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§ NEUTRINOS ARE MASSLESS;
§ UNIFICATION OF THE STANDARD MODEL GAUGE 

COUPLINGS DOES NOT TAKE PLACE;
§ me =md , mμ =ms , m𝜏 =mb;
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§ NEUTRINOS HAVE NORMAL MASS ORDERING;



A NOVEL SU(5)MODEL PROPOSAL



A NOVEL SU(5)MODEL PROPOSAL

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

15 ⌘ ⌃ = ⌃1(1, 3, 1) + ⌃3(3, 2, 1/6) + ⌃6(6, 1,�2/3)

24 ⌘ �

35 ⌘ � = �1(1, 4,�3/2) + �3(3, 3,�2/3) + �6(6, 2, 1/6) + �10(10, 1, 1)

L⌃ � M⌃⌃⌃+ y ⌃�⌃

PARTICLE CONTENT:

YUKAWA COUPLINGS:

3

L � �0 5H5H5H35H + Y a

i
15F 5F i5

⇤
H
+ Y b

i
15F 5F i35

⇤
H

(16)

M⌫

ij
⇠ �0v2

H

16⇡2
(Y a

i
Y b

j
+ Y b

i
Y a

j
)

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

M⌫

ij
⇠ m0

0

B@
2Y a

1 Y
b

1 Y a

2 Y
b

1 + Y a

1 Y
b

2 Y a

3 Y
b

1 + Y a

1 Y
b

3

Y a

2 Y
b

1 + Y a

1 Y
b

2 2Y a

2 Y
b

2 Y a

3 Y
b

2 + Y a

2 Y
b

3

Y a

3 Y
b

1 + Y a

1 Y
b

3 Y a

3 Y
b

2 + Y a

2 Y
b

3 2Y a

3 Y
b

3

1

CA

Y a

i
, Y b

i
, Y c

i
, Y u

ij
, Y d

ij
, y i, j = 1, 2, 3

Y a

i
, Y b

i
, Y c

i
, Y u

ij
⌘ Y u

ji
, Y d

ij
⌘ �ijY

d

i
, y i, j = 1, 2, 3

L �Y d

ij
10F i5F j5

⇤
H
+ Y u

ij
10F i10F j5H

+ Y a

i
15F 5F i5

⇤
H
+ Y b

i
15F 5F i35

⇤
H
+ Y c

i
10F i15F 24H

+M⌃15F 15F + y 15F 15F 24H (17)

Mu =

✓
I+ 5

48

V 2
GUT

M2
⌃3

eY c

◆� 1
2 1p

2
v5Y

u (18)

Md =

✓
I+ 5

48

V 2
GUT

M2
⌃3

eY c

◆� 1
2

 
1p
2
v⇤5Y

d +
1

4

r
5

3

1p
2

v⇤5VGUT

M⌃3

eY ca

!
(19)

Me =
1p
2
v⇤5Y

d
T

(20)

eY c =

0

B@
Y c

1 Y
c⇤
1 Y c

1 Y
c⇤
2 Y c

1 Y
c⇤
3

Y c

2 Y
c⇤
1 Y c

2 Y
c⇤
2 Y c

2 Y
c⇤
3

Y c

3 Y
c⇤
1 Y c

3 Y
c⇤
2 Y c

3 Y
c⇤
3

1

CA (21)

eY ca =

0

B@
Y c

1 Y
a

1 Y c

1 Y
a

2 Y c

1 Y
a

3

Y c

2 Y
a

1 Y c

2 Y
a

2 Y c

2 Y
a

3

Y c

3 Y
a

1 Y c

3 Y
a

2 Y c

3 Y
a

3

1

CA (22)

M⌃1 = 1011 GeV

M�1 = 1012 GeV

m0 = 9.28134365⇥ 10�12 GeV

{Y a

1 , Y
a

2 , Y
a

3 } = {�0.08996953, 0.55129976, 1} (23)

