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Abstract. The infinite-component Majorana field is a promising tool for investigating phenomena 
that cannot yet be explained within the Standard Model framework, such as the oscillation of 
neutrino flavours, the origin of particle mass and the physical nature of dark matter. In this study, 
we demonstrated that the Lagrangian density of the fermionic Majorana field can be represented as 
the sum between the Dirac field with positive energy and the infinite Dirac-like tachyonic fields with 
negative frequency. Particularly, we demonstrated that the tachyonic components of the field are 
obtained by the superluminal Lorentz transformation (SLT) of the bradyonic components. Using this 
result, we obtained the explicit form of the SLT matrices, tachyonic creation and annihilation 
operators of the four-spinors on which they act. Thus, the Majorana field becomes the sum of the 
infinite Dirac fields transformed by the finite SLT matrices, which are a familiar tool in the physics 
of half-integer spin particles. A decay mechanism for an ordinary particle with tachyonic pair 
production is also proposed. The approach used in this study is an attempt to investigate particle 
physics beyond the Standard Model. 

Keywords: Infinite-dimensional matrices; Dirac field; superluminal Lorentz transformations; tachyon; 
tachyonic pair production. 

1   Introduction 

In 1932, Majorana formulated an equation for a particle with an arbitrary spin [1] that is invariant with 
respect to the infinitesimal transformations of the Lorentz group [2-3], and whose (time-like) solutions 
only have positive energy. Unlike Dirac, Majorana does not require that the equation considers the 
energy conservation constraint. With this contribution, Majorana advanced the field of quantum physics 
far more than the preceding scientific research over approximately two decades4. In fact, in its simple 
and elegant formalism, the Majorana equation includes the first infinite-dimensional representation of 
the Lorentz group (a result to which Weyl arrived only in 1937 [5]), the first discrete mass spectrum of 
particles, and the first theoretical prediction of tachyon particles with positive and negative frequency, 
which quantum physics had not considered at that time. However, in 1932, the positron was discovered 
by Anderson [6] (explained by the negative energy solutions of the Dirac [7] equation), while the neutron 
was discovered by Chadwick [8]. Hence, these discoveries eventually led to the formulation of the first 
theories of beta decay [9-10], which contributed toward undermining the correctness of the Majorana 
equation in favour of Dirac’s equation. Therefore, the Majorana equation was relegated to oblivion on 
the year of its publication [11]. Moreover, the time-like solutions of the Majorana equation exhibit 
discrete mass spectra, which decrease as the spin increases. This theoretical prediction was not (and still 
has not been) confirmed experimentally in the 1930s [12]. 

The Majorana equation was reconsidered only years later, and particularly by Fradkin13 within the 
framework of hadronic physics [14-15]. However, any attempt to incorporate the Majorana equation into 
a field theory has always led to conflicting results that have not been in line with current quantum 
theories. For instance, Grodsky demonstrated that the quantization of the Majorana field led to the 
violation of the CTP invariance and spin statistic theorem16, while Surdashan demonstrated that, by 
using an appropriate approach, the quantization of the Majorana field becomes compliant with the spin 
statistic theorem again, and that the space-like solutions can be treated similarly to the time-like 
solutions [17]. 
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In a recent study [18], it was demonstrated that the Majorana field may be reinterpreted as a linear 
combination of a Dirac field with positive energy and infinite Dirac-like tachyon fields with negative 
frequencies (antitachyons) in the form of states where the half-integer spin has parallel J components. 
This reinterpretation was based on the Majorana theorem19, according to which the dynamic of a 
system with an arbitrary spin can always be reduced to that of a composite system with a half-integer 
spin. By following this approach it is possible to quantize the entire field without violating the CTP 
invariance and the spin statistic theorem. Moreover, the Hamiltonian density is lower bounded, owing to 
the negative frequencies given by the tachyonic components. 

