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Abstract: In flipped SU(5) grand unified theories, the partial decay lifetimes of certain nucleon decay

channels depend generically on an unknown unitary matrix, which arises when left-handed lepton

fields are embedded into anti-fundamental representations of SU(5). This dependency is particularly

relevant when the neutrino mass matrix has a generic structure, introducing uncertainty in the

prediction of nucleon decay branching fractions within flipped SU(5). In this paper, we demonstrate

that this uncertainty can be parametrized using two parameters, which can be determined by

measuring the partial lifetimes of p → π0e+, p → π0µ+, and n → π0ν̄. In addition, we establish

upper limits on the ratios of the decay widths of these channels, offering a potential method to test

flipped SU(5) in future nucleon decay experiments.

Keywords: grand unified theories; nucleon decay; flipped SU(5); supersymmetry

1. Introduction

Flipped SU(5)× U(1) grand unified theories (GUTs) [1–4] offer a promising frame-
work for constructing GUT models. This framework includes right-handed neutrinos
as an essential component and naturally explains small neutrino masses via the seesaw
mechanism [5–9], in contrast to the standard SU(5) [10], where right-handed neutrinos are
not required, as they are singlets of SU(5) and do not complete the SU(5) representations. In
addition, flipped SU(5) incorporates the missing-partner mechanism [3,11,12] to naturally
solve the doublet-triplet splitting problem.

Flipped SU(5) predicts a distinctive pattern of nucleon decay branching fractions [13–23].
The missing-partner mechanism suppresses the contribution of color-triplet Higgs ex-
change [24] to dimension-five operators [25,26], which contrasts sharply with the minimal
supersymmetric SU(5) [27,28], where dimension-five proton decay operators could be
problematic [29,30] unless the supersymmetric particle mass scale is very high [31–45].
Its contribution to dimension-six operators is also small [24] if the color-triplet Higgs lies
around the GUT scale. Consequently, the SU(5) gauge boson exchange predominantly
drives nucleon decays in flipped SU(5). Since this process is induced by gauge interactions,
it allows for relatively robust predictions of certain nucleon decay branching fractions.
For instance, the decay width of p → K+ν̄ is predicted to vanish due to the unitarity of
the Cabibbo–Kobayashi–Maskawa (CKM) matrix [13]. Ratios of decay widths, such as
Γ(p → K0e+)/Γ(p → π0e+) and Γ(p → K0µ+)/Γ(p → π0µ+), are determined by the
CKM matrix elements [17], along with the relevant hadron masses and matrix elements.

However, some important decay channels suffer from uncertainties in their decay
branching fraction calculations, even though these processes are induced by gauge inter-
actions. This uncertainty arises from an unknown unitary matrix Uℓ, introduced when
embedding left-handed lepton fields into anti-fundamental representations of SU(5) [13].
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As discussed in Ref. [17], in some specific scenarios as in Refs. [46–48], this unitary matrix
corresponds to the Pontecorvo–Maki–Nakagawa–Sakata (PMNS) matrix, which allows us
to make a robust prediction. Generically speaking, however, unknown matrix elements,
(Uℓ)11 and (Uℓ)12, appear in the expressions for the decay widths, causing uncertainty
in the calculation. It is therefore crucial to study the impact of this uncertainty on the
predicted nucleon decay branching fractions and to evaluate whether flipped SU(5) can still
be tested in upcoming nucleon decay experiments [49], such as the Hyper–Kamiokande
experiment [50].

In this paper, we demonstrate that this uncertainty can be parametrized using only
two parameters and these parameters can be determined by measuring the lifetimes of the
three nucleon decay channels, p → π0e+, p → π0µ+, and n → π0ν̄. We also derive upper
limits on the ratios between the decay widths of these channels, providing a means to test
flipped SU(5) in future experiments.

2. Nucleon Decay in Flipped SU(5)

We first describe the flipped SU(5) model considered in this paper. This model is
a supersymmetric (SUSY) SU(5) × U(1) gauge theory, where the three generations of
matter fields in the minimal supersymmetric Standard Model (MSSM), together with three
right-handed neutrinos, are embedded into 10, 5̄, and 1 representations of SU(5), which
we denote by Fi, f̄i and ℓc

i , respectively, with i = 1, 2, 3 the generation index. Their U(1)

charges in units of 1/
√

40 are +1, −3, and +5, respectively. We also add singlet fields ϕi

to give masses to the right-handed neutrinos after the SU(5)× U(1) gauge symmetry is
spontaneously broken. This symmetry breaking is triggered by the vacuum expectation
values (VEVs) of a pair of 10 and 10 Higgs fields, H and H̄, whose U(1) charges are +1
and −1, respectively. The MSSM Higgs doublet fields, Hu and Hd are embedded into
anti-fundamental and fundamental representations of SU(5) with U(1) charges +2 and −2;
these representations are denoted by h̄ and h, respectively. We further assume that this
model possesses two Z2 symmetries. One is the standard R-parity, under which Fi, f̄i, ℓ

c
i ,

and ϕi are odd and H, H̄, h, and h̄ are even. Another one is to remove the mass term for
H and H̄, where only the H field is odd and the other fields are even1; the absence of this
mass term is advantageous for suppressing the dimension-five nucleon-decay operators
induced by the color-triplet Higgs exchange. We summarize the field content and charge
assignments in Table 1.

Table 1. The field content and the charge assignments in the flipped SU(5) model. The U(1) charges

are given in units of 1/
√

40.