{Y b

1 , Y
b

2 , Y
b

3 } = {0.97595416, 2.38104322, 1} (24)

{Y c

1 , Y
c

2 , Y
c

3 } = �1.86588⇥ 10�7{0.001370245, 0.0942267033, 1} (25)



1

15 ⌘ ⌃ = ⌃1(1, 3, 1) + ⌃3(3, 2, 1/6) + ⌃6(6, 1,�2/3)

24 ⌘ �

35 ⌘ � = �1(1, 4,�3/2) + �3(3, 3,�2/3) + �6(6, 2, 1/6) + �10(10, 1, 1)

L⌃ � M⌃⌃⌃+ y ⌃�⌃

M⌃1 = M⌃ +
1

2

r
3

5
yV24 ⌘ M0 (1)

M⌃3 = M⌃ +
1

4
p
15

yV24 ⌘ M0 �
1

4

r
5

3
yV24 (2)

M⌃6 = M⌃ � 1p
15

yV24 ⌘ M0 �
1

2

r
5

3
yV24 (3)

L� � µ2
35��

⇤ + µ0
35�

↵���⇤
�↵��

�

�
+ � (��⇤)�2 + �1�

↵���⇤
↵ab�

a

�
�b

�
+ �2�

↵�b�⇤
↵�c�

a

b
�c

a
(4)

M2
�1

= µ2
35 +

�V 2
24

2
+

3

20
�1V

2
24 +

3

20
�2V

2
24 +

1

2

r
3

5
V24µ

0
35 ⌘ M2

1 (5)

M2
�3

= µ2
35 +

�V 2
24

2
� 1

60
�1V

2
24 +

11

90
�2V

2
24 +

2V24µ0
35

3
p
15

⌘ M2
3 (6)

M2
�6

= µ2
35 +

�V 2
24

2
� 2

45
�1V

2
24 +

17

180
�2V

2
24 �

V24µ0
35

6
p
15

⌘ M2
6 (7)

M2
�10

= M2
1 � 3M2

3 + 3M2
6 (8)

L � �0 5H5H5H35H + Y a

i
15F 5F i5

⇤
H
+ Y b

i
15F 5F i35

⇤
H

(9)

M⌫

ij
⇠ �0v2

H

16⇡2
(Y a

i
Y b

j
+ Y b

i
Y a

j
)

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

M⌫

ij
⇠ m0

0

@
2Y a

1 Y
b

1 Y a

2 Y
b

1 + Y a

1 Y
b

2 Y a

3 Y
b

1 + Y a

1 Y
b

3

Y a

2 Y
b

1 + Y a

1 Y
b

2 2Y a

2 Y
b

2 Y a

3 Y
b

2 + Y a

2 Y
b

3

Y a

3 Y
b

1 + Y a

1 Y
b

3 Y a

3 Y
b

2 + Y a

2 Y
b

3 2Y a

3 Y
b

3

1

A

15F 15F 5F j5F i

35H5H

5H5H

Yi
a Yj

b

λ′
**

**

NEUTRINO MASSES

*I.D. and Shaikh Saad, Phys.Rev.D 101 (2020) 1, 015009, arXiv:1910.09008.

*

d = 7 CONTRIBUTION

15F 15F 5F j5F i

35H5H

5H5H

Yi
a Yj

b

λ′
**

**

15F 15F 5F j5F i

35H5H

5H5H

Yi
a Yj

b

λ′
**

**

15F 15F 5F j5F i

35H5H

5H5H

Yi
a Yj

b

λ′
**

**

15F 15F 5F j5F i

35H5H

5H5H

Yi
a Yj

b

λ′
**

**

15F 15F 5F j5F i

35H5H

5H5H

Yi
a Yj

b

λ′
**

**

15F 15F 5F j5F i

35H5H

5H5H

Yi
a Yj

b

λ′
**

**



1

15 ⌘ ⌃ = ⌃1(1, 3, 1) + ⌃3(3, 2, 1/6) + ⌃6(6, 1,�2/3)

