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Elementary Particles Networks as Revealed by Their Spin, Charge and Mass

In this work we address how eighteen elementary particles, according to the standard model, can be organized into modular networks by taking into account standardized versions of their numeric properties of spin, charge and mass. The coincidence index, based on multiset representation of the extensively used Jaccard index and closely related to the Kronecker delta function, is adopted for obtaining networks of elementary particles whose connectivity can be controlled by a parameter establishing how much the positive and negative relationships are relatively taken into account. The networks, obtained respectively to all 2-by-2 and 3-by-3 combinations of the three particle characteristics, reveal welldefined modules directly related to the main classes and properties of the considered elementary particles. Several interesting results are reported, including the confirmation of the ability of the adopted methodology for obtaining network representations of the relationships between the considered elementary particles, as well as several interesting interconnectivity patterns, symmetries, and modular structures observed for the obtained networks. In particular, the network obtained considering all the three particle properties -namely spin, charge, and mass -presented intense symmetry as well as intercalating layers of quarks, leptons and bosons, with the Higgs boson and the graviton resulting in opposite extremities, while the W boson provide a critical connection between two portions of the obtained structure. A systematic approach to identify the effects between the choices of features is also proposed leading to a network of relationships between the feature configurations from which interesting information can be derived.

'Probably the most ample small network.'

LdaFC.

Introduction

Humanity's continuing quest to approaching the most fundamental properties of the physical world can be traced back to the classical times and, who knows, even earlier. Nowadays, the large number of theoretical and experimental approaches and results related to elementary particles has been organized in the standard model (e.g. [START_REF] Oerter | The Theory of Almost Everything: The Standard Model, the Unsung Triumph of Modern Physics[END_REF][START_REF] Schumm | Deep Down Things: The Breathtaking Beauty of Particle Physics[END_REF][START_REF] Coughlan | The Ideas of Particle Physics: An Introduction for Scientists[END_REF][START_REF] Griffiths | Introduction to Elementary Particles[END_REF]), aimed at understanding and classifying the elementary particles, especially regarding the electromagnetic, weak and strong interactions, typically leaving gravity out.

Though still incomplete, the standard model has provided valuable insights about the properties and interrelationships between particles, leading to experimentally verified predictions. Basically, the standard model is a hierarchical construct in which the particles are first divided into two main groups, namely the elementary fermions and elementary bosons. The former family is then further subdivided into two other subfamilies: quarks and leptons (with the respective antiparticles).

The elementary bosons are divided into two subfamilies as well: the gauge bosons and scalar bosons. Each of these particles have its specific spin, charge and mass. The elementary fermions have spin 1/2, and the elementary bosons spin 1 (gauge bosons) and 0 (scalar bosons). The quarks are related to strong interactions, the leptons to electroweak interactions, while the gauge bosons are related to all the three forces. From a more theoretical perspective, the standard model can be understood to be underlain mainly by the quantum field theory, involving several symmetry-related concepts and formulations.

The present work aims at studying the eighteen elementary particles (including the non-observed graviton) in terms of the similarity relationships between their respective spin, charge and mass properties, or features. In order to do so, it is necessary to apply some methodology capable of mapping from the table of properties of the elementary particles into respective networks (e.g. [START_REF] Barabási | Network Science[END_REF][START_REF] Newman | Networks: An Introduction[END_REF][START_REF] Da | Characterization of complex networks: A survey of measurements[END_REF][START_REF] Da | Analyzing and modeling real-world phenomena with complex networks: a survey of applications[END_REF]).

In the present work, we resource to a coincidence approach [START_REF] Da | Further generalizations of the Jaccard index[END_REF] in which multiset theory (e.g. [START_REF] Hein | Discrete Mathematics[END_REF][START_REF] Knuth | The Art of Computing[END_REF][START_REF] Blizard | Multiset theory[END_REF][START_REF] Blizard | The development of multiset theory[END_REF][START_REF] Mahalakshmi | Properties of multisets[END_REF][START_REF] Singh | Complementation in multiset theory[END_REF]) is used to express a real-valued version of the extensively used Jaccard similarity index (e.g. [START_REF] Jaccard | Distribution de la flore alpine dans le bassin des dranses et dans quelques régions voisines[END_REF][START_REF]Jaccard index[END_REF]), which has been shown [START_REF] Da | On similarity[END_REF] to be directly related to the Kronecker delta function. The coincidence similarity index corresponds to the produce of the real-valued Jaccard and overlap (e.g. [START_REF] Vijaymeena | A survey on similarity measures in text mining[END_REF]) indices, so as to allow the relative interiority between the two compared sets of real-valued measurements to be taken into account. In addition, a parameter α provides an effective means for controlling the obtained interconnections.

