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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 7h-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.



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) X U(1)en 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.



2 24-Higgs

We first address the Georgi-Glashow scenario, where the SU(5) gauge symmetry is broken
down to the SU(3) x SU(2) x 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 (VEVSs) 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 24y under

the SM gauge group is
24 = ®1(1,1,0) + P5(1,3,0) + $3(8,1,0) + D4(3,2, —5/6) + D;(3,2,5/6). (1)
The VEVs that sequentially accomplish the breaking of SU(5) gauge group down to SU(3) x
U(1)em are
(24y) = vagdiag (=1, —1,—1,3/2,3/2), (2)
(Br)=(0 0 0 0 ws/V2)T, (3)

while the interaction lagrangian reads

aig T * 1 T * 1 = *
Ly = 1OF]{Yd&/55IBTi5Hj + XYla,85§i5Hk24];Ij + XY2aﬁ5§;k5Hi24]1€{j}

atj m 1 n 1 n
+ 10F]10§kl5H{Yuaﬁ€ijklm + KY:aag?ZleEijkm + Kﬂaﬁﬂyk@jmn} +h.c, (4)

where parameter A represents a cutoff scale of the theory. The lagrangian of Eq. (4) com-
prises all possible contractions between the SM fermions in 10% and fermions in either 10?
or 5? 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, Yy, Y7, Y3, Yy, Y5, and
Y, are Yukawa coupling matrices with complex entries, «, § = 1,2, 3 are flavor indices while
i,7,k,l,m=1,...,5are SU(5) indices.

2.2 Mass matrices

The mass matrices of the SM fermions that populate 10?;, and 5@, as given by Egs. (2), (3),
and (4), are [4]

1 3 3
Mg = U5{§Yd + 15/1624 — 13/2624}, (5)
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1 3 1
MD = ’U5{§YdT + 1—1}/17}24 + §}/2T€24}, (6)

My = U5{¢§ (Y. +Y])+ % (Vs +Y5") eas + (2—\1/53/4 - \/§Y4T) 624}, (7)

where we introduce, for simplicity, a dimensionless parameter €4 = v94/A. Our notation
is such that Mg represents mass matrix for charged leptons, Mp is the down-type quark
mass matrix, and My is the up-type quark mass matrix. Moreover, these mass matrices are
written in the f¢ f basis, where f stands for the appropriate SM charged fermions.

The ordering of the scales is such that A > wvyy > vs, where vs = 246 GeV. The scale of

vg4 is proportional to the masses of the proton mediating gauge bosons via

Mxy = \/25/8gcurva, (8)

where ggur is a gauge coupling constant of SU(5) at the scale of unification. The X and
Y gauge boson mass Mxy, on the other hand, can be identified with the scale of gauge

coupling unification Mgyt and originates from kinetic term in the lagrangian
1 .
L = 5 (D,®)" (D'D), (9)

where ®% = 24y and D,®% = 0,®% + iggur (Au)g.n O — igguT (Au); 7.
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:

ETMgE = M*e, (10)
DIMpD = M3, (11)
U MyU = M, (12)
NTMyN = M, (13)

Here E., E, D., D, U., U, and N are a priori arbitrary 3 x 3 unitary matrices. My is a

3 X 3 mass matrix for neutrinos, where we assume neutrinos to be of Majorana nature.

2.3 Color-triplet couplings

The couplings of the triplet T; = 5%, i = 1,2, 3, to the SM fermions in the mass eigenstate
basis, as given by lagrangian of Eq. (4) and conventions presented in Egs. (10) though (13),
are [4]
(1) up O egTy

1 3

—E{UT {Yd—Y1€24— §Y2€24}E} ) (14)
aff



(i7) dF O~ vy -

1 3
E{DT {Yd —Yiegy — 53/2624] N}a,B7 (15)
(id1) eipuss CLdS Ty -
! {UT{Y Yiea + Y }D*} (16)
= c|¥d — Y1€24 2€24 | Ve )
\/5 af
(iv) eijkuEaC'*lmek :
1
—{UT [2 (Yo + YD) —2(Ya+Yy) eas + 5 (Y2 +Y/]) 624} D} , (17)
apf
(v) uifC‘leng :
{Uj [2 (Yo +Y]5) —2(Y5+Y5) eas + (3Y2 — 2Y)) 624} E; } , (18)
ap

where Egs. (14), (15), and (16) originate from SU(5) contractions between 10% and 5?,
whereas Eqs. (17) and (18) originate from contractions between 10% and 107.