Fields Components SU(5) U(1) Z2 R-parity

Fi dc
i , Qi, νc

i 10 +1 + −
f̄i uc

i , Li 5 −3 + −
ℓc

i ec
i 1 +5 + −

ϕi ϕi 1 0 + −
H dc

H , QH , νc
H 10 +1 − +

H̄ dc
H̄

, QH̄ , νc
H̄

10 −1 + +

h D, Hd 5 −2 + +

h̄ D̄, Hu 5 +2 + +

The renormalizable superpotential in this model is given by

W = λ
ij
1 FiFjh + λ

ij
2 Fi f̄ j h̄ + λ

ij
3 f̄iℓ

c
j h + λ4HHh + λ5H̄H̄h̄ + λ

ij
6 Fi H̄ϕj + µijϕiϕj , (1)

where we assume the µ-term for h and h̄ to be absent2 so that the doublet-triplet splitting
problem can be solved by the missing-partner mechanism.
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The scalar potential of this model has an F- and D-flat direction along |νc
H | = |νc

H̄
| and

we assume that these fields develop VEVs in this direction to break the SU(5)×U(1) gauge
symmetry—the origin of this potential is destabilized by a soft SUSY-breaking mass term
and the flat direction at large field values is lifted by a non-renormalizable superpotential
term. See Refs. [51,52] for more detailed discussions on this symmetry breaking. After H
and H̄ acquire VEVs, the color components in these fields, dc

H and dc
H̄

, form vector-like

mass terms with those in h and h̄, D and D̄, via the couplings λ4 and λ5 in Equation (1),
while the MSSM doublet Higgs fields remain massless—i.e., the doublet-triplet splitting
is realized. QH , QH̄ , and a linear combination of νc

H and νc
H̄

are eaten by the gauge fields
corresponding to the broken symmetries, giving them masses of the order of the GUT scale.
The other combination of νc

H and νc
H̄

acquires a mass of the order of the soft SUSY-breaking
scale. The VEVs of H and H̄ also generate mass terms for the right-handed neutrinos νc

i

and the singlet fields ϕi via the couplings λ
ij
6 . The integration of these fields then gives rise

to the dimension-five Weinberg operators [53], which generate neutrino masses after Hu

acquires a VEV.

To see the flavor structure of this model, we take a flavor basis where λ
ij
2 is real and

diagonal without loss of generality. In this case, we find that the MSSM matter fields and
right-handed neutrinos are embedded into Fi, f̄i, and ℓc

i as

Fi =
{

Qi, Vije
−iφj dc

j , (Uνc)ijν
c
j

}

,

f̄i =
{

uc
i , (U∗

ℓ )ijLj

}

,

ℓ
c
i = (Uℓc)ije

c
j , (2)

where V is the CKM matrix, Uνc , Uℓ, and Uℓc are unitary matrices, and φi are real phase
parameters satisfying the condition ∑i φi = 0. For the detailed procedure to obtain this
result, see Refs. [13,18]. The doublet quark and lepton fields are expressed in terms of the
mass eigenstates as

Qi =

(

ui

Vijdj

)

, Li =

(

Uijνj

ei

)

, (3)

where U is the PMNS matrix. We also need another unitary matrix Uν to diagonalize the
mass matrix of light neutrinos mν:

mD
ν = UT

ν mνUν . (4)

We find that the PMNS matrix is related to the unitary matrices Uℓ and Uν as

U = UT
ℓ

Uν . (5)

Notice that if the neutrino mass matrix mν is predicted, as in the case of the scenario
considered in Refs. [46–48], Uν is obtained from Equation (4) and then Uℓ is given by
Equation (5) as a function of the PMNS matrix. Otherwise, we have ambiguity in the
determination of Uℓ and Uν.

Now we discuss the nucleon decay in this model. The exchange of the SU(5) gauge
bosons generates the effective operators of the form

Leff = CijklOijkl + h.c. , (6)

where

Oijkl ≡
∫

d2θd2θ̄ ϵabcϵαβ

(

uc†
i

)a(
dc†

j

)b
e−

2
3 g′B(e2g3GQα

k

)c
L

β
l , (7)

with G and B the SU(3)C and U(1)Y gauge vector superfields, respectively, and g3 and
g′ the corresponding gauge couplings. Notice that another type of the dimension-six



Universe 2024, 10, 379 4 of 10

operators allowed by the Standard Model gauge symmetry is not induced in flipped SU(5),
as the right-handed charged lepton fields ec

i are singlets of SU(5). We also note that as the
interaction (6) is induced by the gauge interaction, the following analysis is applicable not
only to the SUSY flipped SU(5) model but also to non-SUSY ones. The Wilson coefficients
Cijkl are given by

Cijkl =
g2

5

M2
X

(U∗
ℓ
)ilV

∗
kje

iφj , (8)

where MX is the mass of the SU(5) gauge bosons and g5 is the SU(5) gauge coupling.
By using the effective interactions in Equation (6), we compute the nucleon decay

widths, with taking the renormalization-group effect into account. For the detailed dis-
cussion on this prescription, see Ref. [17]. In what follows, we summarize the resultant
expressions given in Ref. [17].

