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ABSTRACT

The Big Bang Nucleosynthesis (BBN) was the stage in the universe's evolution when helium-4 was produced. According
to BBN theory, there are Constraints to all standard model extensions. Assuming in the Modified Mirror Model, the
temperature of the real sector is the same as the mirror sector after warming back after inflation, T; = T/ = 10'3GeV.
When the Big Bang Nucleosynthesis occurs, several massive particle decay processes can cause a temperature difference

between the real and mirror sectors. The temperature ratio between mirror sectors is = 0.03 — 0.05 with the lower
bound of the mass ratio of real and mirror scalar fields my /mg ; = 0.5.

Keywords: Standard Model, Big Bang Nucleosynthesis, Mirror Model, Particle Physics, Feynman Diagram

1. INTRODUCTION

One of the stages of the universe's evolution is the
production of past light nuclei known as Big Bang
Nucleosynthesis (BBN) era. The ongoing process of
BBN is explained by the Standard BBN theory, which
consists of the Particle Physics Standard Model and the
Cosmological Standard Model. BBN theory predicts that
at about one MEV, a quarter of the universe was
dominated by relic abundances of helium-4 [1]. The
prediction of the BBN theory provides constraints on the
number of light particles at BBN temperatures. If there
are light particles whose masses are in the same order as
neutrinos in the mass of BBN, the number of additions
allowed is only one [2]. The BBN theory follows the
results of extrapolating observational data; the other
relativistic particles allowed are around AN < 0.2 — 0.3
[3]. This additional light particle is only possible if the
particle temperature is lower than the photon
temperature.

The Standard Particle Model can predict the masses
of the W= and Z° bosons. However, it cannot explain
dark matter, particle-antiparticle asymmetry, and mass
hierarchy. Several expansions of the Standard Model,
such as the SU(5) grand unified theory with A 4 modular
symmetry [4], Minimal Left-Right Supersymmetry
Model [5], Minimal Extension of the Standard Model [6],
Modified Left-Right Symmetry Model[7][8][9] and other
models. that hope can solve the problem. Massive
particle decay with a lifetime of 1072s has been
examined, and did not affect the abundance of relic
Helium-4 [10]. A model with massive neutral lepton

decay has been examined; this Model managed to avoid
the problem of BBN with a particle lifetime of less than
0,02s[11]. In the modified mirror model, there is a mirror
sector; there are mirror particles that have the potential to
affect the abundance of past light nuclei. Thus, it is
necessary to analyze the BBN constraints on the modified
mirror model.

2. THE MODEL

The Modified Mirror Model is built based on the gauge
group SUB); ®SUB), ®SUR), ®SUR)R ®
U(1)y ® U(1)x. The list of particles in this model is
shown in Table 1

Table 1. Particle with the Fundamental Representative

Real . Mirror .
Sector Representative Sector Representative
4 1,1,21,-1,-1 Lg 1,1,2,1,-1,1
Vg 1,1,1,1,0,0 N, 1,1,1,1,0,0
er 1,1,1,1,-2,-2 E; 1,1,1,1,-2,-2

11 1 1
qi Qr _=
31212,2 31212, 3
Uug *x Uy oz
311111113123 2 3111 3, 3
dr 22 Dp _z
31111111 3' 3 3)1)1)1) 3)2
XL 1,1,21,-1,-1 Xr 1,1,2,1,-1,1
b. 1,1,11,-2,-2 [0y 1,1,1,1,-2,-2
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The scalar field potential that describes the interaction
between the most common scalar fields that is invariant
to the gauge transformation is shown by Equation (1)

Vi = =i (x1? + Ixgl?) — 15 (e > + [9: %)
+/11(|XL|4 + |XR|4) + /12(|¢e|4 + |¢E|4)

+a xR 1? + azldg 1| 12

+as(Ix P 1de? + Lxr e l?)

+a, (Ix P ldeI? + |xrl9e1?) €]

Yukawa's interaction most common restriction on
these modified mirror models is shown by
Equation (2)

L> Ge(z)LXLCeR + ZRXIg)
=G, (£ x,vp + LBXRNL)
—Ga(Guxfdg + QRXIgDL)

=Gy (quxpug + Qxr U
—Gye(ErPeN, + €¢EVR)

Gl (ErevE + E¢pNE)
_Gé(eLXLNLC - ZRXRVIg)
_Mm(VIgVR - IVLCNL)

—M,N,vg + h.c. @)

Equation (2) describes this Model's interaction between
fermions and the scalar field.

