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• MINIMAL UNIFICATION OF MATTER 
THE GEORGI-GLASHOW SU(5) SCENARIO 

 
•  d = 6 PROTON DECAY OPERATORS 

SCALAR CONTRIBUTIONS 
 

• MINIMAL VIABLE SU(5) UNIFICATION 
 
 

• p-DECAY PREDICTIONS 
THE MINIMAL VIABLE SU(5) SCENARIO 

OUTLINE 



FAMILY INDEX 

FIELD ≡ (SU(3), SU(2), U(1)) 

ELECTRIC CHARGE 

SU(2) ISOSPIN 

U(1) HYPERCHARGE 
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FERMION MASSES 
(SCALAR REPRESENTATIONS IN THE MINIMAL SU(5)) 
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NOTATION 
(VACUUM EXPECTATION VALUE) 
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*H. Georgi and S.L. Glashow (1974). 

WHAT GOES WRONG WITH SU(5)?* 
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NOTATION 
(MASS MATRICES AND UNITARY TRANSFORMATIONS) 

MAJORANA FERMIONS: NEUTRINOS 

NOTE: 

QUALITATIVE ASPECTS OF NEUTRINO PHYSICS ARE NOT 
RELEVANT FOR DISCUSSION OF p-DECAY! 



HOW PREDICTIVE IS SU(5) FOR p-DECAY?* 

*H. Georgi and S.L. Glashow (1974). 



d = 6 PROTON DECAY OPERATORS 
1

dim(L) = 4

L = cd
Od

Md�4

= ad O
d

dim(Od
) = d dim(cd) = 0

f⇡ = 130MeV

D = 0.80 F = 0.47

↵ = �� = �0.0112GeV

3

�(p ! ⌫̄i⇡
+

) =

(m2

p �m2

⇡+)
2

32⇡f2

⇡m
3

p

|↵ a(d
1

, dC
1

, ⌫i) + � a(d
1

, d
1

, ⌫i)|2(1 +D + F )

2

(3,1,�1/3)

(3,3,�1/3)

(3,1, 4/3)

(3,1,�2/3)

SU(5) Y 10
ij 10i10j50

(3,1,�1/3)

⌘
12�1/2✏abc[Y

10
ij + Y 10

ji ]dTa iCub j�c

�
3�1/2[Y 10

ij + Y 10
ji ]eC T

i CuC
a j�a

SU(5) Y 10
ij 10i10j45 Y 5

ij10i5j45
⇤

(3,1,�1/3) 2�1Y 5
ij✏abcu

C T
a i CdCb j�

⇤
c

⌘ 21/2[Y 10
ij � Y 10

ji ]eC T
i CuC

a j�a �2�1Y 5
iju

T
a iCej�

⇤
a

� 2�1Y 5
ijd

T
a iC⌫j�

⇤
a

21/2✏abc[Y
10
ij � Y 10

ji ]dTa iCdb j�
1
c Y 5

iju
T
a iC⌫j�

1⇤
a(3,3,�1/3)

2�1/2Y 5
iju

T
a iCej�

2⇤
a⌘ �2✏abc[Y

10
ij � Y 10

ji ]dTa iCub j�
2
c

2�1/2Y 5
ijd

T
a iC⌫j�

2⇤
a(�1,�2,�3)

�21/2✏abc[Y
10
ij � Y 10

ji ]uT
a iCub j�

3
c �Y 5

ijd
T
a iCej�

3⇤
a

(3,1, 4/3)

⌘ 21/2[Y 10
ij � Y 10

ji ]✏abcu
C T
i a CuC

b j�c �Y 5
ije

C T
i CdCa j�

⇤
a

�

3

CHANNEL m� (GeV) m� (GeV)

p ! ⇡0e+ 1.9⇥ 1010 4.9⇥ 1012

p ! ⇡0µ+ 2.8⇥ 1010 5.4⇥ 1012

p ! K0e+ 1.7⇥ 1010 1.5⇥ 1012

p ! K0µ+ 2.0⇥ 1010 2.1⇥ 1012

p ! ⌘e+ 1.1⇥ 1010 4.0⇥ 1011

p ! ⌘µ+ 7.2⇥ 109 2.7⇥ 1011

p ! ⇡+⌫̄ 2.2⇥ 1010 8.0⇥ 1012

p ! K+⌫̄ 1.5⇥ 1011 1.2⇥ 1013

�(p ! e+� ⇡
0

) ⇠ ↵2

v4
5

m4

�

�

�

�

�

(VUD)

11

[mu +

3

4

md] +
1

4

(V †
UDU⇤

2

Mdiag
E U †

2

)

11

�

�

�

�

2

 

�

�

�

�

3

2

(V ⇤
UDMdiag

D V †
UDU⇤

2

)

1� +
1

2

(U
2

Mdiag
E )

1�

�

�

�

�

2

+ 4|mu(U2

)

1�|2
!