Let us begin with the p → π0ℓ
+
i decay channels, where ℓ

+
1 and ℓ

+
2 denote positron

and anti-muon, respectively. The decay widths of these channels are expressed as

Γ(p → π0
ℓ
+
i ) =

g4
5mp|Vud|2|(Uℓ)1i|2

32πM4
X

(

1 − m2
π

m2
p

)2

A2
(

⟨π0|(ud)RuL|p⟩ℓi

)2
, (9)

where mp and mπ denote the masses of proton and pion, respectively; A is a renormalization
factor3; the quantity in the last parenthesis is the hadron matrix element, for which we use
the results obtained from the QCD lattice simulation in Ref. [54]:

⟨π0|(ud)RuL|p⟩e =
1√
2
⟨π+|(ud)RdL|p⟩e = −0.112 GeV2 ,

⟨π0|(ud)RuL|p⟩µ =
1√
2
⟨π+|(ud)RdL|p⟩µ = −0.114 GeV2 . (10)

These matrix elements are obtained at the scale of 2 GeV in the MS scheme. Generically, the
current precision of the calculation of the hadron matrix elements is O(10)% [54]. As we
see, the decay widths (9) depend on the matrix elements (Uℓ)1i.

There are other decay channels which are related to the above channels. For example,
the neutron decay channels n → π−ℓ+i are simply related to the above channels via SU(2)
isospin relations as

Γ(n → π−
ℓ
+
i ) = 2Γ(p → π0

ℓ
+
i ) . (11)

We note that the current limits on the n → π−ℓ+i decay lifetimes are [55]

τ(n → π−e+) > 5.3 × 1033 years , (12)

τ(n → π−µ+) > 3.5 × 1033 years , (13)

which are weaker than the corresponding proton decay channels by more than a factor of
two [56]:

τ(p → π0e+) > 2.4 × 1034 years , (14)

τ(p → π0µ+) > 1.6 × 1034 years . (15)

Namely, the p → π0ℓ
+
i channels impose stronger constraints than the the n → π−ℓ+i channels.

The decay channels containing π0 in the final state is related to those with η as

Γ(p → ηℓ+i )

Γ(p → π0ℓ
+
i )

=
(1 − m2

η/m2
p)

2

(1 − m2
π/m2

p)
2

(

⟨η|(ud)RuL|p⟩ℓi

)2

(

⟨π0|(ud)RuL|p⟩ℓi

)2
. (16)
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Notice that these ratios are independent of unknown parameters such as MX, g5, A, and
(Uℓ)1i. These ratios are found to be numerically small. For example, for the positron mode4,
the hadron matrix element is computed as [57]

⟨η|(ud)RuL|p⟩e = 0.006 GeV2 , (17)

with which the ratio is estimated to be as small as 1.3 × 10−3. The current limits on the η

channels are [55]

τ(p → ηe+) > 1.0 × 1034 years , (18)

τ(p → ηµ+) > 4.7 × 1033 years , (19)

and thus the η channels give much weaker constraints on flipped SU(5) than the pion chan-
nels.

For the proton decay channels including a neutral kaon in the final state, their decay
widths are given by

Γ(p → K0
ℓ
+
i ) =

g4
5mp|Vus|2|(Uℓ)1i|2

32πM4
X

(

1 − m2
K

m2
p

)2

A2
(

⟨K0|(us)RuL|p⟩ℓi

)2
, (20)

where mK is the kaon mass and [54]

⟨K0|(us)RuL|p⟩e = 0.0854 GeV2 ,

⟨K0|(us)RuL|p⟩µ = 0.0860 GeV2 . (21)

Again, we can remove the dependence on unknown parameters by taking the ratios,

Γ(p → K0ℓ
+
i )

Γ(p → π0ℓ
+
i )

=
|Vus|2
|Vud|2

(1 − m2
K/m2

p)
2

(1 − m2
π/m2

p)
2

(

⟨K0|(us)RuL|p⟩ℓi

)2

(

⟨π0|(ud)RuL|p⟩ℓi

)2
≃ 0.02 . (22)

The current experimental limits on these channels are [58,59]

τ(p → K0e+) > 1.0 × 1033 years , (23)

τ(p → K0µ+) > 3.6 × 1033 years , (24)

which are much weaker than the limits on the π0 channels. We note in passing that the
effective Lagrangian in Equation (6) does not induce n → K−ℓ+i .

All in all, for the ℓ
+
i channels, p → π0e+ and p → π0µ+ provide most sensitive

probes of flipped SU(5). The decay widths of these channels depend on the unknown
matrix elements (Uℓ)11 and (Uℓ)12, respectively. The decay rates of the other ℓ+i channels
are related to these two channels through the multiplication of constant factors, as we
described above.

Next, we discuss the anti-neutrino channels. As nucleon-decay experiments are
unable to detect the anti-neutrino in the final state, we take the sum over all the neutrino
generations when we calculate the decay widths. For the p → π+ν̄ channel, we have

Γ(p → π+ν̄) ≡ ∑
i

Γ(p → π+ν̄i) =
g4

5mp

32πM4
X

(

1 − m2
π

m2
p

)2

A2
(

⟨π+|(ud)RdL|p⟩e

)2
. (25)

As we see, this expression does not depend on Uℓ; this follows from the unitarity condition

∑i |(Uℓ)1i|2 = 1. The n → π0ν̄ channel is related to this channel by isospin and we find

Γ(n → π0ν̄) =
1

2
Γ(p → π+ν̄) . (26)
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The current experimental constraints on these channels are [60]

τ(p → π+ν̄) > 3.9 × 1032 years , (27)

τ(n → π0ν̄) > 1.1 × 1033 years . (28)

We see that in this case the limit on the neutron decay channel is better than that on the
proton decay channel by more than a factor of two. We thus consider n → π0ν̄, rather than
p → π+ν̄, in the following analysis.