Basically, the three properties of the elementary particles are first standardized into non-dimensional counterparts with null mean and unit standard deviation, the the similarities between the property of each pair of particles are then determined, yielding the respective weight matrix defining the respectively obtained networks, which can then be visualized and analyzes by using respective methodologies (e.g. [START_REF] Da | Characterization of complex networks: A survey of measurements[END_REF]). In the present work we adopt the Fruchterman-Reingold visualization method [START_REF] Fruchterman | Graph drawing by force-directed placement[END_REF].

There are at least two main motivations for developments reported in the present work. First, it is interesting to investigate to which point the consideration of the similarities between the elementary particles properties can lead to modular structures potentially related to the overall families in the standard model. In particular, relationships between the obtained modules and the standard model structure could be understood as corroborating the fact that the only three respective properties underly the main relationships between the considered particles. In addition, by varying the combinations of properties taken into account, which is done in 2-by-2 and 3-by-3 manner, it is also possible to identify the respective effect of each of these combinations regarding relationships with the standard model structure.

The second main motivation of this work is to illustrate the potential of the coincidence methodology regarding a simple, but very important dataset, which involves properties of rather different types and magnitudes. As such, the reported approach and results illustrate a more general procedure that can be also applied to other important problems in physics and chemistry while studying other systems, such as composite particles and the periodic table, in terms of the similarity of the involved properties.

We start by presenting the concepts and methodology underlying the coincidence approach to building networks from tables of measurement, and then present the adopted standardization procedure. The several elementary particles obtained for distinct combinations of spin, charge and mass respectively to several interconnectivity levels are then presented and discussed.

The Coincidence Approach

Though the Kronecker delta function can be understood as providing the most direct test of similarity between two real values [START_REF] Da | On similarity[END_REF], this quantification is just too strict in the sense that any small error in a pair of otherwise identical values will lead in null result.

Several similarity indices, including the extensively used Jaccard similarity (e.g. [START_REF] Jaccard | Distribution de la flore alpine dans le bassin des dranses et dans quelques régions voisines[END_REF][START_REF]Jaccard index[END_REF], as well as the cosine (e.g. [START_REF] Hein | Discrete Mathematics[END_REF]), Pearson (e.g. [START_REF] Johnson | Applied multivariate analysis[END_REF]) and L1-related similarity indices (e.g. [START_REF] Mirkin | Mathematical Classification and Clustering[END_REF][START_REF] Akbas | L1 norm based multiplication-free cosine similiarity measures for big data analysis[END_REF][START_REF] Akbas | Multiplication-free neural networks[END_REF]) have been reported in the literature. Interestingly, several of them can be understood [START_REF] Da | On similarity[END_REF] as being related to the Kronecker delta function, though providing a more tolerant quantification of pairwise similarity. In addition, several of these indices have been related to multiset theory generalized to take into account real, possibly negative values [START_REF] Da | Further generalizations of the Jaccard index[END_REF][START_REF] Da | On similarity[END_REF].

The present work focuses on the coincidence similarity [START_REF] Da | Further generalizations of the Jaccard index[END_REF], which is related to both the real-valued Jaccard and overlap indices. More specifically, given that the former of these indices has been shown not to be able to take into account the relative interiority of the two compared sets, multisets, functions or fields, the product of the real-valued Jaccard and interiority index provides an interesting manner to integrate the similarity information provided by these two indices, yielding a more complete and detailed quantification of similarity.

In order to provide selection of the overall degree of interconnections in the resulting networks, we resource to a controlling parameter α, with 0 ≤ α ≤ 1. The higher the value of this parameter, the most the positive pairwise correlations are taken into account by the similarity quantification.

