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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 me/me ~ 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.
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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 r ~10"? 5. [2]. In the time interval, 10> =105 The
universe experienced an electroweak transition and a strong-interaction transition. Ata 10"'s Ata
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 aN, <0,2-0,3, 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 Ss, 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 10~ 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 Yy,; = % The number density of particle species is determined by equation (2) [3].
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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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Zexp{—t,\,/rn (1+(TR/TL )_4);}
Y = 1
1+exp{Am/TW (1+(TR/TL ) )6}

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 1,~886 s. The symbol ty~200 s represents the age of the universe
when deuterium freezes. The symbol Ty, ~0.75 MeV is the temperature at which the neutron-proton
freezes out. The symbol Am = 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. SU(3).® SU(2), ® SU(2),®U(1), ,- 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 v, . The parity transform can change the left-handed and right-handed

fields through transformations, as shown by Equation (4).
Py =7 Ve 27V (4)

The symmetry that applies to this model, according to Table 4.1, is shown by Equation (5).
9. < Or
(, &L, ()
u, < U,
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 ¢, and ¢,
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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 y, and y,

The two new doublet scalar fields are involved in the phenomenological symmetry-breaking
process. The scalar fields y, and y, have the exact fundamental representation as in the

doublet fermions ¢, and Q,.
3. The four new singlet scalar fields are 7,&, p 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
‘, (1,2,1,-1) -1 ®, (1,2,1,-1) -1
Ve (1,1,1,0) 0 n (1,1,1,0) 0
€ (1,1,1,-1) -1 & (1,1,1,-1) -1
1 1 1 1

q, (3,2,1,§j 3 7 (3,2,1,5) 3
v (2ad) 1 (a2ad) !
3 3 3 3
dp (321—1) 1 w (321—1) !
7 3 3 77 3 3

Right Sector

Fermion Rep B-L Scalar Rep B-L
L, (1,1,2,—1) -1 Pr (1,1,2,—1) -1
N, (1,1,1,0) 0 n* (1,1,1,0) 0
E, (1,1,1,-1) -1 E* (1,1,1,-1) -1
1 1 1 1

O, (3,1,2,§j § X (3,1,2,§j §
1 1 N 1 1

U, (3, 1,2, 52 51 P (3, 1, 2,52 51
o fared ot e (aas) -}

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 y, and the scalar

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

(20)=0:(xa) =0 (6)
Equation (7) shows that singlet scalar fields such as 7,&, p and walso get a VEV value of zero,
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(m)=(&)=(p)=(w)=0 )
The gauge group SU (3)C ® SU( 2)L ® SU ( z)R QU (1)B_L breaks down to become the Standard Model

gauge group SU3)¢ ® SU(2), ® 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. ¢, and the scalar field ¢, take the VEV at a

temperature of the universe of about10’° GeV. The VEV value is shown in Equation (8).

MR

Symmetry breaking occurs in the gauge group SU(3) ® SU(2), ® U(1)y to become the gauge
group SU(3). ®U(1),, -

em

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

)
V= —uioloL — uioger + 15n1* + uFI§1 — 13, 100 — whexmxe + u3lpl® + udlwl?
2 2
+|of o] + | oior|” + Asnl* + A4lE1* + Aslxul* + Aglxrl* + A7 1pl* + Aglw]*

o (ot 2(c. ot t 2(¢. ot t t ot
+er|ol oul|oror| + M1 (e20] oL + €30 0r) + E2 (€40, @1 + €sPrPR) + €L PLYL XL
e, 0l oLxixr + €soporxixL + €t OrX LR + 1012 (€100] @1 + €1108PR)
+wl?(e20] 0L + €305 0r) + eaxixixtxe + M2 (SuxtxL + Saxtixr)

HE2(Sax) a0 + Saxtar) + 1012 (Ssxixs + Sexixr) + 10?(87x8 x1 + Ssxtxr)
+nl(arof @, + ar0ior) + asnlé|? + n(awx]x, + asxpixr) + agnp? + a;nw? + h.c.
)
The parameters u,, u,, u,, pt:, 4, p1,, and  p, were related to terms indicating the mass of

the scalar field. The A; parameter indicates the self-coupling of interactions. The €; is a parameter
that indicates the coupling between the left-right scalar field sector. The parameter §; is a coupling
between a heavy and a light scalar. The parameter «; 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\ 2
v, =% /w (10.a)
444 =9
2 A\ 2
v, =% /W«z——zqzh (10.b)
44 =9

The VEV value expressions in equations (10.a) and (10.b) for v, and v, are symmetrical or
have the same shape due to left-right symmetry. If the VEV values are not very different, v, ~v,,

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 differv, = v,. The vg

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,
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namely o, , 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).

