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Abstract

We revisit the doublet–triplet splitting problem within the SU(5) gauge group

framework to advocate a viable regime with the light scalar leptoquark of the dou-

blet–triplet splitting notoriety that is compatible with the current experimental bounds

on partial proton decay lifetimes. We explicitly demonstrate, through a consistent

use of higher-dimensional operators, how to implement suppression of baryon number

violating interactions of the aforementioned color triplet. Our study thus offers an

alternative approach to the doublet-triplet splitting problem as it removes a need for

an extreme mass hierarchy between the partners residing in the same representation.

We furthermore pursue two different extensions of two distinct symmetry breaking

scenarios of SU(5), one with a 24-dimensional representation and the other one with

a 75-dimensional representation, to produce comparative study of novel consequences

for the gauge coupling unification and the one-loop level neutrino mass generation.

Our results point towards qualitatively novel SU(5) scenarios, where the light scalar

leptoquarks, responsible for the neutrino mass generation, might be even accessible at

colliders and thus serve as an accelerator accessible portal to the high-scale physics.
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1 Introduction

In the Georgi–Glashow [1] grand unified theory (GUT) proposal, the Standard Model (SM)
Higgs doublet and a color triplet scalar leptoquark arise from the same 5-dimensional rep-
resentation of SU(5). While the Higgs doublet is responsible for the electroweak symmetry
breaking as well as the mass generation of the SM fields, its color triplet partner can mediate
proton decay, thus posing a significant model building challenge. This issue is actually the
source of the so-called doublet–triplet splitting problem [2, 3]. Namely, since the triplet
mass should be near the gauge coupling unification scale, while the Higgs doublet must be
at the electroweak scale, the generation of such a tremendous mass hierarchy is considered
to be one of the most persistent difficulties in construction of realistic theories.
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In this work, we revisit an approach [4] that challenges a need for such an extreme
mass splitting. Namely, we explore a framework in which the color triplet can remain
light — possibly even within the reach of current and/or future colliders — while still
being completely insensitive to experimental bounds on partial proton decay lifetimes. We
demonstrate, through the introduction of higher-dimensional operators, how the dangerous
couplings that are responsible for baryon number violation can be suppressed with ease.
(For alternative approaches to the proton decay suppression of interest, see Refs. [5–20].)

Our proposal does not only alleviate a need for an introduction of a large mass hierarchy
but also opens a door to rich low-energy phenomenology. Light color triplet scalars should
have observable consequences at current or upcoming experiments, providing a portal into
the new physics. Our results offer a shift in perspective: rather than treating the triplet as
a theoretical nuisance to be decoupled, it may instead be a viable and testable component
of a predictive GUT scenario. Moreover, the same scalar leptoquark can play a pivotal role
in generating neutrino masses through the one-loop level quantum corrections.

This work extends the original proposal [4] by exploring new directions that enhance both
its theoretical thoroughness and phenomenological richness. Specifically, we examine an al-
ternative realization of the SU(5) symmetry breaking mechanism using a 75-dimensional
scalar representation [21] instead of the more conventional 24-dimensional one. This sub-
stitution leads to a qualitatively different symmetry breaking pattern and has far-reaching
implications for the structure of the theory. We investigate the resulting changes with regard
to the scalar spectrum, gauge coupling unification, and proton stability. We accordingly
provide a critical comparison between the 24-dimensional and 75-dimensional symmetry
breaking scenarios, with particular attention to their differing impact on proton stability,
doublet-triplet splitting, and the structure of higher-dimensional terms. We, furthermore,
identify the simplest SU(5) scenarios for the neutrino mass generation at the one-loop level,
where the scalar leptoquark, an SU(5) partner of the Higgs doublet, might reside at the
scale accessible at colliders.

Our work is organized as follows. In Sec. 2 we revisit the light color triplet regime
when the SU(5) gauge group is broken down to SU(3) × U(1)em with a 24-dimensional
representation and a 5-dimensional scalar representation. Sec. 3 contains an analysis of
the symmetry breaking scenario with a 75-dimensional representation and a 5-dimensional
scalar representation. The neutrino mass generation, at the one-loop level, is discussed at
length in Sec. 4 while Sec. 5 addresses potential experimental signatures of the scenarios
under consideration. We briefly conclude in Sec. 6.
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2 24-Higgs

We first address the Georgi-Glashow scenario, where the SU(5) gauge symmetry is broken
down to the SU(3)×SU(2)×U(1) gauge group with a 24-dimensional scalar representation.
The results we present in what follows dovetail with and substantially expand on the material
presented in our previous study [4].

2.1 Yukawa couplings

The most relevant input for our discussion of potential decoupling of the color triplet from
proton decay signatures are the exact structure of the vacuum expectation values (VEVs) of
24-dimensional and 5-dimensional scalar representations and the associated SU(5)-invariant
contractions in the Yukawa sector of the theory. Recall, the decomposition of 24H under
the SM gauge group is

24H = Φ1(1, 1, 0) + Φ2(1, 3, 0) + Φ3(8, 1, 0) + Φ4(3, 2,−5/6) + Φ∗
4(3, 2, 5/6). (1)

The VEVs that sequentially accomplish the breaking of SU(5) gauge group down to SU(3)×
U(1)em are

⟨24H⟩ = v24diag (−1,−1,−1, 3/2, 3/2) , (2)

⟨5H⟩ = (0 0 0 0 v5/
√
2)T , (3)

while the interaction lagrangian reads

LY = 10αijF

{
Ydαβ5

β
Fi5

∗
Hj +

1

Λ
Y1αβ5

β
Fi5

∗
Hk24

k
Hj +

1

Λ
Y2αβ5

β
Fk5

∗
Hi24

k
Hj

}
+ 10αijF 10βklF 5mH

{
Yuαβϵijklm +

1

Λ
Y3αβ24

n
Hmϵijkln +

1

Λ
Y4αβ24

n
Hkϵijlmn

}
+ h.c., (4)

where parameter Λ represents a cutoff scale of the theory. The lagrangian of Eq. (4) com-
prises all possible contractions between the SM fermions in 10αF and fermions in either 10βF

or 5
β
F that are of dimensions d = 4 and d = 5. Note, to uniquely denote an SU(5) repre-

sentation we use its dimensionality and additionally introduce subscripts H or F to specify
whether a given representation contains scalars or fermions. Here, Yd, Y1, Y2, Yu, Y3, and
Y4 are Yukawa coupling matrices with complex entries, α, β = 1, 2, 3 are flavor indices while
i, j, k, l,m = 1, . . . , 5 are SU(5) indices.

2.2 Mass matrices

The mass matrices of the SM fermions that populate 10βF and 5
β
F , as given by Eqs. (2), (3),

and (4), are [4]

ME = v5

{
1

2
Yd +

3

4
Y1ϵ24 −

3

4
Y2ϵ24

}
, (5)
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MD = v5

{
1

2
Y T
d +

3

4
Y T
1 ϵ24 +

1

2
Y T
2 ϵ24

}
, (6)

MU = v5

{√
2
(
Yu + Y T

u

)
+

3√
2

(
Y3 + Y T

3

)
ϵ24 +

(
1

2
√
2
Y4 −

√
2Y T

4

)
ϵ24

}
, (7)

where we introduce, for simplicity, a dimensionless parameter ϵ24 ≡ v24/Λ. Our notation
is such that ME represents mass matrix for charged leptons, MD is the down-type quark
mass matrix, and MU is the up-type quark mass matrix. Moreover, these mass matrices are
written in the fCf basis, where f stands for the appropriate SM charged fermions.