The adopted coincidence similarity index can be expressed as:

C R ( x, y, α) = J R ( x, y, α) I R ( x, y) (1) 
where I R ( x, y) is the real-valued interiority index given as:

I R ( x, y) = i∈S min {|x i |, |y i |)} min {S x , S y } ( 2 
)
where S is the support of the vectors (i = 1, 2, 3 in the case of elementary particles), with:

S x = i∈S |x| dx; S y = i∈S |y| dy; (3) 
In addition, J R ( x, y) is the α-controlled real-valued Jaccard index [START_REF] Da | Coincidence complex networks[END_REF], which can be expressed as:

J R ( x, y, α) = s ± ( x, y, α) i∈S max {|x i |, |y i |} (4) 
where:

s ± ( x, y, α) = [α] s + ( x, y) -[1 -α] s -( x, y) (5) 
with:

s + ( x, y) = i∈S |sign(x i ) + sign(y i )| min {|x i |, |y i |} (6) s -( x, y) = i∈S |sign(x i ) -sign(y i )| min {|x i |, |y i |} (7)
Expression 6 appeared previously [START_REF] Mirkin | Mathematical Classification and Clustering[END_REF] in the context of L1 spaces. This expression incorporates the same sign pairwise contributions to the sum, while Expression 7 collects the opposite sign cases. The parameters α therefore controls a linear combination of these two effects. The multiset-based real-valued Jaccard index [START_REF] Da | Further generalizations of the Jaccard index[END_REF][START_REF] Da | On similarity[END_REF] is obtained when α = 0.5 (see also [START_REF] Akbas | L1 norm based multiplication-free cosine similiarity measures for big data analysis[END_REF] in the context of L1 similarity). However, for α > 0.5 the same signal pairwise relationships will predominate and the similarities will become stronger. Consequently, it becomes possible to control the overall level of interconnectivity of the respectively obtained network representations of the original data.

Features Standardization

Table 1 presents the eighteen elementary particles studied in this work in terms together with their respective spin, charge and mass (e.g. [START_REF]Standard model[END_REF]).

In several theoretical and practical situations, we have that the involved measurements or features present rather distinct ranges of magnitudes, an issue that also depend on the adopted units. The case of the considered properties of elementary particles is no exception, especially regarding the mass magnitudes.

Discrepant magnitudes among a set of measurements can be addressed by applying the statistical procedure known as standardization (e.g. [START_REF] Johnson | Applied multivariate analysis[END_REF][START_REF] Duda | Pattern Classification[END_REF][START_REF] Koutrombas | Pattern Recognition[END_REF]). which consists in applying the following expression to each of the measurements:

xi = x i -µ xi σ xi (8) 
The obtained measurements can be verified to correspond to non-dimensional quantities with null means and unit standard deviation, most of which resulting comprised in the interval [-2, 2].

Figure 1 illustrates the properties of each of the eighteen considered elementary particles after respective standardization. Observe the effectiveness of the standard procedure even respectively to the wide mass variations. 

Networks of Elementary Particles

The coincidence approach to transform a table of elements into a respective network was applied to the elementary particles in Table 1 while taking distinct combinations of the properties spin, charge and mass. Three interconnections levels were obtained by making α = 0.4, 0.5, 0.6, while the overall threshold for taking into account the pairwise similarities was fixed at 0.35. By successive increasing the α parameter, it becomes possible to better understand how the relationships arise, with the stronger links and more stable modules appearing first for smaller values of α, being then successively merged as α increases. Figure 2 presents the networks obtained while considering the spin and charge, respectively to α = 0.4 (a), 0.5 (b), and 0.6 (c). For α = 0.4, in which case only the strongest similarities are maintained, we can discern 5 modules (or communities), each composed by exactly 3 particles: two of them are quarks, two are leptons, and the remainder one are bosons. The W boson, Higgs boson, and the graviton resulted isolated at this level of interconnectivity. When α was increased to 0.5, the boson triple remained stable, but the other modules merged pairwise in a symmetric manner, while respectively absorbing the W and H bosons. Interestingly, most of the . The standardization is performed considering all particles, but only one property at a time. The obtained standardize features are considered for obtaining the pairwise coincidence similarities adopted in the approach reported in the present work, allowing the respectively obtained networks to be visualized.

resulting communities (or modules) involve particles from distinct groups. For the most interconnected configuration, implied by α = 0.6, the boson triple formed a clique with the graviton, while the other two modules remained stable. The obtained modules therefore reflect the similarities between the considered elementary particles as far as the spin and charge properties are concerned, which makes physical sense.

