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Abstract 

Big Bang Nucleosynthesis (BBN) is a crucial phase in the universe's evolution, occurring approximately 1 second after 

the Big Bang. The BBN theory predicts a primordial Helium-4 abundance of about 25%, offering key limits on the 

number of light particles present at BBN temperatures. The Left-Right Symmetry Model with an Extra Scalar Field is 

a development of the Standard Model that adds a massive scalar field, which can decay into relativistic particles. This 

research aims to determine the temperature ratio between the right and left sectors, the mass limit of the massive scalar 

field consistent with BBN constraints, and the primordial helium abundance. This research is theoretical. The research 

objectives can be achieved with various methods; the Yukawa Lagrangian and the Scalar Potential are depicted in a 

Feynman Diagram, which then calculates each sector’s decay rate and temperature changes. The temperature ratio of 

the right and left sectors when the BBN took place in this model was 0.08-0.09. The BBN constraint imposes a 

dimensionless bound expressed as the mass ratio of the scalar field in the right sector to that in the left sector 

is mχR
mχL

⁄ ≈ 0.09 − 0.10. The abundance of primordial Helium-4 in the left sector is 25%, according to the Standard 

Model, while primordial Helium-4 in the right industry is 79%-87%. Thus, the Left-Right Symmetry Model with Extra 

Scalar mode satisfies the constraints of BBN words. 

Keywords: Primordial Helium; Standard Model; Big Bang Nucleosynthesis (BBN); Left-Right Symmetry; Feynman 

Diagram 
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INTRODUCTION 

Big Bang Nucleosynthesis (BBN), proposed by George Gamow in 1946, is a crucial phase in the 

evolution of the universe, approximately one second after the Big Bang [1]. Both the Standard 

Model of Cosmology and Particle Physics can describe cosmological phenomena from the moment 

of the Big Bang to the era of Big Bang Nucleosynthesis. The Standard Model allows us to extrapolate 

the state of the universe into the past up to 12  10t s− . [2]. In the time interval, 12 210 10 s− −− The 

universe experienced an electroweak transition and a strong-interaction transition. At a  110 s− At a 

time interval, the neutrinos escape from thermal equilibrium, a process called neutrino decoupling. 

Next, we enter the BBN period, which occurs after one second. [3].  

BBN formed primordial light nuclei when the universe's temperature was around 1 MeV to 
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several KeV. [3]. During the BBN era, protons and neutrons will combine to form light nuclei, such 

as primordial helium-4. This BBN theory predicts a primordial Helium-4 abundance of around 25%. 

This prediction limits the number of light particles at the BBN temperature. For example, according 

to the Standard Model, there are three types of neutrinos. However, if additional types of light 

neutrinos exist, the temperature must be lower than the photon temperature at the time of BBN. 

[1]. The additional light neutrinos allowed by BBN are around 0,2 0,3N  − , so this prediction 

imposes a constraint on all extensions of the Standard Model. [4]. 

The Standard Model needs expansion because it has several weaknesses. Its weaknesses are 

that it cannot explain hierarchy problems and dark matter. [5].  The other mysteries that cannot be 

explained are the matter-antimatter asymmetry and neutrino oscillations. [6]. So, we need to 

construct Expansions of the Standard Model. There are some extensions of the Standard Model, 

such as the Minimal Extension, which introduces a new scalar particle with its own mass generation 

mechanism; however, its cosmological effects have not yet been studied. [7,8]. The Grand Unified 

Theory with discrete flavor symmetry, such as S₄, has successfully explained the fermion mass 

structure and mixing. However, the cosmological implications of additional scalar fields in the 

model, particularly for Big Bang Nucleosynthesis and the abundance of light elements, have not 

been thoroughly studied. [9]. The SU(5)-based Grand Unified Theory model with modular A₄ 

symmetry has successfully provided a highly predictive description of fermion masses and 

mixings, particularly in the neutrino sector, including predictions for the maximum mixing angle 

and leptonic CP violation. However, these studies are generally limited to the flavor sector and low-

energy phenomenology, without discussing the cosmological implications of the additional fields 

introduced. In particular, the impact of the scalar sector, flavors, and new particles on the evolution 

of the early universe, such as Big Bang Nucleosynthesis and the abundance of light elements, has 

not been studied. Therefore, a research gap remains, as the consistency of GUT models with 

additional scalar charges needs to be tested against the constraints of early cosmology. [10]. 

The mirror model developed by Mohapatra and Nasri [11]. Complies with BBN constraints by 

assuming the post-inflation reheating temperature in the mirror sector is supposed to be lower by 

about a factor of 10 than in the visible sector to keep the mirror sector from being in thermal contact 

with the standard industry. The model with mirror symmetry studied by Satriawan [12]. Also, it 

avoided the BBN problem by assuming the real-sector temperature was higher than the mirror-

sector temperature. Kawasaki et al. [13] examined the effects of massive particle decay, which did 

not affect the abundance of ancient Helium-4 with a lifetime limit of around 210 s− . Boyarsky et al. 

[14] investigated a model involving the decay of massive neutral leptons, demonstrating that the 

BBN constraints could be satisfied if the particle's lifetime were less than 0.02 seconds. 

J. C. Pati Salam [15] was the first to introduce the Left-Right Symmetry Model (LRS Model). 

Left-handed and right-handed particles are treated the same in this model. One aim of developing 

this model is to explain parity-symmetry violations and charge conjugation. Parity violation, 

usually observed at low energies, will be followed when symmetry breaking occurs at high 

energies. Right-handed neutrinos are an automatic consequence of the LRS Model so that this 

model can explain the small mass of neutrinos through the see-saw mechanism. During its 

development, the Left-Right Symmetry Model also introduced additional bidoublet scalars in its 

scalar sector. [16–19]. Apart from that, some developments do not introduce bidoublet scalars but 

only introduce additional doublet and singlet scalars in the scalar sector. [20–22]. 

Recent developments in the LRS Model, such as the Minimal LRS Model and the New LRS 
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Model, ensure BBN constraints are met by stabilizing massive neutrinos or by adjusting the 

temperature ratios between different sectors. [19,21]. The Modified LRS Model integrates Higgs 

and t- and tau-boson mass formulations consistent with the Standard Model while addressing dark 

matter and neutrino mass issues. [20,23–24]. 