24 ⌘ �

35 ⌘ � = �1(1, 4,�3/2) + �3(3, 3,�2/3) + �6(6, 2, 1/6) + �10(10, 1, 1)

L⌃ � M⌃⌃⌃+ y ⌃�⌃

M⌃1 = M⌃ +
1

2

r
3

5
yV24 ⌘ M0 (1)

M⌃3 = M⌃ +
1

4
p
15

yV24 ⌘ M0 �
1

4

r
5

3
yV24 (2)

M⌃6 = M⌃ � 1p
15

yV24 ⌘ M0 �
1

2

r
5

3
yV24 (3)

L� � µ2
35��

⇤ + µ0
35�

↵���⇤
�↵��

�

�
+ � (��⇤)�2 + �1�

↵���⇤
↵ab�

a

�
�b

�
+ �2�

↵�b�⇤
↵�c�

a

b
�c

a
(4)

M2
�1

= µ2
35 +

�V 2
24

2
+

3

20
�1V

2
24 +

3

20
�2V

2
24 +

1

2

r
3

5
V24µ

0
35 ⌘ M2

1 (5)

M2
�3

= µ2
35 +

�V 2
24

2
� 1

60
�1V

2
24 +

11

90
�2V

2
24 +

2V24µ0
35

3
p
15

⌘ M2
3 (6)

M2
�6

= µ2
35 +

�V 2
24

2
� 2

45
�1V

2
24 +

17

180
�2V

2
24 �

V24µ0
35

6
p
15

⌘ M2
6 (7)

M2
�10

= M2
1 � 3M2

3 + 3M2
6 (8)

L � �0 5H5H5H35H + Y a

i
15F 5F i5

⇤
H
+ Y b

i
15F 5F i35

⇤
H

(9)

M⌫

ij
⇠ �0v2

H

16⇡2
(Y a

i
Y b

j
+ Y b

i
Y a

j
)

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

M⌫

ij
⇠ m0

0

@
2Y a

1 Y
b

1 Y a

2 Y
b

1 + Y a

1 Y
b

2 Y a

3 Y
b

1 + Y a

1 Y
b

3

Y a

2 Y
b

1 + Y a

1 Y
b

2 2Y a

2 Y
b

2 Y a

3 Y
b

2 + Y a

2 Y
b

3

Y a

3 Y
b

1 + Y a

1 Y
b

3 Y a

3 Y
b

2 + Y a

2 Y
b

3 2Y a

3 Y
b

3

1

A

15F 15F 5F j5F i

35H5H

5H5H

Yi
a Yj

b

λ′
**

**

NEUTRINO MASSES

*I.D. and Shaikh Saad, Phys.Rev.D 101 (2020) 1, 015009, arXiv:1910.09008.

*

d = 5 CONTRIBUTION



Σ1 Σ1 L jL i

Φ1Λ1

Λ1Λ1

Yi
a Yj

b

λ′
**

**

*K.S. Babu, S. Nandi, and Z. Tavartkiladze, Phys.Rev.D 80 (2009) 071702, arXiv:0905.2710. 

NEUTRINO MASSES *

d = 5 CONTRIBUTION



CHARGED FERMION MASSES

*GEORGI-GLASHOW MODEL:

*H. Georgi and S.L. Glashow, Phys. Rev. Lett. 32 (1974) 438–441.



CHARGED FERMION MASSES

*I.D. and Shaikh Saad, Phys.Rev.D 101 (2020) 1, 015009, arXiv:1910.09008.

NOVEL PROPOSAL:*



FERMION MASSES

*I.D. and Shaikh Saad, Phys.Rev.D 101 (2020) 1, 015009, arXiv:1910.09008.