2 5

Y 10, Y 5 ⌘

dim(L) = 4

L = cd
Od

Md�4

= ad Od
= OH

dim(Od
) = d dim(cd) = 0 dim(ad) = 4� d

f⇡ = 130MeV

D = 0.80 F = 0.47

↵ = �� = �0.0112GeV

3

�(p ! ⌫̄i⇡
+

) =

(m2

p �m2

⇡+)
2

32⇡f2

⇡m
3

p

|↵ a(d
1

, dC
1

, ⌫i) + � a(d
1

, d
1

, ⌫i)|2(1 +D + F )

2

(3,1,�1/3)

(3,3,�1/3)

3

CHANNEL m� (GeV) m� (GeV)

p ! ⇡0e+ 1.9⇥ 1010 4.9⇥ 1012

p ! ⇡0µ+ 2.8⇥ 1010 5.4⇥ 1012

p ! K0e+ 1.7⇥ 1010 1.5⇥ 1012

p ! K0µ+ 2.0⇥ 1010 2.1⇥ 1012

p ! ⌘e+ 1.1⇥ 1010 4.0⇥ 1011

p ! ⌘µ+ 7.2⇥ 109 2.7⇥ 1011

p ! ⇡+⌫̄ 2.2⇥ 1010 8.0⇥ 1012

p ! K+⌫̄ 1.5⇥ 1011 1.2⇥ 1013

�(p ! e+� ⇡
0

) ⇠ ↵2

v4
5

m4

�

�

�

�

�

(VUD)

11

[mu +

3

4

md] +
1

4

(V †
UDU⇤

2

Mdiag
E U †

2

)

11

�

�

�

�

2

 

�

�

�

�

3

2

(V ⇤
UDMdiag

D V †
UDU⇤

2

)

1� +
1

2

(U
2

Mdiag
E )

1�

�

�

�

�

2

+ 4|mu(U2

)

1�|2
!

2 5

Y 10, Y 5 ⌘

dim(L) = 4

L = cd
Od

Md�4

= ad Od
= OH

dim(Od
) = d dim(cd) = 0 dim(ad) = 4� d

f⇡ = 130MeV

D = 0.80 F = 0.47

↵ = �� = �0.0112GeV

3

�(p ! ⌫̄i⇡
+

) =

(m2

p �m2

⇡+)
2

32⇡f2

⇡m
3

p

|↵ a(d
1

, dC
1

, ⌫i) + � a(d
1

, d
1

, ⌫i)|2(1 +D + F )

2

(3,1,�1/3)

(3,3,�1/3)

3

m
�

> 1.5⇥ 10

11

✓

↵

0.0112GeV

3

◆

1/2✓
100GeV

v
5

◆

GeV

U
2

= UTE⇤

�(p ! e+� ⇡
0

) ⇠ �|↵ a(d
1

, e�) + � a(dC
1

, e�)|2 + |↵ a(d
1

, eC� ) + � a(dC
1

, eC� )|2
�

�(p ! e+� ⇡
0

) ⇠ ↵2

v4
5

m4

�

�

�

�

�

(VUD)

11

[mu +

3

4

md] +
1

4

(V †
UDU⇤

2

Mdiag
E U †

2

)

11

�

�

�

�

2

 

�

�

�

�

3

2

(V ⇤
UDMdiag

D V †
UDU⇤

2

)

1� +
1

2

(U
2

Mdiag
E )

1�

�

�

�

�

2

+ 4|mu(U2

)

1�|2
!

CHANNEL m� (GeV) m� (GeV)

