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We assess proton decay signatures in the simplest viable SU(5) model with regard to constraints
on parameters governing the Standard Model fermion mass spectrum. Experimental signals for all eight
two-body proton decay processes result from exchange of two gauge bosons, a single scalar leptoquark, or
their combination. Consequently, it enables us to delve into an in-depth anatomy of proton decay modes
and anticipate future signatures. Our findings dictate that observing a proton decay into p — 7z’¢™ indicates
gauge boson mediation, with the potential for observation of p — 7%¢™ mode. Alternatively, if decay is
through the p — K™D process, it is mediated by a scalar leptoquark, possibly allowing the observation of
p — 7%+, Detection of both p — z%* and p — K*7 could enhance p — 7% through constructive
interference. The model predicts inaccessibility of p — #t7, p = n°u™, p = K%™*, and p - K™,
regardless of the dominant mediation type, in the coming decades. In summary, through a comprehensive
analysis of proton decay signals, gauge coupling unification, and fermion masses and mixing, we both

accurately and precisely constrain the parameter space of the SU(5) model in question.

DOI: 10.1103/PhysRevD.109.075023

I. INTRODUCTION

Grand unified theories [1-6] (GUTs) are theoretical
frameworks that seek to unify three fundamental forces of
the Standard Model (SM) of elementary particle physics—
the electromagnetic, weak, and strong interactions—into a
single one. Within these frameworks, the fundamental
constituents of matter, namely quarks and leptons, are also
partially or completely unified. One of the hallmark pre-
dictions of GUTs is thus that protons are not absolutely
stable. Proton decay is, therefore, a crucial signature of
GUTs that offers a potential avenue to test these theories,
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even though the relevant energy scales are far beyond
the direct reach with current or any foreseeable experi-
mental capabilities.

The discovery of proton decay would be a groundbreak-
ing shift in the field of particle physics and an important
development in our understanding of the Universe. The
search for proton decay has consequently motivated develop-
ment of humongous detectors of unprecedented sensitivity,
such as Super-Kamiokande and its successor, Hyper-
Kamiokande (Hyper-K). It is worthwhile to point out that
other forthcoming large-volume neutrino experiments, spe-
cifically JUNO and DUNE, are expected to probe proton
decay lifetimes with an efficacy nearing that of the maximum
achievable Hyper-K reach.

Hyper-K is the next-generation neutrino observatory and
is scheduled to start observation in 2027. Remarkably, due
to its enhanced sensitivity and a larger detection volume,
Hyper-K will significantly improve the chances of observ-
ing proton decay with partial lifetimes as high as 10%° years
within a decade of operation. Owing to these advancements
on the experimental side, it is timely to conduct an in-depth
evaluation of the potential for observing proton decay in
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predictive and simple unified theories, which is the prime
objective of the current manuscript.

The Georgi-Glashow model [3] played a pivotal role in
the early development of GUTs. However, this model,
consisting of only an adjoint Higgs to break the GUT
symmetry and a fundamental Higgs to break the electro-
weak symmetry, is not compatible with experimental data
due to its simplicity. More precisely, within this model
(i) gauge couplings do not unify, (ii) one cannot accom-
modate neutrino masses, and (iii) there is a degeneracy
between the down-type quark and charged lepton masses
that contradicts the data.

It is, therefore, essential to extend the Georgi-Glashow
model to overcome the limitations listed above. While
making such an extension, it is desirable to keep the
model as simple as possible and, more importantly,
predictive. In light of this, one of the simplest and
realistic GUTs, based on SU(5) gauge symmetry, was
recently proposed in Ref. [7]. This minimal realization
utilizes only the first five lowest-lying representations of
dimensions 5, 10, 15, 24, and 35. It has a limited number
of model parameters that makes it a highly predictive
setup. Intriguingly, apart from two superheavy gauge
bosons, only a single scalar leptoquark participates in
proton decay mediation. This specific feature, coupled
with the intricate interplay of model parameters necessary
to replicate the experimentally observed masses and
mixings of charged fermions and neutrinos, yields pre-
dictions regarding both the unification scale and the rates
of various proton decay modes. The aim of this manu-
script is to thoroughly examine the relationship between
these decay modes and to arrive at robust predictions
poised for potential observation in the forthcoming
Hyper-K experiment.

To concisely highlight our findings, we present the
following summary. Our study infers that the decay of a
proton into p — 7% indicates gauge boson mediation,
which also opens a possibility of observing the p — n’e*
decay. Conversely, a proton decay that follows the p —
K™D route suggests an exchange of a scalar leptoquark,
raising a potential to detect the p — 7%t decay. The
concurrent observation of p — 7% and p — K* v decays
might amplify the chances of seeing the p — 7" decay
due to an interference effect. Our model forecasts that
decay modes p — 7t0, p = n°u®, p = K%, and p —
K% will remain out of reach in the coming decades,
regardless of the dominant decay mechanism.

Our manuscript is organized as follows. We present main
features of the model, such as the particle content inter-
actions and symmetry breaking intricacies, in Sec. II. Since
the SM fermion mass generation relies on three different
mechanisms for its viability, we discuss relevant subtleties
of these mechanisms in Sec. III. The proton decay
predictions, for both the gauge boson and scalar leptoquark
mediations, are discussed at length in Sec. I'V. Predictions
of our model, with regard to gauge coupling unification and
proton decay signatures for all eight two-body decay
processes and both types of mediations, are presented in
Sec. V. We briefly conclude in Sec. VI.

II. MODEL

The model under consideration contains scalars (5y,
24, and 35;), fermions (5p;, 10y;, and 15, + 15), and
gauge fields (245), where i = 1, 2, 3. The full scalar and
fermionic content of this SU(5) model, including its
decomposition under the SM gauge group, is summarized
in Table I.

TABLE L. Particle content of the model, its decomposition under the SM gauge group, and associated S-function
coefficients. i = 1, 2, 3 represents a generation index.
Scalars Fermions
SU(5) Standard Model (b3, by, by) SU(5) Standard Model (b3, by, b))
A =5y Ar(1,2,+3) (0.§15) Fi=5p Li(}vz,_%) (0,1.3)
A3 (3.1, =3) (5-0.15) df(3,1.+3) (1,0.3)
¢ =24y $0(1,1,0) (0, 0, 0) T; = 10p, 0:(3.2.+¢) (2.3.1)
$1(1,3,0) (0.4.0) us(3.1,-2) (1.0.5)
$3(3.2,-32) G113 es(1,1,+1) (0,0,9)
#53.2.+3 (345 z= 15 Z(1.3.+1) 059
$5(8.1,0) (1,0,0) 25(3.2,+1) 3.1.35)
® =35 ®,(1.4,~3) 0.5.9) o 25(6.1.~2) (£.0.19)
(33,3 (:23) £=15 %,(1.3,-1) (0.5.9
(6.2, + ) 1.5 £,(3.2,-1) G.1.%)
® (10, 1, +1) (3.0.2) Z6(6,1,+3) (.04
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The scalar potential of the model reads

Ly = 3 (NA) + 2 (NN + iy AN s+ 2 (NN (B b)) + IS NN i
— 13 (b)) + byl + 25 (Bh)* + ALl B + w3 (PP Dy )
+ A8 (D1 Dyy, )2 4 AP D P D s @D - do (D Dy ) (505)
+ A{)(d)*“ﬁ7®aﬂy) (A;A/’) + ing*’l/’th/,y(;A’sAz + u3d>*“ﬁ7¢>,,y§¢2

+ j'1(I)*wﬁy(I)aﬁpqsg‘(ﬁ/}j + /12q)*(l/}/)(baﬁ§¢z¢;’s + {A/A(lAﬂqu)(l/}y + H'C'}’

(2.1)

where, again, A = 5y, ¢ = 24y, ® =354, and @, 3,7, 5, 0, p = 1, 2, 3,4, 5 are used to denote associated SU(5) indices.

The complete Yukawa part of the Lagrangian reads

5
Ly= {Y?GTf’ﬁT? Neapys ijli

+ Y;T?ﬂi/iygbé + HC} + Mﬁiaizaﬁ + yzaﬁzﬁyqjav

where we specify contractions in both the SU(5) and flavor
spaces. Y* and Y are, in general, arbitrary 3 x 3 complex
Yukawa coupling matrices, Y“, Y?, and Y¢ are complex
Yukawa coupling vectors of length 3, whereas y is just a
real number. The relevant matrix elements are denoted with
Yi, Yf] Y4, Y, Y¢, and y, where, again, i, j =1, 2, 3
represent generation indices.