The triplet T; 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 Yy, Yi, Y5, Y,
Y3, and Y, [4].

For example, the quark-quark pair interactions with the triplet 7; can be completely

suppressed with the following two conditions
Yy — Yiea + Yoeoy = 0, (19)
1
(Yo +Y)) = (Va4 Yy e + 1 (Yi+Y])eu=0. (20)

The suppression of the quark-lepton pair interactions with the triplet, on the other hand,

can be accomplished via

3
Yg — Yiea + §Y2€24 =0, (21)
3
(Yu + YUT> — (YEJ, + YE),T)EM + (§Y4 - Y;LT) €oq4 = 0. (22)

Even though Egs. (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.



Firstly, if one is to completely suppress either the quark-quark or quark-lepton couplings
of the triplet T; € 5y in a phenomenologically viable manner, one needs all three contractions
between 10% and 5? 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 Mg and Mp mass matrices, respectively.

The up-type quark sector is much less demanding since a viable My 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 Y, and Yj.
One can thus simultaneously suppress both quark-lepton and quark-quark couplings of the
triplet, while maintaining viability of M with the presence of only the first two contractions
between 10% and 10? that are featured in the second line of Eq. (4), if needed. Again, even
if Y} is taken to be a null-matrix, one can set to zero the triplet interactions in Eqgs. (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 E., E, D., D, U., 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 10% and 3? and two contractions between 10% and 10?.

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 24y
and 5.

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 10% with
10?ﬁ whereas the other vertex corresponds to a contraction of 10% with 5?. The maximal
value of the Yukawa coupling(s) at the 10%—5? vertex should always be suppressed with
respect to the corresponding maximal Yukawa coupling value at the 10%—10’?; 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 A. It is then the largeness of A and the usual



loop suppression factor that make this contribution towards proton decay negligible even if
one assumes order one Yukawa coupling entries in Y3 and Y. In fact, the relevant Yukawa
couplings are actually rather small as they are related to the SM fermion masses through

Egs. (19) and (20) or Egs. (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 ®5(1,3,0) € 245 does not get a VEV.
If that is not the case, the inclusion of its VEV in Eq. (2) in the form of

<24H> = dlag (—U24, —V24, —V24, 3/21}24 + Vs, 3/21)24 — U3> (23)

yields the following additional interaction terms between T; and the SM fermions:

(1) uf o C legTy {UT {%YQ@,} E}aﬁ, (24)

(i1) di o C Ty {DT {%YQ@,} N}aﬂ, (25)

(i17) eijkug&TC_ldfﬁT,: : 0, (26)

(1v) eru o C Ty + — {UT [ (Ya—Y/]) 63:| D} , (27)
af

(v) ui’gC’_leng : 0. (28)

Here, we introduce another dimensionless parameter €3 = v3/A. 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(< w5). This, on the other hand, stipulates that
terms proportional to €3 can be safely neglected for all practical purposes when considering

impact on proton stability.



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) x SU(2) xU(1) —
SU(3)xU(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 75y under the SM gauge group is

75 = ®1(1,1,0) 4+ D5(8,1,0) + P5(8,3,0) + Dy(3,1,5/3) + ®5(3,1,—5/3)
+ ®5(3,2,—5/6) + ®1(3,2,5/6) + Dg(6, 2, —5/6) + BL(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 Egs. (24) through (28) simply do not exist within the
75-dimensional scenario.