Finally, it follows from the unitarity of the CKM matrix that the kaon channels are not
induced by the interaction in Equation (6) [13]:

Γ(p → K+ν̄) = Γ(n → K0ν̄) = 0 . (29)

This is a characteristic prediction of flipped SU(5), and, in particular, the detection of these
modes excludes flipped SU(5). This is in stark contrast to the case of the minimal SUSY
SU(5), where p → K+ν̄ induced by the exchange of the color-triplet Higgs tends to be the
dominant decay channel [61,62].

In conclusion, to examine the prediction of flipped SU(5) in future nucleon-decay
experiments, the p → π0e+, p → π0µ+, and n → π0ν̄ channels are most useful. We will
discuss in the subsequent section that we can determine the unknown matrix elements
|(Uℓ)11| and |(Uℓ)12| by measuring the partial decay widths of these channels.

3. Results

In what follows, we consider the ratios

Rℓi
≡ Γ(p → π0ℓ

+
i )

Γ(n → π0ν̄)
= 2|Vud|2|(Uℓ)1i|2

(

⟨π0|(ud)RuL|p⟩ℓi

)2

(⟨π+|(ud)RdL|p⟩e)
2
= |Vud|2|(Uℓ)1i|2 , (30)

where in the last equation we use Equation (10) and neglect the small difference in the
values of ⟨π0|(ud)RuL|p⟩e and ⟨π0|(ud)RuL|p⟩µ. This expression clearly shows that we can
determine |(Uℓ)1i| by measuring the ratio Rℓi

. By using the unitarity of Uℓ, we also obtain
the following inequalities:

Rℓi
≤ |Vud|2 , (31)

Re + Rµ ≤ |Vud|2 , (32)

with |Vud|2 ≃ 0.95 [63]. These inequalities are useful to discriminate the GUT models. For
example, if the nucleon decay operators are induced predominantly by the SU(5) gauge
boson exchange in the standard SU(5), Re is predicted to be [17]5

Re|SU(5) =
1 + (1 + |Vud|2)2

|Vud|2
≃ 5 , (33)

which clearly violates the above inequalities. This observation indicates that the measure-
ment of the lifetimes of only two decay channels, p → π0e+ and n → π0ν̄, is already
capable of distinguishing this scenario from flipped SU(5). Let us also show Rµ in this case
just for completeness [17]:

Rµ|SU(5) = |Vus|2 ≃ 0.05 , (34)

which is consistent with the condition (31).
As discussed in Ref. [17], in the flipped SU(5) scenario considered in Refs. [46–48], the

matrix elements (Uℓ)11 and (Uℓ)12 are given by the PMNS matrix elements as
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(Uℓ)11 =

{

U11 for normal order

U13 for inverted order

(Uℓ)12 =

{

U21 for normal order

U23 for inverted order
. (35)

These relations hold also in the case where the neutrino mass matrix mν in Equation (4) is
almost diagonal. We can test this prediction through the measurement of Rℓi

.
To see the dependence of Rℓi

on the unknown matrix elements (Uℓ)11 and (Uℓ)12,
it is convenient to parametrize them by means of two real parameters, ξ and ϕ. The
unitarity condition,

|(Uℓ)11|2 + |(Uℓ)12|2 + |(Uℓ)13|2 = 1 , (36)

indicates that it is possible to parametrize these matrix elements as6

|(Uℓ)11| = cos ϕ cos ξ , |(Uℓ)12| = sin ϕ cos ξ , |(Uℓ)13| = sin ξ , (37)

with 0 ≤ ϕ, ξ ≤ π/2.
In Figure 1, we show the contour plots of (Figure 1a) Re and ((Figure 1b) Rµ in the

ϕ-ξ plane. The blue and red crosses correspond to the choice in Equation (35) with the
normal and inverted orderings, respectively, which is the case for the scenario considered
in Refs. [46–48]. We use NuFIT 5.3 [65] without the inclusion of the tabulated Super-
Kamiokande atmospheric data to compute the PMNS matrix elements7.

Re =

{

0.64 for normal order

0.021 for inverted order

Rµ =

{

0.072 for normal order

0.54 for inverted order
. (38)

As we see, Re and Rµ play complementary roles in probing the parameter space. It is also
found that both Re and Rµ are suppressed for ξ ≃ π/2; in this case, p → π+ν̄ and n → π0ν̄

become the dominant channel for proton and neutron decays, respectively. This pattern
of nucleon decay is distinctive. In the minimal SUSY SU(5), for instance, the decay rate of
p → π+ν̄ can be much larger than those of p → π0ℓ+ if the contribution of the dimension-
five operators dominates the dimension-six one (see, e.g., Refs. [34,42]). However, in this
case, the rate of the p → K+ν̄ decay channel also increases, whilst this does not occur in
flipped SU(5). We can thus distinguish flipped SU(5) from the standard SU(5) even for
small ξ, by looking into the p → π+ν̄ (or n → π0ν̄) and p → K+ν̄ channels.
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Figure 1. Contour plots of (a) Re and (b) Rµ in the ϕ-ξ plane. The blue and red crosses correspond to

the choice in Equation (35) with the normal and inverted orderings, respectively.
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4. Conclusions and Discussion

We have examined the pattern of nucleon decay branching fractions in flipped SU(5).
Since nucleon decay is induced by the gauge interactions in flipped SU(5), we can make
relatively robust predictions for certain branching fractions, such as Γ(p → K0e+)/Γ(p →
π0e+) and Γ(p → K0µ+)/Γ(p → π0µ+). Another notable prediction is the suppression
of the p → K+ν̄ channel. However, the calculation of some decay channels is affected by
uncertainties due to an unknown unitary matrix Uℓ. We have shown that this uncertainty
can be parametrized using two real parameters, ϕ and ξ. These parameters can be deter-
mined by measuring the ratios Re and Rµ, as illustrated in Figure 1. Additionally, we have
derived upper limits on these ratios, which can be useful for testing flipped SU(5) in future
nucleon decay experiments.