We note that it is possible, without loss of generality, to
use unitary field rotations of representations 5; and 10 jto

go into a specific basis where Y is a diagonal matrix with
real and positive entries. We will use this basis for
subsequent discussion and our numerical analysis. Also,
all physical interactions at the SM level that feature Y are
always proportional to linear combinations Y}, + Y’; that
are manifestly symmetric in the flavor space. One can thus
either redefine Y* to be a symmetric matrix and keep track
of factors of two associated with that redefinition or
continue to treat Y as an arbitrary 3 x 3 complex matrix.
We opt for the latter approach.

The SU(5) symmetry of the model is broken directly
down to the SM gauge group SU(3) x SU(2) x U(1) when
¢y €24y acquires a specific vacuum expectation value
(VEV). The SM is subsequently broken at the electroweak
scale by a VEV of A; €5 down to SU(3) x U(1),,,. This
two-step process can be schematically represented as

(244) (Su)
—

SU(5) SUBB)xSU2)x U(1) — SU(3) x U(1)y,-
(2.3)

The relevant VEVs, for our study, are
(24y) = vyydiag(—1,-1,-1,3/2,3/2), (2.4)
Gu)=(0 0 0 0 wvs/v2)". (2.5)

+ YETPF Ny + YOEPE N + YIE F @

(2.2)

|
where v5 =~ 246 GeV reproduces the masses of the SM
gauge boson fields Wi and Z,. The masses of the super-

heavy gauge bosons Xf‘/ = 24 and Y,fl/ = 24, with the
VEV of 24y given via Eq. (2.4), turn out to be

25
My =My = §QGUT024,

where ggur 1S a gauge coupling constant at the unifica-
tion scale.

One especially convenient feature of SU(5) is that the
gauge coupling unification scale Mgyt can be identified,
for all practical purposes, with the mass of proton decay

mediating gauge bosons X#/ Jand Y fl/ 3. We can thus set
My = My = Mgyr when we discuss proton decay signa-
tures via gauge mediation. Also, our model has only one
scalar leptoquark A3 €5y of mass M,, that mediates
proton decay.

Note that our discussion of the symmetry breaking
procedure does not include possible VEV of an electrically
neutral component of ¢, € 24 that, if present, contributes
to masses of Wff gauge boson fields [8]. We also omit a
VEV of an electrically neutral component of ®; €35y in
our symmetry breaking discussion. These VEVs are
expected to be much smaller than the electroweak scale
and can thus be safely neglected from our symmetry
breaking discussion.

If SU(5) symmetry is exact, all the SM multiplets within
a given SU(S) representation are degenerate in mass.
This, of course, is no longer true after we spontaneously
break it. We accordingly find two particular relations
between the masses of the SM multiplets residing in
35y and 155 + 15, that are especially relevant for the
gauge coupling unification study. Namely, an analysis of
the potential in Eq. (2.1), after the first stage of symmetry
breaking, stipulates that

(2.6)
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Mg, = Mg —3Mg +3Mg, (2.7)
whereas the last two terms in Eq. (2.2) yield
Mzﬁ = 2M):3 - MZ]‘ (28)

Our one-loop level gauge coupling unification analysis
reveals that fields @, and ®; need to be degenerate in
mass and heavy, i.e., of the order of 10! GeV, whereas D,
and ®g¢ also need to be degenerate in mass but light, i.e.,
of the order of 10 TeV or less, if Mgy is to be at, or exceed,
existing experimental limits on partial proton decay life-
times. The mass spectrum of fields in @ = 35 that yields
the highest possible value of Mgy is thus Mg, = Mg, <
M [ — M D, -

Also, under the assumption that parameters Ms , M5,
and My, are all positive, our gauge coupling unifica-
tion study shows that fields X, X3, and X; want to be
almost perfectly mass-degenerate. This happens for the
following two reasons. First, Eq. (2.8) shows that My is an
arithmetic mean of My and My, . Second, the only field
that has the correct f-function coefficients to increase
Mgyt is Z3, whereas X, and X4 can only decrease it, if
they reside below Mgyt. So, there are only two possible
nondegenerate scenarios in agreement with Eq. (2.8) that
one needs to consider to fully understand this issue. One
scenario is when My < My, ~ My, _ and the other is when
Ms, < My, ~ My, . It is clear that in both instances the
GUT scale would be smaller that in the case when My, ~
My, ~ My, since the lightest state, i.e., either X; or X,
would reduce the maximal allowed value of the GUT scale,
whereas the other two states cannot subsequently affect
Myt since they would enter the gauge coupling running at
practically the same threshold, at some higher scale, and
would thus, together with the lightest state, form a full
SU(5) multiplet. A preferred scenario that yields the largest
Mgyt value and generates unification of gauge coupling
constants turns out to be a scenario when My, is at most a
factor of 10 below My , while My, is a factor 1/2 below
My, all in accordance with Eq. (2.8).

The fact that X4, 25, and Z; want to be almost perfectly
mass-degenerate implies that their common mass scale, in
that regime, is not constrained by the gauge coupling
unification requirement, at all. It turns out, however, that
phenomenological viability of neutrino masses requires
My, to be of the order of Mg, , as we demonstrate later on.

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 agyr =
ggur/ (4x) for fixed values of Mg, and My, . Again, since
My, =My, and My ~ My, ~ My, , the only parameters
we need to vary within our unification analysis are the
masses of @3, Dg €35y, ¢y, s €24y, and Ay €5y, while
the relevant SM input parameters are M; = 91.1876 GeV,

ag(Mz) = 0.1193 £ 0.0016, o' (M) = 127.906 +0.019,
and sin? 0y, (M) = 0.23126 + 0.00005 [9]. Since we also
require M, to be at, or above, 3 X 10" GeV due to the
scalar mediated proton decay requirements [10], the only
masses one actually needs to vary in our approach are Mg,
M(D(,’ M‘/’l’ and M¢8'

The procedure we perform is as follows. First we
specify a lower limit on the masses of the new
physics states to establish a connection between the most
accessible scale of new physics and Mgyr. This lower
limit is simply denoted with M = min(M,), where
](: (I)],(D3,CD(,,®]0,21,23,26,¢],¢8,A3) is set at
1 TeV and 10 TeV. For example, the M > 1 TeV scenario
simply means that the new physics states J cannot reside
below 1 TeV scale. Again, this lower limit, in practice,
only affects masses of @3, D¢, ¢h;, and ¢y as all other fields
need to be much more massive.

We, next, produce a discrete set of values for Mg, and
My, , where we take log;o(Mg, /1 GeV) € [10.2,12.9] and
log,o(Ms, /1 GeV) € [8.4, 14.2] with the lattice spacing of
0.1 in these log units in both directions within Mg -My,
plane. The particular choice of ranges for M, and My, is
dictated by a need to generate high enough Mgy to avoid
rapid proton decay and to simultaneously obtain viable
neutrino mass scale. For each of these (Mg, , My, ) points
we freely vary remaining M ; masses until we find maximal
possible Mgyr. Note that our procedure, at every point in
Mg -My, plane, generates aguyr, Mgur, and associated
mass spectrum. We also account for conditions given with
Egs. (2.7) and (2.8) when generating Mgyr, where we
discard all those points with Mgyr < 6 x 10> GeV due to
gauge mediated proton decay requirements to save on
computing time in subsequent steps. We show in Fig. 2
contours of constant value of agyr (blue dot-dashed lines)
and Mgt/ (105 GeV) (red solid lines) that we obtain with
this procedure for M > 1 TeV and M > 10 TeV scenarios.

One thing to note is that the value of Mgyr is indepen-
dent of My, due to almost perfect mass-degeneracy of fields

in 15, + 15, in agreement with our previous discussion.
Also, to produce Mgy values, as given in Fig. 2, we need
to have four multiplets to be exactly at M scale. These
multiplets are @5, ®g €35, and ¢, g €24y. If the mass
of any of these four multiplets is simply shifted up, the
unification scale Mgyt would go down. This means that we
are discussing the most conservative scenario with regard to
the proton decay signatures via gauge boson exchange.
Also, one can treat scale M, for all practical purposes, as a
geometric mean of masses M¢3, Mg " M b1 and M¢8 when
one studies impact of its change on Mgyr.