The symmetry properties of 755 = @Z are @g = —CIDZ = —@}i = —i—CI){,i and Zle CIDz{ =
0, where 7,7, k,l = 1,...,5 are, once again, SU(5) indices. The VEV structure of 75y that
breaks SU(5) down to SU(3) x SU(2) x U(1) can be summarised as follows

_ 12 13 23 14 15 24 25 34 35 45
<75H> - <(I)127 CI)137 CI)23’ CI)147 @15’ c1)247 CD257 (1)34’ CI)357 (1)45>

U7s
= —(1,1,1,—-1,—-1,—-1, -1, -1, -1, 3). 30
5 ) (30)

We furthermore assume that 55 breaks SU(3) x SU(2) x U(1) down to SU(3) X 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

Mxy = /8/3gcurvrs, (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 M)Z(,Y is
1 .
Lx = 5 (D,@) (D0, (32)

where Duq)g = 8MCI>Z + igguT <(AN)"Zm, @ij + (Au)fl o — (AL oY (A,)] @%)

pl



3.1 Yukawa couplings

The Yukawa interactions responsible for generating the charged fermion masses are

L 1
£Y = 10%2]5f7‘k5*Hl{Yaa55 5 + }/17045751‘]1] + YC&B75H’LTL75H_]WL + A2Yda67 H’Lj75HmTL}

A A2

atj m 1 no 1 no 1 no
-+ 10FJ10§kI5H{YAaﬁeijklm + KYBocﬁeijnom75Hkl + KYCaﬂejklno75Him + KYDaﬁejlmno75Hik}
+ h.c., (33)

where we include all possible d = 4, d = 5, and d = 6 contractions between 10% and 5?.

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

1 1 1

Mg = U5{§Ya + EYbE% - 63@635 + Ydﬁ%}, (34)
1, 1 1., 1

Mp = vs §Ya 3\/—3@ €75 — 6Yc €75 + 9Y 4 €5 (35)
NG) ™ _ 2 2 T

My =vs3 V2 (Ya+Y,)) - 3<YB—Y)€75+3(YC—YC)€75 ; (36)

where we introduce a dimensionless parameter e;5 = v75/A. The ordering of relevant scales
is such that A > v;5 > vs. To go to the mass eigenstate basis for the SM charged fermions,

ie., to go from Mg py to Mgi’ﬁU, one would need to perform unitary transformations
introduced in Egs. (10), (11), and (12).

3.3 Color-triplet couplings

The triplet T; = 5% interactions with the SM fermions, as derived from Eq. (33), are
(1) up o, O egTy

Y, 1 1 V2
U | =& — —Ve __}/;62 +_Y€2}E} ) 37
{ [\/531;75 v o T Ty e y (37)
(i) dy, o C ' wp Ty -
Y, 1 1 V2
DT | =L — “Yiers — —=Yuek + - Vaek | N 38
{ [\/5 5 Ybers 372 €75 + 9 d575] }aﬁv (38)
) ewku r'o- STy
Y, 1 1 V2 .
{Ui [E+§%675+9—\/§YCG$5+?Y¢1€$5] Dc} ’ (39)
apf
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(ZU) eijkug:ac_ldngTk .

{UT { —2(Ya+ Vi) + ¥ (Yo +Y5) ers + g (Yo +Y5) 675] D}aﬁ, (40)

(v) uifC‘leng :

V8 V8

8
‘f“\/?—(SYB+Yg)575_?(YC_Y5)675+_(YD+Y5)€75:|E:}

{Uj {2 (Ya+Y]) ;

af
(41)
It is clear that the triplet interactions with the quark-quark pairs can be completely

suppressed with the following two conditions

Y, 1 1 V2
E “Yers + —=Yeeks + ——Yye2 = 0, 42
\/5 3 b€T5 9\/§ 75 9 atrs ( )
V2 V2
—(Ya+Y])+ - (Ye+Ye)ers+—— (Yp+Y])ers =0, (43)

