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1.0. Introduction 

Paul Dirac's paper [1] on magnetic monopoles proposed the existence of particles that carry a single 

magnetic pole, either north or south. A revolutionary idea at the time because it implied that the 

fundamental building blocks of the universe were not just electric charges, as had been previously 

believed, but also magnetic charges. The paper questioned the validity of Maxwell's equations of 

classical electrodynamics for lack of symmetry in electromagnetic duality.  Equation (1) to Equation 

(4) is the Maxwell’s equations of classical electrodynamics.  

𝛻. 𝐸 =  
𝜌𝑒

𝜖0
       (1)   

𝛻. 𝐵 =  0      (2) 

  𝛻 × 𝐸 =  −
𝜕𝐵

𝜕𝑡
     (3)   

  𝛻 × 𝐵 = 𝜇0𝜖0
𝜕𝐸

𝜕𝑡
     (4) 

Dirac's compelling theoretical evidence fixes the asymmetry in Equation (1) and Equation (2) by 

positing that 

 

𝛻. 𝐵 =  𝜌𝑚       (5)  

The symmetry between electric and magnetic fields in the source-free Maxwell’s equations suggests 

the possibility of electric charges having magnetic counterparts known as magnetic monopoles. The 

symmetrized Maxwell’s equations are invariant under rotation in the plane of the electric and 

magnetic fields, and direct observation of single magnetic monopoles will have far-reaching 

consequences, most notably an explanation of the electric-charge quantization. 
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According to Dirac [1], when a monopole moves through space, it generates a magnetic field around 

it. However, this field is singular at the location of the monopole, which is physically impossible. 

To resolve this problem, Dirac proposed the existence of a line-like defect called a Dirac string, 

which carries the singularity of the magnetic field. The monopole is located at the end of the string, 

and the field is non-singular everywhere else. Dirac's theory was based on the mathematical 

framework of quantum mechanics and relied on the existence of a particular type of field called a 

gauge field. The idea of magnetic monopoles was later incorporated into grand unified theories 

(GUTS); which attempt to unify the fundamental forces of nature. 

The Dirac strings are hypothetical topological defects associated with magnetic monopoles in gauge 

theories and were introduced by Paul Dirac as a way to reconcile the existence of magnetic 

monopoles with the observed absence of singularities in the electromagnetic field. 

 

 

 

Fig. 1: A doubly charged colored Dirac monopole (pink) and a Nambu monopole (blue) 

connected by a Z-string with magnetic flux T [2] 

 

Dirac further theorized that the quantization of electric charge could be understood as a consequence 

of angular momentum, with his argument deriving the quantization condition. The relationship 

between electric and magnetic charge is given as 

2
cge n=

    (6) 

  

where g  is the magnetic charge, e  is the elementary charge, n  is an integer, and  is the reduced 

Planck’s constant. This could be extended to derive the fundamental magnetic charge on the 

mopnopole, called Dirac charge, to be 

 

2 2D
c eg

e 
= =

    (7) 

 

Dirac’s argument predicts the fundamental magnetic charge to be  

,Dq Ng ec=      (8) 

here, we have set q  in SI units and Dg  a dimensionless quantity, that is, 

1
68.5

2
Dg e


= =

   (9)     

where  

1

137
 =

 is the fine structure constant. 
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The force between a monopole and an anti-monopole is (137/2)2, which is 4700 times greater than 

the force between an electron and a positron. This force between the monopole pairs is much 

stronger, hinting at the difficulty of finding these fermions in nature [3]. 

Grand Unified Theories extend beyond the standard model and aim at unifying the three gauge 

interactions SU(3), SU(2) and U(1). t’Hooft [4] showed that specific spontaneously broken gauge 

theories have non-singular classical solutions that lead to magnetic monopoles in quantum theory, 

hence independently predicting the existence of monopoles as a twist or knot defect in the GUT 

Higgs field. 