The ordering of the scales is such that Λ > v24 ≫ v5, where v5 = 246GeV. The scale of
v24 is proportional to the masses of the proton mediating gauge bosons via

MX,Y =
√
25/8gGUTv24, (8)

where gGUT is a gauge coupling constant of SU(5) at the scale of unification. The X and
Y gauge boson mass MX,Y , on the other hand, can be identified with the scale of gauge
coupling unification MGUT and originates from kinetic term in the lagrangian

LK =
1

2
(DµΦ)

∗ (DµΦ) , (9)

where Φi
j ≡ 24H and DµΦ

i
j = ∂µΦ

i
j + igGUT (Aµ)

m
j Φi

m − igGUT (Aµ)
i
nΦ

n
j .

Since we often spell out our results in the physical basis for the SM fermions, we specify,
for definiteness, that the transition between the flavor basis and the mass eigenstate basis
is implemented through the following set of transformations:

ET
c MEE = Mdiag

E , (10)

DT
c MDD = Mdiag

D , (11)

UT
c MUU = Mdiag

U , (12)

NTMNN = Mdiag
N . (13)

Here Ec, E, Dc, D, Uc, U , and N are a priori arbitrary 3 × 3 unitary matrices. MN is a
3× 3 mass matrix for neutrinos, where we assume neutrinos to be of Majorana nature.

2.3 Color-triplet couplings

The couplings of the triplet Ti ≡ 5iH , i = 1, 2, 3, to the SM fermions in the mass eigenstate
basis, as given by lagrangian of Eq. (4) and conventions presented in Eqs. (10) though (13),
are [4]
(i) uT

k,αC
−1eβT

∗
k :

− 1√
2

{
UT

[
Yd − Y1ϵ24 −

3

2
Y2ϵ24

]
E

}
αβ

, (14)
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(ii) dTk,αC
−1νβT

∗
k :

1√
2

{
DT

[
Yd − Y1ϵ24 −

3

2
Y2ϵ24

]
N

}
αβ

, (15)

(iii) ϵijku
C,T
i,α C−1dCj,βT

∗
k :

1√
2

{
U †
c

[
Yd − Y1ϵ24 + Y2ϵ24

]
D∗

c

}
αβ

, (16)

(iv) ϵijku
T
i,αC

−1dj,βTk :

−
{
UT

[
2
(
Yu + Y T

u

)
− 2

(
Y3 + Y T

3

)
ϵ24 +

1

2

(
Y4 + Y T

4

)
ϵ24

]
D

}
αβ

, (17)

(v) uC,T
k,α C

−1eCβ Tk :{
U †
c

[
2
(
Yu + Y T

u

)
− 2

(
Y3 + Y T

3

)
ϵ24 +

(
3Y4 − 2Y T

4

)
ϵ24

]
E∗

c

}
αβ

, (18)

where Eqs. (14), (15), and (16) originate from SU(5) contractions between 10αF and 5
β
F ,

whereas Eqs. (17) and (18) originate from contractions between 10αF and 10βF .
The triplet Ti couples simultaneously to the quark-lepton and quark-quark pairs at both

the d = 4 and d = 5 levels. It is, nevertheless, possible to suppress either quark-quark or
quark-lepton couplings of the triplet and thus prevent tree-level two-body proton decay due
to the triplet mediation through implementation of specific relations between Yd, Y1, Y2, Yu,
Y3, and Y4 [4].

For example, the quark-quark pair interactions with the triplet Ti can be completely
suppressed with the following two conditions

Yd − Y1ϵ24 + Y2ϵ24 = 0, (19)(
Yu + Y T

u

)
− (Y3 + Y T

3 )ϵ24 +
1

4

(
Y4 + Y T

4

)
ϵ24 = 0. (20)

The suppression of the quark-lepton pair interactions with the triplet, on the other hand,
can be accomplished via

Yd − Y1ϵ24 +
3

2
Y2ϵ24 = 0, (21)(

Yu + Y T
u

)
− (Y3 + Y T

3 )ϵ24 +

(
3

2
Y4 − Y T

4

)
ϵ24 = 0. (22)

Even though Eqs. (19) and (20) or Eqs. (21) and (22) impose certain constraints on the
particular form of Yukawa coupling matrices, these constraints are not in conflict with viable
generation of charged fermion masses. With this in mind, several additional observations
are in order.
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Firstly, if one is to completely suppress either the quark-quark or quark-lepton couplings
of the triplet Ti ∈ 5H in a phenomenologically viable manner, one needs all three contractions
between 10αF and 5

β
F that are featured in the first line of Eq. (4). The reason for that is very

simple. Namely, one needs to simultaneously suppress either the quark-lepton or quark-
quark interactions of the triplet while still generating experimentally observed masses of
charged leptons and down-type quarks via ME and MD mass matrices, respectively.

The up-type quark sector is much less demanding since a viable MU can be successfully
generated with the first and/or second contribution in Eq. (7). Moreover, there is a for-
tuitous alignment in Eqs. (17) and (18) between contributions proportional to Yu and Y3.
One can thus simultaneously suppress both quark-lepton and quark-quark couplings of the
triplet, while maintaining viability of MU with the presence of only the first two contractions
between 10αF and 10βF that are featured in the second line of Eq. (4), if needed. Again, even
if Y4 is taken to be a null-matrix, one can set to zero the triplet interactions in Eqs. (17)
and (18) and still be able to produce viable mass matrix for the up-type quarks.

Finally, what we are advocating is a potential suppression of the triplet couplings in an
arbitrary flavor basis as the unitary transformations Ec, E, Dc, D, Uc, U , and N need not
be specified at all. This simply means that there are infinitely many ways to implement the
suppression of interest. Also, one can add d > 5 terms to Eq. (4) to introduce even more
parameter freedom to the problem, if needed, and/or resort to a use of unitary transforma-
tions to aid with suppression of the proton decay inducing interactions. Be that as it may,
our discussion demonstrates that it is entirely possible to bypass the experimental source
of the doublet-triplet splitting problem. Simply put, our approach provides a light triplet
that can still couple to the SM fermions as long as one introduces higher-dimensional SU(5)

contractions. What one minimally needs to accomplish the suppression are three distinct
SU(5) contractions between 10αF and 5

β
F and two contractions between 10αF and 10βF .

