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Ñâåðõñëàáîå âçàèìîäåéñòâèå âêëþ÷àåò â ñåáÿ òðè ïðîñòûõ ðàñøèðåíèÿ
ñòàíäàðòíîé ìîäåëè: êàëèáðîâî÷íîå ðàñøèðåíèå, ôåðìèîííîå ðàñøèðåíèå
è ñêàëÿðíîå ðàñøèðåíèå. Íà âñå ýòè ðàñøèðåíèÿ ñèëüíî âëèÿåò èõ
ñëîæíàÿ ôåíîìåíîëîãèÿ. Îíè ìîãóò îáúÿñíèòü ðÿä íåðåøåííûõ âîïðîñîâ
ôèçèêè ýëåìåíòàðíûõ ÷àñòèö è êîñìîëîãèè, âêëþ÷àÿ ãåíåçèñ òåìíîé
ìàòåðèè, êîñìè÷åñêóþ èíôëÿöèþ, àñèììåòðèþ ìàòåðèè è àíòèìàòåðèè, ìàññû
íåéòðèíî è ñòàáèëüíîñòü âàêóóìà, åñëè èõ îáúåäèíèòü â åäèíóþ ñòðóêòóðó.
Ýòî ðàñøèðåíèå êàëèáðîâî÷íîé ãðóïïû ñòàíäàðòíîé ìîäåëè GSM íà GSM ⊗
U(1)Z áåç êàêèõ-ëèáî àíîìàëèé. Ìû èññëåäóåì ïîñëåäñòâèÿ ðàçðàáîòêè
îáùåé ìàéîðàíîâñêîé ãðóïïû ïåðåíîðìèðîâêè ìàññ äëÿ íåéòðèíî ñ ìàññàìè
â äèàïàçîíå 0,03 ýÂ è 0,1 ýÂ, êîòîðûå ïîïàäàþò â íåäàâíî îïóáëèêîâàííûé
äèàïàçîí, à òàêæå â äèàïàçîí, êîòîðûé ïðåäñòîèò èññëåäîâàòü â áóäóùèõ
çàïëàíèðîâàííûõ ýêñïåðèìåíòàõ.

The super-weak interaction includes three simple extensions of the standard
model: gauge extension, fermionic extension, and scalar extension. All of these
extensions are strongly in�uenced by their complex phenomenology. They can ex-
plain a number of unresolved questions in particle physics and cosmology, including
the genesis of dark matter, cosmic in�ation, asymmetry of matter and antimatter,
neutrino masses, and vacuum stability, if combined into a single structure. This is
an extension of the gauge group of the standard model GSM by GSM⊗U(1)Z with-
out any anomalies. We investigate the implications of the development of a general
Majorana mass renormalization group for neutrinos with masses in the range of
0.03 eV and 0.1 eV , which fall within the recently published range as well as the
range to be explored in future planned experiments.
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1. Introduction4

The standard model (SM) of elementary particle physics as applied to na-5

ture is widely recognized as unsatisfactory. Even if the SM works suspiciously6

well at describing particle interactions, it must be extended to include new7

interactions resulting from the discovery of neutrino oscillations in the vac-8

uum and matter, among other phenomena. Even simple extensions can lead9

to rich phenomenology. Some of them are extensions of the gauge, fermionic,10

and scalar sectors. A heavy neutral lepton, a singlet scalar boson, or a tiny11

gauge group can be added to the model. A paradigm that takes into account12

and includes all three possible outcomes is called a super-weak model [1].13

The big bang model predicts that there is a �xed ratio between the num-14

ber of neutrinos and the number of photons in the cosmic microwave back-15

ground, which imposes the strongest upper limit on neutrino masses. The16

universe would collapse due to excess mass if the total energy of three dif-17

ferent types of neutrinos exceeded an average of 50 eV per neutrino [2]. It18

is possible to circumvent this limitation by assuming that the neutrino is19

unstable, although this is di�cult to do due to the limitations of the SM.20

Therefore, we used the super-weak theory beyond the SM [1, 3�8]. At the21

top-quark scale, we will have strongest upper limit on the sum of neutrinos22

masses (
∑

mν) from the cosmology bound which starts from ≤ 0.09 eV to23

0.3 eV [9�12].24

2. Super-weak model25

The SM group is extended by an extra U(1) group (Gauge extensions):26

SU(3)c ⊗ SU(2)L ⊗ U(1)Y ⊗ U(1)z. (1)

The kinetic terms of the U(1)Y⊗U(1)z sector of the group can be described27

with the Lagrangian density:28

LU(1) = −1

4
F µνFµν −

1

4
F ′µνF ′

µν −
ε

2
F µνF ′

µν , (2)

where Fµν and F ′
µν correspond to the �eld strength tensors of U(1)Y and29

U(1)z.30

The covariant derivative acting on the fermion �eld f :31

DU(1)
µ = ∂µ − i(yfgyBµ + zfgzB

′
µ). (3)