3 6

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

Y, 1 1 V2
E — 5%675 — 3—\/51/6635 + 73/;[6%5 = 0, (44)
V2 V2 V2
(Ya+Y)) + 5 (3Yp + Y5 ) €15 — 5 (Yo —Y&) ers + 5 (Yo+Y))ers =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 10% to Sf; 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 10% and
5’?; if one is to suppress proton decay inducing triplet couplings. Second, there are three
possible d = 5 terms that couple 10% and 10?, 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 10%—10?J contractions. Moreover, the SU(5) contraction featuring
Yp 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 10% and 5?; 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 T; € 5y 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 24y 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
10p, 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 10y and the SM
fermions as well as the mixing term between relevant leptoquarks in 10y and 5g. Recall,
the decomposition of 10y, under the SM gauge group SU(3) x SU(2) x U(1), is

105 = n(1,1,1) +n2(3,1,—2/3) + n3(3,2,1/6), (46)

where 74 3 ¢ n3(3,2,1/6) is one of the leptoquarks in question. The other leptoquark is,

of course, the color triplet T-'/3 € 5. Note that we use superscripts to explicitly denote
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Figure 2: One-loop neutrino mass generating diagram within the 10y extension, when the

SU(5) symmetry breaking is accomplished with representations 24y and 55.

electric charges of leptoquarks in units of the positron charge.

The Yukawa interactions of interest originate from
r Fo g qoi Ly maEB o iko T 1 c, ~1/3

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 Yy is defined in the flavor basis of the SM fermions and it reads

)
Yy = V2Yy — —=Vzeu, (48)

2v2

where Yy is a skew-symmetric matrix in the flavor space, whereas Y is an arbitrary matrix.
The relevant mixing between the scalar leptoquarks 773 € 55 and 75 3 € 104, nec-

essary for generating neutrino masses, arises from the following term
) . 5 a _
V O\ Bl 5i 108247, S Z)\U5UQ4T1/3773 3 (49)

where we use (T7/%)* = T/ for convenience. Note that the cubic term 5j;,5%,,10 vanishes
due to the skew-symmetric property of 104 in the SU(5) space.

The mass-squared matrix for scalar leptoquarks reads
2 5
m 2 vsv
Mi=|(_ " * 5224 , (50)
Z/\U5U24 T)’l773

1/3

where my and m,, would be masses of 77"/% and 7, 1 3, respectively, in the absence of the

mixing term given in Eq. (49). If we introduce the mass eigenstates S; an Sy for two scalar
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leptoquarks 7-'/3 and 7]3_1/3 via

T3 - S
s )= ) (51)
n3 Sg  Co Sy

where 6 takes M2 of Eq. (50) into a diagonal form via

5)\1)5’1124/2
2 _ 2 ?
mr TI’L773

tan 260 =

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

MNEMﬁz

3272 2

3 sin 26 | (m%1
msz

) {YXDCMgiagDTYT + Y DM DY } (53)
Here, Y7 is the Yukawa coupling matrix of T € 55 with the d-v 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 Upyng = BTN, where My = N*Mg* NT, in agreement with Eq. (13).

The neutrino masses in Eq. (53) vanish for exact mass degeneracy between S; and S,
i.e., when mg, = mg,. However, phenomenologically viable neutrino masses can be obtained
even when mg, ~ mg, for O(1) Yukawa couplings.

To proceed, we need to address the question of gauge coupling unification within the
model comprising 24y, 10y, 55, 10%, and EQF, where a = 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 Mgyt and associated value of g&yr = 4magyr for the fixed values of mg,
and mg,, where we take S; and S5 to be mass degenerate for simplicity. The relevant central
values of the SM input parameters that we use for unification study are My = 91.1876 GeV,
ag(Myz) = 0.1193, a1 (My) = 127.906, and sin” Oy (M) = 0.23126 [44].

It turns out that the unification does not take place within the 10y extension of the
Georgi-Glashow model unless one also takes into account higher-dimensional contributions

towards kinetic terms for the gauge fields.

