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Abstract

We study supersymmetric (SUSY) flipped SU(5) × U(1) unification, focussing on
its predictions for proton decay, fermion masses and gravitational waves. We per-
formed a two-loop renormalisation group analysis and showed that the SUSY flipped
SU(5) model predicts a high GUT scale MGUT > 1016 GeV. We also investigated
the restrictions on the MB−L scale which is associated with the U(1)χ breaking
scale. We found that the MB−L scale can vary in a broad region with negligible
or little effect on the value of MGUT. Proton decay in this model is induced by
dimension-6 operators only. The dimension-5 operator induced by SUSY contribu-
tion is suppressed due to the missing partner mechanism. We found that the partial
decay width p → π0e+ is high suppressed, being at least one order of magnitude
lower than the future Hyper-K sensitivity. We also studied fermion (including neu-
trino) masses and mixings which can also influence proton decay. We presented two
scenarios of flavour textures to check the consistency of the results with fermion
masses and mixing. The B − L gauge breaking leads to the generation of cosmic
strings. The B − L scale here is not constrained by gauge coupling unification.
If this scale is very close that of GUT breaking, strings can be unstable due to
the decay to monopole-antimonople pair. Such metastable strings can be used to
explain the NANOGrav signals of stochastic gravitational wave background, which
may be interpreted here as resulting from the decay of metastable cosmic strings.
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1 Introduction

For more than half a century, since Georgi and Glashow proposed SU(5) [1], numer-
ous Grand Unified Theories (GUTs) have been constructed with the goal of reproducing
the stupendous success of the standard model and, at the same time, providing new
testable (falsifiable) predictions for particle physics and cosmology. In the years that
followed, several new experimental facilities were conceived and built to verifying or dis-
proving predictions, and imposing bounds on various exotic processes such as proton
decay, and flavour changing reactions. Furthermore, accumulating cosmological data,
and in particular the recent announcements of pulsar timing array (PTA) experiments
such as the NANOGrav [2], EPTA [3], PPTA [4] and CPTA [5] collaborations, providing
strong evidence of low frequency stochastic gravitational background can find interpre-
tations through decays of cosmic strings [6] whose creation and subsequent evolution are
intertwined with the symmetry breaking scales of novel U(1)’s and GUTs in general.

Among the most promising unified theories which have been proposed to embed the
Standard Model is the SU(5) × U(1)χ, the so called flipped SU(5) [7, 8], where the
hypercharge generator is a linear combination of the U(1) ∈ SU(5) and U(1)χ. In contrast
to the Georgi-Glashow SU(5), spontaneous symmetry breaking in flipped SU(5) requires
only a Higgs pair of fundamentals 10 + 10, and thus, it dispenses with the use of the
Higgs adjoint (i.e., 24 ∈ SU(5)) representation. Although this is not a unified gauge
model per se, yet it is a subgroup of the unified SO(10) GUT and, as such, it possesses
a number of interesting features that make it quite compelling. In string theory, for
example, mechanisms such as Wilson lines or fluxes can be implemented for the SO(10)
GUT symmetry breaking, so that the effective theory particle spectrum is essentially
described by the flipped SU(5) model. Moreover, its supersymmetric (SUSY) version
has been one of the few admissible candidates in particular heterotic string and F-theory
constructions which do not provide adjoint or larger Higgs representations to trigger the
spontaneous symmetry breaking. Flipped SU(5) is also attractive since the unwanted
colour triplets which accompany the Higgs doublets of GUT models, can more easily be
given large masses via the missing partner mechanism. This has the additional benefit of
suppressing all dimension-5 operators contributing to baryon violating processes. Thus,
proton decay proceeds mainly through dimension-6 operators, with only a smaller number
of operators contributing thereby suppressing the proton decay rate. Recently we have
studied flipped SU(5) in the framework of modular symmetry [9], focussing on the origin
of fermion masses, mixing and hierarchies, including the neutrino spectrum which can
arise from a type II seesaw mechanism. For some recent works in the literature, see
e.g., [10–14].