The objective of this study was to demonstrate that the tachyonic components with negative energy 
are nothing more than Dirac fields transformed by the superluminal Lorentz transformation (SLT) 
matrices [20-22]. Therefore, the infinite-component Majorana field, constructed by infinite matrices, can 
be represented as an infinite sum of transformed Dirac fields, which is characterized by four-matrices 
and four-component spinors. In this paper, we present the explicit form of the SLT matrices, creation 
and annihilation operators, and spinors on which they act. Within this framework, the Majorana field is 
an attempt to investigate particle physics beyond the Standard Model by replacing the restricted theory 
of relativity with a theory extended to superluminal motions [23-27]. This new Model could facilitate the 
formulation of new theories that are capable of answering unsolved questions, such as the origin of the 
particle mass spectra or the flavour oscillations of the neutrino [28-32]. 

2   Preliminaries 

The constraint imposed by Majorana to formulate a quantum theory for particles with arbitrary spin, 
i.e., an equation whose solutions have only positive energy, leads to a discrete mass spectrum that 
decreases as the value of the intrinsic angular momentum increases [1], as follows: 

 ݉ ൌ
బ

ሺାଵ/ଶሻ
 (1) 

where m is the rest mass of the particle and ܬ is the particle spin. In this study, we were interested only 
in neutral fermions; therefore, ܬ is a half-integer value and an electrodynamic interaction does not occur. 
Using the energy-momentum relationship, the energy difference between a state with spin ܬ and the 
fundamental state with ܬ ൌ 1/2 can be expressed as follows: 

ܧ 
ଶ െ బܧ

ଶ ൌ ൣ
ଶ െ బ

ଶ ൧ܿଶ െ
ሺାଵ/ଶሻమିଵ

ሺାଵ/ଶሻమ
݉
ଶܿସ (2) 

If the reference frame is that of the particle in the fundamental state, then Eq. 2 becomes as follows: 

ሺିబሻܧ∆ 
ଶ ൌ 

ଶܿଶ െ
ሺାଵ/ଶሻమିଵ

ሺାଵ/ଶሻమ
݉
ଶܿସ (3) 

Eq. 3 is the peculiar energy-momentum relationship of a tachyon with imaginary mass given by: 

ߤ  ൌ ݅
ඥሺାଵ/ଶሻమିଵ

ሺାଵ/ଶሻ
݉	 (4) 

Eq. 3 suggests that the solutions of the Majorana equation with spin values greater than 1/2 describe 
the excited states of the particle, where the fermion in the fundamental state interacts with a tachyon in 
a multiplet state ሾ2ሺܬ െ ሻܬ  1ሿ where ܬ௭ ൌ |2ሺܬ െ ሻܬ  1|. Therefore, the Majorana excited state is a 
composite particle. This idea has already been considered by other authors [33]. In the formalism of the 
quantum field theory, we may consider the Majorana excited states with spin J as an interaction 
between a bradyonic field with spin J and a tachyon field with ܬ௭ ൌ |2ሺܬ െ ሻܬ  1|. 

The occupation probability of an excited state J is expressed as follows [34]: 

 ܲ ൌ ඥߚ െ ݊	݁ݎ݄݁ݓ					ሺାଵሻߚ ൌ ሺܬ  1/2ሻ	 (5) 

where ߚ is the relativistic factor. The energy at which the interaction between the two fields becomes 
maximum can be determined by setting ߲ ܲ/߲ߚ ൌ 0 to obtain the following equation: 

ߚ 
ሺ௫ሻ ൌ

ሺିଵ/ଶሻ

ሺାଵ/ଶሻ
	 (6) 
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Considering that the particle is at rest in the fundamental state (and thus ߛబ ൌ 1), the energy of the 
tachyon corresponding to the maximum interaction is expressed as follows: 

 ࣟ
ଶ ൌ ߤ௧ଶߛ

ଶܿସ ൌ ܧ
ଶ െ బܧ

ଶ ൌ ߛ
ଶ݉

ଶܿସ െ బߛ
ଶ ݉

ଶܿସ	 (7) 

where  ߛ௧ଶ is the tachyonic Lorentz [35] factor and ߛଶ must be calculated using Eq. 6. From Eq. 7 we 
obtain the explicit form of ߛ௧ଶ, as follows: 

௧ଶߛ  ൌ ሺ1 െ ௧ଶ/ܿଶሻିଵ/ଶݑ ൌ
ሺାଵ/ଶሻమൣሺାଵ/ଶሻమିଶ൧

ଶሾሺାଵ/ଶሻమିଵሿ
 (8) 

This relationship gives us the tachyon velocity corresponding to the energy of the maximum interaction, 
as follows: 

௧ଶݑ  ൌ ܿଶ ቂ1 
ଶൣሺାଵ/ଶሻమିଵ൧

ሺାଵ/ଶሻమሾሺାଵ/ଶሻమିଶሿ
ቃ ൌ ܿଶ߯

ଶ (9) 

As shown in Fig. 1, the numerical coefficient ߯, which represents the relativistic factor of the tachyonic 
regime, rapidly tends to one as the spin increases. 