3. TEMPERATURE EVOLUTION

Based on the modified mirror model, BBN occurs
when the universe is dominated by radiation energy
density. The expansion rate of the universe is shown by
Equation (3)

8

T
H? = s (pn + pc) 3)
pl

Where p,,is the energy density of the real sector, and p,. is
the energy density of the mirror sector. The different
energy densities of the particles in the mirror sector will
certainly affect the production of relic helium-4.
According to BBN theory, the additional relativistic
degrees of freedom that can still be tolerated are Ag, =
1,75 with AN = 1. For this Model to satisfy the BBN
constraint, the temperature of the mirror sector must be
lower. Thus Equation (3) turns into Equation (4)

o= g T (10810
~3mZ4, 930 gr) @

It is assumed that the particles of the real sector and the
mirror sector do not interact with each other. The
interaction that may occur is the decay process of the
massive particles in each sector released from thermal
equilibrium. The decay process contributes entropy, the
amount of which can be determined using the laws of
thermodynamics as shown by the Equation (5)

®)

2
1, 2(45 9*) R*pi

By solving equation (5) it can be obtained the entropy
ratio of the final condition (¢t > 1) to the initial condition
(t « 1) per comoving volume shown by Equation (6)

W[

12
3.3
*Tk

(i—f) = 2,42 Z —(m"y"i)fg 6)

k le

In the period after post-inflation reheating, the
temperature of the real and mirror sectors is the same,
namely 1013 GeV. At this temperature, the energy density
of the two sectors is dominated by non-relativistic
massive particles, namely v, and N, . The effective
masses of the two particles are almost the same as the
temperature at that time. Flavor base particlevg and N, an
be written in mass basis, vy = Pgv’ and N, = P,N'.
Based on the Yukawa interaction term, the possible decay
processes of the particlesv’ and N’ are shown in Table 2.

Table 2. Neutrino Decay Modes

v' decay modes N' decay modes

(@v' =»2+y, (e)N' - ¢+,
(b)v' > L+ xg (YN > L+ xg
(V' = E'+ ¢g (@QON' > E + ¢g
(v - e+ g, (WN' -e+ ¢,

The neutrino decay modes in table 2 are illustrated via the
Feynman diagram, as shown in Figure 1. Then the decay
interaction rate is analyzed using the Golden Rule[12].

The temperature ratio after and before the particles v’
and N' decays into real relativistic particles with effective
relativistic degrees of freedom in the real sector g,; =
108,75 shown by the Equation (7)

T\ m>, 2
(%) = 0018—Y5 (G2 +62)S5 (V)
L
g*lmgl

2 WIN

While the temperature ratio in the mirror sector with
relativistic degrees of freedom g;;, = 108.75 is shown by
the Equation (8)

> wIN

1o\ 4 , 2
(F2)" = 0.018—2 (G2 + GZ,) 5 (8)

il g*lm;l

The final temperature ratio of the two sectors shown
in Equations (7) and (8) is only distinguished by the mass
v' and N’. However, because at the beginning, it was
assumed that the effective period was the same, the final
temperature in the first stage, the temperature in both

sectors is the same, Ty, = Ty,
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Figure 1. Feynman Diagram of Neutrino Decay Modes

After the universe's temperature decreased by about
10* GeV, the scalar fields ¢, and ¢z acquired unequal
vacuum expectation values (VEV). The scalar field ¢,
takesa VEV of (¢,) = 0, while (¢,) = §U¢E so the mass
of the scalar field is not the same m, # m,,.. At this
stage, the prospective mirror photon gains mass. The

possible decay processes of the particles ¢,,¢g and y,,
are shown in the table 3 and 4.

Table 3. v'and N' Mediated Decays

N’ Mediated Decay
(e)hy, » e+ £+
(fhg, = E'+ £+
(gDhg, 2 e+ L+ xz
(h)hy, = E'+ L+ xz

v’ Mediated Decay
(@)hy, > e+ L+
(bDhg, = E' + L+ x;
(cDhy, 2 e+ L+ xr
(dDhy, = E'+ L+ xz

Table 4. Direct Decays

Direct Decay
(iDhe, = Xr + Xr
(Dhg, — Xt
(kJyp = f"+ [

The (a’), ("), (e") and (f') decay modes are the
decay of the scalar fields ¢, and ¢, mediated by

neutrinos v’ whose decay results contribute entropy in
the real sector. At the same time, the results of the mode
decay (c"), (d"), (g") and (k") contribute entropy in the
mirror sector. The Feynman diagram illustrating the
direct decay mode can be seen in Figure 2.

XR XL
h¢e ,..“'f h¢£ ,,.“"’
-_————= -_——-
‘\"l.
XR AL
(i") G"
ff'
Yo Phe -
-———=-x
\'\.
f}
(k")

Figure 2 Feynman Diagram of Direct Decays

The temperature ratio in the real sector after(t >
74,) and before (t < 7y4,) the scalar fields ¢, and ¢
decays into relativistic particles with relativistic degrees
of freedom at this stage g., = 106,75 is shown by
Equation (9)

2 2
4 2 2Y 2403
(TﬂI) = 61,4 —(GVEGVZ) i

Ty 3
l g*lm?}lmg’e
2
10 10 3.,2,,2 3
m3 4+ m3 9(8m)’asm., ©
e *e \4mA,G2G2my,

Meanwhile, the temperature ratio after (¢ > 7,,) dan
and before (t < 74,) the field ¢,, ¢z, and the mirror

photony,, decays in the mirror sector with g,,, = 104.75
shown by Equation (10)