Figure 3 illustrates the elementary particle networks obtained while considering the spin and mass respectively to α = 0.4 (a), 0.5 (b), and 0.6 (c). Identical networks were obtained for α = 0.4 and 0.5, being characterized by a large module with 11 particles, most of which light and corresponding to either quarks or leptons (therefore with spin 1/2), plus another medium sized community containing four bosons. The top quark, Higgs boson and the graviton resulted in isolated nodes. As α was changed to 0.6, the graviton merged into the bosons module, while the top quark remained isolated. These relationships are indeed reasonable as far as the combination of spin and mass are concerned.

The networks of elementary particles obtained while taking into account the charge and mass are shown in Figure 4 respectively to α = 0.4 (a), 0.5 (b), and 0.6 (c). Now, the combination of the charges and masses in defining the pairwise similarity between the elementary par-ticles resulted in a large community for α = 0.4, which contains mostly light particles with null charge. The second largest module incorporates 4 particles, all with negative charge, including the W boson. Two minor modules of quarks with similar charges can also be observed, while the top quark resulted separated as a consequence of its large mass. The same modules can be observed for α = 0.5, but for α = 0.6 the two smaller quark communities are respectively absorbed by the larger modules, while the top quark remains isolated. These are the modular structures mediated by the charge and mass, which again make sense physically, revealing another perspective from which the particle relationships can be observed.

Figure 5 depicts the elementary particle networks obtained while considering all the available three properties of spin, charge and mass, respectively to α = 0.4 (a), 0.5 (b), and 0.6 (c). This result is of particular interest because it takes into account all the three particle properties, therefore providing the most complete description of the modularities mediated by these measurements. Three modules can be clearly discerned for α = 0.4. Two of them, with 7 and 6 nodes, are almost perfectly symmetrical combinations of quarks and leptons, plus a respective boson. The quark that is missing from the module with 6 nodes is very probably the top quark, which again resulted isolated. A smaller community with 4 bosons can also be observed, as well as the isolated graviton and Higgs boson.

Interestingly, the two largest communities can be observed to merge for α = 0.5, while the graviton is absorbed into the boson community and the top quark remain sep-arated. Then, for α = 0.6, all the particles coalesce into a single connected component in which layers of quarks, leptons and bosons alternate in a mostly symmetric manner, with the graviton and Higgs boson resulting in opposite extremities. Observe also the top quark finally being connected to the other related quarks in the lower portion of the obtained network. It is also interesting to observe the role of the W boson regarding the interconnection with the upper portion of the obtained network, as well as the quite distinct interconnectivity of the Higgs boson appearing in the opposite portion as of the other bosons. The unique perspective of the graviton is reflected in its extreme position. In addition, it is of particular interest to observe the relatively smaller connectivity of the up, charm and top quarks obtained for α = 0.6.

Network of Features Influence

The above reported results emphasizes the fact that different similarity relationships can be obtained depending on the choice of feature. For instance, we can have that the incorporation of a new feature changes little or much the previously obtained connectivity, with important implications for the role of each feature and feature combinations on the connectivities obtained respectively for the studied system.

In order to implement a systematic characterization of the relative effect of features on the resulting connectivity, here we propose the derivation of a network of features influence quantifying the similarity between the networks obtained for all (or a selected) combinations of features taking into account in the respective analysis.

This can be achieved by applying the coincidence methodology to quantify the similarity between the obtained networks, yielding a respective weight matrix that can then be visualized and analyzed by using ancillary methods.

Figure 6 presents the network of features influence obtained for the eighteen considered elementary particles respectively to T = 0.35 and α = 0.6.