p ! ⇡0e+ 1.9⇥ 1010 4.9⇥ 1012

p ! ⇡0µ+ 2.8⇥ 1010 5.4⇥ 1012

p ! K0e+ 1.7⇥ 1010 1.5⇥ 1012

p ! K0µ+ 2.0⇥ 1010 2.1⇥ 1012

p ! ⌘e+ 1.1⇥ 1010 4.0⇥ 1011

p ! ⌘µ+ 7.2⇥ 109 2.7⇥ 1011

p ! ⇡+⌫̄ 2.2⇥ 1010 8.0⇥ 1012

p ! K+⌫̄ 1.5⇥ 1011 1.2⇥ 1013

2 5

Y 10, Y 5 ⌘

dim(L) = 4

L = cd
Od

Md�4

= ad Od
= OH

dim(Od
) = d dim(cd) = 0 dim(ad) = 4� d

f⇡ = 130MeV

D = 0.80 F = 0.47

3

m
�

> 1.5⇥ 10

11

✓

↵

0.0112GeV

3

◆

1/2✓
100GeV

v
5

◆

GeV

U
2

= UTE⇤

�(p ! e+� ⇡
0

) ⇠ �|↵ a(d
1

, e�) + � a(dC
1

, e�)|2 + |↵ a(d
1

, eC� ) + � a(dC
1

, eC� )|2
�

�(p ! e+� ⇡
0

) ⇠ ↵2

v4
5

m4

�

�

�

�

�

(VUD)

11

[mu +

3

4

md] +
1

4

(V †
UDU⇤

2

Mdiag
E U †

2

)

11

�

�

�

�

2

 

�

�

�

�

3

2

(V ⇤
UDMdiag

D V †
UDU⇤

2

)

1� +
1

2

(U
2

Mdiag
E )

1�

�

�

�

�

2

+ 4|mu(U2

)

1�|2
!

CHANNEL m� (GeV) m� (GeV)

p ! ⇡0e+ 1.9⇥ 1010 4.9⇥ 1012

p ! ⇡0µ+ 2.8⇥ 1010 5.4⇥ 1012

p ! K0e+ 1.7⇥ 1010 1.5⇥ 1012

p ! K0µ+ 2.0⇥ 1010 2.1⇥ 1012

p ! ⌘e+ 1.1⇥ 1010 4.0⇥ 1011

p ! ⌘µ+ 7.2⇥ 109 2.7⇥ 1011

p ! ⇡+⌫̄ 2.2⇥ 1010 8.0⇥ 1012

p ! K+⌫̄ 1.5⇥ 1011 1.2⇥ 1013

2 5

Y 10, Y 5 ⌘

dim(L) = 4

L = cd
Od

Md�4

= ad Od
= OH

dim(Od
) = d dim(cd) = 0 dim(ad) = 4� d

f⇡ = 130MeV

D = 0.80 F = 0.47



≡ Yukawa coupling(s) ≡ Leptoquark mass 

*S. Weinberg, Phys. Rev. D 22:1694, 1980. 
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≡ Yukawa coupling(s) ≡ Leptoquark mass 

*S. Weinberg, Phys. Rev. D 22:1694, 1980. 
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IS                            AN ACCURATE LIMIT? 

KEY QUESTION 



LEPTOQUARK IN SU(5) 
(p-DECAY MEDIATING SCALAR LEPTOQUARK) 
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LEPTOQUARK IN SU(5) 
(p-DECAY MEDIATING SCALAR LEPTOQUARK) 

THERE IS ONLY ONE SET OF PROTON DECAY MEDIATING 
SCALARS IN THE MINIMAL SU(5) SETUP! 

2

SU(5) Y 10
ij 10i10j5 Y 5

ij10i5j5
⇤ Y 1

ij5i1j5

(3,1,�1/3) 2�1/2✏abcY
5
iju

C T
a i CdCb j�

⇤
c

⌘
2✏abc[Y

10
ij + Y 10

ji ]dTa iCub j�c

2�1/2Y 5
iju

T
a iCej�

⇤
a Y 1

ijd
C T
a i C⌫C

j �a

�
�2[Y 10

ij + Y 10
ji ]eC T

i CuC
a j�a

�2�1/2Y 5
ijd

T
a iC⌫j�

⇤
a

SU(5)⇥ U(1) Y 10
ij 10+1

i 10+1
j 50�2

(3,1,�1/3)�2

⌘
12�1/2✏abc[Y

10
ij + Y 10

ji ]uT
a iCdb j�c

�
3�1/2[Y 10

ij + Y 10
ji ]⌫C T

i CdCa j�a

↵,�(= 1, 2)

↵+ � < 4

L(= (1� �
5

)/2)

MU,D,E ! Mdiag

U,D,E

UT
CMUU = Mdiag

U

DT
CMDD = Mdiag

D

ET
CMEE = Mdiag

E

U †D ⌘ VUD = K
1

VCKMK
2

NTMNN = Mdiag

N

VEN = K
3

VPMNS

� ⌘ (3,1,�1/3) 2 5



1

(3,1,�1/3)

(3,3,�1/3)

(3,1, 4/3)

(3,1,�2/3)

SU(5) Y 10
ij 10i10j50

(3,1,�1/3)