Although the monopoles appearing in grand unification theories typically have masses of the order 

of the unification scale, 
1610 ,GeV some extensions of the standard model predict electroweak 

monopoles (which obey Schwinger's quantization condition that 
2 1 1 2

0

2nh
g q g q


− =

) with masses as 

low as 4TeV . Possibilities of generating monopoles of different mass scales have been predicted 

via stages of symmetry breaking 

( ) ( ) ( ) ( ) ( ) ( ) ( )1 210 4 2 2 3 2 1 .
M M

SO SU SU SU SU SU SU⎯⎯→   ⎯⎯→    
If monopoles were to exist, we expect they would have a unique magnetic moment that would be 

distinct from that of other magnetic particles. By measuring the magnetic moment of a sample, it 

would be possible to identify the presence of monopoles and determine their properties, such as 

their spin, mass, and charge. These monopoles would be very massive and would have been 

produced in large numbers in the early universe, but would be very rare today due to their large 

mass. The mass of the magnetic monopole is a hypothetical particle treated as a free parameter. 

When considering the Dirac monopole, a parameter that is readily considered due to its known 

ionizing property is the dE dx  significance measurement. The rack registered due to dE dx  is a 

parabolic path, curved in the r z−  plane due to the candidate’s interaction with the magnetic field 

in the inner tracker detector. 

The transfer of momenta in an individual interaction then depends on the charge and mass of the 

target particle, the velocity and charge of the projectile, and the impact parameter generated during 

the collision. The general equation which gives information about energy deposition is known as 

the Berthe-Bloch equation 
2 2 22

2

2

2
[ ]em cZ ZdE K l

dx A I

 



− = −

   (10) 

In the case of a monopole such as the one produced at the LHC; we consider them to be a relatively 

heavy particle with a mass of the border of a few TeV . Such a monopole is expected to lose energy 

only through ionization [5]. With charge mq gec= , the Berthe-Bloch equation is modified for the 

monopole to become 

( )
( )

2 2 2
2 2 1
[ ]

2 2

e

m

K gm cZdE K g l B g
dx A I

 
− = + − −

  (11) 

To make important deductions, we consider the kinematics parameters; pseudorapidity, transverse 

momentum and azimuthal distribution for spin models 0 and ½. Due to the dependence of the 

detector acceptance on both the energy and angular distributions of monopoles, the cross-sections 

are subject to certain constraints that are influenced by specific theoretical models. The spin-0 

monopole, being scalar, has no magnetic moment while the spin- ½ fermionic monopole couples 

minimally with its magnetic moment generated through spin interaction. Furthermore, the spin- ½ 
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magnetic monopole models are augmented by the presence of spinor magnetic moment terms with 

an introduced dimensionless phenomenological parameter �̃� = 0 [6].  

Dirac monopoles were predicted to be the source of a singular magnetic field [1]. These sources 

were analyzed in effective field theory to be matter fields with spins 0, ½, and 1 [7]. However, it is 

important to note that the paper does not provide any specific implications beyond this; hence his 

paper offers experimental evidence for the case of the magnetic moment as a deciding parameter in 

the registrations of spin-0 and spin- ½ monopole candidates in the ECAL. Plots for generator-level 

kinematics were compared for the compact muon solenoid (CMS)-generated monopole masses, 

which ranged from 1 TeV to 4.5 TeV. We also compared the results for efficiency analysis. 
 

 

2.0 Methodology  

The Compact Muon Solenoid (CMS) experiment is one of four detectors built at the crossing sites 

of the LHC beams and is one of two general-purpose detectors (the other being ATLAS) that have 

been designed to explore the physics opportunities presented by the LHC. Thus, the initial goal of 

the CMS detector is to study several Higgs boson production modes, which can be explored with 

the detector. The detector has a beam spacing of 25 ns, and beam crossing occurs in the CMS 

detector at a rate of 40 million per second (40 MHz). An additional complication is the 

approximately 25 interactions that occur with each beam crossing - this generates 1 billion events 

in the CMS detector every second. To extract physics from these interactions, it is vital to have fast 

electronics and very good resolution (proton-proton interactions are very messy and produce 

hundreds or thousands of particle candidates), and because these events occur far too quickly to all 

be recorded and would take up vast amounts of disk space to store what are, for the majority, 

uninteresting events, very precise "triggering" is required. 