Despite various extensions to the Standard Model—such as the minimal extension, Grand 

Unification theory, mirror models, and Left-Right Symmetry (LRS)—most studies remain focused 

on particle phenomenology and fermion mass generation, with limited attention to the 

cosmological constraints of the early universe. In particular, the embedding of scalar fields and 

additional particles has not been thoroughly analyzed with respect to BBN constraints, especially 

those related to primordial helium-4. Existing approaches often rely on a temperature hierarchy 

between sectors or adjustments to particle lifetimes to meet the BBN constraints, without explicitly 

tracking the thermal evolution of the two industries from post-inflationary reheating to the BBN 

epoch. 

In this research, we develop a Left-Right Symmetry model with an additional scalar field, in 

which parity at the beginning of the Big Bang is symmetric and subsequently undergoes 

spontaneous breaking, resulting in two sectors—a left-hand sector and a right-hand sector—

existing in the same universe but with different thermal properties. This difference in temperature 

evolution allows each sector to undergo separate Big Bang nucleosynthesis (BBN). This approach 

is phenomenologically hybrid: unlike mirror models that separate the real and mirror sectors into 

distinct universes, this model maintains a single universe with two post-parity-breaking sectors. 

Therefore, this study aims to analyze the temperature evolution in both sectors from post-

inflationary reheating to the BBN process. The light particles introduced in this model could 

influence the discussion of primordial helium-4, necessitating further research on the constraints of 

BBN in the context of models that address them. It is important to understand when BBN occurred 

and to disentangle primordial helium in both sectors. 

 

METHOD 

This research is theoretical. Particle interactions are identified by examining the Higgs potential 

and the Yukawa Lagrangian, illustrated using Feynman diagrams. Subsequently, the interaction 

probability is calculated by applying the Feynman rules within the Toy Theory framework. [25]. 

The decay rate, on the other hand, is determined using the Golden Rule.  Temperature evolution 

can be known by finding the ratio of the initial and final temperatures caused by the decay of 

massive particles, which is given by Equation (1) [26]. 
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Where 𝑌𝑘𝑖 =
𝑛𝑖

𝑠
. The number density of particle species is determined by  equation (2) [3]. 

𝑛𝑖 = 𝑔𝑖 (
𝑚𝑖𝑇

2𝜋
)

3

2
𝑒

𝜇𝑖−𝑚𝑖
𝑇                                                              (2) 

The neutrons and protons that have survived since the beginning of BBN combine to form the 

primordial helium-4 nucleus. The primordial helium abundance in the mirror sector can be 

calculated using the formula in Equation (3) [27–28]. 
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These equations enable the precise determination of the primordial Helium-4 abundance. 

 

Calculation Procedure 

The quantitative results in this study were obtained without performing numerical simulations. 

Instead, we employ an analytical approach to estimate orders. Equation (1) is used to estimate the 

temperature ratio between the right and left sectors. This equation encompasses numerous 

interactions involving massive particle decays and their corresponding decay rates. The 

approximation is performed by retaining only the dominant decay. Equation (2) is used to estimate 

the particle number density, which, in turn, affects the temperature ratio. The approximation is 

carried out by keeping only the leading mass order. Equation (3) is used to estimate the helium 

content in the right sector and is an estimate of the ratio between the known sectors. The neutron 

lifetime in the right sector is 𝜏𝑛~886 𝑠. The symbol 𝑡𝑁~200 𝑠 represents the age of the universe 

when deuterium freezes. The symbol 𝑇𝑊~0.75 MeV is the temperature at which the neutron-proton 

freezes out. The symbol 𝛥𝑚 = 1.3 MeV is the difference in the masses of neutrons and protons. 

 

LEFT-RIGHT SYMMETRY MODEL WITH EXTRA SCALAR FIELD  

The Left-Right Symmetry Model with an additional scalar field is a variation of the LRS 

Model that incorporates a new scalar field. This model is constructed to be invariant under the 

gauge group.  ( ) ( ) ( ) ( )3 2 2 1
C L R B L

SU SU SU U
−

   . The proposed particles are divided into two 

sectors, namely the left and right sectors, as shown in Table 1. In this model, each Left-handed (L) 

field in the left sector has a Right-handed (R) field pair in the right sector; this also applies to gauge 

bosons that correspond to each other, allowing the definition of parity symmetry in the sense of 

Equation (4). The fermion particles in the left sector are Standard Model particles with the addition 

of the right-handed neutrino 
R . The parity transform can change the left-handed and right-handed 

fields through transformations, as shown by Equation (4). 

0 0: ,L R R LP      → →                                                    (4) 

 

The symmetry that applies to this model, according to Table 4.1, is shown by Equation (5). 

L R

L R

R L

q Q

L

u U







                                                                        (5) 

The fermions in the right sector are duplicates of the left-sector fermions, with a similar 

fundamental representation. The scalar field in this model, shown in Table 1, has the same B-L 

numbers. B-L is the baryon number and lepton number, respectively; this is because parity 

symmetry in this model only changes chirality, not B-L.  

This model introduces eight new scalar fields—extra additions, as shown in Table 1. The 

assumption of introducing eight scalar fields in this model is 

1. The two primary doublet scalar fields are 
L and 

R  
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When spontaneous symmetry breaking occurs, both primary scalar fields will obtain a 

Vacuum Expectation Value (VEV). Then it will generate Dirac fermion and boson masses in 

the left- and right-handed sectors. 

2. The two new doublet scalar fields are 
L and 

R  

The two new doublet scalar fields are involved in the phenomenological symmetry-breaking 

process. The scalar fields
L and 

R have the exact fundamental representation as in the 

doublet fermions 
Lq and 

RQ . 

3. The four new singlet scalar fields are , ,    and   

The four singlet scalar fields act as mediators between the left- and right-handed sectors and 

may also be viewed as leptoquark particles that facilitate lepton-quark decay. 

4. Extra scalar fields do not affect the primordial helium abundance that occurred during the 

Big Bang Nucleosynthesis (BBN). 