The second step of the numerical analysis is to run the
masses and mixing parameters of the SM charged fermions
from M, to Mgyt using the factual new physics mass
spectrum associated with every unification point that was
obtained in the previous step. The charged fermion mass
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TABLE IL

Experimental measurements related to charged fermions [12] and neutrinos for normal ordering [13]
with 1o uncertainties.

m(My) (GeV) Fit input oMV & SKM & Am?; (eV?) Fit input

m, /1073 1.158 +0.392 sin GTKM 0.2254 + 0.00072
m, 0.627 £ 0.019 sin 65KM /1072 4.207 + 0.064
m, 171.675 + 1.506 sin 6TKM /1073 3.640 4+ 0.130
my/1073 2.864 4+ 0.286 5CKM 1.208 + 0.054
mg/1073 54.407 4 2.873 Am3, /1075 7.425 +0.205
my, 2.854 4+ 0.026 Am3, /1073 2.51540.028
m, /1073 0.486576 sin® @FYINS /107! 3.04540.125
m, 0.102719 sin” GEYINS 0.554 +0.021
m, 1.74618 sin? GFYINS /1072 2.224 +0.065

renormalization group running is performed at the one-
loop level [11]. We separate the gauge coupling unification
study from the running of the SM charged fermion
parameters since the latter provides feedback to the
former only at the two-loop level, whereas the former
impacts the latter already at the one-loop level. A
summary of experimentally measured observables with
the associated 1o uncertainties of both the charged and
neutral fermion sectors at low-energy scale is provided in
Table II. Due to a minimal impact of the running of
neutrino observables from M, to Mgyt, we opt to always
use corresponding low-energy scale values in our numeri-
cal analysis.

III. FERMION MASSES

The SM fermion mass generation, in our model, relies on
three different mechanisms for its viability. We discuss
relevant subtleties of these mechanisms in what follows.

A. Charged fermion sector

We first revisit the charged fermion mass generation
without inclusion of the vector-like fermion corrections
for clarity of exposition. Recall, ith generation of the
SM fermions, in the Georgi-Glashow SU(5), is entirely
embedded in 55 and 10z [3]. For example, the first
generation is

d? 0 Mg —Mg uy dl
ds | —u§ 0 uf uw
Spi=| d§ |, 10p=—72| u§ —uf 0 u; ds|.
N B I
e —uy —uy —uz; 0 e°
, —d, —dy —dy —e€ 0
(3.1)

where all the fields are left-handed.
Once the electroweak symmetry is broken via VEV of
Eq. (2.5), the first two terms in Eq. (2.2) generate the

following mass matrices for the up-type quarks, charged
leptons, and down-type quarks:

My = V2us(Y* + Y*T), (3.2)
Vs var
My = %Y‘i (3.4)

We again note that we work in a basis where Y is a real
diagonal matrix. Clearly, Egs. (3.3) and (3.4) predict that
m, = my, m, =mg, and m, = m;,, where these mass
relations hold at the unification scale Mgyr-

To generate experimentally observed mismatch between
the masses of the down-type quarks and charged leptons we
clearly need to introduce corrections to either M or M, or
both. Required corrections, in our model, stem from
interactions of the SM charged fermions in 5p; and 10 j
with the vector-like fermions in 15 + 155 [7,14-19].
Namely, once both the SU(5) and electroweak symmetries
are broken, fermion submultiplets with the same trans-
formation properties under the SU(3) x U(1),, gauge
group that reside in 5;, 105, 155, and 155 will mix.
The mixing terms of interest arise from the third, fourth,
and fifth contractions of Eq. (2.2) and read

h°
Ly D -Y¢ <2°u, — X% + x4d¢

T )
(DRe 5”24

~ Ry (d S 4 u s,

V2 4
where we introduce the electric charge eigenstate fields
0.3 ex(1,3,1) and 2, 3¢€X4(3,2,1/6). More-
over, d>0Re denotes the real part of ®; €35y, whereas
h®€ A, €5, denotes what will primarily be the SM

Higgs boson. We stress that @y, and A, strictly speaking,
are not exact mass eigenstates as these two states mix, as we

_ b5y, (3.5)
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discuss later. The masses of associated linear combinations
of @Y, and h° will subsequently be denoted with Mg, and
M), where Mg > M,,. Also, since My, needs to be of the
order of Mg, that is heavy and My, ~ M5 ~ My , we can
safely neglect any mass splitting between fermions X° and
¥¢“ or =* and 24 that is induced through the mixing with
the SM fermions.

Finally, Egs. (3.2)—(3.5), when put together, yield 4 x 4
mass matrices for the charged fermions that read

Ly (u; =*) \/EUS(Y?J'—’—YJ’%) | _qu%yt? ujc
Y i 0 ‘ M23 iu
1 d 5 c
(g zy[ 2% | =Y\ (4
’ Losyd | My, $d
1 1
+(e‘ iec) EUSY;‘ii | SUSY? ejc
! 0 ‘ le Zec '

(3.6)

Again, we are interested in a scenario where My, > vs.
In this particular limit, the 3 X 3 mass matrices of the
charged fermions of the SM take the form

My = I+ YY) =y2us(Y* + Y*T),  (3.7)
1 dT
ME = E USY s (38)

1
Mp = [+ eYeyet _%<MT+—1J €YCY“), 3.9
b= 7H(mE+ 5 (3.9

where we define

R (3.10)
4 My,

Our numerical analysis reveals that T+ e2YY“T x~ T to a
great accuracy. This guarantees that M;; = M7, and makes
transparent that a mismatch between the down-type quark
and charged lepton masses originates solely from a single
rank-one matrix with elements proportional to the product
YiY{. Also, a nice feature of this setup is that the values of
charged fermion masses directly determine the entries of
diagonal matrix Y via Eq. (3.8).

B. Neutrino sector

Neutrino masses receive contributions at both the tree-
and one-loop levels [20,21]. However, in the viable
parameter space of our model, the tree-level contribution
to the neutrino masses can be completely neglected when
compared to the latter one. We, nevertheless, quote it for
completeness. It reads

_‘\ * s _‘\ *
\SH SH/7/‘ AJ A1/7F
NNY P NNY P
N N
sy 7 N U35 IR
7 N 7 N

FIG. 1. The Feynman diagrams of the leading order contribu-
tion toward Majorana neutrino masses at the SU(5) (left panel)
and the SM (right panel) levels.

M) = = s

b b
ij —W<Y?YJ+YIY7)

(3.11)

Equation (3.11) implies that the need to have rather heavy
@, i.e., Mg, ~ 10" GeV, in order to unify gauge coupling
constants of the SM at high enough scale Mgyr, does not
allow for large enough neutrino mass scale even for
electroweak scale My, .

The leading contribution to neutrino masses is of the
one-loop level topology and is shown in Fig. 1. (For other
radiative neutrino mass models within the SU(5) setup, see,
for example, Refs. [22-27].) A necessary ingredient to
generate nonzero masses for the neutrinos, as can be seen
from Fig. 1, is the very last term in Eq. (2.1) that leads to a
mixing between 7’ €5, and a field @Y, € 355. This term
reads

2
Ly D VNN N D +He. D2 x X %hocbge, (3.12)

where we explicitly show the SU(5) origin of the relevant
SM interaction.