One can ask whether a complete suppression of the tree-level proton decay signatures
induced by the triplet exchange is potentially violated at the loop level. What we have in
mind is a type of process that is shown in Fig. 1, where the scalars in the loop reside in 24H

and 5H .
To answer this question we observe that one vertex of the proton decay inducing diagram

of Fig. 1 must originate, due to group theoretical reasons, from the contraction of 10αF with
10βF , whereas the other vertex corresponds to a contraction of 10αF with 5

β
F . The maximal

value of the Yukawa coupling(s) at the 10αF -5βF vertex should always be suppressed with
respect to the corresponding maximal Yukawa coupling value at the 10αF -10βF vertex to
reflect observed mass hierarchy as there is only one electroweak VEV present. Also, both
of these vertices are of at least the d = 5 origin, as indicated in Fig. 1, and are thus
inversely proportional to the cutoff scale Λ. It is then the largeness of Λ and the usual
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loop suppression factor that make this contribution towards proton decay negligible even if
one assumes order one Yukawa coupling entries in Y3 and Y4. In fact, the relevant Yukawa
couplings are actually rather small as they are related to the SM fermion masses through
Eqs. (19) and (20) or Eqs. (21) and (22), depending on the suppression scenario at play.

Figure 1: A one-loop level proton decay inducing diagram that utilizes d = 5 operators at
each vertex, as indicated.

We have, so far, explicitly assumed that the state Φ2(1, 3, 0) ∈ 24H does not get a VEV.
If that is not the case, the inclusion of its VEV in Eq. (2) in the form of

⟨24H⟩ = diag (−v24,−v24,−v24, 3/2v24 + v3, 3/2v24 − v3) (23)

yields the following additional interaction terms between Ti and the SM fermions:

(i) uT
k,αC

−1eβT
∗
k :

{
UT

[
1√
2
Y2ϵ3

]
E

}
αβ

, (24)

(ii) dTk,αC
−1νβT

∗
k :

{
DT

[
1√
2
Y2ϵ3

]
N

}
αβ

, (25)

(iii) ϵijku
C,T
i,α C−1dCj,βT

∗
k : 0, (26)

(iv) ϵijku
T
i,αC

−1dj,βTk : −
{
UT

[ (
Y4 − Y T

4

)
ϵ3

]
D

}
αβ

, (27)

(v) uC,T
k,α C

−1eCβ Tk : 0. (28)

Here, we introduce another dimensionless parameter ϵ3 ≡ v3/Λ. Clearly, the SU(5) symme-
try and a particular direction of the VEV that is proportional to v3 dictates an absence of
several interaction terms between the SM fermions and the triplet that would otherwise be
allowed by the SM gauge group symmetry. But, even if both quark-quark and quark-lepton
interactions are simultaneously present, the electroweak precision measurements place a
stringent upper limit on the value of v3(< v5). This, on the other hand, stipulates that
terms proportional to ϵ3 can be safely neglected for all practical purposes when considering
impact on proton stability.
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3 75-Higgs

The choice of the scalar representation that breaks SU(5) gauge group is not unique even if
the phenomenologically viable symmetry breaking chain SU(5) → SU(3)×SU(2)×U(1) →
SU(3)×U(1)em is. Namely, one can accomplish aforementioned breaking of SU(5) by using a
75-dimensional representation instead of a 24-dimensional one [21], where the decomposition
of 75H under the SM gauge group is

75H = Φ1(1, 1, 0) + Φ2(8, 1, 0) + Φ3(8, 3, 0) + Φ4(3, 1, 5/3) + Φ∗
4(3, 1,−5/3)

+ Φ5(3, 2,−5/6) + Φ∗
5(3, 2, 5/6) + Φ6(6, 2,−5/6) + Φ∗

6(6, 2, 5/6). (29)

We accordingly investigate if it is possible to implement suppression of the triplet interac-
tions with the SM fermions within the 75-dimensional scenario and if it defers from the 24-
dimensional scenario in that regard. Of course, an obvious difference is that 75-dimensional
representation has only one state that can get phenomenologically viable VEV, whereas 24-
dimensional representation has two such states. In other words, the proton decay inducing
couplings of the sort presented in Eqs. (24) through (28) simply do not exist within the
75-dimensional scenario.

The symmetry properties of 75H ≡ Φij
kl are Φij

kl = −Φji
kl = −Φij

lk = +Φji
lk and

∑5
i=1Φ

ij
il =

0, where i, j, k, l = 1, . . . , 5 are, once again, SU(5) indices. The VEV structure of 75H that
breaks SU(5) down to SU(3)× SU(2)× U(1) can be summarised as follows

⟨75H⟩ = (Φ12
12,Φ

13
13,Φ

23
23,Φ

14
14,Φ

15
15,Φ

24
24,Φ

25
25,Φ

34
34,Φ

35
35,Φ

45
45)

=
v75

3
√
2
(1, 1, 1,−1,−1,−1,−1,−1,−1, 3). (30)

We furthermore assume that 5H breaks SU(3) × SU(2) × U(1) down to SU(3) × U(1)em

with the VEV of Eq. (3).
The masses of proton decay mediating gauge bosons X and Y , in this scenario, are given

by

MX,Y =
√

8/3gGUTv75, (31)

where gGUT, once again, is a gauge coupling constant of SU(5) at the scale of unification.
The kinetic term in the Lagrangian that yields M2

X,Y is

LK =
1

2
(DµΦ)

∗ (DµΦ) , (32)

where DµΦ
ij
kl = ∂µΦ

ij
kl + igGUT

(
(Aµ)

i
m Φmj

kl + (Aµ)
j
nΦ

in
kl − (Aµ)

p
k Φ

ij
pl − (Aµ)

q
l Φ

ij
kq

)
.
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3.1 Yukawa couplings

The Yukawa interactions responsible for generating the charged fermion masses are

LY = 10αijF 5
β
Fk5

∗
Hl

{
Yaαβδ

k
i δ

l
j +

1

Λ
Ybαβ75

kl
Hij +

1

Λ2
Ycαβ75

km
Hin75

ln
Hjm +

1

Λ2
Ydαβ75

mn
Hij75

kl
Hmn

}
+ 10αijF 10βklF 5mH

{
YAαβϵijklm +

1

Λ
YBαβϵijnom75

no
Hkl +

1

Λ
YCαβϵjklno75

no
Him +

1

Λ
YDαβϵjlmno75

no
Hik

}
+ h.c., (33)

where we include all possible d = 4, d = 5, and d = 6 contractions between 10αF and 5
β
F .

The reason behind inclusion of all these contractions will be discussed in detail later on.

3.2 Mass matrices

The mass matrices of the SM charged fermions, as given by Eq. (33), are

ME = v5

{
1

2
Ya +

1√
2
Ybϵ75 −

1

6
Ycϵ

2
75 + Ydϵ

2
75

}
, (34)

MD = v5

{
1

2
Y T
a − 1

3
√
2
Y T
b ϵ75 −

1

6
Y T
c ϵ275 +

1

9
Y T
d ϵ275

}
, (35)

MU = v5

{√
2
(
YA + Y T

A

)
− 2

3

(
YB − Y T

B

)
ϵ75 +

2

3

(
YC − Y T

C

)
ϵ75

}
, (36)

where we introduce a dimensionless parameter ϵ75 = v75/Λ. The ordering of relevant scales
is such that Λ > v75 ≫ v5. To go to the mass eigenstate basis for the SM charged fermions,
i.e., to go from ME,D,U to Mdiag

E,D,U , one would need to perform unitary transformations
introduced in Eqs. (10), (11), and (12).