1
L5 —3\—5{§Tr (245 F™) } (54)

where c5 is a dimensionless parameter. If we introduce another dimensionless parameter €5

via
C5V24
= 55
the modified gauge coupling unification conditions, at Mgyt scale, become [45-47]
gt (Maur)(1 + €5) = g5(Maur)(1 + 365) = g5(Maur)(1 — 2¢5). (56)
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€5 | ms, =msg, (TeV) | ME (10" GeV) | agir
0.020 10° 5.933 38.2
0.021 10! 5.229 38.3
0.021 102 4.759 38.4
0.021 10° 4.236 38.5
0.021 10* 3.697 38.6
0.022 10° 3.338 38.6

Table I: The highest possible unification scale M&{F; as a function of degenerate masses of

1/3

linear combinations of scalars 7~/> and 7, 1/3 Within the 10 y extension of the 245 scenario.

This, then, allows for gauge coupling unification for judiciously chosen values of e;.

We present the results of our gauge coupling unification analysis in Table I, where we
provide the highest possible value of Mguyr as a function of mg, = mg, as well as the
associated values of €5 and oz(_;%JT. The automated unification procedure looks for the highest
possible unification scale MG by treating the masses of all other scalars in 245 and 10y
to be free parameters that can take any value between 1 TeV and Mgyr.

It is clear that the values for MG} 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 Egs. (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 My of
Eq. (53) are

1 €24 €94
= EYd - E 1= m 2.

Suppression of the triplet interactions with the quark-quark pairs and, consequentially, its

Yy (57)

proton decay signatures leads to

4 4 4
Y= —Mg, Y= ML Y, =
d 5’05 B ! 5’(}5624 b 2 51)5624

(Mfy — Mg) . (58)

This, in turn, yields

Yr = ? (Mg — MP), (59)

and, consequentially, leads to

My = aO{YXDCMgiagDT (E:MgiagET - D*Mgiagpi)
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+ (E*MgiagEj - D:MgiagDT> DM pTyT } (60)

where we conveniently define

_ 3v2sin20 (msl) . (61)

ag —
167205 ms,

Secondly, the gauge mediated proton decay suppression [14] is efficiently achieved if

(uip),. =0, (EID), =(EID) =0, (DIE), =(DIE) =0, (62)

la la la

where o = 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 Mgyr, in view of the current experimental

limits on the partial proton decay lifetimes, quotes the following result
Mgyt > agur/(40)~11.3 x 10" GeV. (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

0 0 e 0 0 <
E.=D| 0 e 0 |=DP, D.=E]| 0 ¢ 0 |=EQ (64)
e 0 0 e 0 0

where &;’s, (;’s as well as ¢;’s are all arbitrary phases. Therefore, the PMNS matrix reads
Upnvns = ETN = QDIN. Note that U and D are related via

UTD = diag(e'®, €2, ¢'%%) Vieydiag(e'4, €97, 1), (65)

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

signatures and viable charged fermion mass generation in the form of
My =M% = aO{YXDCMgiagP*MgiagQDI — YxDo(My*)? D}
+ DrQT MG P MSEDTY L — DX (MG DTy ! } (66)

Clearly, since Y can be expressed in terms of Mg and Mp 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 Y, a satisfactory
numerical solution does exist as we demonstrate next. Note that the numerical analysis is
highly non-trivial since both My and Upyns depend on the same unitary matrix D..

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 D, to be

D, = diag(ei"?c, eiX?c X YW (OE- 5Dc)diag(€ch,€iﬁDc7 1), (67)

1] )

where V(ij) ¢,6P¢) 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 Yy are all real numbers, we obtain the following numerical fit:

apYx11 = 2.67891 x 107? GeV !, (68)
1. —0.0164852 —0.000162649
Yx =Yxii | 193483  1.32078  —0.0000175168 |, (69)

0.960823  0.301348 0.0000197512

(&1, 65, E3) = (0.190099, 0.584088, 0.0202088), (70)
(C1, Gy C3) = (2.96146, 1.37486, 1.9533), (71)
(055, 05, 00¢) = (0.0539512,0.000434082, 0.000108572), (72)
(xPe, xDe, xPe) = (—3.04041,0.24154,0.103072), (73)
(o, BPe §P¢) = (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 y? = 1.53. This fit is close to the ruled out bound
from cosmological data [51] that suggests > m; < 87meV or > m; < 120meV, depending on
experiments included. Namely, our fit yields Y | m; = 76 meV. Moreover, neutrinoless double
beta decay parameter, mgs = | Y., U3m;| = 2.69meV, is also not too far from experimental
bound of 28-122 meV [52].