From the above term, the mixing angle € between 4° and
@Y, is given by

1,2
Avs

Sin26 = ————
2 2
Mg —M;,

(3.13)

where, again, M, and M), denote physical masses of linear
combinations of h° € A| €5y and @Y, € ®, €35,. Here,
M, is the mass of the SM Higgs boson. If we properly take
into account all the mixing and loop factors, we derive the
following neutrino mass formula:

1,2
loop j'/1)5

M )P — yayb 4 ybya ol
( N)lj 647[2( it i j)Mé]_M%l
M? M2
Mél lnM_f: M%l lnM—lell
X R R or (3.14)
x, @, 5 h
In the limit when Mg , M5 > M), we find
(M) = mo(YeY? 4+ Y2Ye),  (3.15)
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where we introduce dimensionful parameter my that sets
the neutrino mass scale. It reads

)/’U% le M%]
=202 5 In—5=.
64r MZ. —Mq>] Mq)]

my (3.16)

The mass dependence of Eq. (3.16) clearly demonstrates
that it is possible to have satisfactorily large value of m,, for
Mg, ~ 10" GeV as long as My > M,

We note that both the tree- and one-loop level contri-
butions toward neutrino mass matrix are proportional to
Y¢ ij- + Yy ¢ combination. This ensures that the lightest of
the neutrinos is a massless particle, which is consistent with
the current neutrino oscillation data. We can thus write

(My);; = mo(Y?Y? + Y?Y}’) = (Ndiag(0, my, m3)NT),,
(3.17)

where N is a unitary matrix and m, and m5 are neutrino
mass eigenstates. N can actually be written as
N = diag(e™, e, e ) Viynss (3.18)
where Vpyns 1S the Pontecorvo-Maki-Nakagawa-Sakata
(PMNS) unitary mixing matrix with three mixing angles,
two Majorana phases, and one CP violating Dirac phase.
We can use results of Refs. [28,29] to obtain entries of Y4
and Y? from Eq. (3.17) as a function of N, m,, and mj5.
Namely, we find, for the normal neutrino mass ordering
scenario, the following expressions for Y7 and Y*7:

| iryNijp +13Ny;3
Y"T:—2 iryNoy +13N»3 |,
iryN3; +13N33
—iryNjp + 3N 3
—iryNy + 13Ny |,
—iryN3; + r3N33

where r, = \/my/my, r3 =+/ms3/my, and p is an
unknown parameter that accounts for the fact that the
matrix elements of Y¢ and Y” are always featured as
products Y¢ Y;’ in Eq. (3.17). Since Vpyns has three phases,
i.e., one CP violating Dirac phase and two Majorana
phases, unitary matrix N has, all in all, six phases.
Hence in Eq. (3.19) we have six arbitrary phases. This
is consistent with the process of trading six real parameters
and six phases from Y¢ and Y” for three PMNS angles,
three neutrino masses, and six phases during the inversion
procedure.

We can use experimental input from neutrino sector to
directly constrain viable parameter space of the model.
Namely, since the neutrino mass scale parameter m

yor = £

5 (3.19)

depends solely on Mg, , My , and X', we can establish a
part of parameter space in Mg -My plane where m is
simply too small to accommodate experimentally observed
neutrino mass-square differences with perturbative cou-
plings. Namely, if we demand that the dimensionless
couplings do not exceed value of one, we can exclude
part of parameter space with requirement that m, < m5/2.
This naive approach excludes parameter space to the right
of a green curve labeled with 1 in both panels of Fig. 2,
where we set [A'| = 1. To be precise, green curves in both
panels of Fig. 2 are contours of constant my in units of

\/Amgl/ 2. For example, green curve labeled 10 can be
interpreted in two different ways. If, for example, we set
|'| = 1, the Yukawa coupling product max(|Y¢Y 5’ ), along
that curve, needs to be 10~!. Or, if we demand that the
Yukawa couplings do not exceed value of one, the value of
|2’] is 107! along green curve labeled with 10.

We can do a more accurate analysis with regard to
perturbativity of the Yukawa couplings in the neutrino
sector. Namely, since Y“ and Y? entries, as given via
Eq. (3.19), are completely determined via six unknown
phases and A/, we can vary these phases and demand that
both max(|Y4|) < 1 and max(|Y?|) < 1, where i = 1, 2, 3,
to insure perturbativity for fixed values of My, , My, and
|| = 1. If we do that, we find that the parameter space to
the right of the outermost dashed black curve in both panels
of Fig. 2 is ruled out for any choice of aforementioned six
phases. In other words, it is impossible to have perturbative
Yukawa couplings in the neutrino sector for any point in
Mg -My, plane to the right of outermost dashed black
curve. Similarly, for any choice of these six phases we
always find perturbative solution to the left of the innermost
dashed black curve. Clearly, green curve labeled with 1 is a
good approximation of a more accurate numerical study.
The region between two dashed black curves represents a
region where one can have satisfactory numerical fit of
neutrino masses with perturbative Yukawa couplings but
only for very specific choices of six phases that enter Y
and Y? via Eq. (3.19).

C. Fermion mass fit

The 3 x 3 mass matrices M, Mg, Mp, and My of the
SM fermions, as given in Egs. (3.7)—(3.9) and (3.17),
respectively, can be diagonalized via

My = U M3EUT, (3.20)
My, = D M%*D}, (3.21)
My = E,My*E}, (3.22)
My = NMSENT, (3.23)
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FIG. 2. Viable parameter space of the model (shaded in gray)
for the M > 1 TeV and M > 10 TeV scenarios with contours of
constant values for Mgyr/(10'5 GeV) (red solid lines), agyr
(blue dot-dashed lines), and mq/(+/ Am%1 /2) (green solid lines).
For additional details, see the text.

where U;, Ug, D;, Dg, E;, Eg, and N are unitary mat-
rices that implement transition from flavor to mass-
eigenstate basis.

Our numerical study yields D;, Dg, and N, as we
discuss in detail later on, whereas the features of the model
stipulate that

U, = Dydiag(1,e™, e )VE,diag(e™, ™2, e™3)

= D D(n)VigmD(k) (3.24)
Uy = U;diag(e, e, e%) = U; D(&), (3.25)
E =1 (3.26)

Ep =1 (3.27)

where Vi is the Cabibbo-Kobayashi-Maskawa (CKM)
mixing matrix, which contains one CP violating Dirac
phase M. We introduce in Egs. (3.24) and (3.25)
convenient notation for diagonal phase matrices D(7),
D(k), and D(&). Note, also, that it is a symmetric nature
of M ;; matrix that relates U; and Uy, as given in Eq. (3.25).
To perform numerical fit, we use charged lepton masses
at Mgy as an input to determine the diagonal matrix Y via
Y4 = 2diag(m,,m,,m.)/vs. Since the down-type quark
mass matrix of Eq. (3.9) and the neutrino mass matrix of
Eq. (3.17) share a common Yukawa coupling row matrix
Y4, a combined fit of these two sectors is necessary. Our
numerical fit accordingly minimizes a y* function

(3.28)

where T, O;, and E; represent theoretical prediction,
measured central value, and experimental lo error for
the observable j, respectively. The index j runs over the
down-type quark masses and all five measured observables
in the neutrino sector.

We determine the Yukawa coupling matrices Y, Y”, and
Y¢ by fitting them against three down-type quark masses,
two neutrino mass-squared differences, and three mixing
angles in the neutrino sector. It is important to note that the
CP-violating Dirac phase and the two Majorana phases in
the neutrino sector have not yet been experimentally
measured. These, together with the entries of D, and
Dg, are actually an output of our fit.

We conduct a comprehensive scan over all viable
unification points presented in Fig. 2, imposing the con-
dition of perturbativity for the relevant couplings, i.e.,
max(|Y9]), max(|Y?|), max(|Y¢|), || <1.  Additionally,
we employ the criterion y?/n < 1 to deem a fit as good,
where n(= 8) represents the number of fitted observables.
It is noteworthy that not all unification points that allow for
a numerically good fit to the fermion sector successfully
pass the proton decay test.

Our comprehensive numerical fit encompassing both
the down-type quark and neutrino sectors highlights a
limitation in accommodating the inverted neutrino mass
ordering within this model. Specifically, the hierarchical
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and diagonal nature of the down-type quark mass matrix is
dictated by the charged lepton Yukawa coupling matrix Y.
Since the matrix elements (Mp);; depend on a linear

combination of (Y);; and Y{Y9, it becomes evident that

both Y* and Y° must manifestly be hierarchical row
matrices to yield a satisfactory fit to the data. However,
achieving this hierarchical row structure is untenable when
considering the inverted ordering of neutrino masses. In the
inverted scenario, the entries in the first row and the first
column of the neutrino mass matrix My typically possess
comparable magnitudes, while the lower 2 x 2 block is
required to be somewhat smaller. Working in the mass
eigenstate basis for the charged leptons, this necessity
imposes a constraint that all entries in Y“ must be of the
same order, contradicting the hierarchical arrangement
needed in the down-type quark sector. This tension arises
directly from the simplicity of our model, leading to the
prediction that neutrinos must exhibit the normal mass
ordering.