⌘
12�1/2✏abc[Y

10
ij + Y 10

ji ]dTa iCub j�c

�
3�1/2[Y 10

ij + Y 10
ji ]eC T

i CuC
a j�a

SU(5) Y 10
ij 10i10j45 Y 5

ij10i5j45
⇤

(3,1,�1/3) 2�1Y 5
ij✏abcu

C T
a i CdCb j�

⇤
c

⌘ 21/2[Y 10
ij � Y 10

ji ]eC T
i CuC

a j�a �2�1Y 5
iju

T
a iCej�

⇤
a

� 2�1Y 5
ijd

T
a iC⌫j�

⇤
a

21/2✏abc[Y
10
ij � Y 10

ji ]dTa iCdb j�
1
c Y 5

iju
T
a iC⌫j�

1⇤
a(3,3,�1/3)

2�1/2Y 5
iju

T
a iCej�

2⇤
a⌘ �2✏abc[Y

10
ij � Y 10

ji ]dTa iCub j�
2
c

2�1/2Y 5
ijd

T
a iC⌫j�

2⇤
a(�1,�2,�3)

�21/2✏abc[Y
10
ij � Y 10

ji ]uT
a iCub j�

3
c �Y 5

ijd
T
a iCej�

3⇤
a

(3,1, 4/3)

⌘ 21/2[Y 10
ij � Y 10

ji ]✏abcu
C T
i a CuC

b j�c �Y 5
ije

C T
i CdCa j�

⇤
a

�

SU(5) Y 1
ij10i1j10

⇤ Y 5
ij5i5j10

(3,1,�2/3)

⌘ Y 1
iju

C T
a i C⌫C

j �⇤
a 2�1/2✏abcY

5
ijd

C T
a i CdCb j�c

� Y 5 = �Y 5T

OH(d↵, e�) = a(d↵, e�) u
T L C�1 d↵ uT L C�1e�

OH(d↵, e
C
� ) = a(d↵, e

C
� ) u

T L C�1 d↵ eC�
†
L C�1uC⇤

OH(dC↵ , e�) = a(dC↵ , e�) d
C
↵

†
L C�1 uC⇤

uT L C�1e�

OH(dC↵ , e
C
� ) = a(dC↵ , e

C
� ) d

C
↵

†
L C�1 uC⇤

eC�
†
L C�1uC⇤

OH(d↵, d� , ⌫i) = a(d↵, d� , ⌫i) u
T L C�1 d↵ dT� L C�1 ⌫i

OH(d↵, d
C
� , ⌫i) = a(d↵, d

C
� , ⌫i) d

C
�

†
L C�1 uC⇤

dT↵ L C�1 ⌫i

OH(d↵, d
C
� , ⌫

C
i ) = a(d↵, d

C
� , ⌫

C
i ) uT L C�1 d↵ ⌫Ci

†
L C�1 dC�

⇤

OH(dC↵ , d
C
� , ⌫

C
i ) = a(dC↵ , d

C
� , ⌫

C
i ) dC�

†
L C�1 uC⇤

⌫Ci
†
L C�1 dC↵

⇤

i(= 1, 2, 3)

d = 6 PROTON DECAY OPERATORS 
(SCALAR CONTRIBUTIONS) 

2

SU(5) Y 10
ij 10i10j5 Y 5

ij10i5j5
⇤ Y 1

ij5i1j5

(3,1,�1/3) 2�1/2✏abcY
5
iju

C T
a i CdCb j�

⇤
c

⌘
2✏abc[Y

10
ij + Y 10

ji ]dTa iCub j�c

2�1/2Y 5
iju

T
a iCej�

⇤
a Y 1

ijd
C T
a i C⌫C

j �a

�
�2[Y 10

ij + Y 10
ji ]eC T

i CuC
a j�a

�2�1/2Y 5
ijd

T
a iC⌫j�

⇤
a

SU(5)⇥ U(1) Y 10
ij 10+1

i 10+1
j 50�2

(3,1,�1/3)�2

⌘
12�1/2✏abc[Y

10
ij + Y 10

ji ]uT
a iCdb j�c

�
3�1/2[Y 10

ij + Y 10
ji ]⌫C T

i CdCa j�a

↵,�(= 1, 2)

↵+ � < 4

L(= (1� �
5

)/2)

MU,D,E ! Mdiag

U,D,E

UT
CMUU = Mdiag

U

DT
CMDD = Mdiag

D

ET
CMEE = Mdiag

E

U †D ⌘ VUD = K
1

VCKMK
2

NTMNN = Mdiag

N

VEN = K
3

VPMNS

� ⌘ (3,1,�1/3) 2 5



1

(3,1,�1/3)