 

Table 1. Fundamental Representative Fermion and Scalar Field Particles 

 Left Sector  

Fermion Rep B-L Scalar Rep B-L 

L  ( )1−1,2,1,  −1 
L     (𝟏, 𝟐, 𝟏, −1) −1 

R  (𝟏, 𝟏, 𝟏, 0) 0   ( )01,1,1,  0 

Re   (𝟏, 𝟏, 𝟏, −1) −1   (𝟏, 𝟏, 𝟏, −1) −1 

Lq  
1

3

 
 
 

3,2,1,  
1

3
 

L  
1

3

 
 
 

3,2,1,  
1

3
 

Ru  (𝟑, 𝟐, 𝟏,
1

3
) 

1

3
   (𝟑, 𝟐, 𝟏,

1

3
) 

1

3
 

Rd  (𝟑, 𝟐, 𝟏, −
1

3
) −

1

3
   (𝟑, 𝟐, 𝟏, −

1

3
) −

1

3
 

 Right Sector  

Fermion Rep B-L Scalar Rep B-L 

RL  ( )1−1,1,2,  −1 
R  ( )1−1,1,2,  −1 

LN  ( )01,1,1,  0 *  ( )01,1,1,  0 

LE  (𝟏, 𝟏, 𝟏, −1) −1 *  (𝟏, 𝟏, 𝟏, −1) −1 

RQ  
1

,
3

 
 
 

3,1 2,  
1

3
 

L  
1

,
3

 
 
 

3,1 2,  
1

3
 

LU  (𝟑, 𝟏, 𝟐,
1

3
) 

1

3
 *  (𝟑, 𝟏, 𝟐,

1

3
) 

1

3
 

LD  (𝟑, 𝟏, 𝟐, −
1

3
) −

1

3
 *  (𝟑, 𝟏, 𝟐, −

1

3
) −

1

3
 

 

There are two symmetry-breaking stages in the gauge group used in the LRS Model with 

Extra Scalar Fields. In the symmetry-breaking scheme with the assumptions, the first symmetry 

breaking occurred at universe energies of around 10 TeV. When the scalar field 
L and the scalar 

field  
R take the VEV value equal to zero as shown by equation (6). 

0; 0L R = =                                                                 (6) 

Equation (7) shows that singlet scalar fields such as , ,    and  also get a VEV value of zero,  
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0   = = = =                                                           (7) 

The gauge group ( ) ( ) ( ) ( )3 2 2 1
C L R B L

SU SU SU U
−

     breaks down to become the Standard Model 

gauge group 𝑆𝑈(3)𝐶 ⊗  𝑆𝑈(2)𝐿 ⊗  𝑈(1)𝑌. The left and right sectors remain symmetrical in terms of 

temperature and particle number. The photon masses in both sectors are also zero. The second 

breaking of symmetry occurs when the scalar field. 
L and the scalar field 

R take the VEV at a 

temperature of the universe of about 210   GeV. The VEV value is shown in Equation (8). 

1 1
;

0 02 2

L R

L R

 
 

   
= =   

   

                                                       (8) 

Symmetry breaking occurs in the gauge group 𝑆𝑈(3)𝐶 ⊗  𝑆𝑈(2)𝐿 ⊗  𝑈(1)𝑌 to become the gauge 

group ( ) ( )3 1
C em

SU U .  

 

SCALAR POTENTIAL 

The scalar field potential represents the interaction among scalar fields, as shown by Equation 

(9) 

𝑉 = −𝜇𝐿
2𝜑𝐿

†𝜑𝐿 − 𝜇𝑅
2𝜑𝑅

†𝜑𝑅 + 𝜇𝜂
2|𝜂|2 + 𝜇𝜉

2|𝜉|2 − 𝜇𝜒𝐿
2 𝜒𝐿

†𝜒𝐿 − 𝜇𝜒𝑅
2 𝜒𝑅

†𝜒𝑅 + 𝜇𝜌
2|𝜌|2 + 𝜇𝜔

2 |𝜔|2 

+𝜆1|𝜑𝐿
†𝜑𝐿|

2
+ 𝜆2|𝜑𝑅

†𝜑𝑅|
2

+ 𝜆3|𝜂|4 + 𝜆4|𝜉|4 + 𝜆5|𝜒𝐿|4 + 𝜆6|𝜒𝑅|4 + 𝜆7|𝜌|4 + 𝜆8|𝜔|4 

+𝜖1|𝜑𝐿
†𝜑𝐿||𝜑𝑅

†𝜑𝑅| + |𝜂|2(𝜖2𝜑𝐿
†𝜑𝐿 + 𝜖3𝜑𝑅

†𝜑𝑅) + 𝜉2(𝜖4𝜑𝐿
†𝜑𝐿 + 𝜖5𝜑𝑅

†𝜑𝑅) + 𝜖6𝜑𝐿
†𝜑𝐿𝜒𝐿

†𝜒𝐿 

+𝜖7𝜑𝐿
†𝜑𝐿𝜒𝑅

†𝜒𝑅 + 𝜖8𝜑𝑅
†𝜑𝑅𝜒𝐿

†𝜒𝐿 + 𝜖9𝜑𝑅
†𝜑𝑅𝜒𝑅

†𝜒𝑅 + |𝜌|2(𝜖10𝜑𝐿
†𝜑𝐿 + 𝜖11𝜑𝑅

†𝜑𝑅) 

+|𝜔|2(𝜖12𝜑𝐿
†𝜑𝐿 + 𝜖13𝜑𝑅

†𝜑𝑅) + 𝜖14𝜒𝐿
†𝜒𝐿𝜒𝑅

†𝜒𝑅 + |𝜂|2(𝛿1𝜒𝐿
†𝜒𝐿 + 𝛿2𝜒𝑅

†𝜒𝑅) 

+|𝜉|2(𝛿3𝜒𝐿
†𝜒𝐿 + 𝛿4𝜒𝑅

†𝜒𝑅) + |𝜌|2(𝛿5𝜒𝐿
†𝜒𝐿 + 𝛿6𝜒𝑅

†𝜒𝑅) + |𝜔|2(𝛿7𝜒𝐿
†𝜒𝐿 + 𝛿8𝜒𝑅

†𝜒𝑅) 

+|𝜂|(𝛼1𝜑𝐿
†𝜑𝐿 + 𝛼2𝜑𝑅

†𝜑𝑅) + 𝛼3𝜂|𝜉|2 + 𝜂(𝛼4𝜒𝐿
†𝜒𝐿 + 𝛼5𝜒𝑅

†𝜒𝑅) + 𝛼6𝜂𝜌2 + 𝛼7𝜂𝜔2 + h. c. 