Extended scenarios for flipped SU(5), as discussed in Refs. [18–20,23], could present
different patterns of nucleon decay branching fractions than those considered in this paper.
The model dependence is encapsulated in the Wilson coefficients of the nucleon-decay
effective operators at low energies, with their chirality and flavor structures influencing the
nucleon decay channels. By measuring nucleon decays, we can examine these structures,
allowing us to distinguish between different GUT scenarios. A detailed and comprehensive
study on this topic will be presented in future work.
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Notes

1 We assume that this symmetry is violated by some Planck-scale suppressed operators in order to prevent the formation of stable

domain walls.
2 It is possible to construct a flipped SU(5) model where this µ-term is forbidden by an R-symmetry [18].
3 Since only one type of the effective operator (7) is induced in the present case, all of the decay widths in question have the same

renormalization factor, A. This is contrary to the case of the standard SU(5), where two types of the effective operators are

induced by the gauge-boson exchange which are renormalized differently. For more detail, see Ref. [17].
4 We do not show the value for the µ+ channel, since, as stated in Ref. [54], the treatment of the matrix elements for µ+ in Ref. [57]

is inappropriate. In any case, we expect that the difference from the e+ case is O(mµ/mp), with mµ the muon mass, and thus it

does not affect our conclusion.
5 The gauge boson exchange in the standard SU(5) induces two-types of dimension-six effective operators. The renormalization

factors for these operators are slightly different; in Equation (33), we neglect this difference, which turns out to be a good

approximation for a typical low-energy mass spectrum [17].
6 It is possible to extend this parametrization to the whole matrix elements with additional seven real parameters. In general, any

3 × 3 unitary matrix can be parameterized by three mixing angles and six phases, and we can identify two of the three mixing

angles as ϕ and ξ. For a concrete expression, see, e.g., Ref. [64].
7 It is found that |(Uℓ)1i| is independent of the unknown Majorana phases in the PMNS matrix.

References

1. Barr, S.M. A New Symmetry Breaking Pattern for SO(10) and Proton Decay. Phys. Lett. B 1982, 112, 219–222. [CrossRef]

2. Derendinger, J.P.; Kim, J.E.; Nanopoulos, D.V. Anti-SU(5). Phys. Lett. B 1984, 139, 170–176. [CrossRef]

3. Antoniadis, I.; Ellis, J.R.; Hagelin, J.S.; Nanopoulos, D.V. Supersymmetric Flipped SU(5) Revitalized. Phys. Lett. B 1987,

194, 231–235. [CrossRef]

4. Barr, S.M. Some Comments on Flipped SU(5) X U(1) and Flipped Unification in General. Phys. Rev. D 1989, 40, 2457. [CrossRef]

[PubMed]

5. Minkowski, P. µ → eγ at a Rate of One Out of 109 Muon Decays? Phys. Lett. B 1977, 67, 421–428. [CrossRef]

http://doi.org/10.1016/0370-2693(82)90966-2
http://dx.doi.org/10.1016/0370-2693(84)91238-3
http://dx.doi.org/10.1016/0370-2693(87)90533-8
http://dx.doi.org/10.1103/PhysRevD.40.2457
http://www.ncbi.nlm.nih.gov/pubmed/10012082
http://dx.doi.org/10.1016/0370-2693(77)90435-X


Universe 2024, 10, 379 9 of 10

6. Yanagida, T. Horizontal gauge symmetry and masses of neutrinos. Conf. Proc. C 1979, 7902131, 95–99.

7. Glashow, S.L. The Future of Elementary Particle Physics. NATO Sci. Ser. B 1980, 61, 687. [CrossRef]

8. Gell-Mann, M.; Ramond, P.; Slansky, R. Complex Spinors and Unified Theories. Conf. Proc. C 1979, 790927, 315–321.

9. Mohapatra, R.N.; Senjanovic, G. Neutrino Mass and Spontaneous Parity Nonconservation. Phys. Rev. Lett. 1980, 44, 912.

[CrossRef]

10. Georgi, H.; Glashow, S.L. Unity of All Elementary Particle Forces. Phys. Rev. Lett. 1974, 32, 438–441. [CrossRef]

11. Masiero, A.; Nanopoulos, D.V.; Tamvakis, K.; Yanagida, T. Naturally Massless Higgs Doublets in Supersymmetric SU(5). Phys.

Lett. B 1982, 115, 380–384. [CrossRef]

12. Grinstein, B. A Supersymmetric SU(5) Gauge Theory with No Gauge Hierarchy Problem. Nucl. Phys. B 1982, 206, 387. [CrossRef]

13. Ellis, J.R.; Lopez, J.L.; Nanopoulos, D.V.; Olive, K.A. Flipped angles and phases: A Systematic study. Phys. Lett. B 1993, 308, 70–78.