The fitting procedure, applied under the assumption of
the normal ordering of neutrino masses, enables numerical
determination of three unitary rotation matrices D;, Dy,
and N, along with the Yukawa couplings for the charged
leptons and the down-type quarks. To comprehensively
calculate partial lifetimes for various proton decay modes
arising from both gauge boson and scalar mediations, it is
essential to have knowledge of the unitary matrices U; and
Uy that diagonalize the up-type quark mass matrix and its
associated Yukawa couplings. A nice feature of our
approach is the ability to express both U; and Uy in terms
of D; and Vxu, as specified in Egs. (3.24) and (3.29),
along with eight additional phases.

In summary, the model accurately accommodates
charged lepton masses, up-type quark masses, and CKM
parameters. Additionally, we conduct a combined numeri-
cal fit for the neutrino mass parameters, down-type quark
masses, and PMNS parameters, recognizing their intrinsic
interdependence. A pivotal outcome of the fit for the proton
decay considerations lies in the unitary transformations U, ,
Ug, D;, and Dp, with the first two matrices featuring five
and three unknown phases, respectively, and numerical
determination of all Yukawa couplings of the model. There
are, all in all, eight additional phases that our fit cannot
determine, i.e., 171, #5, K1, K3, K3, &1, &5, and &3, where, as we
show next, only #; and 7, are relevant for the study of
proton decay signatures. This puts us in a perfect position to
produce an in-depth anatomy of proton decay signatures of
this model.

IV. PROTON DECAY

The main idea behind our proton decay analysis is to
accurately identify the most dominant channels for both
types of mediators that are present in our model and
compare associated predictions for partial lifetimes with

TABLE II. Current limits on partial proton decay lifetimes for
all two-body decay processes and future expectations for a ten-
year period of data taking at 90% C.L.

Decay channel 7, current bound 7, future sensitivity

p— et 2.4 x 10%* years [31] 7.8 x 103 years [32]
p— mut 1.6 x 10%* years [31] 7.7 x 10 years [32]
p—ato 3.9 x 10°? years [33] e
p = nlet 1.0 x 103 years [34] 4.3 x 103 years [32]
p = lut 4.7 x 103 years [34] 4.9 x 10* years [32]
p — Kl 1.1 x 10 years [35]
p— Kot 3.6 x 10*3 years [36] e
p— K 8.0 x 10%3 years [37] 3.2 x 10** years [32]

current experimental limits and future expectations based
on a ten-year period of data taking at Hyper-K. A summary
of the best experimental limits for all eight two-body proton
decay channels as well as expectations for future sensitiv-
ities at Hyper-K, if and when available, is accordingly
given in Table III. (JUNO Collaboration expects to reach
a limit of 9.6 x 10°* years for p — K0 after a ten-year
period of data taking [30].) We furthermore provide, in
what follows, analytic expressions for partial decay widths
to address phase dependence of our results. We do that
separately for the gauge boson and scalar leptoquark proton
decay mediations. Recall, relevant gauge bosons are
X;4/3,Yf{1/3€(3,2, +5/6) €24, with a common mass
Mgur, whereas scalar leptoquark is A3(3,1,—1/3) €5y
with mass M.

A. Proton decay via gauge bosons

To evaluate relevant decay widths we resort to a
formalism presented in Refs. [38,39]. The d = 6 level
operators of interest are

O(eg, d/j) = kzc(eg, dﬁ)eijku_icy”ujgyﬂdkﬁ, (41)
O(e,, d,?) = k>c(e,, dg)eijkxy”ujd_fﬂyﬂea, (4.2)
O(Vz,da’d/?) = kzc(ylvdaad/E;)eijku_icyﬂdjad_/E}ﬂpyl’ (4.3)

where k* = ggur/MEur (e1,e2) = (e.p), (dy.dy) = (d, 5),
and [ =1, 2, 3.

We are primarily interested in derivation of explicit
expressions for dimensionless coefficients c¢(e§, dy),
c(eq.df), and c(v;, dg, dff). The flavor dependent coeffi-
cients relevant for proton decays into charged leptons are

c(eg, d€) = e7 (DL)lﬂ, (4.4)

C(Q?v d)=e" [(Dp)p + (VCKM)II(DZD(’/I)*VZZKM)ML
(4.5)

075023-9



DORSNER, DZAFEROVIC-MASIC, FAJFER, and SAAD

PHYS. REV. D 109, 075023 (2024)

c(ep, s€) = e (D;)zﬁ (4.6)

C(f?g’ s)=e" [(DZ)/}Z + e (VCKM)lz(DzD(’I)*V&M)ﬁJ-
(4.7)

Clearly, a common multiplicative phase factor e~ will
disappear once one squares the amplitude in order to
evaluate physical decay widths of interest. Also, the only
parameters that are not provided by our numerical study of
the gauge coupling unification and fermion mass fit are
phases 7, and 7, in D(5) = diag(1, e, e™).

To evaluate decay widths associated with p — z"0 and
p — KU one needs to take into account the fact that the
neutrino flavor is not an observable in proton decay
experiments and thus needs to be summed over. We
accordingly obtain

Z (v, d, d°) ] = |(D(&)*D (<) VexmD ()1 |*

=1

- |(VCKM)11 2’ (4-8)

Z lc(v, d, SC)|2 = |(D(§>*D<K)VCKMD('7))11|2

= |(VCKM)11|2’ (4-9)

3

Z (v, s, d) P = |(Verm) 12|

=1

(4.10)

The outcome of summations in Egs. (4.8)—(4.10) stipulates
that the flavor dependence of p — n*0 and p - K7 pro-
cesses is completely determined by the CKM entries [38].

Our analytical expressions show that the only two phases
that are featured in gauge boson mediated proton decay into
mesons and charged leptons are 7; and #,. In fact, even the
dependence on 7, can be neglected for all practical
purposes, as we show later on. We stress that these
analytical results will hold in any SU(5) model where
charged fermions are already in the mass eigenstate basis
while the up-type quark mass matrix is symmetric in
flavor space.

Once the coefficients c(e§, dy), c(ea,dﬂc), and

c(v;, dy, a’g) are determined, one can write down two-
body proton decay widths and generate predictions of the
model. For example, the most dominant decay width reads

2 2y2 2
) = (m;, —mz) 7 42 %Gur

mf, 2 LM‘(‘}UT
x (A3 |c(e€, d)(x°) (ud) u | p)[*

+ AZgle(e.d) (2| (ud) g | p) ).

C(p— e

(4.11)

where (7% (ud), u;|p) = 0.134 GeV?>  [40]  and
(7°(ud) gur|p) = —0.131 GeV? [40]. These matrix ele-
ments are evaluated with an error of the order of 10%
that we do not take into account in our numerical analysis.
A; = 1.2 represents a long-distance coefficient [41],
whereas Ag; and Agy are short-distance coefficients. Ag;
and Agg capture the running of the proton decay operators
from Mgyt down to M, and are evaluated via [42-44]

Mz<Mi=Mcut a,-(M It +1) ZM;S‘?)’;M o
AsL(r) = H "o (My) J i
=123 I Ay
YL(R)i = (23(11)/2& 9/4’2)’

where indices / and J run through all the new physics states
that reside below the unification scale. We evaluate Ag; and
Agp, for every pointin Mg -My, plane for both M > 1 TeV
and M > 10 TeV scenarios. All eight proton decay widths,
due to the gauge boson exchange, are explicitly written
down in Appendix A.

B. Proton decay via scalar leptoquark

The relevant d = 6 operators for proton decay through
scalar leptoquark A are [39]

On(dy. ep) = My2a(dy, ep)u" LCT'du" LC ey, (4.12)

Op(dy. €§) = M32a(d,, e§)u" LCd,e§ LC™'u®
(4.13)

Oy (dS. ey) = M32a(d, ep)dS LCuC uT LC ey,
(4.14)

On(dS. e§) = M32a(dS. e§)dS LC™ uC e§ LC'uC,
(4.15)

OH(da? dﬁ’ I/I) = M/'\za(da, dﬁ’ IJZ)MTLC_] dad/Z:LC_lljl,
(4.16)

Op(dg. d§.v) = M32a(d,. dS.v))d§ LC™'uC dLC™ 'y,
(4.17)

where C is a charge conjugation operator and L =
(I —y5)/2. Again, it is dimensionless coefficients
a(dy. ep), a(d,, eg), a(dg,eﬂ), a(doc,,eg), a(dy. dg.vy),
and a(da,dg,yl) that encapsulate flavor dependence of
proton decay signatures we are interested in.