m, =~Av,’ (11)
- 1

1. .
m, =\/5(ozui +a0,) -, (13)
1, .
me. = \/;ugz +5(021)f +030R2) (14)
| P T 2
m, = E(OGUL +QU )~ U, (15)
1, .
m, =\/5(070§ +QU )~ 1, (16)
2 1 \ 2 \ 2
m, =,H, +E(QOUL +0,0;) (17)
S P T
m, = \/,uw +E(OI2UL +0,0;7) (18)

The mass formulation of ¢, 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 v, > 300, , then the mass of ¢, will
be smaller than the mass of ¢,;30m, < m, - If the VEV value v, =246 GeV and the Higgs scalar field

mass m, = 126 GeV, the constant value 2= 0.26 will get. The mass of the rest of the scalar field
depends on the parameters. y; and ¢ . As in Equation 18, the scalar mass w proportional to the
mass term parameter i, and the parameter €, , which indicates the interaction between scalars in
the left sector ¢, and the parameter €3 , which indicates the interaction between scalars in the right
sector ¢p. Assuming the sequence of scalar field masses from the most massive to the lightest is

m,]>m§>mp>mm>mh >I’}’IZR >m(pR >m¢L.

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 ¢, is defined as ¢, =io,p, . 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 =Gyl pLvgr + LrorNy, ) — Ge({L@rer + LrorEL) .

_Gd(a(pLdR + Q_R(PRDL) - Gu(ﬂ@uR + Q_R@EUL) — Gepern EL — Gandgn Dy, — Gypugn Uy,

—GynVgrN Ny — Gyuq (@f*DL + U_LE*dR) - Gvéﬂf*EL + N_LE*eR) — Geq (ZXLdR + EXICB:DL)

—Gga (Q_RXRDL + EXLdR) - Gfu(a)?faUL + fL)?Z”R) — Gyq (N_LEQR + E)?Z‘h)

Istikomah., et al 7



Jurnal Penelitian Fisika dan Aplikasinya (JPFA), 2025; 15(1):52-70
~Gyy (VR UL + N_Lp*uR) — Geq(rP*Dy +@*dR) ~ Gey(egw*Up + E w*ug)
—Gyq(Vgw™Dy, + Nyw*dg) — Gy (Venvg — NynNf)

—Mp, (VRVE + N NE) — MgVgN,, + hc. (19)
The fermion mass in this model is shown by the Equation (20)-(25).
m, = G\e/;L, and  g(h.ee) = T—; (20)
mg = G%R, and g(hgxEE) = T—: (21)
mg = Gj;L, and g(h,dd) = T—Ld (22)
mp = Gj;R, and g(hgDD) = T—s (23)
m, = GI;;L, and g(h uu) = 7:—;‘ (24)
my = Gz;R, and g(hgUU) = T—: (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 vg. 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 m, = 0.5109989461 MeV, up-quark mass
is my, = 2.16 £ 0.07MeV, and down-quark mass is mg = 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 w4y with the basis

W= |:VL +vS N, +N5 vy+ve N, + NL‘] and matrix A as shown by Equation (26).

Gov
0 0 — L 0
2
0 0 0o G
e V2 (26)
G,u,
- 0 M M
\/E m d
Guv
0 Bt S V' M
L 2 ‘ "

B
Matrix A in Equation (26) is a block matrix, 4 = {C } . The A block matrix information in Equation
(27).
GVUL
0 0 NG 0 M, M
00 0 Gy, M, M,

N

Assumed that the value of M > v,,v,, 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 {7 Ay =yUU'AUU"y =(yU)(U'AU)(U'y ). Diagonalized Matrix A is a
matrix U' AU with a diagonal matrix U and a new basis, namely U’y . In the see-saw mechanism,
light neutrino masses, namely v, and N,, and massive neutrino masses, namely v, and N,, 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.

Post-inflation reheating
SUBB)®SU(2), ®SUR)r ®U(1)p-1

STAGE | 1

Left Right Symmetry Breaking
SUB)®SU2), ®@SUR)g @ U(1)p-, = SUB) ®SU(2), ® U(1)y

STAGE Il 1

Spontaneous Symmetry Breaking
SURB)®@SU(2), @ ULy = SUR) @ U(Dem

STAGE Illl

Big Bang Nucleosynthesis Era

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 v, and N, in the left sector. The ratio of temperature in the left sector before the

massive particles v, and N, decay (tL < Tv,f) and after the massive particles v, and N, decay

(tL >7, ) into relativistic particles in the left sector in Equation (28).