[CrossRef]

14. Ellis, J.R.; Nanopoulos, D.V.; Walker, J. Flipping SU(5) out of trouble. Phys. Lett. B 2002, 550, 99–107. [CrossRef]

15. Dorsner, I.; Fileviez Perez, P. Distinguishing between SU(5) and flipped SU(5). Phys. Lett. B 2005, 605, 391–398. [CrossRef]

16. Li, T.; Nanopoulos, D.V.; Walker, J.W. Elements of F-ast Proton Decay. Nucl. Phys. B 2011, 846, 43–99. [CrossRef]

17. Ellis, J.; Garcia, M.A.G.; Nagata, N.; Nanopoulos, D.V.; Olive, K.A. Proton Decay: Flipped vs. Unflipped SU(5). J. High Energy

Phys. 2020, 5, 021. [CrossRef]

18. Hamaguchi, K.; Hor, S.; Nagata, N. R-Symmetric Flipped SU(5). J. High Energy Phys. 2020, 11, 140. [CrossRef]

19. Mehmood, M.; Rehman, M.U.; Shafi, Q. Observable proton decay in flipped SU(5). J. High Energy Phys. 2021, 2, 181. [CrossRef]

20. Haba, N.; Yamada, T. Moderately suppressed dimension-five proton decay in a flipped SU(5) model. J. High Energy Phys. 2022,

1, 61. [CrossRef]

21. Ellis, J.; Evans, J.L.; Nagata, N.; Nanopoulos, D.V.; Olive, K.A. Flipped SU(5) GUT phenomenology: Proton decay and gggµ − 2.

Eur. Phys. J. C 2021, 81, 1109. [CrossRef]

22. Mehmood, M.; Rehman, M.U. Observable proton decay and gauge coupling unification in the improved missing doublet SU(5)

model. Phys. Rev. D 2023, 108, 075030. [CrossRef]

23. King, S.F.; Leontaris, G.K.; Zhou, Y.L. Flipped SU(5): Unification, proton decay, fermion masses and gravitational waves. J. High

Energy Phys. 2024, 3, 6. [CrossRef]

24. Ellis, J.R.; Hagelin, J.S.; Kelley, S.; Nanopoulos, D.V. Aspects of the Flipped Unification of Strong, Weak and Electromagnetic

Interactions. Nucl. Phys. B 1988, 311, 1–34. [CrossRef]

25. Weinberg, S. Supersymmetry at Ordinary Energies. 1. Masses and Conservation Laws. Phys. Rev. D 1982, 26, 287. [CrossRef]

26. Sakai, N.; Yanagida, T. Proton Decay in a Class of Supersymmetric Grand Unified Models. Nucl. Phys. B 1982, 197, 533. [CrossRef]

27. Dimopoulos, S.; Georgi, H. Softly Broken Supersymmetry and SU(5). Nucl. Phys. B 1981, 193, 150–162. [CrossRef]

28. Sakai, N. Naturalness in Supersymmetric Guts. Z. Phys. C 1981, 11, 153. [CrossRef]

29. Goto, T.; Nihei, T. Effect of RRRR dimension five operator on the proton decay in the minimal SU(5) SUGRA GUT model. Phys.

Rev. D 1999, 59, 115009. [CrossRef]

30. Murayama, H.; Pierce, A. Not even decoupling can save minimal supersymmetric SU(5). Phys. Rev. D 2002, 65, 055009. [CrossRef]

31. McKeen, D.; Pospelov, M.; Ritz, A. Electric dipole moment signatures of PeV-scale superpartners. Phys. Rev. D 2013, 87, 113002.

[CrossRef]

32. Liu, M.; Nath, P. Higgs boson mass, proton decay, naturalness, and constraints of the LHC and Planck data. Phys. Rev. D 2013,

87, 095012. [CrossRef]

33. Hisano, J.; Kobayashi, D.; Kuwahara, T.; Nagata, N. Decoupling Can Revive Minimal Supersymmetric SU(5). J. High Energy Phys.

2013, 7, 38. [CrossRef]

34. Nagata, N.; Shirai, S. Sfermion Flavor and Proton Decay in High-Scale Supersymmetry. J. High Energy Phys. 2014, 3, 49. [CrossRef]

35. Nagata, N. Proton Decay in High-Scale Supersymmetry. Ph.D. Thesis, The University of Tokyo, Tokyo, Japan, 2013. [CrossRef]

36. Evans, J.L.; Nagata, N.; Olive, K.A. SU(5) Grand Unification in Pure Gravity Mediation. Phys. Rev. D 2015, 91, 055027. [CrossRef]

37. Bajc, B.; Lavignac, S.; Mede, T. Resurrecting the minimal renormalizable supersymmetric SU(5) model. J. High Energy Phys. 2016,

1, 44. [CrossRef]

38. Ellis, J.; Evans, J.L.; Luo, F.; Nagata, N.; Olive, K.A.; Sandick, P. Beyond the CMSSM without an Accelerator: Proton Decay and

Direct Dark Matter Detection. Eur. Phys. J. C 2016, 76, 8. [CrossRef]

39. Ellis, J.; Evans, J.L.; Mustafayev, A.; Nagata, N.; Olive, K.A. The Super-GUT CMSSM Revisited. Eur. Phys. J. C 2016, 76, 592.

[CrossRef]

40. Ellis, J.; Evans, J.L.; Nagata, N.; Nanopoulos, D.V.; Olive, K.A. No-Scale SU(5) Super-GUTs. Eur. Phys. J. C 2017, 77, 232.