We find the following expressions [45]

U, E
P (VexaD ()1 VexouD (1) D)
2 ckMP ) )1\ VexmP\N1) 1)1

(4.18)

a(d,. eg) = e
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U
a(d,, e/)C,) =—ral(d, ep), (4.19)
a(dS.ep) = e =L "y 5 (DRME™D,D(m) Vi)
X(VCKM ()*D}) 150 (4.20)
(S e6) =" a(dE. ¢y) (421)
a e;)=—xald;, ez), .
a©p mg as Cp

U
) .. m 5 dis «
a(dy. dg, ) = e™rtin v_;(VCKMD(n)%a(DI“MEmgN )pis

(4.22)
C e—l§1+uc] diag T
a(dmd/}”/l) = (D Mp=D.D (W)VCKM)ﬂl
x (D;Mj‘;agN*)a,, (4.23)
where v = v5/V2, mY =m,, and (m¥ m%) = (m,,m,).

Clearly, the overall phase factors e~ and e~ + 1 will
not be featured in any of the decay widths. The only phases
that will leave an imprint on the partial decay lifetimes due
to the scalar leptoquark mediation are, once again, 7,
and 7,.

To obtain decay widths for p —» z'0 and p - K10
processes due to scalar leptoquark exchange we need to
sum over neutrino flavors. We accordingly find these
contractions

(m}
T2 *M‘&

+ Asg(a(d, €,

I'(p - K'p) =
i=1

where the values of matrix elements (K™ |(us); rd;|p) and
(K*|(ud); gsp|p) are given in Table V. As before, A,
represents a long-distance coefficient, whereas Agy; and Agp
are short-distance coefficients. The expressions of proton
decay widths for all eight two-body decay modes can be
found in Appendix B.

V. PREDICTIONS

We are finally in a position to place additional limits on
otherwise viable parameter space of the model using our
results for the gauge boson and scalar leptoquark proton
decay mediations.

The most relevant limit originates from the model
prediction for the gauge mediatated p — 7’e* process
given in Eq. (4.11). We present thus inferred proton decay
limit in both panels of Fig. 2 using a solid black line. Note

Vi) (K*|(us)gdy|p) + als.d,

3

Z a(da’ d/}’ I/l)a*(dyv dé’ I/l)
=1

UZ
m ¥ « diag2
= —4(VCKMD(’7))1a(VCKMD(’7) )1y(DZME £ DL)/Jﬁ’
(4.24)
Za d,.dS.v)a*(d,.dS.v))
=1
1 T a4 gdia,
e (DM gDLD(r/)VgKM)/}l
dia; * wy7T diag2
X (DM D; D(n)* Vi) s (DM Dy ), (4.25)
3
Z Cl(da, d/}, l/l)a* (dy, dg, Vl)
=1
mij + a gdiag2
= _4(DLME DL)/;y<VCKMD('I))1a
X (DTMdlagD*D(’?)*VEKM)m' (4.26)

It is clear that the parameters associated with the neutrino
sector, including the PMNS matrix, are not featured in
proton decay signatures via scalar leptoquark exchange.

Once all these coefficients are analytically determined
we can write down two-body proton decay widths due to
the scalar leptoquark mediation and generate predictions
of our model. For example, the most constraining decay
width is

A% Z |Asc(a(s. d.v;) (K| (us) dp|p) + a(d. s,v;) (K" |(ud) s, | p))

Vi) (K*|(ud)gsi|p)) . (4.27)

|
that to the left of that line it is not possible to have partial
proton decay lifetime of p — z%¢™ that is in agreement
with the current experimental limit for any choice of phases
n, and 77,. In short, the shaded region between the proton
decay bound (solid black line) and the outermost neutrino
mass scale bound (dashed black curve) is viable with regard
to all experimental input. We also show in Fig. 2, using a
gray dashed line, what one expects to be excluded with
p — n’e™ nonobservation after a ten-year period of data
taking at Hyper-K [32].

Again, Fig. 2 features contours of constant values for
Mgur/ (10" GeV) (red solid lines), agyr (blue dot-dashed
lines), and mg/(+/Am3, /2) (green solid lines) in Mg, -My,
plane for M > 1 TeV and M > 10 TeV scenarios, where
log)o(Mg,/1GeV)€[10.2,12.9] and log,o(My, /1 GeV) e
[8.4,14.2]. The lattice spacing in Mg, -My, plane for our
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analysis, in both directions, is 0.1 in wunits of
log)o(Me,/1 GeV) and log,o(My, /1 GeV), respectively.
Again, at each lattice point in Mg -My, plane we evaluate
mass spectrum that leads to maximal possible value of
Mgyt and determine associated agyt, Agr, and Agp. The
mass spectrum that generates max(Mgyr) is always such
that My, = Mg, = My, = M, = M. We furthermore per-
form running of the SM charged fermion parameters at each
lattice point and use associated values to perform numerical
fit of all fermion masses. The outcome of the fit are all
unitary transformations that provide transition from flavor
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to mass-eigenstate basis of the SM fermions and associated
Yukawa coupling constants. Parameters that our procedure
cannot determine are phases 71, 7>, K1, K2, K3, £1, &2, and &3,
where only 77; and 7, are relevant for the study of proton
decay signatures.

In order to accomplish comparative study between
gauge boson and scalar leptoquark mediation signatures
for the partial proton decay lifetimes, we choose one par-
ticular point in Fig. 2 for M > 1 TeV scenario to be our
starting point. This point, with coordinates (Mg, , My, ) =
(10'3 GeV, 10°3 GeV), is denoted Q and is chosen to be
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Proton decay signatures via gauge boson and scalar leptoquark mediations within M > 1 TeV and M > 10 TeV scenarios for

four specific points and eight channels, as indicated. Black lines are current experimental limits, blue vertical bars are predictions for
gauge boson mediation signatures, red vertical bars are predictions for the scalar leptoquark mediations, and gray dashed lines represent
future experimental sensitivities after a ten-year period of data taking at 90% C.L.
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TABLE IV. Phase uncertainty A = (max(z,) — min(z,))/ min(z,) in % at points Q, R, Q’, and R’ for all eight

channels and for both types of proton decay mediation.

A (%) Gauge Scalar Gauge Scalar
Decay channel AQ) AR) AQ) AR) A(Q) A(R’) A(Q) A(R)
p — nlet 2 1 339 85 1 1 142 96
p = nlut 54 6 1147 132 19 9 214 166
p—onD 0 0 363 87 0 0 145 99
p = nlet 3 1 358 90 1 1 146 97
p = n'ut 810 59 2743 382 70 81 513 313
p — K%t 2 1 386 103 1 1 90 102
p — Kou* 5 1 1304 152 1 1 146 171
p—> KD 0 0 361 87 0 0 145 99

near the current proton decay bound rendered with solid
black line in the upper panel of Fig. 2. We subsequently
evaluate aZ;;/ M, at this point and find all other points
in Fig. 2 that satisfy criteria that the associated value of
akyr/ My at those points is within £2% with respect to
the value extracted for point Q. This procedure yields ten
points of interest for M > 1 TeV scenario that are presented
in the upper panel of Fig. 2.

Once these ten points in M, -My, plane are known, we
choose among them one point with large value of agyr
[Q(10''3 GeV, 103 GeV)] and another one with small
value of agyr [R(10'° GeV, 10'>7 GeV)], where R is
singled out because it has value of aZyr/Mgyr that is
numerically almost identical to aZr/M{yr evaluated at
point Q. We subsequently evaluate at both of these points
gauge boson mediated proton decay widths for all eight
channels, where we also vary 7, and 7, phases to find
maximal and minimal values for these decay widths. We
furthermore evaluate scalar leptoquark mediated proton
decay widths for all eight channels at both Q and R, where,
once again, we vary #; and 7, to capture phase dependence.
To find decay widths associated with scalar leptoquark
mediation, we fix the mass of Aj to have a partial lifetime
for p — K'0 as close as possible to the current exper-
imental limit. We take M, = 2.7 x 10" GeV for M >
1 TeV scenario. Again, this choice ensures that the scalar
mediated proton decay signatures will be observed with
certainty at future proton decay experiments.

We preform the same procedure of selecting two particular
points for M > 10 TeV scenario of Fig. 2, where we label
these points Q'(10'?! GeV, 10! GeV) and R’(10'*? GeV,
10'27 GeV). To evaluate scalar mediated proton decay sig-
natures for points Q' and R" we set M, =2.3x10'? GeV.
Again, this choice of M, places prediction at point Q" for
p — KU within an imminent reach of Hyper-K.