1 2 2
7\ 3 4 3 4 )
(%j ~ % (mVR nVR )3 (ZF"R ] 3 + (le nNI. )3 [ZFNL j 3 (28)

iLl 3.3
s) my,
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The symbol [ZFV j * shows the total decay rate of neutrino v,, which decay into relativistic

particles in the left sector. In contrast, (Z r, j * is the total decay rate of neutrino N,, which decay

n

into relativistic particles in the left sector. A list of decay processes for massive particles v, and N,

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

(@l) vg->a¢,+4, Tan = Gi;n;R (a.17) N, - eg + Uz + D, la1n = %%
(@2) vw-ox+tq Taz) = G%;:’R (a18) N, —eg+U,+dr Tiuig = %%
(a8) N, —p"+ug Fag) = szf;“ (a23) N >Wg+8+Dy T = %%
(@9) N, » o +dg Tas) = szf;erL (@24) N ~Wp+E +dy  Tigom = %%
(a10) N, > & +eg Tat0) = % (@30) N, >dp+U +di  Tao) = %%
(1) vg o £, + T+ ug 11G2G2m, 11%

(a.32) N, — dg + 1z + Df

Tla11) = — e Tlas2) = —
@D~ 96 (4m)*h @3 ~ 96 (4m)*h

Examples of model interaction (a.11) and (a.12) depicted through a Feynman diagram can be seen
in Figure 2.

|

éL

bR

VR £ Ny Lg

(a.ll)vR—>€L+ﬁ+uR (alZ)NL—>LR+G+UL
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 ¢,

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 p, and U contributes entropy in the right sector.
Assuming modes (a.17) and (a.18) only contribute entropy in the left sector. The neutrino v, is a
non-relativistic massive particle (va > Tﬂ) whose particle density is the same for bosons and

fermions, as shown by Equation (29).

Istikomah., et al 10
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3
m, T, \2 m, —
n, =ng( ;ﬂ”j exp{——vR 7 ””R} (29)

il

The density of neutrino N, also follows the same expression as v, particles. The entropy of the
initial state when the neutrino particles v, and N, just before decay is the entropy when the left

sector temperature is equal to the neutrino mass 7, =m, as shown by Equation (30).

27
Sy, = Xguﬂf (30)

The effective relativistic degrees of freedom in the left sector show the degrees of freedom of
relativistic particles as shown by Equation (31).

€ =3 2W, 42, +4, +2, +2,+4, +2, +2, +8 .2, +%(3-4e +3:2,+6-39.4 )=11875 (31)

The particles in the relativistic state in stage I are the W[m field, the B field, which has two
polarizations, the complex singlet scalar field 7,£, p and » with two intrinsic degrees of freedom,
the complex doublet scalar field ¢, and y, has four intrinsic degrees; gluon has eight color

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

polarizations, v, neutrinos, and antineutrinos v, 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 v, and N,

decay(tR « TNL) and after the massive particles v, dan N, decay (tR > TNL) become relativistic

particles in the left sector in Equation (32).

4 3 2 2
T 2,43g3" 4 3 : 3
[Ti] SEAE T (erkj t(mym, )21, (32)
iR1 S]%L mE;/ i n i n
The effective relativistic degrees of freedom in the right sector show the degrees of freedom of
relativistic particles as shown by Equation (33).

, . 7 ‘
g =3 W +2,+4, +2,+2, 44, +2p+2w+8()-26+§(3-4E+3-2N+6-3()-4Q):118,75 (33)

Suppose it is assumed that the temperature of the two sectors is the same, namely T, =Ty,
and the mass of the massive particles is m, =m, . In that case, the ratio between the two
temperatures is equal to one, 7, =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 77,&, p and was well as the interaction process involving

the doublet scalar fields y, and y,. The temperature change occurs when the temperature of the
left sector is equal to the lifetime of the scalar field 7,7, =, . The scalar field 5 is assumed to be the

most massive scalar field. The temperature ratio in the left sector before the scalar fields 7, ¢, p, w
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and y, decay (tL < r,]) and after the scalar fields 7,&, p,w and y, decay (t, » T, Te, Tp) Tep Ty, )

becomes a relativistic particle in the left sector shown by equation (34).
1

(?" T 0831 o (30 e 30

L1l 3 3
mp,

2 2
4 3
m,n, [erj +(mn”n)3 (ZFMJ ]
The contributor to the entropy in the left sector during stage II is the scalar field scalar
n,&, p,o and y, decays. The scalar field 7 is assumed to be the most significant contributor to

(34)

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 7,7, =m,. The amount of entropy is shown by
Equation (35).