It is easy to understand why our numerical fit yields Yx that exhibits somewhat inverse
hierarchy in the sense that |Yxi1| ~ |Yx22| > |Yx33|. This happens due to the fact that
Yy in Eq. (66) needs to compensate for highly hierarchical matrix D.(M5*)2D}, where the

dominant entry is generated by the (M52, element.
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Observables 24g+10g+5y 245+15g+5y

Am2, x 10° (eV?) 7.492 7.5085
Am2, x 10° (eV?) 2.5349 2.5339
sin? O MNS 0.3075 0.3071
sin? OLMNS 0.4653 0.4653
sin? O MNS 0.02191 0.02183
x> 1.53 1.57

my (eV) 0.01075 0.00164
my (eV) 0.01380 0.0088
my (eV) 0.05148 0.0503
SEMNS (deg) 176.12 128.51
> m; (meV) 76.0 60.7

mgs (meV) 2.69 1.01

Table ITI: Benchmark fits of neutrino masses and mixing parameters for two different scenar-

ios. Input values of neutrino observables, Amg; and sin® 0 are taken from Refs. [49, 50].

4.1.2 Extension with a 15-dimensional scalar representation

(5r)
1
1
1
1
\{
1
1
AS /3 C 15gy o"‘ ~‘ T—1/3 C5x
¥ .,
l' *
’ “
.,' “
1 A )

[} _ ' —
vCb5p ! d® C 5r dC 10g " vChp
> < . > <
]

[ ]

A

[]

:
(5)

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

symmetry breaking is accomplished with representations 245 and 5.

If the Georgi-Glashow model is extended with a 15-dimensional representation 155, 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 155 reads

A =155 = A(1,3,1) + As(3,2,1/6) + Ag(6,1,—2/3), (75)

one can note that this SU(5) representation also has a color triplet leptoquark, i.e., A;l/ 3

S
A3(3,2,1/6), which can contribute towards neutrino masses at the one-loop level through
the mixing with 7-'/3 € 55, as shown in Fig. 3. The relevant mixing is provided by the

following term in the scalar potential
V O 55515y O s TVAA; Y, (76)

The mass-squared matrix for scalar leptoquarks 7-/3 € 55 and Agl/ % € 15y reads

2
M2 = (mT 3 UE’) , (77)

2
HUs T,

where the mixing angle between 7-1/3 and A;"/? is

2uvs

2

tan 20’ = —
mp — Mp,

(78)

We explicitly assume that the one-loop contribution of Fig. 3 dominates over the tree-
level contribution in what follows. (Note that T~'/3 € 5 along with Ag(6,1,—2/3) € 15
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 155, we have additional Yukawa couplings that play role in

neutrino mass generation
N Py Y ] _
—Ly D Y5550 15% + KYZ,55FZ.5§j15}§24;Ik S VIO Y ydiA; Y, (79)
where we include the d = 5 contraction and define the following effective coupling matrix:

€24
Yy = V2V — —22 Y. 80
X Y 2\/§Z ( )

Here, Yy is a symmetric matrix in the flavor space, whereas Y/ 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 Mgur. We accordingly provide the highest possible unification
scale M&{FT as a function of degenerate masses mg, = mg, of linear combinations of scalar

leptoquarks 7~/% and A; /% and dimensionless parameter € of Eq. (55) in Table IV.
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€5 | ms, =msg, (TeV) | ME (10" GeV) | agir
0.020 10° 5.957 38.1
0.021 10! 5.322 38.2
0.021 102 4.786 38.3
0.021 10° 4.245 38.4
0.022 10* 3.753 38.5
0.022 10° 3.375 38.6

Table IV: The highest possible unification scale M&{T as a function of degenerate masses of

linear combinations of scalars 7~/3 and Ay /3 Within the 15 g extension of the 245 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 10y extension are also at play here in order to have phenomeno-
logically viable scenario. These conditions are specified in Eqgs. (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 Yy, dominates. More specifically, we consider a scenario when Yy is a

symmetric matrix with real elements. Since the relevant neutrino mass matrix reads