 

Figure 1. Numerical factor ߯ vs. particle spin J. 

This means that the probability of the interaction between the bradyon and the tachyon does not have 
negligible values only when both particles have very high energy, that is, in an ultrarelativistic regime. 

3   Majorana Lagrangian Field 

As proposed in a recent paper [18], the Lagrangian density of the Majorana field may be expressed as 
the sum between the Dirac field with positive energy and the infinite Dirac-like tachyonic fields with 
negative frequencies [35], as follows: 

 ࣦ ൌ ത߰శ൫݅ߛ
ఓ

ఓ߲ െ ݉൯߰శ  ത߰௧ష ൬݅ߛ
ఓ

ఓ߲  ݅
ඥሺାଵ/ଶሻమିଵ

ሺାଵ/ଶሻ
݉൰߰௧ష (10) 

The Dirac field operators are expressed as follows: 
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ௗయ
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ଵ

√ଶா
∑ ܽ௦ݑ௦݁ݔሼ݅ሺ݇ݔ െ ሻሽ௦ݐ߱

 (11) 

where the superscript s represents the two possible spin z-components ܬ௭ ൌ േ1/2. The creator and 
annihilator operators must satisfy the anticommutation relationship, as follows: 

 ቄܽ , ൫ܽ௦൯
ற
ቅ ൌ ሺ2ߨሻଷߜଷሺ െ  ௦ (12)ߜሻݍ

Because only positive energy solutions are considered, ߛ represents the unit matrix. The Dirac-like 
tachyonic operator fields with negative frequencies are expressed as follows: 
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 (13) 

where the superscript s always represents the two possible spin components ܬ௭ ൌ േ1/2. Obviously, 
operators ൫ݐ௦൯

ற and ݐ௦ must comply with the anticommutation relationship expressed by Eq. 12. Let us 
reiterate that the spin z-components of tachyons must be parallel to the spin z-component of the 
bradyon. Therefore, to construct particles with an increasing spin, it is necessary for operator ൫ܽ௦൯

ற to 
create a number of ሺ2ܬ െ 1ሻ tachyons with negative frequency such that their total mass is ߤ. For 
instance, the state with ܬ ൌ 3/2 is given by the interaction between the spin-1/2 bradyon and the 
ensemble of the two spin-1/2 antitachyons with a total mass of μଷ/ଶ ൌ i √

ଷ

ଶ
m. In accordance with this 

mechanism, we can write the tachyonic spinors as follows: 
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 (14) 

Because the reference frame is that of the center of mass, the bradyonic and tachyonic wave numbers 
and frequencies are expressed as follows: 

 ൞
݇ ൌ బܭ ൌ 0					; 					߱ ൌ ߱బ ൌ

బమ
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where the following inequality must hold: 

 
ଶܿଶ 

ሺାଵ/ଶሻమିଵ

ሺାଵ/ଶሻమ
߱బ
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Eqs. 14 and 15 indicate that the exponential functions ݁ݔሼേ݅ሺ݇ݔ െ ݔሼേ݅ሺ݇௧ݔ݁ ሻሽ andݐ߱ െ ߱௧ݐሻሽ are 
connected by the following functional relationship: 

ݔሼെ݅ሺ݇௧ݔ݁  െ ߱௧ݐሻሽ ൌ ݃൫ߝ൯݁ݔሼെ݅ሺ݇ݔ െ ሻሽݐ߱ ൌ ݃൫ߝ൯݁ݔ൛∓݅߱బݐൟ  

where: 
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ඥሺାଵ/ଶሻమିଵ

ሺାଵ/ଶሻ
  

whose value ranges between zero and one. To find the function ݃൫ߝ൯, let us consider the following 
equations: 
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ିଵ/ଶ
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By substituting the explicit forms of k୲ and ω୲ in Eq. 17, we can easily obtain function ݃൫ߝ൯ as follows: 