3.3 Color-triplet couplings

The triplet Ti ≡ 5iH interactions with the SM fermions, as derived from Eq. (33), are
(i) uT

k,αC
−1eβT

∗
k :

−
{
UT

[
Ya√
2
− 1

3
Ybϵ75 −

1

3
√
2
Ycϵ

2
75 +

√
2

9
Ydϵ

2
75

]
E

}
αβ

, (37)

(ii) dTk,αC
−1νβT

∗
k : {

DT

[
Ya√
2
− 1

3
Ybϵ75 −

1

3
√
2
Ycϵ

2
75 +

√
2

9
Ydϵ

2
75

]
N

}
αβ

, (38)

(iii) ϵijku
C,T
i,α C−1dCj,βT

∗
k :{
U †
c

[
Ya√
2
+

1

3
Ybϵ75 +

1

9
√
2
Ycϵ

2
75 +

√
2

9
Ydϵ

2
75

]
D∗

c

}
αβ

, (39)
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(iv) ϵijku
T
i,αC

−1dj,βTk :{
UT

[
− 2

(
YA + Y T

A

)
+

2
√
2

3

(
YB + Y T

B

)
ϵ75 +

√
2

3

(
YD + Y T

D

)
ϵ75

]
D

}
αβ

, (40)

(v) uC,T
k,α C

−1eCβ Tk :{
U †
c

[
2
(
YA + Y T

A

)
+

√
8

3

(
3YB + Y T

B

)
ϵ75 −

√
8

3

(
YC − Y T

C

)
ϵ75 +

√
8

3

(
YD + Y T

D

)
ϵ75

]
E∗

c

}
αβ

.

(41)

It is clear that the triplet interactions with the quark-quark pairs can be completely
suppressed with the following two conditions

Ya√
2
+

1

3
Ybϵ75 +

1

9
√
2
Ycϵ

2
75 +

√
2

9
Ydϵ

2
75 = 0, (42)

−
(
YA + Y T

A

)
+

√
2

3

(
YB + Y T

B

)
ϵ75 +

√
2

6

(
YD + Y T

D

)
ϵ75 = 0, (43)

whereas the quark-lepton-leptoquark interactions can be set to zero via

Ya√
2
− 1

3
Ybϵ75 −

1

3
√
2
Ycϵ

2
75 +

√
2

9
Ydϵ

2
75 = 0, (44)

(
YA + Y T

A

)
+

√
2

3

(
3YB + Y T

B

)
ϵ75 −

√
2

3

(
YC − Y T

C

)
ϵ75 +

√
2

3

(
YD + Y T

D

)
ϵ75 = 0. (45)

There are several crucial differences between the 75-dimensional and 24-dimensional
symmetry breaking scenarios when it comes to the generation of the SM charged fermion
masses and the associated interactions with the color triplet as we discuss next.

First, there is only one d = 5 contraction that couples 10αF to 5
β
F in the 75-dimensional

scenario. One accordingly needs to introduce d = 6 contraction(s) in Eq. (33) to be able to
simultaneously introduce viable down-type quark and charged lepton mass matrices and still
be able to forbid the triplet couplings of either quark-quark or quark-lepton nature. Simply
put, the 75-dimensional scenario requires at least one d = 6 contraction between 10αF and
5
β
F if one is to suppress proton decay inducing triplet couplings. Second, there are three

possible d = 5 terms that couple 10αF and 10βF , as can be seen from Eq. (33). This means
that it is trivial to simultaneously address viable generation of the up-type quark masses
and suppress proton decay inducing interactions of the triplet with the SM fermions that
are associated with the 10αF -10βF contractions. Moreover, the SU(5) contraction featuring
YD in Eq. (33) generates interactions between the SM fermions and the triplet but does not
generate any contribution towards the up-type quark masses. This means that it is even
possible to suppress interactions between the triplet and the SM fermions without imposing
any conditions on the flavor structure of the up-type quark mass matrix.
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We can conclude that the 75-dimensional scenario also allows for a light color triplet
scalar as long as one includes higher-dimensional operators in the Yukawa sector of the
theory. One prominent feature to remember is that the 75-dimensional scenario requires at
least one d = 6 contraction between 10αF and 5

β
F to be present if one is to have a light triplet.

4 Leptoquark-Induced Neutrino Masses

One can ask what new model building avenues can be accessible in view of the fact that
the proton decay inducing interactions of the color triplet might be suppressed if one allows
introduction of higher-dimensional operators into the theory.

To answer that question we first investigate viability of two simple extensions of the
Georgi-Glashow model, in the light triplet regime, that can generate phenomenologically vi-
able masses of all SM fermions. One extension requires a presence of a single 10-dimensional
scalar representation, whereas the other one relies on an addition of a single 15-dimensional
scalar representation, where, in both instances, neutrino masses are taken to be of the
one-loop [22] level origin.

We subsequently replace a 24-dimensional representation with a 75-dimensional repre-
sentation and proceed to investigate viability of the one-loop level neutrino mass generation
within a 10-dimensional and a 15-dimensional scalar representation extensions of aforemen-
tioned symmetry breaking scenarios. Again, we are solely interested in a regime when the
triplet Ti ∈ 5H is light since that particular limit has not been discussed in the literature.
(For neutrino mass generation via loops within the SU(5) framework, see, for example,
Refs. [23–36]. For other related works, see also Refs. [37–43].)

4.1 The 24H scenario case studies

4.1.1 Extension with a 10-dimensional scalar representation

If the Georgi-Glashow model is extended with a single 10-dimensional scalar representation
10H , one can generate neutrino masses at the one-loop level through a diagram that is shown
in Fig. 2.

To complete the loop of Fig. 2 one needs an interaction term between 10H and the SM
fermions as well as the mixing term between relevant leptoquarks in 10H and 5H . Recall,
the decomposition of 10H , under the SM gauge group SU(3)× SU(2)× U(1), is

10H = η1(1, 1, 1) + η2(3, 1,−2/3) + η3(3, 2, 1/6), (46)

where η
−1/3
3 ∈ η3(3, 2, 1/6) is one of the leptoquarks in question. The other leptoquark is,

of course, the color triplet T−1/3 ∈ 5H . Note that we use superscripts to explicitly denote

12



Figure 2: One-loop neutrino mass generating diagram within the 10H extension, when the
SU(5) symmetry breaking is accomplished with representations 24H and 5H .

electric charges of leptoquarks in units of the positron charge.
The Yukawa interactions of interest originate from

−LY ⊃ YY αβ5
α
Fi5

β
Fj10

ij
H +

1

Λ
YZαβ5

α
Fi5

β
Fj10

ik
H24

j
Hk ⊃ νT

αC
−1YXαβd

C
β η

−1/3
3 , (47)

where we also include one specific d = 5 contraction. We will show later on that the
inclusion of the d = 5 term is essential for viable generation of neutrino masses and mixing
parameters. Note that YX is defined in the flavor basis of the SM fermions and it reads

YX =
√
2YY − 5

2
√
2
YZϵ24, (48)

where YY is a skew-symmetric matrix in the flavor space, whereas YZ is an arbitrary matrix.
The relevant mixing between the scalar leptoquarks T−1/3 ∈ 5H and η

