-1.98; +1.98] [-3.65; +3.65] [-8.82; + 9.21] [-7.84; +7.56] 
HE-LHC [-9.29; +9.29] [-1.97; +1.97] [-2.19; +2.37] [-2.15; +1.85] 
FCC-hh [-2.54; +2.54] [-1.77; +1.48] [-0.83; +0.87] [-0.83; +0.62] 

 
Table 5.3. The 95% C.L. limits on 𝑇𝐺𝐶𝑠	 for process 𝑝𝑝 → 𝑍𝑍 → 𝑞𝑞𝑣𝑣 for the set of 

the colliders under concern in this thesis. 
 

Colliders 𝑓!"𝑥10&P 𝑓!$𝑥10&P 𝑓%"𝑥10&P 𝑓%$𝑥10&P 

HL-LHC [-9.30; +9.30] [-1.71; +1.71] [-4.03; +4.42] [-3.75; +3.46] 
HE-LHC [-4.35; +4.35] [-9.24; +9.24] [-9.83; +1.16] [-1.10; +0.79] 
FCC-hh [-1.19; +1.19] [-2.06; +2.06] [-3.81; +4.21] [-0.45; +0.24] 

 

Table 5.4. The 95% C.L. limits on 𝑇𝐺𝐶𝑠	 for process 𝑝𝑝 → 𝑍𝑍 → 𝑙)𝑙&𝑞𝑞 for the set 
of the colliders under concern in this thesis. 

 
Colliders 𝑓!"𝑥10&P 𝑓!$𝑥10&P 𝑓%"𝑥10&P 𝑓%$𝑥10&P 

HL-LHC [-1.45; +1.45] [-2.67; +2.67] [-6.39; +6.79] [-5.77; +5.49] 
HE-LHC [-6.80; +6.80] [-1.44; +1.44] [-1.58; +1.76] [-1.62; +1.31] 
FCC-hh [-0.18; +0.18] [-0.32; +0.32] [-0.60; +0.64] [-0.64; +0.43] 

 
 

Table 5.5. The 95% C.L. limits on 𝑇𝐺𝐶𝑠 for process 𝑝𝑝 → 𝑍𝑍 → 𝑙)𝑙&𝑙)𝑙& for the set 
of the colliders under concern in this thesis. 

 
Colliders 𝑓!"𝑥10&P 𝑓!$𝑥10&P 𝑓%"𝑥10&P 𝑓%$𝑥10&P 

HL-LHC [-3.10; +3.10] [-5.71; +5.71] [-1.38; +1.42] [-1.21; +1.18] 
HE-LHC [-1.45; +1.45] [-3.08; +3.08] [-3.47; +3.65] [-3.27; +2.96] 
FCC-hh [-0.39; +0.39] [-6.87; +6.87] [-1.31; +1.35] [-1.23; +1.02] 
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6. CONCLUSIONS 

In these days when the installation and design of hadron-hadron colliders to 

come after the LHC are being discussed, researching new physics beyond the SM has 

gained even more importance. Accurate measurements of the self-coupling of 

electroweak (EW) gauge bosons play a key role in exploring new physics beyond the 

SM, as well as understanding the electroweak symmetry breaking mechanism. At high 

energies, the new physics are parametrized by an effective Lagrangian. This effective 

Lagrangian gives the SM one at low energy. 

Since ZZ generation in hadron-hadron collisions provides an opportunity to 

directly investigate the self-interactions of neutral gauge bosons, we present a detailed 

investigation into how well it can measure ZZV couplings in future hadron-hadron 

colliders. In our calculations, we used the most general ZZV vertex function that takes 

into account Lorentz and electromagnetic gauge invariance. This vertex function 

defines two independent ZZZ (𝑓!$  and 𝑓%$) and two ZZ𝛾 (𝑓!" and 𝑓%") couplings when 

both Z bosons in ZZ production are assumed on the on-shell. In Chapter 2, we have 

given the details of these anomalous TGCs. We performed the event generation for our 

signal process with the CalcHEP package program, using the FCC-hh, HE-LHC and 

HL-LHC collider parameters, the details of which are given in chapter 3, which are 

planned to be established in the future.  

We obtained the cross sections for the 𝑝𝑝 → 𝑍𝑍 process as a function of 

anomalous triple gauge couplings in Chapter 5. We passed the generated event files 

through Pythia for the hadron showering and Delphes to consider the detector effects 

of each collider. We have given the kinematic distributions of the final-state particles 

for channels 𝑍𝑍 → 𝑙𝑙𝑣𝑣, and 𝑍𝑍 → 𝑞𝑞𝑣𝑣, 𝑍𝑍 → 𝑙𝑙𝑞𝑞 and 𝑍𝑍 → 𝑙𝑙𝑙𝑙 for each future 

hadron collider in chapter 5. Finally, using 𝜒(  test, we obtained limits for each of the 

hadron-hadron colliders for the four different generation channels for the	𝑓!$ , 𝑓%$, 𝑓!" 

and 𝑓%" couplings at 95% C.L. We have obtained FCC-hh collider has the highest center 

of mass energy in contrast to other colliders and the best channel is 𝑍𝑍 → 𝑙𝑙𝑞𝑞 for 

coupling 𝑓!", 	𝑓!$ and 𝑓%" but 𝑓%$ is 𝑍𝑍 → 𝑞𝑞𝑣𝑣. 
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