(3,3,�1/3)

(3,1, 4/3)

(3,1,�2/3)

SU(5) Y 10
ij 10i10j50

(3,1,�1/3)

⌘
12�1/2✏abc[Y

10
ij + Y 10

ji ]dTa iCub j�c

�
3�1/2[Y 10

ij + Y 10
ji ]eC T

i CuC
a j�a

SU(5) Y 10
ij 10i10j45 Y 5

ij10i5j45
⇤

(3,1,�1/3) 2�1Y 5
ij✏abcu

C T
a i CdCb j�

⇤
c

⌘ 21/2[Y 10
ij � Y 10

ji ]eC T
i CuC

a j�a �2�1Y 5
iju

T
a iCej�

⇤
a

� 2�1Y 5
ijd

T
a iC⌫j�

⇤
a

21/2✏abc[Y
10
ij � Y 10

ji ]dTa iCdb j�
1
c Y 5

iju
T
a iC⌫j�

1⇤
a(3,3,�1/3)

2�1/2Y 5
iju

T
a iCej�

2⇤
a⌘ �2✏abc[Y

10
ij � Y 10

ji ]dTa iCub j�
2
c

2�1/2Y 5
ijd

T
a iC⌫j�

2⇤
a(�1,�2,�3)

�21/2✏abc[Y
10
ij � Y 10

ji ]uT
a iCub j�

3
c �Y 5

ijd
T
a iCej�

3⇤
a

(3,1, 4/3)

⌘ 21/2[Y 10
ij � Y 10

ji ]✏abcu
C T
i a CuC

b j�c �Y 5
ije

C T
i CdCa j�

⇤
a

�

SU(5) Y 1
ij10i1j10

⇤ Y 5
ij5i5j10

(3,1,�2/3)

⌘ Y 1
iju

C T
a i C⌫C

j �⇤
a 2�1/2✏abcY

5
ijd

C T
a i CdCb j�c

� Y 5 = �Y 5T

OH(d↵, e�) = a(d↵, e�) u
T L C�1 d↵ uT L C�1e�

OH(d↵, e
C
� ) = a(d↵, e

C
� ) u

T L C�1 d↵ eC�
†
L C�1uC⇤

OH(dC↵ , e�) = a(dC↵ , e�) d
C
↵

†
L C�1 uC⇤

uT L C�1e�

OH(dC↵ , e
C
� ) = a(dC↵ , e

C
� ) d

C
↵

†
L C�1 uC⇤

eC�
†
L C�1uC⇤

OH(d↵, d� , ⌫i) = a(d↵, d� , ⌫i) u
T L C�1 d↵ dT� L C�1 ⌫i

OH(d↵, d
C
� , ⌫i) = a(d↵, d

C
� , ⌫i) d

C
�

†
L C�1 uC⇤

dT↵ L C�1 ⌫i

OH(d↵, d
C
� , ⌫

C
i ) = a(d↵, d

C
� , ⌫

C
i ) uT L C�1 d↵ ⌫Ci

†
L C�1 dC�

⇤

OH(dC↵ , d
C
� , ⌫

C
i ) = a(dC↵ , d

C
� , ⌫

C
i ) dC�

†
L C�1 uC⇤

⌫Ci
†
L C�1 dC↵

⇤

i(= 1, 2, 3)

d = 6 PROTON DECAY OPERATORS 
(SCALAR CONTRIBUTIONS*) 

*P. Nath and P.F. Pérez, Phys. Rept. 441 (2007) 191-317. 

AGAIN, WE WILL ASSUME NEUTRINOS TO BE  
MAJORANA PARTICLES IN WHAT FOLLOWS. 
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d = 6 PROTON DECAY COEFFICIENTS 

(SCALAR CONTRIBUTIONS*) 

2

SU(5) Y 10
ij 10i10j5 Y 5

ij10i5j5
⇤ Y 1

ij5i1j5

(3,1,�1/3) 2�1/2✏abcY
5
iju

C T
a i CdCb j�

⇤
c

⌘
2✏abc[Y

10
ij + Y 10

ji ]dTa iCub j�c

2�1/2Y 5
iju

T
a iCej�

⇤
a Y 1

ijd
C T
a i C⌫C

j �a

�
�2[Y 10

ij + Y 10
ji ]eC T

i CuC
a j�a

�2�1/2Y 5
ijd

T
a iC⌫j�

⇤
a

SU(5)⇥ U(1) Y 10
ij 10+1

i 10+1
j 50�2

(3,1,�1/3)�2

⌘
12�1/2✏abc[Y

10
ij + Y 10

ji ]uT
a iCdb j�c

�
3�1/2[Y 10

ij + Y 10
ji ]⌫C T

i CdCa j�a

↵,�(= 1, 2)