−1/3
3 ∈ 10H , nec-

essary for generating neutrino masses, arises from the following term

V ⊃ λ 5∗Hi5
∗
Hj10

ik
H24

j
Hk ⊃

5

4
λv5v24T

1/3η
−1/3
3 , (49)

where we use (T−1/3)∗ = T 1/3 for convenience. Note that the cubic term 5∗Hi5
∗
Hj10

ij
H vanishes

due to the skew-symmetric property of 10H in the SU(5) space.
The mass-squared matrix for scalar leptoquarks reads

M2
S =

(
m2

T
5
4
λv5v24

5
4
λv5v24 m2

η3

)
, (50)

where mT and mη3 would be masses of T−1/3 and η
−1/3
3 , respectively, in the absence of the

mixing term given in Eq. (49). If we introduce the mass eigenstates S1 an S2 for two scalar
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leptoquarks T−1/3 and η
−1/3
3 via(

T−1/3

η
−1/3
3

)
=

(
cθ −sθ

sθ cθ

)(
S1

S2

)
, (51)

where θ takes M2
S of Eq. (50) into a diagonal form via

tan 2θ =
5λv5v24/2

m2
T −m2

η3

, (52)

the neutrino mass matrix of Fig. 2 reads [26]

MN ≡ MT
N ≈ 3 sin 2θ

32π2
ln

(
m2

S1

m2
S2

){
YXDcM

diag
D DTYT + Y T

T DMdiag
D DT

c Y
T
X

}
. (53)

Here, YT is the Yukawa coupling matrix of T ∈ 5H with the d-ν pairs in the flavor basis that
can be taken directly from Eq. (15), where one should omit unitary transformations of the
SM fermions. Note that the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix is
defined to be UPMNS = E†N , where MN = N∗Mdiag

N N †, in agreement with Eq. (13).
The neutrino masses in Eq. (53) vanish for exact mass degeneracy between S1 and S2,

i.e., when mS1 = mS2 . However, phenomenologically viable neutrino masses can be obtained
even when mS1 ≈ mS2 for O(1) Yukawa couplings.

To proceed, we need to address the question of gauge coupling unification within the
model comprising 24H , 10H , 5H , 10αF , and 5

α
F , where α = 1, 2, 3. To that end we implement

one-loop level gauge coupling unification analysis in order to find the largest possible value
of unification scale MGUT and associated value of g2GUT = 4παGUT for the fixed values of mS1

and mS2 , where we take S1 and S2 to be mass degenerate for simplicity. The relevant central
values of the SM input parameters that we use for unification study are MZ = 91.1876GeV,
αS(MZ) = 0.1193, α−1(MZ) = 127.906, and sin2 θW (MZ) = 0.23126 [44].

It turns out that the unification does not take place within the 10H extension of the
Georgi-Glashow model unless one also takes into account higher-dimensional contributions
towards kinetic terms for the gauge fields.

L5 ⊃ −c5
Λ

{
1

2
Tr (Fµν24HF

µν)

}
, (54)

where c5 is a dimensionless parameter. If we introduce another dimensionless parameter ϵ5

via

ϵ5 =
c5v24
2Λ

, (55)

the modified gauge coupling unification conditions, at MGUT scale, become [45–47]

g21(MGUT)(1 + ϵ5) = g22(MGUT)(1 + 3ϵ5) = g23(MGUT)(1− 2ϵ5). (56)
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ϵ5 mS1 = mS2 (TeV) Mmax
GUT (1014 GeV) α−1

GUT

0.020 100 5.933 38.2

0.021 101 5.229 38.3

0.021 102 4.759 38.4

0.021 103 4.236 38.5

0.021 104 3.697 38.6

0.022 105 3.338 38.6

Table I: The highest possible unification scale Mmax
GUT as a function of degenerate masses of

linear combinations of scalars T−1/3 and η
−1/3
3 within the 10H extension of the 24H scenario.

This, then, allows for gauge coupling unification for judiciously chosen values of ϵ5.
We present the results of our gauge coupling unification analysis in Table I, where we

provide the highest possible value of MGUT as a function of mS1 = mS2 as well as the
associated values of ϵ5 and α−1

GUT. The automated unification procedure looks for the highest
possible unification scale Mmax

GUT by treating the masses of all other scalars in 24H and 10H

to be free parameters that can take any value between 1TeV and MGUT.
It is clear that the values for Mmax

GUT that are given in Table I also require one to sub-
stantially suppress gauge mediated proton decay [14]. This suppression places a set of
constraints on potentially viable form of unitary matrices that are introduced in Eqs. (10)
through (13). The natural question then is whether one can simultaneously impose restric-
tions on the Yukawa coupling matrices in order to have a light triplet and restrict parameter
space of unitary matrices in order to suppress gauge mediated proton decay and still be able
to generate viable fermion masses. We address this question in detail in what follows.

Firstly, the relevant interactions of the triplet with the SM fermions that enter MN of
Eq. (53) are

YT =
1√
2
Yd −

ϵ24√
2
Y1 −

3ϵ24

2
√
2
Y2. (57)

Suppression of the triplet interactions with the quark-quark pairs and, consequentially, its
proton decay signatures leads to

Yd =
4

5v5
ME, Y1 =

4

5v5ϵ24
MT

D, Y2 =
4

5v5ϵ24

(
MT

D −ME

)
. (58)

This, in turn, yields

YT =

√
2

v5

(
ME −MT

D

)
, (59)

and, consequentially, leads to

MN = a0

{
YXDcM

diag
D DT

(
E∗

cM
diag
E E† −D∗Mdiag

D D†
c

)
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+
(
E∗Mdiag

E E†
c −D∗

cM
diag
D D†

)
DMdiag

D DT
c Y

T
X

}
, (60)

where we conveniently define

a0 =
3
√
2 sin 2θ

16π2v5
ln

(
mS1

mS2

)
. (61)

Secondly, the gauge mediated proton decay suppression [14] is efficiently achieved if(
U †
cD
)
1α

= 0,
(
E†

cD
)
1α

=
(
E†

cD
)
α1

= 0,
(
D†

cE
)
1α

=
(
D†

cE
)
α1

= 0, (62)

where α = 1, 2. (For the exact pattern of the two-body proton decay signatures associated
with the ansatz of Eq. (62) see Ref. [14].) The most recent analysis [48] of the impact of
conditions in Eq. (62) on the lower bound on MGUT, in view of the current experimental
limits on the partial proton decay lifetimes, quotes the following result

MGUT ≥
√
αGUT/(40)−11.3× 1014GeV. (63)

It is this limit that should be contrasted with the unification analysis results of Table I.
The second and third condition of Eq. (62) translate to

Ec = D


0 0 eiξ1

0 eiξ2 0

eiξ3 0 0

 ≡ DP, Dc = E


0 0 eiζ1

0 eiζ2 0

eiζ3 0 0

 ≡ EQ (64)

where ξi’s, ζi’s as well as ϕi’s are all arbitrary phases. Therefore, the PMNS matrix reads
UPMNS = E†N = QD†

cN . Note that U and D are related via

U †D = diag(eiϕ1 , eiϕ2 , eiϕ3)VCKMdiag(e
iϕ4 , eiϕ5 , 1), (65)

where VCKM is the Cabibbo-Kobayashi-Maskawa (CKM) matrix.
We finally obtain MN that is compatible with suppression of all relevant proton decay

signatures and viable charged fermion mass generation in the form of

MN = MT
N = a0

{
YXDcM

diag
D P ∗Mdiag

E QD†
c − YXDc(M

diag
D )2D†

c

+D∗
cQ

TMdiag
E P †Mdiag

D DT
c Y

T
X −D∗

c (M
diag
D )2DT

c Y
T
X

}
. (66)