We show signatures for both types of mediation side by
side in Fig. 3 for all four points of interest, where blue bars
are used for the gauge boson mediation partial lifetime
predictions, red bars are used for predictions associated

with scalar leptoquark mediation, current experimental
limits are represented by thin black lines, and gray dashed
lines stand for future expectations after a ten-year period of
data taking at 90% C.L., if and where available.

Upper panels in Fig. 3 are for proton decay signatures
for points Q and R, whereas lower panels correspond to
predictions for points Q" and R’. Note that the uncertainties
in proton decay widths associated with scalar leptoquark
mediation are much larger than those associated with gauge
boson mediation. Again, in both cases these uncertainties
originate solely from variation of two phases 7; and 7,.
We quantify these flavor uncertainties in Table I'V, where we
evaluate A = (max(z,) — min(z,))/ min(z,) in % at points
Q. R, Q, and R’ for each process and for both types of
mediation.

One can see from Fig. 3 and Table IV that gauge
mediated proton decays p — zt0 and p - K0 do not
exhibit any dependence on #; and 7,. Also, the prediction
uncertainty is usually smaller for points with smaller value
of agyr for both types of mediation. One can furthermore
observe that even though points Q and R have practically
the same value of agy/Méyr. the prediction for the p —
7' lifetime for point Q is closer to the experimental limit
than for point R. This is due to the fact that the short-
distance coefficients Ag; and Agg are larger in the region
where agyr is larger. This effect can also be observed in the
scalar leptoquark mediation signatures. For example, we
find that Ag; = 3.41 and Agp = 3.14 at point Q, whereas
Agr = 3.08 and Agp = 2.86 at point R.

We have already stipulated that variation of #, does not
affect gauge mediated proton decay signatures at all. To
that end, we present in Fig. 4 contours of constant decay
width for p — z°u* for both the gauge (blue) and scalar
leptoquark (red) mediation in 7, — 77, plane for points Q
(upper panels) and Q' (lower panels). It is clear from Fig. 4
that the impact of 77, on gauge boson mediated proton decay
signatures is marginal, at best.

Side by side comparison of two types of proton decay
mediation, as shown in Fig. 3, leaves us with the following
conclusions. If this model is realized in nature, and if proton
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FIG. 4. Contours of constant I'(p — z°%") for the gauge boson (blue) and scalar leptoquark (red) mediation for points Q and Q’,

as indicated.

is observed to decay to 7° and e*, the decay is certainly due
to the gauge boson exchange. If the dominant mode is
indeed the gauge mediated proton decay, the next channel
that is closest to being detected is p — n’e™, even though it
is predicted to be outside of the projected sensitivity after a
ten-year period of data taking at Hyper-K. All other gauge
mediated proton decay signatures exceed any reasonable
improvement in proton decay bounds to allow for potential
discovery in decades to come.

If, on the other hand, proton is observed to decay to K+
and 7, the decay is mediated by scalar leptoquark. The
channel that is then closest to the ten-year sensitivity
projection is p — 74", All other channels have predicted
lifetimes that vastly exceed what can be probed with current
detector technologies.

If both p — %" and p — K0 are observed, we would
have scenario where both gauge bosons and scalar leptoquark

simultaneously contribute toward proton decay signatures.
It would then be possible to have an enhancement of the
p — n°u* decay width, as can be seen from Figs. 3 and 4, if
the interference between the gauge and scalar leptoquark
contributions at the amplitude level is constructive. Except
for potential observation of p — %", the remaining four
channels will be experimentally inaccessible for all practical
purposes within this particular scenario.

The very last points in the parameter space of M >
1 TeVand M > 10 TeV scenarios in Fig. 2 that could be, at
least in principle, probed by proton decay experiments
are points A and A’, respectively, with common coordi-
nates (Mg, , My, ) = (10'*% GeV, 10'*? GeV). The model
yieldsz,(p —» ") =1.1x10* yearsand z,(p — 7% ") =
1.5x 10* years at points A and A’, respectively. M is thus
inversely proportional to predicted lifetime z,,(p — ™) at
point (Mg My )= (10'>% GeV,10'*? GeV). We can
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accordingly infer that the current experimental limit on

7,(p = n%e*) implies that M < 65 TeV, where M can be

identified, for all practical purposes, with geometric mean of

the masses of @5, Dg, ¢b;, and ¢hg. Viable parameter space of
our model is nicely bounded from one side by the exper-
imental limit on p — 7% and from the other side by the
neutrino mass scale perturbativity requirement. The M =

65 TeV scenario is where these two bounds meet.

We can also place an accurate limit on M, within M >
1 TeV and M > 10 TeV scenarios for any lattice point in
Mg, -My, plane with the data on p — K*o. For example,
we find that My, > 1.8 X 10'? GeV, M, > 1.9 x10'? GeV,
My, >1.8x 10" GeV, and M,, > 1.7 x 10'? GeV for
points Q, R, Q', R/, respectively.

Our predictions, up to this point, have been based on
the one-loop level gauge coupling unification analysis.
We can, in principle, perform the same analysis at the
two-loop level. To that end we present the two-loop level
prediction for the unification scale at point A with coor-
dinates (Mg, , My, ) = (10'*% GeV, 10'*? GeV) for the
M > 1 TeV scenario presented in the upper panel of
Fig. 2. The one-loop level analysis at point A yields
Mgyur = 1.97 x 10' GeV and agyr = 0.0457, whereas
the two-loop level maximization of Mgyr at the same
point yields Mgyt = 5.94 x 10'° GeV and agyr = 0.0610.
The mass spectrum that generates this two-loop level
unification scenario is Mg, =Mqe =M, =My =1TeV,
My, =4.75x 10" GeV, My, =102 GeV, My, = 3.97 x
102 GeV, Mg, = Mg, = 10'*% GeV, and My =
10'2° GeV, where we use the two-loop S-function coef-
ficients given in Appendix C. We accordingly note that the
ratio aZyp/ My at point A changes by a multiplicative
factor of 46 when we go from the one-loop to two-loop
level result. If we assume that the short-distance coeffi-
cients will be enhanced by a factor of 1.1 due to increase of
the gauge coupling value in the case of the two-loop level
analysis, we can see that the proton decay lifetimes will be
scaled by, at most, a factor of 40 for point A. What is
important, though, is that the pattern of proton decay
signatures shown in Fig. 3 will not be changed if one goes
from the one-loop to two-loop level analysis.

Final comments are in order.

(a) We find an additional multiplicative factor of 4 in
denominator of m parameter with respect to our
previous works [7,17]. This has accordingly reduced
available parameter space of the model.

(b) The matrix elements that we use carry around 10%
uncertainty, each, that we do not include in our study
of proton decay signatures. These errors would trans-
late to an additional 20% uncertainty for all eight
proton decay widths. Again, the uncertainties pre-
sented in Table IV capture flavor dependence only.

(c) We remark that, in principle, the fermionic sub-
multiplet X5 does not need to be almost perfectly
degenerate in mass with 24 and X; if one does not

require My , My , My, > 0. This might be problem-
atic for our study since, as shown in Ref. [19], a lower
mass of X, by itself, can significantly increase the
unification scale. One might then expect that taking its
mass close to the TeV scale would drastically increase
Mut- This, however, does not happen in our model
due to the presence of additional colored light states.
For example, if one sets X; to be very light, the
maximal unification scale Mgy is only a factor of 1.5
larger than what we show in Fig. 2. Setting 25 light,
however, opens up another issue. To explain it, let us,
for example, focus on the third-generation mass. We
get, from Eq. (3.9), that mj, ~m, + Am, where
Am ~(5/4)(174 GeV) (YY) (vys/Ms,). To repro-
duce correct bottom mass, using the data from Table II,
one requires Am ~ 1 GeV. Assuming that X5 state
indeed resides at the TeV scale and vy, ~2 X
10'® GeV, we obtain Y~ 107'7, where Y? ~1 is
used to maximize the neutrino mass scale. We present,
in this manuscript, scenario with mass-degenerate X,
26, and X5 states, which dictates Y coupling to be of
the order of the usual electron Yukawa coupling and
leave thorough discussion of the light 5 scenario for
potential future publication.