 ݃൫ߝ൯ ൌ ݔ݁ ൝േ݅൫߯
ଶ െ 1൯

ିଵ/ଶ
߮ ݇ݔ െ

൫ఞ
మିଵ൯

షభ/మ
ఝ∓ଵ

ቀఞ
మିଵቁ

షభ/మ
ఝ

߱ݐ൩ൡ (17) 

Therefore, the Lagrangian expressed by Eq. (10) represents the ensemble of the infinite subluminal 
particles with decreasing mass, which are formed by the one time-like component and the ሺ2ܬ െ 1ሻ 
space-like components, all with a parallel spin-of 1/2. 

The theory that we are formulating must be invariant under a SLT. In this context, the tachyonic 
operators and spinors can be seen as the result of the appropriate SLT transformations of time-like 
operators and spinors. This topic will be discussed in detail in the next section. 
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4   Superluminal Lorentz Transformation between Time-like and Space-like 
Components 

In this section, we will use the formalism proposed by Recami for the SLTs [21, 22, 27]. The 
transformation matrices are antiorthogonals, as follows: 

߉  
߉் ൌ െ (18) 

Moreover, it can be easily proven that the inverse matrix is equal to the transpose matrix with the 
opposite sign, as follows: 

߉ 
߉߉்

ିଵ ൌ െ߉
ିଵ			ܽ݊݀					߉

߉߉்
ିଵ ൌ ߉

்					 ⇒ 						 ߉
ିଵ ൌ െ߉

்	 (19) 

Because the Lagrangian expressed by Eq. (10) must be invariant for the SLTs, the tachyonic creation 
and annihilation operators must be derived from the bradyonic ones through similarity transformations, 
as follows: 

 ൫߉൯
ିଵ
ܽ௦߉ ൌ ݐ

௦,					; 					൫߉൯
ିଵ
൫ܽ௦൯

ற
߉ ൌ ൫ݐ

௦,൯
ற
 (20) 

The same consideration must be made for the tachyonic spinors, as follows: 

 ൫߉൯
ିଵ
߉௦ݑ ൌ ݓ

௦,					; 					൫߉൯
ିଵ
߉ത௦ݑ ൌ ഥݓ

௦, (21) 

Using Eqs. (20) and (21), and property (18) we obtain the following relationships: 
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ற
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ற
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ற
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 (22) 

Therefore, the tachyonic field with negative frequencies can be rewritten as follows: 

 ቊ
ത߰௧ష ൌ െ߉

் ത߰శ߉
߰௧ష ൌ െ߉

்߰శ߉
 (23) 

By substituting the transformed tachyonic fields in Eq. (10), we can write the Majorana Lagrangian as 
the infinite sum of the finite-dimensional Dirac-like fields as follows: 

 ࣦெ ൌ ത߰శ൫݅ߛ
ఓ

ఓ߲ െ ݉൯߰శ  ∑ ߉
் ത߰శ൫݅߉ߛ

ఓ߉
்

ఓ߲ െ ߉݉൯߰శߝ݅
∞
ୀଷ/ଶ  (24) 

where only the well-known four-Dirac-spinor and the four-Dirac-gamma-matrices are used. 
The transformations expressed by Eq. (20), in combination with the property expressed by Eq. (18), 

are useful in proving that the tachyonic creator and annihilator operators satisfy the anticommutation 
relationship, as follows: 

 ቄݐ
,, ൫ݐ

௦,൯
ற
ቅ ൌ ߉

்ܽ௦߉߉
்൫ܽ௦൯

ற
߉ െ ߉

்൫ܽ௦൯
ற
߉߉

்ܽ௦߉ ൌ െቄܽ , ൫ܽ௦൯
ற
ቅ (25) 

The SLTs preserve the Clifford algebra of the gamma-Dirac-matrices as follows: 

 ൞

൛߉ߛఓ߉
், ߉జߛ߉

்ൟ ൌ െ2݃ఓజ

߉ߛ߉
் ൌ ߉ሻறߛሺ߉
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்

߉ߛ߉
߉ߛ߉்
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߉ఓߛ߉்

் ൌ 

 (26) 

Thus, this proves that the algebraic structure of the formulated theory is completely consistent with the 
physical-mathematical foundation of the fermionic fields theory described in the Standard Model. 