My =M% = ag{YX,DCMgiagP*MgiagQDl — Yx/ Do (M52 Df

+ DrQT M ptpSe DTY T, — DX (ME*8)2DTY ], } (81)
where
: /
o = 3v/2sin 26 n mes, | (82)
167205 mg,

our numerical fit yields

apYxn1 = 3.58225 x 1077 GeV ™, (83)
1. 1.21286 0.00032875

Yy =Yy 1.21286 0.581634  —0.000276709 |, (84)

0.00032875 —0.000276709 —0.000018021
(&1.6. &) = (0.986652, 1.14213,0.0772671), (85)
(G, G2, G3) = (2.60532, 1.98709,0.597686), (86)
(013, 05, 015 ) = (0.118582,0.00066669, 0.000432764), (87)
(X2 x3%, x5°) = (—3.02107,2.37879, —0.830596), (88)
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(aPe, P, §P) = (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, |Yx1| ~ |Yxrao| > |Yx33|, in agreement
with our discussion of the numerical fit within the 104 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 10y or 155 with the leptoquark in 55, 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 7~/3 € 5. This means that leptoquark multiplets
n3 € 105 and Ag € 155 as well as leptoquark T € 5y exclusively couple to the quark-lepton
pairs. The only contribution towards proton decay might come from the triple-leptoquark
interaction |71, 72| between 13 € 10y and T € 5y via the 105-105-55 contraction, but that

particular interaction is not needed for the fermion mass generation at all.

4.2 The 75 scenario case studies
4.2.1 Extension with a 10-dimensional scalar representation

First, we point out one crucial difference between the 245+105+5y and 75y +105+5y
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:

N , ; 4 _
VoL 53155, L0 TO TS D —§A'v5v75e75T1/3773 13 (90)
We can now introduce the mass-squared matrix for the scalar leptoquarks via
2 _é)\/
2 _ mr 9\ UsU75€75
. (_% v ; ) , o)
g UsUr5€75 m,.,
where the mixing angle reads
—8)\/2151)75675/9
tan 20" = R (92)
T 73

The left vertex of Fig. 4 is generated via

casf i L Ly, ras ! o = ij mmn
—Ly D YYa,B5F¢51BVj10f]1 + KYZaB5Fi5f«“j10g75flkz + EYWlaﬁ5Fi5§j10g75émn7 HEl
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Figure 4: One-loop neutrino mass generating diagram in the 10y extension, when the SU(5)

symmetry breaking is accomplished with representations 755 and 5.

1

T E im n 1 T E i ] mn
+ FYW20455Fi5f7j10g75szn75]Hlm + _YW30655F755§“3'10Hk75£{mn75Hkl7 (93)

A2
where we included all d = 4, d = 5, and d = 6 contractions.
The relevant interaction between n~'/3 € 10y and the d°-v pairs, in the flavor basis,

reads

2 2/2¢2
Y = V2Vy — 6375 Yz + ‘/;675

\/5‘5%5
3

4262,
9

where Yy, Yz, Yiy,, and Yy, are skew-symmetric matrices in the flavor space, whereas Yy, is

YW1 - YW2 - YW3 ) (94>

an arbitrary matrix. With this, the neutrino mass matrix is determined by Eq. (53), where
one should replace 6 with §” and insert Y7 as given in the square brackets of Eq. (38), after
one imposes conditions of Egs. (42) and (43) to have a light triplet. In fact, Y7 is especially

simple in the 75y scenario with a light triplet as it reads

Yr = Z—EMEQ . (95)

We note that the gauge coupling unification, at sufficiently large Mgy, 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 F is
not restricted in any way, it can always be redefined via £/ = N UliMNS, where N takes My,

given by

3 sin 26" 2 ) 2 ) 2
My ~ 831;2 In (:ﬁ) {YXDC (Mglag) Df + D! (Mglag) Dry? } (96)
Sa
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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 Yy.