                                                                                                                    (9) 
The parameters , , , , , ,L R          and 

  were related to terms indicating the mass of 

the scalar field. The 𝜆𝑖 parameter indicates the self-coupling of interactions. The 𝜖𝑖  is a parameter 

that indicates the coupling between the left-right scalar field sector. The parameter δi is a coupling 

between a heavy and a light scalar. The parameter αi It is a coupling between three scalar 

interactions.  When spontaneous symmetry breaking occurs, the VEV and mass of each scalar field 

can be determined as shown in Equations (10a) and (10b). 
2 2

1 1

2

1 2 1

4 2

4

L R

L

  


 

−
= 

−

ò

ò
                                                         (10.a) 

2 2

2 1

2

1 2 1

4 2

4

R L

R

  


 

−
= 

−

ò

ò
                                                         (10.b) 

The VEV value expressions in equations (10.a) and (10.b) for 
L  and 

R  are symmetrical or 

have the same shape due to left-right symmetry. If the VEV values are not very different, 
L R  , 

then this will cause problems. The mass of the W left-sector gauge boson has been measured 

experimentally at the LHC. [22]. This result can be used to determine the mass of the W right-sector 

gauge boson. This problem can be overcome by assuming that the two VEVs differ
L R  . The 𝜐𝑅 

value is greater than the value. Based on the research results of Coutinho et al. [29], the lower limit 

for the VEV can guarantee that the particles' mass in the right sector is greater than that in the left 

sector. The scalar is the Higgs field in the Standard Model in the left sector, so that the VEV value, 



Jurnal Penelitian Fisika dan Aplikasinya (JPFA), 2025; 15(1):52-70 

Istikomah., et al 7 

 

namely 
L , is the same as the VEV value of the Higgs, 246 GeV. [30]. 

Generation of scalar-field mass occurs when the VEV expands away from its field value. The 

mass of the scalar fields in the LRS Model with Extra Scalar Field is shown by Equation (11)-(18). 
2

1L Lm =                                                                         (11) 

2

1R Rm =                                                                        (12) 

2 2 2

2 3

1
( )

2
L Rm   = + −ò ò                                                 (13) 

2 2 2

2 3

1
( )

2
L Rm   = + +ò ò                                                (14) 

8

2 2 2

6

1
( )

2L LL Rm   = + −ò ò                                                (15) 

9

2 2 2

7

1
( )

2R RL Rm   = + −ò ò                                                (16) 

2 2 2

10 11

1
( )

2
L Rm   = + +ò ò                                                (17) 

2 2 2

12 13

1
( )

2
L Rm   = + +ò ò                                                (18) 

The mass formulation of 
L In Equation (11), the Higgs field mass in the Standard Model is the 

same as the Higgs field mass in the Standard Model. The Higgs field mass, according to 

experimental results, is 126 GeV. [31]. If the assumption is that  30R L  , then the mass of 
L  will 

be smaller than the mass of ;30
R

LR m m 
  . If the VEV value 

L =246 GeV and the Higgs scalar field 

mass 
L

m
= 126 GeV, the constant value 

1 = 0.26 will get. The mass of the rest of the scalar field 

depends on the parameters. 𝜇𝑖 and 
iò . As in Equation 18, the scalar mass ω proportional to the 

mass term parameter μ𝜔 and the parameter ϵ12 , which indicates the interaction between scalars in 

the left sector 𝜙𝐿 and the parameter ϵ13 , which indicates the interaction between scalars in the right 

sector 𝜙𝑅.  Assuming the sequence of scalar field masses from the most massive to the lightest is 

L R R L
m m m m m m m m              . 

 

YUKAWA LAGRANGIAN 

Interaction terms between the scalar field and fermions, which are invariant to gauge groups 

and violation of left-right symmetry, are generally shown by Equation (19). The symbol G shows 

the Yukawa coupling constant. The scalar field 
L   is defined as  *

2L Li =   . After spontaneous 

symmetry breaking, the scalar field acquires a VEV, and the fermions acquire mass via the Yukawa 

interaction after the scalar field develops a VEV. The scalar field is then  expanded around its VEV. 

The Yukawa interaction can be written in the Lagrangian as: 

𝐿 = 𝐺𝜈(ℓ𝐿𝜑𝐿𝜈𝑅 + 𝐿𝑅𝜑𝑅𝑁𝐿 ) − 𝐺𝑒(ℓ𝐿𝜑𝐿𝑒𝑅 + 𝐿𝑅𝜑𝑅𝐸𝐿) 

−𝐺𝑑(𝑞𝐿𝜑𝐿𝑑𝑅 + 𝑄𝑅𝜑𝑅𝐷𝐿) − 𝐺𝑢(𝑞𝐿𝜑𝐿̃𝑢𝑅 + 𝑄𝑅𝜑𝑅̃𝑈𝐿) − 𝐺𝑒𝜂𝑒𝑅𝜂 𝐸𝐿 − 𝐺𝑑𝜂𝑑𝑅𝜂 𝐷𝐿 − 𝐺𝑢𝜂𝑢𝑅𝜂 𝑈𝐿 

−𝐺𝜈𝑁𝜈𝑅𝜂 𝑁𝐿 − 𝐺𝑢𝑑(𝑢𝑅𝜉∗𝐷𝐿 + 𝑈𝐿𝜉∗𝑑𝑅) − 𝐺𝜈𝑒(𝜈𝑅𝜉∗𝐸𝐿 + 𝑁𝐿𝜉∗𝑒𝑅) − 𝐺ℓ𝑑(ℓ̄𝜒𝐿𝑑𝑅 + 𝐿𝑅𝜒𝑅
𝐶𝐷𝐿) 

−𝐺𝑞𝑑(𝑄𝑅𝜒𝑅𝐷𝐿 + 𝑞𝐿𝜒𝐿𝑑𝑅)  − 𝐺ℓ𝑢(𝐿𝑅𝜒𝑅̃𝑈𝐿 + ℓ𝐿𝜒𝐿̃𝑢𝑅) − 𝐺𝜈𝑞(𝑁𝐿𝜒𝑅̃𝑄𝑅 + 𝜈𝑅𝜒𝐿̃𝑞𝐿) 
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−𝐺𝜈𝑢(𝜈𝑅𝜌∗𝑈𝐿 + 𝑁𝐿𝜌∗𝑢𝑅) − 𝐺𝑒𝑑(𝑒𝑅𝜌∗𝐷𝐿 + 𝐸𝐿𝜌∗𝑑𝑅) − 𝐺𝑒𝑢(𝑒𝑅𝜔∗𝑈𝐿 + 𝐸𝐿𝜔∗𝑢𝑅) 

−𝐺𝜈𝑑(𝜈𝑅𝜔∗𝐷𝐿 + 𝑁𝐿𝜔∗𝑑𝑅) − 𝐺𝜈𝜂(𝜈𝑅𝜂𝜈𝑅
𝐶 − 𝑁𝐿𝜂𝑁𝐿

𝐶) 

          −𝑀𝑚(𝜈𝑅𝜈𝑅
𝐶 + 𝑁𝐿𝑁𝐿

𝐶) − 𝑀𝑑𝜈𝑅𝑁𝐿 + ℎ𝑐.                                                                                                       (19) 

The fermion mass in this model is shown by the Equation (20)-(25). 