5   SLT Matrices of Majorana Field 

To complete our theory we need to find the explicit form of the Λ matrices. Recami proposes the 
following Hermitian form for the SLT matrices [22]: 
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ௌ்߉  ൌ ߟ
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ۇ
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ߜ  یଶݑ/௭ଶݑߙ

ۋ
ۊ

 (27) 

where ݑ௫, ݑ௬, and ݑ௭ are the three components of the tachyonic velocity expressed by Eq. (9), while the 
following relationships hold: 

 ൝
ߜ ൌ ඥሺ1 െ ሻ/|1ߠଶ݃ݐ െ ;				|ߠଶ݃ݐ ߛ					 ൌ |1 െ ;					ଵ/ଶି|ߠଶ݃ݐ ߠ݃ݐ					 ൌ ߚ

ߟ ൌ ଶߜ
௦ఏ

|௦ఏ|
				 ; ߙ					 ൌ ߛ െ ߜ

 (28) 

By using the explicit form of the relativistic factor ߯  for the tachyonic regime, the numerical 
parameters expressed by Eq. (28) become as follows: 

 

ە
ۖ
۔

ۖ
ߜۓ ൌ ݅				; ߛ					 ൌ ݅൫߯
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Thus, the SLT matrix expressed by Eq. (27) takes the following form: 
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ۉ
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ی

ۋ
ۋ
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 (30) 

In the matrix expressed by Eq. (30), the tachyonic velocity components still remain unknown. To 
determine them, we must impose the constraint of ߉்߉ ൌ െ, and consider that ݑଶ is equal to Eq. (9) 
to obtain the following relationships: 

 

ە
۔

ܿ/௫ݑۓ ൌ േ݅ට
ቀఞ

మିଵቁఛ
మ௨

మ

మ
 ߯

ଶൣ൫߯
ଶ െ 1൯ሺ2߬ െ 1ሻ൧ 

ఛ
మ௨

మ

మ
/൫߯

ଶ െ 1൯߬
ଶ

ܿ/௫ݑ ് 0
∀െݑ௭/ܿ ∈ Ը

 (31) 

Therefore, as expected, the tachyonic velocity u is quantized by Eq. (9). However, its components can 
take continuous values, provided that they comply with the relationships expressed in Eq. (31). Note 
that the components of tachyonic velocity may also be assumed to have negative and imaginary 
components [36]. 

6   Discussion 

The maximum probability for the occupation of a given Majorana excited state takes significant values 
only when the particle velocity is close to that of light. In such an ultrarelativistic regime, quantum 
theory provides the formation of particle-antiparticle pairs [37] that are collinearly emitted with four-
impulses, as follows: 

ఓ  ൌ ቀ
ா


, ቁ ൌ ቀ

ாభ

, ଵቁ ൌ ቀ

ாమ

, ଶቁ ܧ			ݐ݄ܽݐ	݄ܿݑݏ			 ൌ ඥଶܿଶ  ݉

ଶܿସ (32) 

In the case of a neutral particle, such as a neutrino, the boson mediator of the process is ܼ and its 
threshold momentum is expressed as follows: 

ଶݍ  ൌ ఓఓ4 ൌ 4ሺଶܿଶ  ݉
ଶܿସሻ െ ଶܿଶ4 ൌ 4݉

ଶܿସ (33) 
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Recently, Jentschura explained various data collected by the Ice Cube Collaboration and proposed a 
similar mechanism, where a superluminal neutrino decays into two collinear tachyonic pairs [38]. In the 
case where the two collinearly emitted tachyons have different energies, the following relationships hold: 

 