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
1

Fa B 4 rij
—LY B YY’Q55Fi5Fj15I?I + A2

TY E im in 1 T = i j mn
YW{aﬁ5Fi5€“j15’;} Hkn75JHlm + PYWQ/a,B5Fi5§”j15Hk75ﬁmn7 Hkl»
(97)

where the effective coupling of the triplet A='/3 € 155 with the d®-v pairs, in the flavor

basis, is

2/ 262
Yy = —\/§Yy/ —+ \/9_675

Y, + _ZLT\/EG%YWZI. (98)
Here, Yy and Yy, are symmetric matrices, whereas Yyy; is an arbitrary matrix. The neutrino
mass matrix is determined by Eq. (53), where one would need to insert Yy instead of Yy
and use Eq. (95) for Yr.

Since the gauge coupling unification happens at sufficiently large Mgyt that does not
require any suppression of the gauge boson mediated proton decay, one can, similarly to
the 75y +10g+5y scenario, trivially accommodate fermion masses and mixing parameters
within the light triplet regime.

We summarize our findings as follows. The 245+ 105 +5g 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 245 +155+55 scenario can
unify without corrections to the gauge kinetic terms but still needs suppression of the gauge
mediated proton decay signatures. The 755+105+55 and 755+155+5y 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 245, 10g, and 5.

There are three leptoquarks in the 24 5 4+105+55 scenario. These are 773)/3 €n3(3,2,1/6) €
1057, 03 7% € 15(3,2,1/6) € 10, and T-Y3(3,1,—1/3) € 55, where 5; /* and T~Y/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 73(3,2,1/6) and 7'/3 in the 245 +105+5; sce-

nario, are

—Ly D ugcleﬁTl/?’{ - UTYTE} - dZClygT1/3{DTYTN}
af af

g C gy 3{NTYXDC} +enC gy 3{ - ETYXDC}

af afs

5
+ulTC el T—1/3{Uj [5 (Y —Y)) 624] E;} : (99)
af
where Yy and Y7 are given in Eqs. (48) and (59), respectively.
Since N, @, D., and, consequentially, £ = D.Q" are all determined from the neutrino
fit, we can reconstruct Yukawa couplings of 75 /3 and 7732,/ 3, up to an overall scale. Namely,

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

0.888 0.591 0.00028
INTYxD.| = [Yxn| | 0.350 0.680 0.00033 |, (100)
2.245 0.855 0.00015

0.976 0.250 0.000062
\ETYxD,| = [Yxn| | 1.946 1.217 0.00037 |, (101)
1.103 0.0181 0.000259

where we clearly see that both components of n3 couple most strongly to the d quark. Also,
the form of |ETYy D,| stiplulates that 77?3/ % would preferentially decay into muons and light

jets, if produced at colliders.

/3 and T~1/3 is more involved, even if one neglects the effect of

1/3

The situation with 7, !
their mixing via angle 6 of Eq. (51). First thing to note is that the interactions of 7'~
that are proportional to Y7, 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~'/3 with the up-type quarks and charged leptons in the
last line of Eq. (99). Namely, these couplings cannot all be small since Y, has to exhibit
substantial skew-symmetric properties in order for the first condition in Eq. (62) to hold.
Note that the symmetric form of My in Eq. (7) would imply that U, and U are one and the
same matrix, which would be in conflict with Eq. (62). In fact, it is the skew-symmetricity
of Y}, in combination with the need for perturbativity, that places the most stringent bound
on the cutoff scale A, as discussed in detail in Ref. [4]. What one can thus say with certainty

is that 7-1/3 will couple strongly to the up-type quarks and charged leptons, whereas n; /*
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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 245 +105+5y scenario, that the three leptoquarks in
question will be accelerator accessible. We can note, however, that the unification scale
MEEY 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 245 +105+55 and 24y +155+5y 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) x SU(2) xU(1)
by either a 24-dimensional or a 75-dimensional representation while SU(3) x SU(2) x U(1) is
subsequently broken down to SU(3) x 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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