Observe that the width of the edges indicates the coincidence similarity between pairs of networks obtained by respective features combinations. Thus, the fact that relatively thin edges are obtained for the networks obtained by considering each of the features separately indicates that substantially distinct networks are respective obtained. At the same time, when feature 2 (charge) is combined with feature 1 (spin), a network similar to that obtained when considering only the feature 1 is obtained (relatively wide edge). Interestingly, a well-defined module (actually a clique) of similar elementary particles network is obtained for the parameter combinations 3, c(1, 3), c(2, 3) and c(1, 2, 3), indicating that similar networks are obtained while adopting any of these feature combinations. This can be interpreted in the sense that the feature 3 (mass) is having a more pronounced effect in defining the interconnectivity in these cases. On the other hand, another module corresponding to 1 and c(1, 2) can be identified, expressing an alternative manner of understanding the relationship between the elementary particles as implied by their feature 1 (spin).

The above proposed methodology for investigating the effect of feature combinations can be employed in virtually every pattern recognition problem involving combination of features, providing a complete and important description of the effect of different choices of measurements on the resulting interconnectivity. In principle, the observation of modules in these feature networks indicate that the measurements involved in each module provide coherent information about the respectively studied structure. It should be observed that though the covariance between the features may have an effect on the obtained features network, other interrelationships between the original data elements, such as category separability, can also have important respective effects in defining the overall interconnection and modularity of the resulting networks. For instance, it is know that data separability is not necessarily the same as data correlation (e.g. [?, ?, 28]).

At the same time, the incorporation of a new feature into a current configuration may imply a large change in the overall connectivity, indicating that this new feature incorporates substantial level of new information. Each of these effects needs to be carefully evaluated, as it may also occur that large interconnectivity modifications could be caused by noisy or unsuitable new features.

Concluding Remarks

Science has been built upon an eclectic theoretical and experimental framework in which a diversity of approaches have been systematically employed in order to obtain insights about the structure and dynamics of the physical world. This include the consideration of symmetries, distances, and similarities, which have been applied both as insights motivating experimental approaches as in the interpretation of experimental data.

The present work has studied in systematic manner the interrelationship between eighteen elementary particles from the perspective of pairwise similarities between their respective properties of spin, charge and mass. The fact that these properties, especially the mass, have different magnitude was approached by adopting the statistical linear transformation known as standardization. In addition, we applied a methodology based on the coin- cidence similarity index that allows detailed networks to be obtained from tables of measurements. The coincidence index is directly related to the Jaccard similarity index, complemented by the incorporation of information about the relative interiority of the two compared sets, as well as to the Kronecker delta function, of which it can be understood as providing a more tolerant quantification of similarity, though not as much as the cosine and the Pearson similarities that have been extensively adopted.

Networks with detailed interconnectivity and welldefined modular structures have been obtained from datasets by using the coincidence approach [START_REF] Da | Coincidence complex networks[END_REF]. In addition, the provision of a parameter α controlling the overall level of interconnectivity provides a particularly useful dissecting capability that can be employed to verify how the identified structures and modules change regarding more or less intense interconnections. More specifically, as the values of α are progressively reduced, only the stronger links remain that are capable of counteracting the opposite sign interactions. Thus, more intensely interconnected networks are obtained for larger values of α. These features contributed substantially for the analysis of the elementary particle networks obtained and discussed in the current work.

We were therefore able to obtain several networks representing the similarity between the considered eighteen elementary particles, while considering all the 2-by-2 and 3-by-3 combinations of the properties spin, charge and mass. In each case, networks were obtained that reflected the respectively adopted measurements, often resulting in symmetric interconnectivity patterns and modules, such as the networks observed when taking into account the spin and charge. The networks obtained while considering the weight resulted in a particularly diverse sizes of modules. When all the three properties were considered, three main communities could be identified corresponding to two mostly symmetric modules involving almost the same number of quarks and leptons, but just one boson, plus a third community containing only three bosons. As the nodes were allowed to develop more intense interconnectivity, which was obtained by considering larger values of α, the two mixed communities merged in a mostly symmetric, laminated module with alternating layers of quarks and leptons, with a boson at each of its extremi-ties.