*



PARAMETER SPACE ANALYSIS

*I.D., Emina Džaferović-Mašić, and Shaikh Saad, Phys.Rev.D 104 (2021) 1, 015023, arXiv:2105.01678.

*

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

15 ⌘ ⌃ = ⌃1(1, 3, 1) + ⌃3(3, 2, 1/6) + ⌃6(6, 1,�2/3)

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

15 ⌘ ⌃ = ⌃1(1, 3, 1) + ⌃3(3, 2, 1/6) + ⌃6(6, 1,�2/3)

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

1

MGUT

↵�1
GUT

m0

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

- GAUGE COUPLING UNIFICATION (                         )

1

�1 (1, 3, 0)

�8 (8, 1, 0)

�3

✓
3, 3,�2

3

◆

�6

✓
6, 2,

1

6

◆

max(MGUT)

MGUT

↵�1
GUT

m0

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

1

M⌃6 +M⌃1 = 2M⌃3

M⌃6 ⇡ M⌃1 ⇡ M⌃3

M⌃6 = �M⌃1

�1 (1, 3, 0)

�8 (8, 1, 0)

�3

✓
3, 3,�2

3

◆

�6

✓
6, 2,

1

6

◆

max(MGUT)

MGUT

↵�1
GUT

m0

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

h⇤1i ⌘ v5

h�0i ⌘ v24

- MASS RELATION(S)

1

M⌃6 +M⌃1 = 2M⌃3

M⌃6 ⇡ M⌃1 ⇡ M⌃3

M⌃6 = �M⌃1

�1 (1, 3, 0)

�8 (8, 1, 0)

�3

✓
3, 3,�2

3

◆

�6

✓
6, 2,

1

6

◆

max(MGUT)

MGUT

↵�1
GUT

m0

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

h⇤1i ⌘ v5

h�0i ⌘ v24

1

M⌃6 +M⌃1 = 2M⌃3

M⌃6 ⇡ M⌃1 ⇡ M⌃3

M⌃6 = �M⌃1

�1 (1, 3, 0)

�8 (8, 1, 0)

�3

✓
3, 3,�2

3

◆

�6

✓
6, 2,

1

6

◆

max(MGUT)

MGUT

↵�1
GUT

m0

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

h⇤1i ⌘ v5

h�0i ⌘ v24

SCENARIO (a):

SCENARIO (b):



PARAMETER SPACE ANALYSIS

*I. Cordero-Carrión, M. Hirsch, and A. Vicente,, Phys.Rev.D 101 no. 7, (2020) 075032, arXiv:1912.08858.

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

- GAUGE COUPLING UNIFICATION

- FERMION MASS FIT

*

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

15 ⌘ ⌃ = ⌃1(1, 3, 1) + ⌃3(3, 2, 1/6) + ⌃6(6, 1,�2/3)

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

15 ⌘ ⌃ = ⌃1(1, 3, 1) + ⌃3(3, 2, 1/6) + ⌃6(6, 1,�2/3)

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

1

MGUT

↵�1
GUT

m0

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

M�1

M⌃1

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3



PARAMETER SPACE ANALYSIS

*I.D., Emina Džaferović-Mašić, and Shaikh Saad, Phys.Rev.D 104 (2021) 1, 015023, arXiv:2105.01678.

*

1

SU(5) SU(3)⇥ SU(2)⇥ U(1) SU(5) SU(3)⇥ SU(2)⇥ U(1)

⇤1

�
1, 2, 1

2

�
Li

�
1, 2,� 1

2

�
5H ⌘ ⇤

⇤3

�
3, 1,� 1

3

� 5F i ⌘ Fi

dci
�
3, 1, 1

3

�

�0 (1, 1, 0) Qi

�
3, 2, 1

6

�

�1 (1, 3, 0) 10F i ⌘ Ti uc

i

�
3, 1,� 2

3

�

24H ⌘ � �3

�
3, 2,� 5

6

�
eci (1, 1, 1)