Clearly, since YT can be expressed in terms of ME and MD due to a need to suppress
proton decay signatures of the triplet, a numerical fit to the neutrino oscillation parameters
allows one to determine the form of YX matrix up to an overall scale factor. We accordingly
note that if one takes only the d = 4 contribution towards YX of Eq. (48), that is skew-
symmetric in the flavor space, the satisfactory numerical fit of neutrino parameters is not
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possible due to all additional constraints arising from the need to suppress partial proton
decay lifetimes. However, if one also includes a d = 5 term proportional to YZ , a satisfactory
numerical solution does exist as we demonstrate next. Note that the numerical analysis is
highly non-trivial since both MN and UPMNS depend on the same unitary matrix Dc.

We present, in what follows, a benchmark numerical fit, where input values for the
neutrino sector are taken from Refs. [49, 50]. We fit five observables, namely, the two
neutrino mass-squared differences and the three mixing angles in the lepton sector. It is
important to point out that our benchmark solution is only meant to serve as a proof of
phenomenological viability of the extension under consideration.

If we parametrize Dc to be

Dc = diag(eiχ
Dc
1 , eiχ

Dc
2 , eiχ

Dc
3 )V (θDc

ij , δDc)diag(eiα
Dc
, eiβ

Dc
, 1), (67)

where V (θDc
ij , δDc) is a unitary matrix that depends on three angles and one phase as in the

PDG convention for the CKM matrix and, furthermore, assume that the matrix elements
of YX are all real numbers, we obtain the following numerical fit:

a0YX11 = 2.67891× 10−9 GeV−1, (68)

YX = YX11


1. −0.0164852 −0.000162649

1.93483 1.32078 −0.0000175168

0.960823 0.301348 0.0000197512

 , (69)

(ξ1, ξ2, ξ3) = (0.190099, 0.584088, 0.0202088), (70)

(ζ1, ζ2, ζ3) = (2.96146, 1.37486, 1.9533), (71)

(θDc
12 , θ

Dc
23 , θ

Dc
13 ) = (0.0539512, 0.000434082, 0.000108572), (72)

(χDc
1 , χDc

2 , χDc
3 ) = (−3.04041, 0.24154, 0.103072), (73)

(αDc , βDc , δDc) = (0.930371, 0.452762, 0.214225). (74)

Neutrino observables corresponding to this parameter set are summarized in the second
column of Table III. Clearly, an excellent fit to the neutrino oscillation data, consisting of
five observables, is obtained with a total χ2 = 1.53. This fit is close to the ruled out bound
from cosmological data [51] that suggests

∑
mi < 87meV or

∑
mi < 120meV, depending on

experiments included. Namely, our fit yields
∑

mi = 76meV. Moreover, neutrinoless double
beta decay parameter, mββ = |

∑
i U

2
eimi| = 2.69meV, is also not too far from experimental

bound of 28–122meV [52].
It is easy to understand why our numerical fit yields YX that exhibits somewhat inverse

hierarchy in the sense that |YX11| ∼ |YX22| ≫ |YX33|. This happens due to the fact that
YX in Eq. (66) needs to compensate for highly hierarchical matrix Dc(M

diag
D )2D†

c, where the
dominant entry is generated by the (Mdiag

D )233 element.
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Observables 24H+10H+5H 24H+15H+5H

∆m2
21 × 105 (eV2) 7.492 7.5085

∆m2
31 × 103 (eV2) 2.5349 2.5339

sin2 θPMNS
12 0.3075 0.3071

sin2 θPMNS
23 0.4653 0.4653

sin2 θPMNS
13 0.02191 0.02183

χ2 1.53 1.57

m1 (eV) 0.01075 0.00164
m2 (eV) 0.01380 0.0088
m3 (eV) 0.05148 0.0503
δPMNS
CP (deg) 176.12 128.51∑
mi (meV) 76.0 60.7

mββ (meV) 2.69 1.01

Table III: Benchmark fits of neutrino masses and mixing parameters for two different scenar-
ios. Input values of neutrino observables, ∆m2

kl and sin2 θPMNS
ij , are taken from Refs. [49, 50].

4.1.2 Extension with a 15-dimensional scalar representation

Figure 3: One-loop neutrino mass generating diagram in the 15H extension, when the SU(5)

symmetry breaking is accomplished with representations 24H and 5H .

If the Georgi-Glashow model is extended with a 15-dimensional representation 15H , the
neutrino mass generation can happen at the tree-level via the type-II seesaw mechanism [53–
59]. (For tree-level neutrino mass generation in the context of SU(5) framework, see, for
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example, Refs. [15, 16, 60–68].) Since the decomposition of 15H reads

∆ ≡15H = ∆1(1, 3, 1) + ∆3(3, 2, 1/6) + ∆6(6, 1,−2/3), (75)

one can note that this SU(5) representation also has a color triplet leptoquark, i.e., ∆−1/3
3 ∈

∆3(3, 2, 1/6), which can contribute towards neutrino masses at the one-loop level through
the mixing with T−1/3 ∈ 5H , as shown in Fig. 3. The relevant mixing is provided by the
following term in the scalar potential

V ⊃ µ 5∗H5
∗
H15H ⊃ µv5 T

1/3∆
−1/3
3 . (76)

The mass-squared matrix for scalar leptoquarks T−1/3 ∈ 5H and ∆
−1/3
3 ∈ 15H reads

M2
S′ =

(
m2

T µv5

µv5 m2
∆3

)
, (77)

where the mixing angle between T−1/3 and ∆
−1/3
3 is

tan 2θ′ =
2µv5

m2
T −m2

∆3

. (78)

We explicitly assume that the one-loop contribution of Fig. 3 dominates over the tree-
level contribution in what follows. (Note that T−1/3 ∈ 5H along with ∆6(6, 1,−2/3) ∈ 15H

can provide neutrino mass of the two-loop order via the Zee-Babu diagram [22, 69, 70].
However, one-loop diagram dominates over the aforementioned two-loop contribution.)