In this paper we shall focus on the experimental tests of SUSY flipped SU(5), including
unification, proton decay, fermion masses and gravitational waves which arise from cosmic
string loops associated with the breaking of the high energy U(1)B−L. The study here
complements previous recent studies where such testable predictions have been studied in
the framework of SO(10) [15–18]. Unlike the case of SUSY SO(10) [15], we shall find that
the proton decay rate is highly suppressed, rendering it practically unobservable in the
forseeable future. Moreover, the SUSY breaking scale and the U(1)B−L breaking scales
are essentially free parameters in flipped SU(5), allowing for a wide range of gravitational
wave signatures. This freedom allows the NANOGrav data to be fitted more easily in
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SUSY flipped SU(5) than in SUSY SO(10), for high B−L breaking scales where unstable
strings are possible, due to their decay into monopole-antimonopole pairs, without vio-
lating high frequency LIGO bounds. By contrast, in SUSY SO(10), proton decay places
a severe constraint on this scenario, requiring a split SUSY spectrum [15], which is not
necessary for SUSY flipped SU(5) where any SUSY spectrum is possible.

The layout of the remainder of this paper is as follows. In section 2 we present the
spectrum of the model and describe the breaking pattern of the (flipped) SU(5)×U(1)χ
symmetry which involves the sequence of scales MGUT > MB−L > MSUSY . In section 3
we perform a two-loop renormalisation group analysis for the gauge couplings running
from the GUT scale (assumed to be the scale where the g3 and g2 couplings attain a
common value) down to the electroweak scale, and investigate the restrictions on the
MB−L scale which is associated with the U(1)χ breaking. It is found that the MB−L scale
can vary in a broad region between MGUT and MSUSY with negligible or little effect on
the value of MGUT which is found to be MGUT ≳ 1016 GeV. Next, in section 4 we discuss
proton decay. We specifically show that the predictions for the prevalent decay rate
for p → π0e+ of this model is practically unobservable by future super-K experimental
measurements. Moreover, in section 5 we discuss proton decay in conjunction with specific
textures of the fermion mass matrices with particular emphasis on the role of the lepton
mixing matrix. In section 6 we investigate the possibility of interpreting the recently
reported data on stochastic gravitational wave background emissions through the decay
of metastable cosmic strings produced due to spontaneous breaking of U(1)χ at a high-
scale. In section 7 we present our conclusions.

2 The framework

The Flipped SU(5) model [7,8] is based on the SU(5)× U(1)χ gauge symmetry. It was
reconsidered as a possible superstring alternative to Georgi-Glashow SU(5) due to the
fact that its spontaneous breaking to SM symmetry requires only a pair of 10+10 Higgs
representations and does not need any adjoint Higgs representation.

The spontaneous breaking of the flipped SU(5) symmetry to the SM occurs via the
following chain

Gflip,S
51 ≡ SU(5)× U(1)χ × SUSY

(24, 0)
y broken at MGUT

GS
3211 ≡ SU(3)c × SU(2)L × U(1)y × U(1)χ × SUSY

(10,−1
2
) ⊃ (1,1, 1,−1

2
)
y broken at MB−L

GMSSM ≡ SU(3)c × SU(2)L × U(1)Y × SUSY ,

↓
GSM ≡ SU(3)c × SU(2)L × U(1)Y . (1)

For abbreviation, we denote the lowest and the second lowest symmetry above the sym-
metry of the minimal supersymmetric model GMSSM ≡ SU(3)c×SU(2)L×U(1)Y ×SUSY
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as GS
3211 and Gflip,S

51 , where the superscript S means the SUSY is conserved. In the sym-
metry GS

3211, the mixing of two U(1) symmetries is just a re-organisation of U(1)Y and
U(1)B−L, U(1)y ×U(1)χ ≃ U(1)Y ×U(1)B−L. The hypercharge Y and the gauged B−L
number are both linear combinations of the y and χ,

Y = −1

5
(y + 2χ) ,

B − L =
2

5
(2y − χ) . (2)

We denote scales forGS
3211 breaking (essentially the U(1)B−L breaking) andGflip,S

51 breaking
(essentially the SU(5) breaking) as MB−L and MGUT, respectively. Representations of
Higgs multiplets achieving the breaking are given on the left hand side of the arrow.
The spontaneous breaking of Gflip,S

51 → GS
3211 is achieved via a 24-plet of SU(5) which is

neutral in U(1)χ. This multiplet includes a trivial singlet of GS
3211. It gains a non-zero

VEV, leading to the breaking of SU(5) → SU(3)c × SU(2)L × U(1)y. The breaking
of U(1)B−L is achieved by a (10,−1

2
) of SU(5) × U(1)χ which includes a colour- and

electroweak-singlet scalar with charges 1 and −1
2
in U(1)y and U(1)χ, respectively, charge

1 in U(1)B−L, and neutral in U(1)Y .