 

2.1 Monopole Signature and Identification in the CMS Detector 

2.1.1. Data generation cycles, analysis and Monte-Carlo experiment 

The ultimate aim of this experiment, data generation cycles, and analysis are to ensure that only the 

monopole’s signature gets registered in the electromagnetic calorimeter (ECAL) 

 

       
 

    Fig. 2: CMS Detector [8] 

 

2.2 Analysis Strategy 

2.2.1 Monopole Tracking Recognition 

This analysis strategy uses a track combiner algorithm, instead of the SM-oriented standard tracking 

algorithm because the monopole behaves differently from standard model (SM) particles. 
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2.2.2 Track Ionization 

We then proceed to measure the ionization of the track as identified via the TCA. The monopole, 

due to its high mass, can be easily predicted by the Berthe relationship to deposit energy at a high 

rate, hence it’s 
dE

dx  measurement is high. The background noise is also factored in, and instead 

of the standard 
dE

dx  which is an harmonic average of 
dE

dx , we instead measure 
dE

dx

significance, which is a combination of the total number of strips and fractions of unsaturated strips 

[3]. 

 

         

         

Fig. 3: Applying the 
dE

dx  significance cut shows a clearer discrepancy from the standard 
dE

dx  
cut 

 

2.2.3 Track Curvature 

Relatively small curvature in the track path is observed for monopoles with energy high enough to 

transverse the electromagnetic calorimeter; this explains why the r z−  curvature recorded in the 

tracks of monopoles is quite insignificant. 

 

2.2.4 Electromagnetic Calorimeter Cluster Finding 

It is expected that the monopole candidates studied in this analysis will lose most if not all, of their 

energy in the ECAL due to the ionization we have described. Also, a consequence of having almost 

all its energy deposited in the ECAL is the next layer in the CMS detector set-up. The Hadronic 

Calorimeter (HCAL) will register few or no monopole deposits. The cluster shape for monopole 

candidates is tracked in the ECAL crystals using two clustering algorithms: the Hybrid algorithm 

and the Island algorithm. The monopole, unlike the SM particles that deposit their energy in several 

crystals, deposits all of its charge (about 5000 times that of the electron) in the ECAL, what this 

implies is that the ratio of seed crystal energy to that in the 5 x 5 crystal will approximate to 1. The 

Island and Hybrid algorithms are used for this analysis. 

 

2.2.5 Trigger Selection 

HLTPhoton200 v* was used for 2017 and 2018 datasets, with traverse energy (ET) as  200GeV . It 

is worth mentioning too, that due to the L1 spike killer algorithm, the analysis considers monopole 

candidates that do not deposits all their energy into the central crystal. 
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2.2.6 Monopole Identification 

In addition to the aforementioned parameters, we require that the distance between the monopole 

track and the extrapolated ECAL cluster be less than 0.5. We then bring these characteristics 

together to form the basis of our selection criteria: 

 

Table 1: Pre-selection cuts for monopole matching 

 

Table 2: Analysis selection cut applied to identify monopole candidates that passed the pre-test 

 

The CMS experiment simulates, analyzes, and reconstructs data using specialized software referred 

to as CMS software (CMSSW). To create MC simulations and reconstruct data chosen by the trigger 

system, the CMSSW combines algorithms. This search takes into account processes like PDFs, 

harmonization, underlying events, and parton showers to produce the necessary output. [3] 

 

 
 

Fig. 4: CMS trigger and data acquisition system 

 

2.2.7 Signal Efficiency 

The signal efficiency analysis is done in the order that the loose pre-selection (trigger selection and 

then the energy cut) are first applied. Monte Carlo samples for the full RUN II for mass points       1



 
D. Dosu & O. Ebomwonyi/NIPES Journal of Science and Technology Research 

5(2) 2023 pp. 58-67 

64 

 