↵+ � < 4

L(= (1� �
5

)/2)

MU,D,E ! Mdiag

U,D,E

UT
CMUU = Mdiag

U

DT
CMDD = Mdiag

D

ET
CMEE = Mdiag

E

U †D ⌘ VUD = K
1

VCKMK
2

NTMNN = Mdiag

N

VEN = K
3

VPMNS

� ⌘ (3,1,�1/3) 2 5

1

2 5

Y 10, Y 5 ⌘

dim(L) = 4

L = cd
Od

Md�4

= ad O
d

dim(Od
) = d dim(cd) = 0

f⇡ = 130MeV

D = 0.80 F = 0.47

↵ = �� = �0.0112GeV

3

�(p ! ⌫̄i⇡
+

) =

(m2

p �m2

⇡+)
2

32⇡f2

⇡m
3

p

|↵ a(d
1

, dC
1

, ⌫i) + � a(d
1

, d
1

, ⌫i)|2(1 +D + F )

2

(3,1,�1/3)

(3,3,�1/3)

(3,1, 4/3)

(3,1,�2/3)

SU(5) Y 10
ij 10i10j50

(3,1,�1/3)

⌘
12�1/2✏abc[Y

10
ij + Y 10

ji ]dTa iCub j�c

�
3�1/2[Y 10

ij + Y 10
ji ]eC T

i CuC
a j�a

OH(d↵, e�) = a(d↵, e�) u
T L C�1 d↵ uT L C�1e�

OH(d↵, e
C
� ) = a(d↵, e

C
� ) u

T L C�1 d↵ eC�
†
L C�1uC⇤

OH(dC↵ , e�) = a(dC↵ , e�) d
C
↵

†
L C�1 uC⇤

uT L C�1e�

OH(dC↵ , e
C
� ) = a(dC↵ , e

C
� ) d

C
↵

†
L C�1 uC⇤

eC�
†
L C�1uC⇤

OH(d↵, d� , ⌫i) = a(d↵, d� , ⌫i) u
T L C�1 d↵ dT� L C�1 ⌫i

OH(d↵, d
C
� , ⌫i) = a(d↵, d

C
� , ⌫i) d

C
�

†
L C�1 uC⇤

dT↵ L C�1 ⌫i

OH(d↵, d
C
� , ⌫

C
i ) = a(d↵, d

C
� , ⌫

C
i ) uT L C�1 d↵ ⌫Ci

†
L C�1 dC�

⇤

OH(dC↵ , d
C
� , ⌫

C
i ) = a(dC↵ , d

C
� , ⌫

C
i ) dC�

†
L C�1 uC⇤

⌫Ci
†
L C�1 dC↵

⇤

*R.N. Mohapatra, Phys. Rev. Lett. 43, 893 (1979). 

1

E = D
C

D = E
C

U = U
C

N = I U †D = V
CKM

m
�

> 2.2⇥ 10

11

✓

|↵|
0.0112GeV

3

◆

1/2

GeV

m
�

> 2.2⇥ 10

11

GeV

�

p!⇡

+
⌫̄

⇠ (m2

u

+m2

d

+ 2m
u

m
d

cos�)m2

d

�

p!K

+
⌫̄

⇠ (m2

u

+m2

d

+ 2m
u

m
d

cos�)m2

s

UTM
U

U
C

= Mdiag

U

DTM
D

D
C

= Mdiag

D

ETM
E

E
C

= Mdiag

E

↵�1

1

↵�1

2

↵�1

3

a(d
j

, d
k

, ⌫
i

) =

2

m2

�

v2
5

(Mdiag

U

K
0

V
UD

)

1j

(DTM
D

N)

ki

a(d
j

, dC
k

, ⌫
i

) = � 2

m2

�

v2
5

(V
UD

Mdiag

D

)

1k

(DTM
D

N)

ji

X

i=1,2,3

(DTM
D

N)

↵i

(DTM
D

N)

⇤
�i

= (Mdiag 2

D

)