[CrossRef]

41. Evans, J.L.; Nagata, N.; Olive, K.A. A Minimal SU(5) SuperGUT in Pure Gravity Mediation. Eur. Phys. J. C 2019, 79, 490.

[CrossRef]

42. Ellis, J.; Evans, J.L.; Nagata, N.; Olive, K.A.; Velasco-Sevilla, L. Supersymmetric proton decay revisited. Eur. Phys. J. C 2020,

80, 332. [CrossRef]

43. Ellis, J.; Evans, J.L.; Nagata, N.; Olive, K.A.; Velasco-Sevilla, L. Low-Energy Probes of No-Scale SU(5) Super-GUTs. Eur. Phys. J. C

2021, 81, 120. [CrossRef]

http://dx.doi.org/10.1007/978-1-4684-7197-7_15
http://dx.doi.org/10.1103/PhysRevLett.44.912
http://dx.doi.org/10.1103/PhysRevLett.32.438
http://dx.doi.org/10.1016/0370-2693(82)90522-6
http://dx.doi.org/10.1016/0550-3213(82)90275-9
http://dx.doi.org/10.1016/0370-2693(93)90603-F
http://dx.doi.org/10.1016/S0370-2693(02)02956-8
http://dx.doi.org/10.1016/j.physletb.2004.11.051
http://dx.doi.org/10.1016/j.nuclphysb.2010.12.014
http://dx.doi.org/10.1007/JHEP05(2020)021
http://dx.doi.org/10.1007/JHEP11(2020)140
http://dx.doi.org/10.1007/JHEP02(2021)181
http://dx.doi.org/10.1007/JHEP01(2022)061
http://dx.doi.org/10.1140/epjc/s10052-021-09896-x
http://dx.doi.org/10.1103/PhysRevD.108.075030
http://dx.doi.org/10.1007/JHEP03(2024)006
http://dx.doi.org/10.1016/0550-3213(88)90141-1
http://dx.doi.org/10.1103/PhysRevD.26.287
http://dx.doi.org/10.1016/0550-3213(82)90457-6
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1007/BF01573998
http://dx.doi.org/10.1103/PhysRevD.59.115009
http://dx.doi.org/10.1103/PhysRevD.65.055009
http://dx.doi.org/10.1103/PhysRevD.87.113002
http://dx.doi.org/10.1103/PhysRevD.87.095012
http://dx.doi.org/10.1007/JHEP07(2013)038
http://dx.doi.org/10.1007/JHEP03(2014)049
http://dx.doi.org/10.15083/00006623
http://dx.doi.org/10.1103/PhysRevD.91.055027
http://dx.doi.org/10.1007/JHEP01(2016)044
http://dx.doi.org/10.1140/epjc/s10052-015-3842-6
http://dx.doi.org/10.1140/epjc/s10052-016-4437-6
http://dx.doi.org/10.1140/epjc/s10052-017-4805-x
http://dx.doi.org/10.1140/epjc/s10052-019-6980-4
http://dx.doi.org/10.1140/epjc/s10052-020-7872-3
http://dx.doi.org/10.1140/epjc/s10052-021-08903-5


Universe 2024, 10, 379 10 of 10

44. Hamaguchi, K.; Hor, S.; Nagata, N. Minimal Nambu-Goldstone-Higgs model in supersymmetric SU(5) revisited. Phys. Rev. D

2023, 107, 035016. [CrossRef]

45. Kim, S.S.; Lee, H.M.; Sim, S.B. Muon g-2 and proton lifetime in SUSY SU(5) GUTs with split superpartners. Phys. Rev. D 2024,

109, 075035. [CrossRef]

46. Ellis, J.; Garcia, M.A.G.; Nagata, N.; Nanopoulos, D.V.; Olive, K.A. Cosmology with a master coupling in flipped SU(5) × U(1):

The λ6 universe. Phys. Lett. B 2019, 797, 134864. [CrossRef]

47. Ellis, J.; Garcia, M.A.G.; Nagata, N.; Nanopoulos, D.V.; Olive, K.A. Superstring-Inspired Particle Cosmology: Inflation, Neutrino

Masses, Leptogenesis, Dark Matter & the SUSY Scale. J. Cosmol. Astropart. Phys. 2020, 1, 035. [CrossRef]

48. Ellis, J.; Garcia, M.A.G.; Nagata, N.; Nanopoulos, D.V.; Olive, K.A.; Verner, S. Building models of inflation in no-scale supergravity.

Int. J. Mod. Phys. D 2020, 29, 2030011. [CrossRef]

49. Dev, P.S.; Koerner, L.W.; Saad, S.; Antusch, S.; Askins, M.; Babu, K.S.; Barrow, J.L.; Chakrabortty, J.; de Gouvêa, A.; Djurcic, Z.;

et al. Searches for baryon number violation in neutrino experiments: A white paper. J. Phys. G 2024, 51, 033001. [CrossRef]

50. Abe, K.; Abe, K.; Aihara, H.; Aimi, A.; Akutsu, R.; Andreopoulos, C.; Anghel, I.; Anthony, L.H.; Antonova, M.; Ashida, Y.; et al.

Hyper-Kamiokande Design Report. arXiv 2018, arXiv:1805.04163.