�3

�
3, 2, 5

6

�
⌃1(1, 3, 1)

�8 (8, 1, 0) 15F ⌘ ⌃ ⌃3

�
3, 2, 1

6

�

�1

�
1, 4,� 3

2

�
⌃6

�
6, 1,� 2

3

�

�3

�
3, 3,� 2

3

�
⌃1 (1, 3,�1)

35H ⌘ �
�6

�
6, 2, 1

6

�
15F ⌘ ⌃ ⌃3

�
3, 2,� 1

6

�

�10

�
10, 1, 1

�
⌃6

�
6, 1, 2

3

�

M ⌘ min(MJ), J = �1,�3,�6,�10,⌃1,⌃3,⌃6,�1,�8,⇤3

�1

✓
1, 4,�3

2

◆

⌃1 (1, 3, 1)

v5

v24

(MU )ij = 4v5(Y
u

ij
+ Y u

ji
) (1)

(2)

(MD)ij = v5
�
Y d

ij
+ �0 Y c

i
Y a

j

�
(3)

(4)

(ME)ij = v5Y
d

ji
(5)

(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

- GAUGE COUPLING UNIFICATION

- PROTON DECAY ANALYSIS
where MU , MD, ME, and MN are given in Eqs. (2.14), (2.15), (2.16), and (2.6),
respectively. The fermion mass eigenstate basis, in the most general scenario, is
defined through

MU = ULM
diag
U

U †
R
, (3.4)

MD = DLM
diag
D

D†
R
, (3.5)

ME ⌘ ELM
diag
E

E†
R
, (3.6)

MN = NMdiag
N

NT , (3.7)

where UL, UR, DL, DR, EL, ER, and N are the associated unitary transformations.
The model stipulates that

UL = DLdiag(1, e
i4 , ei5)V T

CKMdiag(e
i1 , ei2 , ei3) , (3.8)

UR = U⇤
L
diag(ei⇠1 , ei⇠2 , ei⇠3), (3.9)

EL = I , (3.10)
ER = I , (3.11)
N = diag(ei�1 , ei�2 , ei�3)V ⇤

PMNS , (3.12)

where VCKM is the Cabibbo-Kobayashi-Maskawa (CKM) mixing matrix with one CP
violating phase (�CKM) and, again, VPMNS is the PMNS mixing matrix with one CP
violating phase and two Majorana phases. The connection between UL and UR in
Eq. (3.9) is due to the fact that MU = MT

U
.

To perform the numerical analysis we first take the low-scale experimental values
of the charged fermion sector observables and run them up from MZ to MGUT via
the relevant one-loop level renormalization group equations [9]. During this process,
we appropriately take into account all the threshold corrections to these observables
due to the presence of the new physics states that reside between the low scale
and the unification scale. The mass spectrum of the relevant states is determined
by the procedure that is described in Section 3.1. We repeat the one-loop level
renormalization group running for all viable unification points that are presented in
the three left panels of Fig. 2. (Again, the region of interest is bounded from the left
by the vertical line that corresponds to MGUT = 6⇥ 1015 GeV and from the right by
the outermost dashed line while the spacing between the neighboring points is 0.1 in
units of log10(M�1,⌃1/1GeV) along both axes.) We then use these evolved quantities
associated with a given unification point in our fitting procedure. We present, as an
example, the result of the renormalization group running of the ⌧ (y⌧ ), b (yb), and
t (yt) Yukawa couplings in the right panels of Fig. 3 for points O, P, and Q, where
the new physics mass spectra associated with these unification points are explicitly
given in the left panels. Note that the position of the unification points O, P, and
Q in the �1-⌃1 plane can be read off from the left uppermost panel of Fig. 2. Even
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(6)

(MN )ij = m0

�
Y a

i
Y b

j
+ Y b

i
Y a

j

�
(7)