𝑚𝑒 =
𝐺𝑒𝜐𝐿

√2
,     a𝑛𝑑       𝑔(ℎ𝐿𝑒̅𝑒) =

𝑚𝑒

𝜐𝐿
                                        (20) 

𝑚𝐸 =
𝐺𝑒𝜐𝑅

√2
,    and     𝑔(ℎ𝑅𝐸̅𝐸) =

𝑚𝐸

𝜐𝑅
                                        (21) 

𝑚𝑑 =
𝐺𝑑𝜐𝐿

√2
,    and   𝑔(ℎ𝐿𝑑̅𝑑) =

𝑚𝑑

𝜐𝐿
                                         (22) 

𝑚𝐷 =
𝐺𝑑𝜐𝑅

√2
,    and   𝑔(ℎ𝑅𝐷̅𝐷) =

𝑚𝐷

𝜐𝑅
                                        (23) 

𝑚𝑢 =
𝐺𝑢𝜐𝐿

√2
,      and   𝑔(ℎ𝐿𝑢𝑢) =

𝑚𝑢

𝜐𝐿
                                        (24) 

𝑚𝑈 =
𝐺𝑈𝜐𝑅

√2
,     and   𝑔(ℎ𝑅𝑈̅𝑈) =

𝑚𝑈

𝜐𝑅
                                       (25) 

 

The electron mass formula and the up and down quark masses obtained from Equations (10), 

(22), and (23) have the same structure as the fermion mass mechanism in the Standard Model, 

namely originating from the Yukawa coupling connecting the left and right components after the 

electroweak symmetry breaking. [32]. Meanwhile, the mass in the right sector also has the same 

structure as the VEV value 𝜐𝑅. The fermion mass presented in Equations (20)-(25) arises from the 

Yukawa interaction after the symmetry breaking, with its numerical value determined through 

experiments. Electron mass is precisely measured to be 𝑚𝑒 = 0.5109989461 MeV, up-quark mass 

is 𝑚𝑢 = 2.16 ± 0.07MeV, and down-quark mass is  𝑚𝑑 = 4.70 ± 0.07 MeV. [33]. Neutrino mass 

generation does not like electron mass, down quarks, and up quarks in the left and right sectors. 

Instead, a neutrino mass is generated through the See-Saw Mechanism. The portion of Equation 

(19) that describes the neutrino is written in matrix form A   with the basis 

C C C C

L L R R R R L LN N N N     = + + + +
 

  and matrix A as shown by Equation (26). 

0 0 0
2

0 0 0
2

0
2

0
2

L

R

L

m d

R

d m

G

G

A
G

M M

G
M M

















 
− 

 
 

− 
 =
 
− 
 
 

− 
 

                                               (26) 

 

Matrix A in Equation (26) is a block matrix, 
B C

A
C D

 
=  
 

. The A block matrix information in Equation 

(27). 

0
0 0 2

; ;
0 0

0
2

L

m d

T

d mR

G

M M
B C D

M MG









 
−    
 = = =   
    − 
 

                                 (27) 

Assumed that the value of ,R LM   , block matrix D C , so the neutrino mass generation 
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process leads to the See-Saw Mechanism. In the LRS Model with an extra Scalar Field, the neutrinos 

are treated as Dirac neutrinos. The matrix A must be diagonalized to obtain the neutrino mass 

through the procedure ( )( )( )† † † †A UU AUU U U A U U     = = . Diagonalized Matrix A is a 

matrix †U AU  with a diagonal matrix U and a new basis, namely †U  . In the see-saw mechanism, 

light neutrino masses, namely 
L  and 

RN , and massive neutrino masses, namely 
R  and 

LN , will 

be obtained. 
 

EVOLUTION OF THE UNIVERSE TEMPERATURE 

The temperature evolution scheme from post-inflation reheating to the occurrence of BBN is divided into 

three stages, as shown in Figure 1. 

 

 
Figure 1. Schematic Flowchart of Temperature Evolution 

 

Stage I. After Post-Inflation Reheating 

After post-inflation reheating, the left sector gets additional heat from the decay of the 

massive particles 
R  and 

LN  in the left sector. The ratio of temperature in the left sector before the 

massive particles 
R  and 

LN  decay ( )
RLt   and after the massive particles 

R  and 
LN  decay 

( )
RLt   into relativistic particles in the left sector in Equation (28). 

( ) ( )

1 2 2
4 4 43 3 3

3 3
4 2

3 3

2,43
R R R L L L

R

fL I I

N N N

i iiLI n n

pl

T g
m n m n

T
s m

  



− −



 
        +           

 

                                 (28) 
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The symbol 

2

3

R

i n



−

 
 

 
  shows the total decay rate of neutrino 

R , which decay into relativistic 

particles in the left sector. In contrast, 

2

3

LN

i n

−

 
 

 
   is the total decay rate of neutrino 

LN , which decay 

into relativistic particles in the left sector. A list of decay processes for massive particles 
R  and 

LN

which contribute entropy to the left sector along with their decay rates, can be seen in Table (2). 