51. Ellis, J.; Garcia, M.A.G.; Nagata, N.; Nanopoulos, D.V.; Olive, K.A. Starobinsky-like Inflation, Supercosmology and Neutrino

Masses in No-Scale Flipped SU(5). J. Cosmol. Astropart. Phys. 2017, 7, 006. [CrossRef]

52. Ellis, J.; Garcia, M.A.G.; Nagata, N.; Nanopoulos, D.V.; Olive, K.A. Symmetry Breaking and Reheating after Inflation in No-Scale

Flipped SU(5). J. Cosmol. Astropart. Phys. 2019, 4, 009. [CrossRef]

53. Weinberg, S. Baryon and Lepton Nonconserving Processes. Phys. Rev. Lett. 1979, 43, 1566–1570. [CrossRef]

54. Yoo, J.S.; Aoki, Y.; Boyle, P.; Izubuchi, T.; Soni, A.; Syritsyn, S. Proton decay matrix elements on the lattice at physical pion mass.

Phys. Rev. D 2022, 105, 074501. [CrossRef]

55. Abe, K. et al. [The Super-Kamiokande Collaboration]. Search for nucleon decay into charged antilepton plus meson in 0.316

megaton·years exposure of the Super-Kamiokande water Cherenkov detector. Phys. Rev. D 2017, 96, 012003. [CrossRef]

56. Takenaka, A.; Abe, K.; Bronner, C.; Hayato, Y.; Ikeda, M.; Imaizumi, S.; Ito, H.; Kameda, J.; Kataoka, Y.; Kato, Y.; et al. Search

for proton decay via p → e+π0 and p → µ+π0 with an enlarged fiducial volume in Super-Kamiokande I-IV. Phys. Rev. D 2020,

102, 112011. [CrossRef]

57. Aoki, Y.; Izubuchi, T.; Shintani, E.; Soni, A. Improved lattice computation of proton decay matrix elements. Phys. Rev. D 2017,

96, 014506. [CrossRef]

58. Kobayashi, K.; Earl, M.; Ashie, Y.; Hosaka, J.; Ishihara, K.; Itow, Y.; Kameda, J.; Koshio, Y.; Minamino, A.; Mitsuda, C.; et al. Search

for nucleon decay via modes favored by supersymmetric grand unification models in Super-Kamiokande-I. Phys. Rev. D 2005,

72, 052007. [CrossRef]

59. Matsumoto, R.; Abe, K.; Hayato, Y.; Hiraide, K.; Ieki, K.; Ikeda, M.; Kameda, J.; Kanemura, Y.; Kaneshima, R.; Kashiwagi, Y.; et al.

Search for proton decay via p → µ+K0 in 0.37 megaton-years exposure of Super-Kamiokande. Phys. Rev. D 2022, 106, 072003.

[CrossRef]

60. Abe, K.; Hayato, Y.; Iida, T.; Iyogi, K.; Kameda, J.; Koshio, Y.; Kozuma, Y.; Marti, L.; Miura, M.; Moriyama, S.; et al. Search for

Nucleon Decay via n → ν̄π0 and p → ν̄π+ in Super-Kamiokande. Phys. Rev. Lett. 2014, 113, 121802. [CrossRef]

61. Dimopoulos, S.; Raby, S.; Wilczek, F. Proton Decay in Supersymmetric Models. Phys. Lett. B 1982, 112, 133. [CrossRef]

62. Ellis, J.R.; Nanopoulos, D.V.; Rudaz, S. GUTs 3: SUSY GUTs 2. Nucl. Phys. B 1982, 202, 43–62. [CrossRef]

63. Workman, R.L.; Burkert, V.D.; Crede, V.; Klempt, E.; Thoma, U.; Tiator, L.; Agashe, K.; Aielli, G.; Allanach, B.C.; Amsler, C.; et al.

Review of Particle Physics. Prog. Theor. Exp. Phys. 2022, 2022, 083C01. [CrossRef]

64. Rasin, A. Diagonalization of quark mass matrices and the Cabibbo-Kobayashi-Maskawa matrix. arXiv 1997, arXiv:hep-

ph/9708216.

65. NuFIT v5.3. Available online: http://www.nu-fit.org (accessed on 10 May 2024).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://dx.doi.org/10.1103/PhysRevD.107.035016
http://dx.doi.org/10.1103/PhysRevD.109.075035
http://dx.doi.org/10.1016/j.physletb.2019.134864
http://dx.doi.org/10.1088/1475-7516/2020/01/035
http://dx.doi.org/10.1142/S0218271820300116
http://dx.doi.org/10.1088/1361-6471/ad1658
http://dx.doi.org/10.1088/1475-7516/2017/07/006
http://dx.doi.org/10.1088/1475-7516/2019/04/009
http://dx.doi.org/10.1103/PhysRevLett.43.1566
http://dx.doi.org/10.1103/PhysRevD.105.074501
http://dx.doi.org/10.1103/PhysRevD.96.012003
http://dx.doi.org/10.1103/PhysRevD.102.112011
http://dx.doi.org/10.1103/PhysRevD.96.014506
http://dx.doi.org/10.1103/PhysRevD.72.052007
http://dx.doi.org/10.1103/PhysRevD.106.072003
http://dx.doi.org/10.1103/PhysRevLett.113.121802
http://dx.doi.org/10.1016/0370-2693(82)90313-6
http://dx.doi.org/10.1016/0550-3213(82)90220-6
http://dx.doi.org/10.1093/ptep/ptac097
http://www.nu-fit.org

	Introduction
	Nucleon Decay in Flipped SU(5)
	Results
	Conclusions and Discussion
	References