�0 ⌘
p

10/3v24/(4M⌃3)

m0 =
�0v25
16⇡2

M⌃1

M2
⌃1

�M2
�1

log

✓
M2

⌃1

M2
�1

◆

5H , 24H , 35H , 5F i, 10F i, 15F , 15F i = 1, 2, 3

15 ⌘ ⌃ = ⌃1(1, 3, 1) + ⌃3(3, 2, 1/6) + ⌃6(6, 1,�2/3)

24 ⌘ �

35 ⌘ � = �1(1, 4,�3/2) + �3(3, 3,�2/3) + �6(6, 2, 1/6) + �10(10, 1, 1)

L⌃ � M⌃⌃⌃+ y ⌃�⌃

PARTICLE CONTENT:

YUKAWA COUPLINGS:

- NEUTRINOS ARE MAJORANA PARTICLES:

- ONE NEUTRINO IS MASSLESS;

- NEUTRINO MASSES HAVE NORMAL ORDERING;
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L � �0 5H5H5H35H + Y a

i
15F 5F i5

⇤
H
+ Y b

i
15F 5F i35

⇤
H

(16)
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⌃1
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✓
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�1

◆
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0
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2Y a

1 Y
b

1 Y a

2 Y
b

1 + Y a

1 Y
b

2 Y a

3 Y
b

1 + Y a

1 Y
b

3

Y a

2 Y
b

1 + Y a

1 Y
b

2 2Y a

2 Y
b

2 Y a

3 Y
b

2 + Y a

2 Y
b

3

Y a

3 Y
b

1 + Y a

1 Y
b

3 Y a

3 Y
b

2 + Y a

2 Y
b

3 2Y a

3 Y
b

3

1

CA

Y a

i
, Y b

i
, Y c

i
, Y u

ij
, Y d

ij
, y i, j = 1, 2, 3

Y a

i
, Y b

i
, Y c

i
, Y u

ij
⌘ Y u

ji
, Y d

ij
⌘ �ijY

d

i
, y i, j = 1, 2, 3

L �Y d

ij
10F i5F j5

⇤
H
+ Y u

ij
10F i10F j5H

+ Y a

i
15F 5F i5

⇤
H
+ Y b

i
15F 5F i35

⇤
H
+ Y c

i
10F i15F 24H

+M⌃15F 15F + y 15F 15F 24H (17)

Mu =

✓
I+ 5

48

V 2
GUT
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⌃3

eY c

◆� 1
2 1p

2
v5Y

u (18)

Md =

✓
I+ 5

48

V 2
GUT

M2
⌃3

eY c

◆� 1
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2
v⇤5Y

d +
1

4

r
5

3

1p
2

v⇤5VGUT

M⌃3

eY ca

!
(19)

Me =
1p
2
v⇤5Y

d
T

(20)

eY c =

0
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Y c

1 Y
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1 Y c

1 Y
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2 Y c

1 Y
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3

Y c

2 Y
c⇤
1 Y c
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2 Y c

2 Y
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3

Y c

3 Y
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1 Y c
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c⇤
2 Y c
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3
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CA (21)

eY ca =

0

B@
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1 Y
a

1 Y c

1 Y
a

2 Y c

1 Y
a

3

Y c

2 Y
a

1 Y c

2 Y
a

2 Y c

2 Y
a

3

Y c

3 Y
a

1 Y c

3 Y
a

2 Y c

3 Y
a

3

1

CA (22)

M⌃1 = 1011 GeV

M�1 = 1012 GeV

m0 = 9.28134365⇥ 10�12 GeV

{Y a

1 , Y
a

2 , Y
a

3 } = {�0.08996953, 0.55129976, 1} (23)

{Y b

1 , Y
b

2 , Y
b

3 } = {0.97595416, 2.38104322, 1} (24)

{Y c

1 , Y
c

2 , Y
c

3 } = �1.86588⇥ 10�7{0.001370245, 0.0942267033, 1} (25)
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