ە
ۖ
۔

ۖ
ۓ ଵܧ ൌ ටଵ

ଶܿଶ െ ݉ఓ
ଶܿସ				; ଶܧ					 ൌ ටଶ

ଶܿଶ െ ݉ఓ
ଶܿସ

ଶݍ ൌ ቆටଵ
ଶܿଶ െ ݉ఓ

ଶܿସ  ටଶ
ଶܿଶ െ ݉ఓ

ଶܿସቇ
ଶ

െ ሺଵܿ  ଶܿሻଶ ൌ െ4݉ఓ
ଶܿସ

 (34) 

where ݉ఓ is the tachyonic imaginary mass of the decaying neutrino. Because ݍଶ is negative, there is no 
lower threshold for tachyonic pair production. This result may be adapted to the proposed Majorana 
field theory; that is, in an ultrarelativistic regime a subluminal particle could decay into a tachyon-
antitachyon pair with parallel spin, whose total energy is always negative. Under this hypothesis, Eq. 
(34) becomes as follows: 

 

ە
ۖ
۔

ۖ
ۓ ଵܧ ൌ ටଵ

ଶܿଶ െ ߤ
ଶܿସ/2				; ଶܧ					 ൌ ටଶ

ଶܿଶ െ ߤ
ଶܿସ/2

ଶݍ ൌ ൬ටଵ
ଶܿଶ െ ߤ

ଶܿସ/2  ටଶ
ଶܿଶ െ ߤ

ଶܿସ/2൰
ଶ

െ ሺଵܿ  ଶܿሻଶ ൌ 4
బ
మ

ሺାଵ/ଶሻమ
ܿସ

 (35) 

Therefore, an ultrarelativistic bradyon in the fundamental state decays into a particle with lower mass 
and a tachyonic pair. In turn, the obtained particle may decay again into another lower mass particle 
with a new tachyonic pair production, and so on. This iterative mechanism fulfills all requirements 
discussed in Section 3. The probability that these decays will occur is expressed by Eq. 5 and declines 
progressively as the number of tachyonic pair production increases. Note that the term ݍଶ is positive; 
therefore, the tachyonic pair formation characterizing our process occurs only when the lower threshold, 
given by the second expression in Eq. (34), is exceeded. Because the Majorana field has been formulated 
with full regard to the theory of relativity, even if it is extended to superluminal motions, it is 
reasonable to assume that the formation process of a Majorana excited state is mediated by a gauge 
boson, whose four-impulse is given by 4݉

ଶܿସ/ሺܬ  1/2ሻଶ. The mass of this boson will depend on the 
quantum number ܬ. 

Although the formation process of an excited state is formally similar to that of beta decay, the 
ensemble of obtained particles tends to remain together as a composite system, which is one of the 
cornerstones of the proposed theory. Thus, an interaction force exists between the time-like and space-
like components of the field, and this force can be related to the fifth-force mentioned in other 
speculative theories [39]. From an algebraic viewpoint, this force is represented precisely by the 
transformation of similarity that binds the time-like component with the space-like components. 

The Lagrangian field that we formulated can be extended symmetrically to the case of antiparticles. 
In fact, the Majorana equation can be reformulated under the assumption that the allowed solutions 
have only negative energies. In this case, to avoid the divergences of the Hamiltonian operator, it is be 
necessary to accept that the excited antiparticle states are represented by composed systems, where 
tachyons are replaced with antitachyons. 

7   Conclusion 

The neutrino is a particle candidate for testing the Majorana field theory, at least according to the 
interpretation considered in this study. The neutrino propagates at a velocity very close to that of light 
and can reach energy in the order of PeV [38] under optimal conditions, because the ultrarelativistic 
particle interacts with the tachyonic field. The neutrino is the only particle for which the mass 
oscillation phenomenon is known [40-41], and recently the MiniBooNE experiment at the Fermilab 
detected an anomalous event that could be explained by a new neutrino flavour that is different from 
the three currently known flavours [42]. 

Moreover, our model may have cosmological implications and, owing to the speculative assumption 
needed, it could help in explaining the intimate nature of dark matter and dark energy, even if it may 
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currently be too risky to undertake this research direction. In particular, in dense regions of the universe, 
where matter is confined in extremely small spaces and energy is very high, the particles could be 
accompanied by their tachyonic partners, which suggest that the actual mass is lower in comparison 
with the mass in a non-ultrarelativistic regime. The dark matter hypothesis of tachyon origin has 
already been considered by other studies [43-44]. However, the idea that it can be derived directly from 
ordinary particles through a new decay mechanism is a topic that can stimulate theoretical research 
beyond the Standard Model. 
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