The yf and zf are the hypercharge and U(1)z charge of f .32

The mass eigenstates (Aµ, Zµ, Z
′
µ) with a rotation:33  B̂µ

W 3
µ

B̂′
µ

 =

cos θW − cos θZ sin θW − sin θZ sin θW
sin θW cos θZ cos θW cos θW sin θZ

0 − sin θZ cos θZ

Aµ

Zµ

Z ′
µ

 , (4)
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where θW is the weak mixing angle and θZ is the Z − Z ′ mixing angle.34

Scalar and Goldstone mixing angles (Scalar extension):35

The scalar sector of the SM Higgs SU(2) doublet ϕ with charges (yϕ, zϕ) =36

(1/2, 1) and a complex singlet scalar χ with charges (yχ, zχ) = (0,−1). The37

relevant Lagrangian is:38

Lscalar = |Dµϕ|2+ |Dµχ|2−µ2
ϕ|ϕ|2−µ2

χ|χ|2−λϕ|ϕ|4−λχ|χ|4−λ|ϕ|2|χ|2. (5)

Parametrizing the �elds after spontaneous symmetry breaking (SSB):39

ϕ =
1√
2

(
−i

√
2σ+

v + h′ + iσϕ

)
, χ =

1√
2
(w + s′ + iσχ) , (6)

where v ≃ 246.22 GeV and w are the vacuum expectation values and the40

�elds h′, s′, σχ and σϕ are real. The �elds σϕ and σχ correspond to the41

Goldstone bosons. The Scalar and Goldstone mixing angles are:42

sin θS = − λvw

λϕv2 − λχw2
, tan θG =

MZ′

MZ

tan θZ . (7)

The fermion sector of the super-weak model is extended with three sterile43

massive Majorana neutrinos NR = (ν4, ν5, ν6) (Fermion extension):44

The gauge invariant Yukawa interactions of the neutrinos are given by45

Lagrangian density:46

Lν
Y = −NRYνεαβLLαϕβ −

1

2
NRYN(NR)

cχ+ h.c., (8)

where α and β are SU(2)L indices and εαβ =

(
0 1
−1 0

)
.47

The 3× 3 Dirac and Majorana mass matrices are:48

MD =
v√
2
Yν , MN =

w√
2
YN . (9)

The light neutrino mass matrix ML = −MDM
−1
N M †

D + h.c. can be ob-49

tained by �block-diagnonalizing� the full 6 × 6 neutrino mass matrix M via50

a unitary matrix Punit:51

P T
unitMPunit = P T

unit

(
0 MT

D

MD MN

)
Punit = Mdiag = diag(m1, . . . ,m6). (10)

52

3. Renormalization group equations for Majorana neutrino mass eigenvalues53

In order to directly employ the RGEs for the physical observables, specif-54

ically the Majorana mass eigenvalues mi where (i = 1, 2, 3), we will then55

do the �diagonalize and run� approach for the neutrino parameters. The56
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Fig. 1. Evolution of the Majorana neutrino mass eigenvalues from the top-quark

pole mass scale to the Planck mass scale relative to the initial values of mi = 0.03

eV , where (i = 1, 2, 3).

same CP is also assumed to be shared by the neutrino mass eigenstates, and57

CP -violating phases in the mixing matrix are ignored.58

Speci�cally, the real neutrino mixing matrix is:59

U =

 c13c12 c13s12 s13
−c23s12 − c12s13s23 c12c23 − s12s13s23 c13s23
s12s23 − c12s13c23 −c12s23 − c23s13s12 c13c23

 , (11)

where cij = cos θij and sij = sin θij (i, j = 1, 2, 3). The mass matrix M in the60

�avor basis is diagonalized by U using UTMU = diag(m1,m2,m3). Based on61

the mass eigenvalues of the SM [13�15], the RGEs for the Majorana neutrino62

mass eigenvalues for the super-weak theory can be formulated as:63

dmi

dt
=

mi

16π2

(
2λvw + 6Y 2

t + 2Y 2
τ − 3Y 2

t U
2
τi − 3g22

)
, (i = 1, 2, 3) . (12)

64

4. Results65

Numerical run of coupled RGEs with initial quasi-degenerate or almost66

identical values of mi, 0.03 eV and 0.1 eV at top-quark pole mass (173.167

GeV ) up to the Planck scale (1.22 × 1019 GeV ) are shown in Fig. 1 and68

Fig. 2, respectively. Regardless of any initial values of mi, we see an increase69

of approximately ≃ 31.5% at the Planck scale Fig. 3.70
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