 

Table 2. Stage I: Entropy Contributor Interaction in the Left Sector  

No Decay Mode Decay Rate No Decay Mode Decay Rate 

(a.1) 𝜈𝑅 → 𝜙𝐿̃ + ℓ𝐿 Γ(a.1) =
𝐺𝜈

2𝑚𝜈𝑅

16𝜋
 (a.17) 𝑁𝐿

̅̅ ̅ → 𝑒𝑅̅̅ ̅ + 𝑢𝑅̅̅ ̅ + 𝐷𝐿 Γ(𝑎.17) =
11

96

𝐺𝑢𝑑
2 𝐺𝜈𝑒

2 𝑚𝑁 

(4𝜋)3ℏ 
 

(a.2) 𝜈𝑅 → 𝜒𝐿̃ + 𝑞𝐿  Γ(a.2) =
𝐺𝜈𝑞

2 𝑚𝜈𝑅

16𝜋
 (a.18) 𝑁𝐿

̅̅ ̅ → 𝑒𝑅̅̅ ̅ + 𝑈𝐿
̅̅ ̅ + 𝑑𝑅 Γ(𝑎.18) =

11

96

𝐺𝜈𝑒
2 𝐺𝑢𝑑

2 𝑚𝑁𝐿
 

(4𝜋)3ℏ 
 

(a.8) 𝑁𝐿 → 𝜌∗ + 𝑢𝑅 Γ(a.8) =
𝐺𝜈𝑢

2 𝑚𝑁𝐿

16𝜋
 (a.23) 𝑁𝐿

̅̅ ̅ → 𝑢𝑅̅̅ ̅ + 𝑒𝑅̅̅ ̅ + 𝐷𝐿 Γ(𝑎.23) =
11

96

𝐺𝜈𝑢
2 𝐺𝑒𝑑

2 𝑚𝑁𝐿
 

(4𝜋)3ℏ 
 

(a.9)  𝑁𝐿 → 𝜔∗ + 𝑑𝑅 Γ(a.9) =
𝐺𝜈𝑑

2 𝑚𝑁𝐿

16𝜋
 (a.24) 𝑁𝐿

̅̅ ̅ → 𝑢𝑅̅̅ ̅ + 𝐸𝐿
̅̅ ̅ + 𝑑𝑅 Γ(𝑎.24) =

11

96

𝐺𝜈𝑢
2 𝐺𝑒𝑑

2 𝑚𝑁𝐿
 

(4𝜋)3ℏ 
 

(a.10) 𝑁𝐿 → 𝜉∗ + 𝑒𝑅 Γ(a.10) =
𝐺𝜈𝑒

2 𝑚𝑁𝐿

16𝜋
 (a.30) 𝑁𝐿

̅̅ ̅ → 𝑑𝑅
̅̅̅̅ + 𝑈𝐿

̅̅ ̅ + 𝑑𝑅
𝐶 Γ(𝑎.30) =

11

96

𝐺𝜈𝑑
2 𝐺𝑢𝑑

2 𝑚𝑁𝐿
 

(4𝜋)3ℏ 
 

(a.11) 𝜈𝑅 → ℓ𝐿 + 𝑞𝐿̅̅ ̅ + 𝑢𝑅 Γ(𝑎.11) =
11

96

𝐺𝜈
2𝐺𝑢

2𝑚𝜈  

(4𝜋)3ℏ 
 (a.32) 𝑁𝐿

̅̅ ̅ → 𝑑𝑅
̅̅̅̅ + 𝑢𝑅̅̅ ̅ + 𝐷𝐿

𝐶  Γ(𝑎.32) =
11

96

𝐺𝜈𝑑
2 𝐺𝑢𝑑

2 𝑚𝑁𝐿
 

(4𝜋)3ℏ 
 

      

Examples  of model interaction (a.11) and (a.12) depicted through a Feynman diagram can be seen 

in Figure 2.  

 

 

Figure 2. Feynman  Diagram of Massive Neutrino Decay modes (a.11) and (a.12)  
 

The massive neutrino decay interaction (a.11) is a decay process with the mediator 
L   

producing three relativistic particles in the left sector. Modes (a.17) and (a.18) is a neutrino decay 

with the mediator * , which produces two left sector particles contributing entropy to the left 

sector and one right sector particle, namely 
LD   and LU  contributes entropy in the right sector. 

Assuming modes (a.17) and (a.18) only contribute entropy in the left sector. The neutrino 
R  is a 

non-relativistic massive particle ( )
R iIm T     whose particle density is the same for bosons and 

fermions, as shown by Equation (29). 
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3

2

exp
2

R R R

R R

iI

iI

m T m
n g

T

  

 





−   
= −   

   

                                              (29) 

 

The density of neutrino 
LN  also follows the same expression as 

R  particles. The entropy of the 

initial state when the neutrino particles 
R  and 

LN  just before decay is the entropy when the left 

sector temperature is equal to the neutrino mass 
RiIT m=   as shown by Equation (30). 

2
32

45R I iIs g T


=                                                           (30) 

The effective relativistic degrees of freedom in the left sector show the degrees of freedom of 

relativistic particles as shown by Equation (31). 

( ) ( )( )7
3 2 2 4 2 2 4 2 2 8 2 3 4 3 2 6 3 4 118.75

8L L

c c

I L B G e qg W        =  + + + + + + + +  +  +  +   =    (31) 

 

The particles in the relativistic state in stage I are the 
1,2,3LW  field, the B field, which has two 

polarizations, the complex singlet scalar field , ,    and  with two intrinsic degrees of freedom, 

the complex doublet scalar field 
L   and 

L   has four intrinsic degrees; gluon has eight color 

combinations with two polarizations, electron-positron with three generations and two 

polarizations, 
R   neutrinos, and antineutrinos L   with three generations and two polarizations, 

quarks-anti quarks three generations and every two polarizations. 

In the right sector, the temperature ratio before the massive particles 
R   and 𝑁𝐿 

decay(𝑡𝑅 ≪ 𝜏𝑁𝐿
)  and after the massive particles 

R  dan 𝑁𝐿  decay (𝑡𝑅 ≫ 𝜏𝑁𝐿
)  become relativistic 

particles in the left sector in Equation (32).  

( ) ( )

1 2 2
4 4 43 3 3

3 3
4 2

3 3

2,43
R R R L L L

L

fR I I

N N N

i iiR I n n

N pl

T g
m n m n

T
s m

  

− −



 
         +           

 

                             (32) 

The effective relativistic degrees of freedom in the right sector show the degrees of freedom of 

relativistic particles as shown by Equation (33). 

( ) ( )( )7
3 2 2 4 2 2 4 2 2 8 2 3 4 3 2 6 3 4 118,75

8R R

c c

I R B G E N Qg W      



 =  + + + + + + + +  +  +  +   =      (33) 

Suppose it is assumed that the temperature of the two sectors is the same, namely 
1fL fRT T= , 

and the mass of the massive particles is 
R LNm m = . In that case, the ratio between the two 

temperatures is equal to one, 
1 1fL fRT T= . After post-inflation reheating, the temperature between the 

left sector is the same as the right sector term. 