↵�

M
U

= MT

U

U†D ⌘ V
UD

U = U
C

K
0

1

E = D
C

D = E
C

U = U
C

U †D = V
CKM

N = I

E = I

D = I

m
�

> 2.2⇥ 10

11

✓

|↵|
0.0112GeV

3

◆

1/2

GeV

m
�

> 2.2⇥ 10

11

GeV

�

p!⇡

+
⌫̄

⇠ (m2

u

+m2

d

+ 2m
u

m
d

cos�)m2

d

�

p!K

+
⌫̄

⇠ (m2

u

+m2

d

+ 2m
u

m
d

cos�)m2

s

UTM
U

U
C

= Mdiag

U

DTM
D

D
C

= Mdiag

D

ETM
E

E
C

= Mdiag

E

↵�1

1

↵�1

2

↵�1

3

a(d
j

, d
k

, ⌫
i

) =

2

m2

�

v2
5

(Mdiag

U

K
0

V
UD

)

1j

(DTM
D

N)

ki

a(d
j

, dC
k

, ⌫
i

) = � 2

m2

�

v2
5

(V
UD

Mdiag

D

)

1k

(DTM
D

N)

ji

X

i=1,2,3

(DTM
D

N)

↵i

(DTM
D

N)

⇤
�i

= (Mdiag 2

D

)

↵�

M
U

= MT

U

1

E = D
C

D = E
C

U = U
C

U †D = V
CKM

N = I

E = I

D = I

m
�

> 2.2⇥ 10

11

✓

|↵|
0.0112GeV

3

◆

1/2

GeV

m
�

> 2.2⇥ 10

11

GeV

�

p!⇡

+
⌫̄

⇠ (m2

u

+m2

d

+ 2m
u

m
d

cos�)m2

d

�

p!K

+
⌫̄

⇠ (m2

u

+m2

d

+ 2m
u

m
d

cos�)m2

s

UTM
U

U
C

= Mdiag

U

DTM
D

D
C

= Mdiag

D

ETM
E

E
C

= Mdiag

E

↵�1

1

↵�1

2

↵�1

3

a(d
j

, d
k

, ⌫
i

) =

2

m2

�

v2
5

(Mdiag

U

K
0

V
UD

)

1j

(DTM
D

N)

ki

a(d
j

, dC
k

, ⌫
i

) = � 2

m2

�

v2
5

(V
UD

Mdiag

D

)

1k

(DTM
D

N)

ji

X

i=1,2,3

(DTM
D

N)

↵i

(DTM
D

N)

⇤
�i

= (Mdiag 2

D

)

↵�

M
U

= MT

U



*H. Georgi and S.L. Glashow (1974). 

HOW PREDICTIVE IS SU(5) FOR p-DECAY?* 

MINIMAL SU(5) IS VERY PREDICTIVE BECAUSE IT IS NOT VIABLE! 
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*I. Doršner, S. Fajfer and N. Košnik, Phys. Rev. D 86:015013, 2012, 1204.0674. 
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The mass matrices for the charged matter fields, in an obvi-
ous notation, come out to be

MU = −
√
2
(

Y 10 + Y 10 T
)

v, (4)

MD =

(

−
1

2
Y 5
1 + Y 5

2

σ

Λ

)

v∗, (5)

MT
E =

(

−
1

2
Y 5
1 −

3

2
Y 5
2

σ

Λ

)

v∗. (6)

The Georgi-Jarlskog type of correction [3] is generated by the
operator of Eq. (3) that accordingly breaks unwanted degen-
eracy between the down quark and charged lepton sectors [5].
This renders the SU(5) setup viable with regard to observed
charged fermion masses. We opt not to specify the exact
mechanism of the neutrino mass generation as it does not in-
terfere with our results. The lepton mixing matrix is also irrel-
evant for our study, as we show later. We also do not delve into
another important issue—unification of gauge couplings—in
our work. Note, however, that two successful descriptions of
neutral lepton sector in SU(5) both provide a source for sat-
isfactory unification of gauge couplings [6, 7].
We define the physical basis for the charged fermions

through the following set of bi-unitary transformations:
UTMUUC = M diag

U , DTMDDC = M diag
D and ETMEEC =

M diag
E . Here, U †D ≡ VUD = K1VCKMK2, where K1 (K2)

is a diagonal matrix containing three (two) phases. In the
neutrino sector we have NTMNN = M diag

N with E†N ≡
VEN = K3VPMNS . K3 is a diagonal unitary matrix. VCKM

(VPMNS) is the Cabibbo-Kobayashi-Maskawa (Pontecorvo-
Maki-Nakagawa-Sakata) mixing matrix.
It is evident from Eq. (1) that MU is a symmetric matrix.

This allows us to take U = UCK0, where K0 is a diagonal
matrix containing three phases. Of all the unknown phases in
Ka (a = 0, 1, 2, 3) matrices, only one will be featured in our
results. It is the phase associated with the (K0)11 element.
We furthermore take v(= |v|) to be real to simplify our nota-
tion. With these preliminaries out of the way we are ready to
investigate the couplings of the proton decay mediating scalar
in the physical basis. This we do in the next section.