TeV to 4.5TeV were generated to study the selection efficiency. The candidates that pass these cuts 

are then checked against the tighter selection of 
dE

dx signal and F51, 

where, 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑒𝑥𝑐𝑒𝑝𝑡 𝑡ℎ𝑒 𝑚𝑒𝑛𝑡𝑖𝑜𝑛𝑒𝑑 𝑐𝑢𝑡
   (12) 

 

 

𝑆𝑖𝑔𝑛𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑎𝑓𝑡𝑒𝑟 𝑎𝑙𝑙 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑐𝑢𝑡𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑣𝑒𝑛𝑡𝑠 𝑎𝑓𝑡𝑒𝑟 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑏𝑒𝑓𝑜𝑟𝑒 𝑠𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛𝑠 𝑎𝑝𝑝𝑙𝑖𝑒𝑑
  (13) 

 

 

3.0 Results and Discussion 

 

Table 3: Efficiency analysis result for spin- ½ mass 1000GeV 

 
 

Table 4: Efficiency analysis result for spin-0 mass 1000Gev 

 
 

Table 5: Efficiency analysis result for spin- ½  mass 2000GeV 
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Table 6: Efficiency analysis result for spin-0 mass 2000GeV 

 
 

Table 7: Summary of efficiency analysis results for both spin- ½  and spin-0 

 
 

3.1 Generator Level Kinematics 

The generated kinematics plot for monopole data sets 1000GeV-4500GeV is displayed in the plots 

for transverse and total momentum distribution for spin- ½ monopole candidates. 

 

3.2 Pseudorapidity 

Fig. 5: Spin- ½ monopole     Fig. 6: Spin-0 monopole 
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3.3 Transverse momentum 

Fig. 7: Spin- ½ monopole      Fig. 8: Spin-0 monopole  

3.4 Azimuthal distribution (𝜙) 

Fig. 9: Spin- ½ monopole     Fig. 10: Spin-0 monopole 

 

 

From the results of the efficiency analysis shown in Tables 3 to 6, we observe that the offline 

selection cuts have efficiencies greater than 50% and 90% for F51 and dE/dx significance, 

respectively. Also, the trigger selection for spin- ½ has efficiency lower than 10%, even after the 

offline selections are applied (Table 7). We present two mass points; 1000 GeV and 2000 GeV, to 

explain a question that may arise from comparing the relatively lower number of generated entries 

for the 1000 GeV spin-0 mass. The closeness in range for the 2000 GeV mass shows that the 

efficiency of registration for the spin-0 monopole candidate is higher than the spin- ½ irrespective 

of the number of generated entries. 

In Figures 5 and 6, the plotted histogram for pseudorapidity is seen to have a harder registration and 

is more centrally registered (-2< η < 2) for the spin-0 monopole than in the case of the spin- ½ 

monopole (-3<η < 3).  

In Figures 7 and 8, it is seen that monopoles have high transverse momentum; also the registration 

for the spin-0 monopole is again observed to be harder than that of spin- ½. No difference except 

for harder registration in the case of spin-0 monopoles is observed in the azimuthal distributions 

(Figures 9 and 10) due to the expected conservation of azimuthal symmetry. We conclude that the 
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observed higher efficiencies of the spin-0 monopole candidates are a consequence of it being a scalar 

particle, thereby causing it to not interact with the tracker system as would the spin- ½  fermionic 

monopoles.  

 

4.0. Conclusion 

This paper focuses how a magnetic monopole could account for the quantization of electric charge 

and symmetries, the electromagnetic equations proposed by Maxwell, and how theories beyond the 

standard model readily predict the magnetic monopole. We highlight the significance of magnetic 

moments as a crucial factor in how spin-0 and spin-½ monopole candidates are registered in the 

electromagnetic calorimeter (ECAL). This is supported by ROOT-generated plots for 

pseudorapidity, azimuthal distribution, and transverse momentum. We also compare the cases in the 

efficiency analysis to further reinstate the conjecture. 
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lxplus server or on their GitLab platform. 
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