(d) We find that the lower bound on M,  is around
10'? GeV that somewhat exceeds a value of 3 x
10'! GeV [10] found in a simple nonrenormalizable
SU(5) setting. We attribute this change to (i) use of
short-distance coefficients Ag; and Agg, (ii) implemen-
tation of matrix elements instead of more traditional
parameters F and D extracted from form factors in
semileptonic hyperon decays and nucleon axial charge
[46,47], and (iii) proper derivation of scalar leptoquark
couplings in SU(5) [45].

VI. CONCLUSION

There are only two possible types of mediators of proton
decay within the SU(5) model in question. The anticipated
experimental signal of these decay processes can, hence,
originate solely from exchange of two gauge bosons, or
entirely from a single scalar leptoquark exchange, or from
combination of the two. In the following, we highlight the
most notable features of the proton decay signals of
our model.

(1) Our analysis stipulates that we can conclude, with
certainty, that if a proton is experimentally observed
to decay to z° and e™, the decay is mediated by the
gauge bosons. If gauge mediation indeed dominates,
the only other channel that might potentially be
observed is p — n’e*, even though it is predicted to
be outside of the projected sensitivity after a ten-year
period of data taking at Hyper-K.

(ii) If, on the other hand, a proton is observed to decay

to KT and 7, the decay is certainly mediated by a
scalar leptoquark. One might then hope to observe
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p — 74", even though it is also predicted to be
outside of the projected sensitivity after a ten-year
period of data taking.

If both p — 7%* and p — K* v are observed, the
decay width for the process p — 7% " might be
enhanced through fortuitous interference between
the gauge and scalar leptoquark contributions at the
amplitude level.

The model thus predicts that p — 77, p = °u™,
p = K%™, and p = K% will be experimentally
inaccessible in decades to come regardless of the
type of proton decay mediation dominance.

Other prominent features of the model are as follows.
The lightest neutrino is massless and the neutrino mass
hierarchy is of the normal ordering. There are four scalar
multiplets, i.e., @3, Dg €35, and ¢, g € 24, that need to
be light if Mgyt is to attain maximal possible value, where
the geometric mean of the masses of these fields can be
identified with parameter M for all practical purposes.
Current experimental limit on 7,(p — #°¢™) implies that
M <65 TeV, where M and 7,(p — n'e™) are inversely
proportional. Any future experimental improvement on
7,(p — 7%") will thus lower allowed value of M and
accordingly help to further reduce available parameter
space of the model.

(iii)

(iv)
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TABLE V. Central values of matrix elements entering the
proton decay computation at 2 GeV scale [40]. For uncertainties
associated with each of the elements, see Ref. [40].

Matrix element Form factor (GeV?)

(| (ud) gur | p) ~0.131
(2°|(ud) ug|p) 0.134
(7 |(du)rdy|p) -0.186
(7*|(du) d,|p) 0.189
(K°|(us)gur|p) 0.103
(K°|(us) u|p) 0.057
(K*|(us)gdL|p) —0.049
(K*|(ud)gs.|p) —0.134
(K*|(us) dL|p) 0.041
(K*|(ud)s.|p) 0.139
(n|(ud)gug|p) 0.006
(n|(ud)pu.|p) 0.113

funding No. P1-0035 and No. N1-0321). S. S. would like
to thank Kevin Hinze for discussion.

APPENDIX A: GAUGE MEDIATED PROTON
DECAY WIDTHS

We show below explicit expressions for all eight two-
body proton decay widths due to the gauge boson exchange
for completeness of exposition. The gauge bosons in
question are X,‘f4/3, Y;’m €(3,2,+5/6) with a common
mass Mgyr-

(”12 —m;)’n 2 Gt 0 C\ |2 0
[(p - nlej) = 55 ALy UAsk(@|(ud)gur|p)c(es, dV)I° + |Agy (27| (ud) Lur [ p)e cleg. d)’}. (A1)
P GUT
-y @ :
D(p = x'8) = 2 4 DU Al (| (ud)ady [P Y e d. d)P2 (A2)
mp GUT i=1
(m2—m2Vr . a2
C(p = nef) = ——— EAiMﬁUT {|Asr (nl(ud)gu |p)c(ep, dO)* + |Asy (nl (ud) pug |p)c(ef, d) P}, (A3)
P GUT
0,4 (my —mi)’ = 2 QGur 0 2 0 C o2
I'(p—> K eﬂ) = 3 2A M {Asr(K°|(us)gur|p)c(ep. s°)|* + [AsL (K’ |(MS)L”L|P>C(€ﬂ,S)| b (A4)
mp GUT
2 22 . 2
I(p - K*7) = (ry 3mK) 2 43 Sour
mp 2 MGUT

3 3
X {A§R|<K+|(us)RdL|p>|zz (v d.sO) P + A3 (K| (ud)gsi|p)P ) |C(Vi’s’dc)|2}' (AS)

i=1

i=1

We use m p= 0.9383 GeV,m, = 0.134 GeV, m, = 0.548 GeV, and mg = 0.493677 GeV to generate all our numerical
results. The central values of relevant matrix elements [40] are specified in Table V.
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APPENDIX B: SCALAR MEDIATED PROTON DECAY WIDTHS

We show below explicit expressions for all eight two-body proton decay widths due to the exchange of a scalar
leptoquark A3(3,1,—1/3) of mass M,,.

(m2 — m2)?
I'(p - ﬂoeﬁ) ?)2;;—3WA%{|ASRa(dC7 eﬂ)<ﬂo|(d”)R“L|P> +Asra(d, eﬁ)<”0|(d”)L”L\P>|2
+|Asza(d. ef)(n%|(du) ug|p) + Asga(d®. ef)(z°|(du) gu, | p)*}- (BI)
(m? — mz)z
I(p—7'0) = W LZ|ASRa (d.d®.v;)(z"|(du)gd,|p) + Aspa(d.d.v;) (" |(du) d; |p)]*.  (B2)
3 i=1
04y L (mp—mp)? c 2
L(p —n'ey) = WAL“ASLa(d ep)(n(ud) ur|p) + Asga(d®, eg)(n|(ud)gur|p)|
+|Asza(d®. ef)nl(ud) u,|p) + Asgal(d. ef) (nl(ud) guy | p)*}- (B3)
(m} — m )’

I(p— Koe;) _WA%“ASRG( ep)(K°|(us)gur|p) + Asa(s, eg) (K°|(us) u|p)

— Asga(s, ef) (K°|(us) gur |p) — Aspa(s©, ef ) (K°|(us) u|p)
+ |Asra(sC, ep) (K°|(us)guy |p) + Agpa(s, es) (KO|(us) ur | p)

+ Asga(s, ef ) (K°|(us) gu | p) + Aspa(s, ef ) (K°|(us) pur| p)[*}- (B4)
(m2 — m3)? 3
Ip - K'v) =~ 3]‘;4 2> As(a(s, d.vi) (KT (us) dr|p) + a(d, s,v;) (K*|(ud) s | p))
mp /\3 i=1
+ Agr(a(d, s v) (K" |(us)gdy|p) + a(s, d,vi) (K" |(ud)gs|p))|*. (B5)

APPENDIX C: RENORMALIZATION GROUP g-FUNCTION COEFFICIENTS

The one-loop coefficients of the renormalization group f-functions relevant for our model are provided in Table I. In this
appendix, following Ref. [48], we derive the relevant two-loop coefficients. The two-loop coefficients for the SM read

199 27 44
5 10 5
M= 5 £ 12 |, (C1)
by
while the contributions from the new physics states are
% 0 }—g’ 0 0 O 0 0 O
Aby =10 0 o, A =]0 B o, Alr=]00 0], (C2)
12—5 0 13—1 0 0 O 0 0 21
% 810 5 3 %
Ab =27 %5 0|, AbD = |2 56 32|, (C3)
0 0 0 512 11

075023-17



DORSNER, DZAFEROVIC-MASIC, FAJFER, and SAAD

PHYS. REV. D 109, 075023 (2024)

1 3 8
75 5 3
Abje=| 1 13 40 |,
Poas
AbY = 2 e g, Abp = | &
0 0 0 =

20 144
Ab =10 0o o |, (C4)
18 0 195
S 5 0 %
® o4, Abg=[0 0 0 (C5)
3 38 4 g 125
2 3 3 3

Note that multiplets in £ have the same two-loop coefficients as multiplets in X.
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