III. PROTON DECAY LEPTOQUARK

There is only one color triplet scalar that contributes to pro-
ton decay. It resides in the five-dimensional scalar representa-
tion. The leading order baryon number violating dimension-
six operators due to its exchanges are [8]
O(dj , dk, νi) = a(dj , dk, νi) u

T L C−1 dj d
T
k L C−1 νi,

O(dj , dCk , νi) = a(dj , d
C
k , νi) d

C
k
†
L C−1 uC∗

dTj L C−1 νi,

where i(= 1, 2, 3) and j, k(= 1, 2) (j + k < 4) represent
flavor indices while L = (1 − γ5)/2. Our notation is such
that, for example, d1 (d2) stands for the d (s) quark. The color
contraction via the Levi-Cività tensor in the SU(3) space is
understood.
O(dj , dk, νi) and O(dj , dCk , νi) operators contribute exclu-

sively to proton decay processes with anti-neutrinos in the fi-
nal state. The relevant coefficients for the p → π+ν̄ (p →

K+ν̄) decay have j + k = 2 (j + k = 3) [8]. For example,
the relevant decay width for p → π+ν̄ is

Γp→π+ν̄ =
∑

i

Cπ+ |α a(d1, d
C
1 , νi) + β a(d1, d1, νi)|2, (7)

where α and β are the so-called nucleon matrix elements. We
also introduce flavor independent constant

Cπ+ =
(m2

p −m2
π+)2

32πf2
πm

3
p

(1 +D + F )2, (8)

where F and D are extracted from relevant linear com-
binations that enter the form factors in semileptonic hy-
peron decays and nucleon axial charge [9, 10]. We take
fπ = 130MeV, D = 0.80, F = 0.47 and α = −β =
−0.0112GeV3 [10] when needed. The sum is inserted to take
into account the fact that the proton decay experiments do not
distinguish the neutrino flavor.
The minimal viable set of operators, as given in Eqs. (1)–

(3), yields

a(dj , dk, νi) =
2

m2v2
(M diag

U K0VUD)1j(D
TMDN)ki, (9)

a(dj , d
C
k , νi) = −

2

m2v2
(VUDM diag

D )1k(D
TMDN)ji, (10)

where m represents the mass of the exchanged color triplet
scalar. The form of a(dj , dk, νi) and a(dj , dCk , νi) coefficients
is particularly simple because the couplings of the color triplet
in 5 to matter fields are aligned with the corresponding cou-
plings of the SU(2) doublet in 5 even though we include one
higher-dimensional operator to correct fermion masses. The
summation over neutrino species conveniently eliminates re-
maining flavor dependence from the decay widths for p →
π+ν̄ and p → K+ν̄ channels through the following identity

∑

i=1,2,3

(DTMDN)αi(D
TMDN)∗βi = (M diag 2

D )αβ . (11)

Clearly, the lepton mixing matrix does not affect proton decay
signatures through scalar exchange. It is also clear that the
p → π+ν̄ decay rate is significantly suppressed compared to
the p → K+ν̄ one. The suppression factor, as inferred from
Eq. (11), is proportional to (md/ms)2.
For the decay widths for p → π+ν̄ and p → K+ν̄ channels

we find

Γp→π+ν̄ = Cπ+ A (m2
u +m2

d + 2mumd cosφ)m
2
d,

Γp→K+ν̄ ≈ CK+ A (m2
u +m2

d + 2mumd cosφ)m
2
s,

where we neglect terms suppressed by either (md/ms)2 or
|(VUD)12|2 in the expression for Γp→K+ν̄ . Here, A =
4|α|2|(VUD)11|2/v4, eiφ = (K0)11 and we introduce

CK+ =
(m2

p −m2
K+)2

32πf2
πm

3
p

(

1 +
mp

3mΛ

(D + 3F )

)2

. (12)

After we insert all low-energy parameters we find

Γp→π+ν̄/Γp→K+ν̄ = 10−2. (13)
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CONCLUSIONS 

Predictions of the minimal viable version of 
SU(5) for the two-body p-decay modes induced 
through scalar leptoquark exchange exhibit 
minimal (one-phase only) model dependence for 
p → K+ ν and p → π+ ν channels. 
 
There exists an accurate limit on the mass of the 
scalar leptoquark. 
 
The ratio of p-decay widths for channels with π+ 
and K+ in the final state is phase independent and 
predicts strong suppression of the former width 
with respect to the latter one. 
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