With the introduction of 15H , we have additional Yukawa couplings that play role in
neutrino mass generation

−LY ⊃ Y αβ
Y ′ 5

α
Fi5

β
Fj15

ij
H +

1

Λ
Y αβ
Z′ 5

α
Fi5

β
Fj15

ik
H24

j
Hk ⊃ νTC−1YX′dc0∆

−1/3
3 , (79)

where we include the d = 5 contraction and define the following effective coupling matrix:

YX′ = −
√
2YY ′ − ϵ24

2
√
2
YZ′ . (80)

Here, YY ′ is a symmetric matrix in the flavor space, whereas YZ′ is an arbitrary matrix.
Even though the gauge coupling unification, within this particular scenario, does not

require presence of higher-dimensional contributions towards kinetic terms for the gauge
fields [16], their inclusion somewhat helps [48], especially in the light triplet regime, to
increase upper limit on MGUT. We accordingly provide the highest possible unification
scale Mmax

GUT as a function of degenerate masses mS1 = mS2 of linear combinations of scalar
leptoquarks T−1/3 and ∆

−1/3
3 and dimensionless parameter ϵ5 of Eq. (55) in Table IV.
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ϵ5 mS1 = mS2 (TeV) Mmax
GUT (1014 GeV) α−1

GUT

0.020 100 5.957 38.1

0.021 101 5.322 38.2

0.021 102 4.786 38.3

0.021 103 4.245 38.4

0.022 104 3.753 38.5

0.022 105 3.375 38.6

Table IV: The highest possible unification scale Mmax
GUT as a function of degenerate masses of

linear combinations of scalars T−1/3 and ∆
−1/3
3 within the 15H extension of the 24H scenario.

Since we have viable gauge coupling unification that requires suppression of both the
scalar and gauge boson mediated proton decay signatures, we assume that the same condi-
tions we imposed on the 10H extension are also at play here in order to have phenomeno-
logically viable scenario. These conditions are specified in Eqs. (58) and (62) for scalar and
gauge boson mediation, respectively.

We finally present an example benchmark fit, where we consider a scenario when the
d = 4 term towards YX′ dominates. More specifically, we consider a scenario when YX′ is a
symmetric matrix with real elements. Since the relevant neutrino mass matrix reads

MN = MT
N = a′0

{
YX′DcM

diag
D P ∗Mdiag

E QD†
c − YX′Dc(M

diag
D )2D†

c

+D∗
cQ

TMdiag
E P †Mdiag

D DT
c Y

T
X′ −D∗

c (M
diag
D )2DT

c Y
T
X′

}
, (81)

where

a′0 =
3
√
2 sin 2θ′

16π2v5
ln

(
mS1

mS2

)
, (82)

our numerical fit yields

a′0YX′11 = 3.58225× 10−9 GeV−1, (83)

YX′ = Y ′
X11


1. 1.21286 0.00032875

1.21286 0.581634 −0.000276709

0.00032875 −0.000276709 −0.000018021

 , (84)

(ξ1, ξ2, ξ3) = (0.986652, 1.14213, 0.0772671), (85)

(ζ1, ζ2, ζ3) = (2.60532, 1.98709, 0.597686), (86)

(θDc
12 , θ

Dc
23 , θ

Dc
13 ) = (0.118582, 0.00066669, 0.000432764), (87)

(χDc
1 , χDc

2 , χDc
3 ) = (−3.02107, 2.37879,−0.830596), (88)
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(αDc , βDc , δDc) = (1.1893, 0.379583,−2.62208). (89)

Neutrino observables corresponding to this numerical fit are summarized in the third column
of Table III. One can observe that, once again, |YX′11| ∼ |YX′22| ≫ |YX′33|, in agreement
with our discussion of the numerical fit within the 10H extension.

Before we conclude this section we briefly comment on potentially problematic proton
decay signatures that might be induced by the mixing between leptoquark multiplets in
either 10H or 15H with the leptoquark in 5H , since this mixing is essential for the generation
of viable neutrino masses and thus must be present. These proton decay signatures, however,
do not exist in both extensions under consideration since we insist on the suppression of the
quark-quark interactions of leptoquark T−1/3 ∈ 5H . This means that leptoquark multiplets
η3 ∈ 10H and ∆3 ∈ 155 as well as leptoquark T ∈ 5H exclusively couple to the quark-lepton
pairs. The only contribution towards proton decay might come from the triple-leptoquark
interaction [71, 72] between η3 ∈ 10H and T ∈ 5H via the 10H-10H-5H contraction, but that
particular interaction is not needed for the fermion mass generation at all.

4.2 The 75H scenario case studies

4.2.1 Extension with a 10-dimensional scalar representation

First, we point out one crucial difference between the 24H+10H+5H and 75H+10H+5H

scenarios. Namely, in the former scenario, the mixing between the scalar leptoquarks that
is needed to provide non-zero neutrino mass appears at the d = 4 level. The corresponding
scalar mixing for the latter scenario actually first appears at the d = 5 level, as can be seen
in Fig. 4. It is thus crucial to go beyond the d = 4 contractions if one is to explain neutrino
masses and mixing parameters. The relevant d = 5 term in the scalar potential takes the
following form:

V ⊃ λ′

Λ
5∗Hi5

∗
Hj10

ik
H75

mn
Hkl75

lj
Hmn ⊃ −4

9
λ′v5v75ϵ75T

1/3η
−1/3
3 . (90)

We can now introduce the mass-squared matrix for the scalar leptoquarks via

M2
S =

(
m2

T −4
9
λ′v5v75ϵ75

−4
9
λ′v5v75ϵ75 m2

η3

)
, (91)

where the mixing angle reads

tan 2θ′′ =
−8λ′v5v75ϵ75/9

m2
T −m2

η3

. (92)

The left vertex of Fig. 4 is generated via

−LY ⊃ YY αβ5
α
Fi5

β
Fj10

ij
H +

1

Λ
YZαβ5

α
Fi5

β
Fj10

kl
H75

ij
Hkl +

1

Λ2
YW1αβ5

α
Fi5

β
Fj10

kl
H75

ij
Hmn75

mn
Hkl
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Figure 4: One-loop neutrino mass generating diagram in the 10H extension, when the SU(5)

symmetry breaking is accomplished with representations 75H and 5H .

+
1

Λ2
YW2αβ5

α
Fi5

β
Fj10

kl
H75

im
Hkn75

jn
Hlm +

1

Λ2
YW3αβ5

α
Fi5

β
Fj10

ik
H75

jl
Hmn75

mn
Hkl, (93)

where we included all d = 4, d = 5, and d = 6 contractions.
The relevant interaction between η−1/3 ∈ 10H and the dC-ν pairs, in the flavor basis,

reads

YX =
√
2YY − 2ϵ75

3
YZ +

2
√
2ϵ275
9

YW1 −
√
2ϵ275
3

YW2 −
4
√
2ϵ275
9

YW3 , (94)

where YY , YZ , YW1 , and YW2 are skew-symmetric matrices in the flavor space, whereas YW3 is
an arbitrary matrix. With this, the neutrino mass matrix is determined by Eq. (53), where
one should replace θ with θ′′ and insert YT as given in the square brackets of Eq. (38), after
one imposes conditions of Eqs. (42) and (43) to have a light triplet. In fact, YT is especially
simple in the 75H scenario with a light triplet as it reads

YT =

√
2

v5
MT

D. (95)

We note that the gauge coupling unification, at sufficiently large MGUT, can be trivially
achieved within this particular extension. This means that there is no need to suppress gauge
boson mediated proton decay at all. This, in turn, enables one to trivially accommodate
observed masses of all the SM fermions. More specifically, since the unitary matrix E is
not restricted in any way, it can always be redefined via E = NU †

PMNS, where N takes MN ,
given by

MN ≈ 3 sin 2θ′′

32π2
ln

(
m2

S1

m2
S2

){
YXDc

(
Mdiag

D

)2
D†

c +D∗
c

(
Mdiag

D

)2
DT

c Y
T
X

}
(96)
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into a diagonal form. Consequently, all one needs to do in order to prove viability of this
extension is to fit the two mass-squared differences in the neutrino sector, which can be
trivially accomplished even with a skew-symmetric matrix YX .