27’ , 2

Sy :Xg*u]}] =45 ——m 8 (35)
The density of the scalar field n with g =1, 4 =0 is shown by Equation (36).
3
T 3
n =g My | exp| p — =1 | = (36)
] "\ 27 ! Ty (272-)

The sum density of the scalar fields &, p,@ and y, follows the same formula as the sum density of
the scalar field 7 in Equation (36). The relativistic degrees of freedom in the left sector after the left-
right symmetry breaking occurs in stage Il is 106.75. The scalar fields 7,£, p,@ and y, 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 fieldz, ¢, = 7, . The scalar field 7is assumed to be the most massive scalar

field. The temperature ratio in the right sector before the scalar fields 7,&, p,w and y, decay

(tR < rﬂ) and after the scalar fields 7,&, p,o and y, decay (t >T,,7,7,,7,,7, ) becomes a

relativistic particle in the right sector shown by Equation (37). Symbol (Z F”j * shows the total

n

number of decay rates of the scalar field 7, which decays into right sector relativistic particles,

Symbol (Z r 5] * shows the number the total decay rate of the scalar field £ which decays into

n

relativistic particles in the right sector and so on.
1

(o | 208 ) o () (3, )

iRII S m i n i n (37)

(g5 ) s (25 )

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 7,&, p,@ and y,, have acquired mass, so they are non-relativistic. The
entropy and density of the scalar field 7 when the initial temperature of stage Il in the right sector
is equal to the mass of the scalar field 7. The initial temperature of stage II in the left sector is the
same as the final temperature of stage I'in the left sector 7, =7, and the initial temperature of the
right sector in stage II is the final temperature of the right sector of stage I, 7, =T, .The

temperature ratio between the right sector and the left sector of stage II is influenced by the mass
of the scalar field y, and y,, and the final temperature ratio of stage II can be approximated as in

Equation (38).
4
(hj M (38)

2
Y}LH ml L

The mass of the scalar field is m, <m, , so the left sector is hotter than the right sector.

Stage III: Spontaneous Symmetry Breaking
In stage III, the scalar fields ¢, and ¢, Get VEV values. The scalar field ¢, and the scalar field ¢,

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. ¢, t;, = 74, . The temperature

ratio in the left sector before the ¢, scalar field decays (tL <7, ) and after the ¢, scalar field decays
(tL >7, ,) The relativistic particles in the left sector are shown by equation (39). The amount of

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

TIII4 243 *[ 11 ;
(o] (o)

iL Il §3 m
2

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

27’ 27’

Sy, = ?g*m];[z}l = Xm; 8sm (40)
The density of the scalar field ¢, 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 ¢,, T

iwm = My, and with 8y = L Hy = 0 is

3
0,36(27) 2 m, . The relativistic degrees of freedom in the left sector in this stage is 102.75 because
the scalar field ¢, 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
¢r 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. ¢;,#, =7, . The temperature

ratio in the right sector before (tR < T¢R) and after (tR > %’) the scalar field ¢, decays to

relativistic particles in the right sector is shown by equation (41).
1

TR[[I ) 243 *RIT1 g
(7] -] &

iR 3
N m

3 3

#r
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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).

I i
m; m
R T (42)
T 2
LI 3.2
m¢LmlL

Based on Equation (45), the masses influence the temperature ratio between the right sector and the
left sector. m, ,m, ,m, and 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. ¢,, 7, and y,.Based on the observation results, the additional new relativistic particles

that are allowed according to BBN predictions are AN <0.2-0.3, so for AN < 0.2—-0.3, the additional
relativistic degrees of freedom are Ag, <0.4-0.5 .

The particles in the right sector that remain relativistic are the light neutrinos. N, . As aresult,

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 (Tf /T );BN <0,08-0,09. The scalar field ¢, , identified as a Standard Model

Higgs particle, has a well-established mass of 126 GeV[31]. According to Equation (15), the mass of
¢ is proportional too,, while v, > 300, [29]. Thus, the mass of ¢, can be estimated as mg, ~ 30.

If we put it into equation (42), we get the ratio. m,,/m,, ~ 0,09 — 0.10 . This mass ratio between
the right and the left sector scalar fields shows that the mass of y, is more massive than the mass
of Yp, m, >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 T ~0,75 MeV. [3]. The result is that about

freeze out
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
Istikomah., et al 14
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allowed by BBN.
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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
T, >T, . Therefore, right-sector neutrons have shorter decay times. The ratio between

R reezeout Lfreezeout

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 z, ~ 886s .
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 ¢, ~200s shows the age of the universe at the time of

deuterium freeze-out. Symbol 7,, ~0.75 MeV is magic whenn «»p  freezeout. Thus, the
primordial Helium-4 abundance is obtained in the right sector as shown by Equation (44).

Y, =79%—87% (44)
The primordial Helium-4 abundance in the right sector is higher than in the left sector v,, > 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 m,,, /m,, = 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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