 

Stage II: Left-Right Symmetry Breaking 

In stage II, after the left-right symmetry breaking occurs, the interaction is dominated by the 

decay process of the singlet scalar fields , ,    and  as well as the interaction process involving 

the doublet scalar fields 
L   and 

R . The temperature change occurs when the temperature of the 

left sector is equal to the lifetime of the scalar field , Lt  = . The scalar field  is assumed to be the 

most massive scalar field. The temperature ratio in the left sector before the scalar fields 𝜂, 𝜉, 𝜌, 𝜔 
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and 
L  decay ( )Lt    and after the scalar fields , , ,      and 

L   decay (𝑡𝐿 ≫ 𝜏𝜂 , 𝜏𝜉 , 𝜏𝜌, 𝜏𝜔, 𝜏𝜒𝐿
) 

becomes a relativistic particle in the left sector shown by equation (34). 

( ) ( ) ( )

( ) ( )

1
2 2 2

4
3 4 4 43 3 3

3 3 3
4 2

3 3

2 2
44 3 3
33 ]

2,43
[

L L L

I IfL II

i i iiL II n n n

pl

i in n

gT
m n m n m n

T
s m

m n m n

        



     

− − −



− −

       
  +  +        

      

   
+  +    

   

  

 

       (34) 

The contributor to the entropy in the left sector during stage II is the scalar field scalar 

, , ,      and 
L  decays. The scalar field   is assumed to be the most significant contributor to 

entropy because it is the most massive field. Entropy in stage II when the temperature of the left 

sector is equal to the mass of the scalar field  ,
LIIiT m= . The amount of entropy is shown by 

Equation (35). 
2 2

3 32 2

45 45
I I iII IIs g T m g 

 
 = =                                                         (35) 

The density of the scalar field   with 1, 0g = =   is shown by Equation (36). 

( )

3
3

2

3

2

exp 0,36
2

2

iII

iII

m T m m
n g

T

  

  




   
= − =   

   

                                       (36) 

The sum density of the scalar fields , ,     and 
L  follows the same formula as the sum density of 

the scalar field   in Equation (36). The relativistic degrees of freedom in the left sector after the left-

right symmetry breaking occurs in stage II is 106.75. The scalar fields , , ,     and 
L are no longer 

relativistic because they have gained mass.  

The right sector temperature change occurs when the right sector temperature is equal to the 

lifetime of the scalar field , 
Rt = . The scalar field  is assumed to be the most massive scalar 

field. The temperature ratio in the right sector before the scalar fields , , ,     and 
R  decay 

( )Rt    and after the scalar fields , , ,     and 
R   decay ( ), , , ,

RRt           becomes a 

relativistic particle in the right sector shown by Equation (37). Symbol 

2

3

i n



−

 
 

 
  shows the total 

number of decay rates of the scalar field  , which decays into right sector relativistic particles, 

Symbol 

2

3

i n



−

 
 

 
  shows the number the total decay rate of the scalar field  which decays into 

relativistic particles in the right sector and so on.  

( ) ( ) ( )

( ) ( )

1
2 2 2

4
3 4 4 43 3 3

3 3 3
4 2

3 3

2 2
44 3 3
33 ]

2,43
[

R R R

I IfR II

i i iiR II n n n

pl

i in n

gT
m n m n m n

T
s m

m n m n

        



     

− − −



− −

       
  +  +        

      

   
+  +    

   

  

 

                   (37) 

The relativistic degree of freedom in the right sector is the same as the left sector, which is 
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106.75. There is a difference in relativistic degrees of freedom between the second and first stages  

because the scalar fields , , ,     and 
R , have acquired mass, so they are non-relativistic. The 

entropy and density of the scalar field when the initial temperature of stage II in the right sector 

is equal to the mass of the scalar field . The initial temperature of stage II in the left sector is the 

same as the final temperature of stage I in the left sector 
1 1IiL fLT T=  and the initial temperature of the 

right sector in stage II is the final temperature of the right sector of stage I,  
1IIiR fRT T= .The 

temperature ratio between the right sector and the left sector of stage II is influenced by the mass 

of the scalar field 
L and 

R , and the final temperature ratio of stage II can be approximated as in 

Equation (38). 
4 2

2

R

L

fRII

fLII

mT

T m





 
  

 

                                                           (38) 

The mass of the scalar field is 
R L

m m  , so the left sector is hotter than the right sector. 

 

Stage III: Spontaneous Symmetry Breaking 

In stage III, the scalar fields 
L  and 

R  Get VEV values. The scalar field 
L  and the scalar field 

R   

begin to decay into relativistic particles. The change in the left sector's temperature occurs when 

the left sector's temperature is equal to the lifetime of the scalar field. 𝜙𝐿, 𝑡𝐿 = 𝜏𝜙𝐿
. The temperature 

ratio in the left sector before the 
L  scalar field decays ( )

LLt    and after the 
L  scalar field decays 

( ),
LLt    The relativistic particles in the left sector are shown by equation (39). The amount of 

entropy caused by the decay of the scalar field 
L   is shown by Equation (39).  

( )

1
2

4 43
3

3
4 2

3 3

2,43

L L L

L

I I IfL III

iiL III n

pl

gT
m n

T
s m

  



−

   
    

  
                                           (39) 

The amount of entropy caused by the decay of the scalar field 
L   is shown by Equation (40).  

2 2
3 32 2

45 45L LIII iIII IIIs g T m g 

 
 = =                                                   (40) 

The density of the scalar field 
L at the time of stage III when the initial temperature of stage II in 

the left sector is equal to the mass of the scalar field 
L , 

LiLIIIT m=    and with 1, 0
L L

g = =  is 

( )
3

3
20,36 2

L
m

− . The relativistic degrees of freedom in the left sector in this stage is 102.75 because 

the scalar field 
L  is no longer relativistic because it has gained mass.  

In the right sector, the additional entropy in stage III contributes to the decay process of the 

𝜙𝑅 scalar field into relativistic fermion particles. The right sector temperature change occurs when 

the right sector temperature is equal to the lifetime of the scalar field. 
R ,

RRt = . The temperature 

ratio in the right sector before ( )
RRt      and after ( ),

RRt  the  scalar field 
R  decays  to 

relativistic particles in the right sector is shown by equation (41). 