4.2.2 Extension with a 15-dimensional scalar representation

The neutrino mass diagram of interest is practically the same as the one already shown in
Fig. 3. Its left vertex is generated through the following d = 4 and d = 6 contractions

−LY ⊃ YY ′αβ5
α
Fi5

β
Fj15

ij
H +

1

Λ2
YW ′

1αβ
5
α
Fi5

β
Fj15

kl
H75

im
Hkn75

jn
Hlm +

1

Λ2
YW ′

2αβ
5
α
Fi5

β
Fj15

ik
H75

jl
Hmn75

mn
Hkl,

(97)

where the effective coupling of the triplet ∆−1/3 ∈ 15H with the dC-ν pairs, in the flavor
basis, is

YX′ = −
√
2YY ′ +

2
√
2ϵ275
9

YW ′
1
+

−4
√
2ϵ275
9

YW ′
2
. (98)

Here, YY ′ and YW ′
1
are symmetric matrices, whereas YW ′

2
is an arbitrary matrix. The neutrino

mass matrix is determined by Eq. (53), where one would need to insert YX′ instead of YX

and use Eq. (95) for YT .
Since the gauge coupling unification happens at sufficiently large MGUT that does not

require any suppression of the gauge boson mediated proton decay, one can, similarly to
the 75H+10H+5H scenario, trivially accommodate fermion masses and mixing parameters
within the light triplet regime.

We summarize our findings as follows. The 24H+10H+5H scenario requires corrections
to the gauge kinetic terms in order to provide gauge coupling unification, where its viability
also needs suppression of gauge mediated proton decay. The 24H+15H+5H scenario can
unify without corrections to the gauge kinetic terms but still needs suppression of the gauge
mediated proton decay signatures. The 75H+10H+5H and 75H+15H+5H scenarios, on the
other hand, both yield high enough unification scale that does not require any suppression
of gauge mediated proton decay.

5 Experimental implications

To showcase the experimental potential of the light color triplet regime, we concentrate on
the signatures of the most constraining scenario comprising 24H , 10H , and 5H .

There are three leptoquarks in the 24H+10H+5H scenario. These are η2/33 ∈ η3(3, 2, 1/6) ∈
10H , η−1/3

3 ∈ η3(3, 2, 1/6) ∈ 10H , and T−1/3(3, 1,−1/3) ∈ 5H , where η
−1/3
3 and T−1/3 need

to mix, as given in Eq. (51), in order to generate neutrino masses at the one-loop level.
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The scalar leptoquark interactions of η3(3, 2, 1/6) and T−1/3, in the 24H+10H+5H sce-
nario, are

−LY ⊃ uT
αC

−1eβT
1/3

{
− UTYTE

}
αβ

+ dTαC
−1νβT

1/3

{
DTYTN

}
αβ

+ νT
αC

−1dcβη
−1/3
3

{
NTYXDc

}
αβ

+ eTαC
−1dcβη

2/3
3

{
− ETYXDc

}
αβ

+ uC,T
α C−1eCβ T

−1/3

{
U †
c

[
5

2

(
Y T
4 − Y4

)
ϵ24

]
E∗

c

}
αβ

, (99)

where YX and YT are given in Eqs. (48) and (59), respectively.
Since N , Q, Dc, and, consequentially, E ≡ DcQ

† are all determined from the neutrino
fit, we can reconstruct Yukawa couplings of η−1/3

3 and η
2/3
3 , up to an overall scale. Namely,

from the benchmark fit provided in Sec. 4, we have

|NTYXDc| = |YX11|


0.888 0.591 0.00028

0.350 0.680 0.00033

2.245 0.855 0.00015

 , (100)

|ETYXDc| = |YX11|


0.976 0.250 0.000062

1.946 1.217 0.00037

1.103 0.0181 0.000259

 , (101)

where we clearly see that both components of η3 couple most strongly to the d quark. Also,
the form of |ETYXDc| stiplulates that η2/33 would preferentially decay into muons and light
jets, if produced at colliders.

The situation with η
−1/3
3 and T−1/3 is more involved, even if one neglects the effect of

their mixing via angle θ of Eq. (51). First thing to note is that the interactions of T−1/3

that are proportional to YT , i.e., the couplings in the first line of Eq. (99), are completely
irrelevant for our discussion as they are proportional to the Yukawa couplings of the down-
type quarks and charged leptons. Again, this makes them completely negligible for the
discussion of the T−1/3 production mechanisms and/or decay signatures. What is relevant,
though, is the interactions of T−1/3 with the up-type quarks and charged leptons in the
last line of Eq. (99). Namely, these couplings cannot all be small since Y4 has to exhibit
substantial skew-symmetric properties in order for the first condition in Eq. (62) to hold.
Note that the symmetric form of MU in Eq. (7) would imply that Uc and U are one and the
same matrix, which would be in conflict with Eq. (62). In fact, it is the skew-symmetricity
of Y4, in combination with the need for perturbativity, that places the most stringent bound
on the cutoff scale Λ, as discussed in detail in Ref. [4]. What one can thus say with certainty
is that T−1/3 will couple strongly to the up-type quarks and charged leptons, whereas η−1/3

3
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will preferential couple to the d quark and a neutrino, where the overall scale, given by
|YX11|, is not known.

It is not guaranteed, even in the 24H+10H+5H scenario, that the three leptoquarks in
question will be accelerator accessible. We can note, however, that the unification scale
Mmax

GUT is increased as the masses of leptoquarks are lowered. This simply mean that any fu-
ture improvement in proton decay lifetime limits will improve upper limit on the leptoquark
masses within both the 24H+10H+5H and 24H+15H+5H scenarios.

6 Conclusions

We present a novel perspective on a long-standing issue of the doublet–triplet splitting prob-
lem within the SU(5) framework. Our proposal allows for a color scalar of the doublet–triplet
splitting notoriety to be light without any conflict with experimental bounds on partial pro-
ton decay lifetimes. We explicitly demonstrate, through introduction of higher-dimensional
operators, how to suppress dangerous baryon number violating couplings associated with
the color triplet mediation if the SU(5) gauge group is broken down to SU(3)×SU(2)×U(1)

by either a 24-dimensional or a 75-dimensional representation while SU(3)×SU(2)×U(1) is
subsequently broken down to SU(3)× U(1)em by a 5-dimensional representation. We com-
pare the main features of these two distinct symmetry breaking scenarios and, for each of
them, we further study two phenomenologically different paths towards viable neutrino mass
generation, where the proposed one-loop level neutrino mass generation mechanism is tied
to the lightness of the aforementioned color triplet scalar. One path requires introduction of
an additional 10-dimensional scalar representation, whereas the other one uses a single 15-
dimensional scalar representation. This work highlights main features of a novel approach
to the SU(5) model building through consistent use of non-renormalizable operators, where
light leptoquarks are not a liability but a powerful probe of new physics.
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