2 4

! 4 2 2\ "33

(Tfﬂl> =~ 61,42 —(GWGVZ) Ty
T il

g*lm;lmée

10 -3
m(;e 2 9(8m)3a3m?,
223 " 05 \ 42, GEG M3

s 2|

E Qg ms, M. 3

ey | eme ) =) | (10)

£ 487G'2,G"2

|
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The ratio of the final temperature of the first stage to
the final temperature of the second stage is shown by the
Equation (11)

. \4
(T fII) ~ 9*19*11"1;39

T,fII B g,*Ig’*um;E X
10 3
3
¢e i mlO ( 9(87’[)36!?2)"112/! )

SF T e\ 42,636 mE
2
130 m 10 9(8n)3a§m2 3

m

ve t Moe\ 22, GEGEm3_

N

) Q% mIZVrM-y 3 \|
M3 81)3 I D
+ ” <( ! Zf48nGrﬁeG’2 l} (11)
10 10 9(8n)3a2m2 % i
mqf +m 3 J

16

¢E 4T, 1LgG’Zm

The difference in the temperature of the two sectors
is in the next stage. The degrees of freedom in the real
sector, real photons are still massless and relativistic,
while mirror photons are mass and become non-
relativistic.

When the temperature of the universe decreased by
about 102 GeV, the scalar fields y; and x5 acquired the
same VEV, (x,) = (xz) = v. This causes the scalar field
mass y,, to equal yz, m,, =m,,. Thus, all scalar fields
have acquired their VEV and mass at this stage. At this
time, degrees of freedom are decreasing because the
scalar fieldsy, and yy are no longer relativistic. The
magnitude of the degree of relativity in the real sector at
this stage is g,,;; = 105,75. change in the temperature of
the real sector, indicated by the Equation (12)

X wWIN

T 4
(ﬂ) =167

2
o L (G2 + GG (12)
12004

3
G111y,

In the mirror sector, the temperature ratio after the
scalar field yz decays, ¢ > t,, compared to before the
scalar field yp decays into mirror particles with
relativistic degrees of freedom in this sector g,;; =
103.75 is shown by Equation (13)

" 4
Jali
= 1.67
(T’i111>
The final temperature ratio in the final stage until

BBN takes place between the two sectors with the
assumption T;; = T';; is shown by the Equation (14)

X WiN

+ Gﬁ)% (13)

(G2 + G5

3
Gy,

, 4
<T fm) - g*zg*ug*mm;’ae
- g,*lg,*"g,*lllm:;ﬁE

mi 13°< 9(8m)*aim?’ )

+m G20
J % ¢E\4mA, G2 GPmy
10 10
m3 +m3 9(8m)3aim?
be P8\ 41, G2 G2 me

wlN

16

-5 Q]:Z) mIZVIMy N
M 3 8 3 f D
iz <( ™’ L 18nG2 g

——

+ st (14)
mw N mw 9(8m)3aim? \ 3
be ¢5 \ 41, G262 mg
The temperature difference between sectors is

maintained until the ancient helium formation occurs.
The real sector temperature is higher than the mirror
sector temperature[13].

4. BBN CONSTRAINTS

The temperature ratio between sectors in Equation
(14) persists until the universe's temperature reaches 1
MeV. The second term of the Equation (14) is so small
compared to the first term that it can be neglected.
Through this approach, the temperature ratio between the
two sectors while the BBN process takes place is shown

by the Equation (15)
2 10
) 273m}?
(T fm)4 N g*lg*llg*lllm:;e [ ¢e]
= ' ' 4 10
9 1Y 19 Mg [m?]

15
Tepy (1)

de

In the modified mirror model, the mirror particle still
relativistic when BBN takes place is mirror neutrino Ng
and mirror electron E, because the masses of the two
mirror particles are in the same order as the real light
neutrino mass v, . So, the additional effective relativistic
degrees of freedom when BBN takes place is shown by
Equation (16)

do. =23 @+3@(F)  ao

Other particles still relativistic when BBN occurs are
three mirror sector neutrinos and three electron leptons,
muons, and mirror sector tauons. The temperature ratio
between the mirror sector and the real sector, according
to the BBN constraint, is shown by Equation (17)

AN
(—f> = 0.03 — 0.05 17)
7] =o. .
1
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By substituting the lower limit of the temperature ratio
(17) into Equation (15), it gave the mass ratio of the scalar
field ¢, and ¢ is obtained, as shown by Equation (18)

m
—%e~ 05 (18)

The ratio of the scalar field masses ¢, and ¢z in
Equation (18) guarantees that the additional particle-
particles introduced in the modified mirror model do not
affect the abundance of primordial helium-4. So, this
model satisfies the BBN constraints.

5. CONCLUSION

In the modified mirror model, particle decay occurs
after post-inflation reheating until the BBN mass
continues, which causes the temperature in the mirror
sector to be lower than in the real sector. This model
satisfies the BBN constraints with the condition that the
lower limit of the mass ratio of the scalar fields ¢, and
¢ is about 0.5.
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