As α was further increased, a single network was obtained incorporating all considered particles, being organized by alternating layers of quarks, leptons and bosons, while the Higgs boson and the graviton resulted in opposite extremities. Among the reported results, this latter network represents the most complete representation of the interactions between the several considered elementary particles as far as their respective pairwise similarity of properties are concerned.

The obtained results should be understood as being basically aimed at a systematic approach to verifying the possible implications of the pairwise similarity between the three properties of the considered particles in shaping their respective relationships. The basic question, therefore concerns how the elementary particles group themselves into specific interconnectivity patterns and modularity as a consequence of similarity relationships between their respective spin, charge and mass, and how the obtained community structures can be related to the structure of the standard model. After all, it is these three properties that characterized the behavior of the elementary particles. However, it is by no means meant that the obtained modularity should be closely mirrored in the standard model, as other aspects, such as the types of mediated forces, have particular importance in the latter.

A methodology was also proposed in order to systematically quantify the effects of the different combinations of features onto the resulting interconnectivity. This methodology, which can be considered in any problem involving combinations of features, revealed that two main types of elementary particle networks can be derived from the three considered features: one smaller community related to spin and another, larger and particularly wellconnected module related to mass.

All in all, the proposed concepts and methods could provide flexible subsidies for exploring several natural systems in terms of similarity relationships established as a consequence of distinct choices of the features adopted for respective characterization, providing insights that can then be further investigated through theoretical or experimental means. In addition to allowing the identification of detailed interconnections between the components of the studied system, the suggested approach also provides an interesting means for selectively identifying the possible effect of several combinations of the respective available features or properties.

Several perspectives for further research are motivated by the reported concepts, methods and results, including the extension to other systematic models such as the periodic table and composite particles and physical interactions.
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 1 Figure 1: The eighteen elementary particles considered in the present work in terms of their statistically standardized spin, charge and mass. Each of the new measurement is a non-dimensional quantity with null mean and unit standard deviation, most of which comprised in the interval [-2, 2]. The standardization is performed considering all particles, but only one property at a time. The obtained standardize features are considered for obtaining the pairwise coincidence similarities adopted in the approach reported in the present work, allowing the respectively obtained networks to be visualized.
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 23 Figure 2: The networks of elementary particles obtained for spin and charge for interconnectivity levels α = 0.4, 0.5, 0.6. It is interesting to consider the obtained interconnections in terms of the similarities between the standardized measurements shown in Fig. 1.
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 4 Figure 4: The networks of elementary particles obtained for charge and mass for interconnectivity levels α = 0.4, 0.5, 0.6.
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 5 Figure 5: The networks of elementary particles obtained while taking into account spin, charge and mass for interconnectivity levels α = 0.4, 0.5, 0.6.
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 6 Figure 6: The relationship between the networks of elementary particles obtained while taking into account all the 7 possible combinations (1-by-1, 2-by-2, and 3-by3) between spin (1), charge (2) and mass (3) for T = 0.35 and interconnectivity level α = 0.6. Each of the nodes represent a network of elementary particles obtained while taking into account the respectively indicated features combination. The width of the edges expresses the respective pairwise similarity as quantified by the similarity index. Two main resulting modules can be observed.
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	id. particle	spin charge	mass
	1	up quark	1/2	2/3	2.2
	2	down quark	1/2	-1/3	4.6
	3	charm quark	1/2	2/3	1280
	4	strange quark	1/2	-1/3	96
	5	top quark	1/2	2/3	173100
	6	bottom quark	1/2	-1/3	4180
	7	electron	1/2	-1	0.511
	8	electron neutrino	1/2	0	0.0000022
	9	muon	1/2	-1	105.7
	10 muon neutrino	1/2	0	0.17
	11 tau	1/2	-1	1776.86
	12 tau neutrino	1/2	0	15.5
	13 photon	1	0	0
	14 W boson	1	-1	80.385
	15 Z boson	1	0	91.1875
	16 gluon	1	0	0
	17 Higgs boson	0	0	125.00
	18 graviton	2	0	0

The eighteen considered elementary particles and their respective spin, charge and mass values. In this work, quarks will be shown in light blue, leptons in salmon, boson in green, and the graviton in magenta.
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