( )

1
2

4 43
3

3
4 2

3 3

2,43

R R R

R

R I I IfR III

iiR III n

pl

gT
m n

T
s m

  



−

   
    

  
                              (41) 
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As in the left sector, a consistent pattern is observed across both sectors. The final temperature ratio 

from stage I to stage III between the right sector and the left sector is shown by Equation (42). 
2

4 23

2

23

R R

L L

fR III

fL III

m mT

T
m m

 

 

 
  

 

                                                          (42) 

Based on Equation (45), the masses influence the temperature ratio between the right sector and the 

left sector. , ,
L L R

m m m  
 and 

R
m

. With the same assumption in the final stage II, the temperature of 

the left sector is higher than the right sector in the final stage III. 

 

BIG BANG NUCLEOSYNTHESIS IN THE LEFT-RIGHT SYMMETRY MODEL WITH AN 

EXTRA SCALAR FIELD 

The left and right sectors must have had different temperatures when BBN occurred. This 

prevents the mirror sector from coming into thermal contact with the standard sector. If both sectors 

were in the same thermal equilibrium, it would produce an effective neutrino number 𝑁 that 

exceeds the limit allowed by the BBN constraints. The right sector temperature must be lower than 

the left when BBN occurs, according to research results. [12,34]. For the temperature ratio between 

sectors to comply with BBN constraints, it is necessary to know the lower limit of the scalar field 

mass ratio. ,R L    and
R . Based on the observation results, the additional new relativistic particles 

that are allowed according to BBN predictions are 0.2 0.3N  − , so for 0.2 0.3N  − , the additional 

relativistic degrees of freedom are 0.4 0.5g  − . 

The particles in the right sector that remain relativistic are the light neutrinos. 
RN . As a result, 

these particles introduce a new contribution to the relativistic degrees of freedom during the BBN 

era. The connection between the relativistic degrees of freedom and the temperature ratio of the 

right and left sectors is ( )
4

0,08 0,09f R f L BBN
T T − . The scalar field 

L , identified as a Standard Model 

Higgs particle, has a well-established mass of 126 GeV[31]. According to Equation (15), the mass of 

R  is proportional to
R , while 30R L  [29]. Thus, the mass of 

R  can be estimated as 𝑚𝜙𝑅
≈ 30. 

If we put it into equation (42), we get the ratio. 𝑚𝜒𝑅
𝑚𝜒𝐿

⁄ ≈ 0,09 − 0.10 . This mass ratio between 

the right and the left sector scalar fields shows that the mass of 
R    is more massive than the mass 

of 
R , 

RLm m  .  

The left sector temperature exceeds the right sector temperature. This indicates that Big Bang 

Nucleosynthesis in the right sector took place earlier than in the left sector. In the left sector, BBN 

occurs when the temperature decreases by about 1 MeV, and the n-p mass difference of around 1.3 

MeV causes the number of protons to be greater than that of neutrons. The decay rate of neutrons 

into protons is lower than the Universe’s expansion rate. When this happens, the decay of neutrons 

into protons occurs less frequently so that the ratio between neutrons and protons remains constant. 

The temperature at which this happens is called ~ 0,75freeze outT MeV. [3]. The result is that about 

25% of the baryons are converted into primordial Helium-4, 75% into hydrogen, and small amounts 

of other light elements. By maintaining the right sector's temperature lower than the left sector's 

temperature during BBN, this model ensures that the contribution of baryons from the right 

industry to the primordial Helium-4 abundance remains consistent with the predictions of standard 

BBN, avoiding any significant deviations. This means that despite the contribution from light 

neutrinos in the right sector, the level of additional relativistic particles is still within the limits 
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allowed by BBN. 

 
Figure 3. Temperature evolution until BBN occurs in the Left-Right sectors 

 

Big Bang Nucleosynthesis (BBN) in the right sector is qualitatively similar to the left sector, 

but it occurred earlier, as shown in Figure 3. The expansion rate is greater than the neutron-proton 

decay rate, so the right sector Neutron-Proton ratio is constant at higher temperatures  

freezeout freezeoutR LT T . Therefore, right-sector neutrons have shorter decay times. The ratio between 

Neutron-proton right is proportional to one. In the right sector, neutrons are produced and 

removed by weak interactions via the reaction in Equation (43). 

,n E p N p E n N   + → + + → +                                          (43) 

The decay of the right sector neutron n p E N → + +  can be neglected because the BBN takes place 

in the first 10 seconds or so, this time is shorter than the lifetime of the right sector neutron 886n s  . 

The approximate formula for the mass fraction of Helium-4 in the right sector in the reference is 

shown by Equation (5). [27,28]. The symbol 200Nt s  shows the age of the universe at the time of 

deuterium freeze-out. Symbol 0.75WT   MeV is magic when n p    freezeout. Thus, the 

primordial Helium-4 abundance is obtained in the right sector as shown by Equation (44). 

4 79% 87%RY  −                                                                       (44) 

The primordial Helium-4 abundance in the right sector is higher than in the left sector 
4 4R LY Y . 

This is consistent with research by Berezhiani et al. [27]  and Roux and Celine [28]. Notably, the 

primordial Helium-4 abundance in the right sector has no impact on the abundance in the left 

sector. Given its abundance, primordial Helium-4 in the right industry emerges as a potential 

candidate for dark matter. 

 

CONCLUSION 

The Left-Right Symmetry Model with an additional scalar field ensures that baryon 

contributions to primordial Helium-4 from the right sector do not disrupt standard BBN 

predictions by keeping a lower temperature in the right sector during BBN. The temperature ratio 

between the right and left sectors during Big Bang Nucleosynthesis (BBN) is. The rresponding BBN 

constrainis 𝑚𝜒𝑅
𝑚𝜒𝐿

⁄ ≈ 0,09 − 0.10. According to the Standard Model, the abundance of primordial 
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Helium-4 in the left sector remains 25% due to Big Bang Nucleosynthesis (BBN) constraints. In 

contrast, the earlier onset of BBN in the right sector leads to a more efficient production of light 

nuclei, resulting in a significantly larger primordial Helium-4 abundance of approximately 79%-

87%. 

The helium-4 abundance in the right sector does not affect the helium abundance in the left 

sector. Furthermore, the higher helium-4 abundance compared to the left sector ensures 

compatibility with the Big Bang Nuclear Force (BBN) constraint. This higher abundance of helium-

4 could be a candidate for dark matter; therefore, it needs further research. 
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