The particle content is shown in Table 1. Here, we included particles by following the
economical hypothesis that only a minimal content is included to be consistent with the
SM and neutrino masses, and to achieve the symmetry breaking. In the fermion sector,
only the SM fermions and right-handed neutrinos will be considered, all arranged as 10, 5
and 1 of SU(5). In the Higgs sector, only those Higgses used to generate fermion masses
and achieve the GUT symmetry breaking will be presented.

Multiplet Role in the model
(10,−1

2
) Decomposed to Q, dc, νc

Fermions (5̄,+3
2
) Decomposed to uc and L

(1,−5
2
) Identical to ec

(5,+1) Generating Dirac masses for fermions
Higgs (10,+1

2
) Generating νc mass and triggers U(1)B−L breaking

(5,−1) For anomaly free
(10,−1

2
) For anomaly free

Wilson line (24, 0) triggers the breaking of SU(5)

Table 1: The SO(10) representations of the fields (including matter and Higgses) and Wilson
line of our SO(10) GUT model and their roles.

The Wilson line in the last row of Table 1 is decomposed to the subgroup SU(3)c ×
SU(2)L × U(1)y × U(1)χ in the following way,

(24, 0) → (3,2,
5

6
, 0) + (3,2,−5

6
, 0) + (8,1, 0, 0) + (1,3, 0, 0) + (1,1, 0, 0) (3)

It includes a trivial singlet of the subgroup. Thus, a non-vanishing flow along the direction
of (1,1, 0, 0) can break Gflip,S

51 to GS
3211.

The representations containing the SMmatter fields, following the breaking chain SU(5)×
U(1)χ → SU(3)c × SU(2)L × U(1)y × U(1)χ → SU(3)c × SU(2)L × U(1)Y (without
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considering SUSY), are decomposed as

(10,−1

2
) → (3,2,

1

6
,−1

2
) + (3̄,1,−2

3
,−1

2
) + (1,1, 1,−1

2
) ,

→ (3,2,
1

6
) + (3̄,1,

1

3
) + (1,1, 0) = Q+ dc + νc (4)

(5̄,+
3

2
) → (3̄,1,

1

3
,
3

2
) + (1,2,−1

2
,
3

2
) → (3̄,1,−2

3
) + (1,2,−1

2
) = uc + L ,

(1,−5

2
) → (1,1, 0,−5

2
) → (1,1, 1) = ec ,

where Q = (u, d) and L = (ν, e). The Higgs representations are decomposed as follows

(5,+1) → (3,1,−1

3
, 1) + (1,2,

1

2
, 1) → (3,1,−1

3
) + (1,2,−1

2
) = D + hSM (5)

(10,+
1

2
) → (3,2,−1

6
,
1

2
) + (3,1,

2

3
,
1

2
) + (1,1,−1,

1

2
) ,

→ (3,2,
1

6
) + (3̄,1,

1

3
) + (1,1, 0) = Q̄H + d̄cH + ν̄c

H , (6)

where, hSM is the SM EW-doublet Higgs, D is a heavy triplet Higgs, and ν̄c
H is the scalar

whose VEV breaks U(1)y × U(1)χ to U(1)Y and gives masses to the RH neutrinos. All
chiral fermions are shown in the left-handed convention. In the supersymmetric case, the
Higgs sector -in addition to (5) and (6)- includes also the representations (5̄,−1) and
(10,−1/2). In this case, for later convenience we shall use the notation H ≡ (10,−1/2),
and H̄ ≡ (10, 1/2). Moreover, for the fermion generations we will adopt the symbols
Fi ≡ (10,−1

2
)i, f̄j = (5̄, 3/2)j where i, j are fermion generation indices. Notice also that

in flipped SU(5) the MSSM Higgs doublets hd and hu reside in h = (5, 1) and h̄ = (5̄,−1)
representations respectively.

The flipped SU(5) is also regarded as a symmetry breaking pattern of the SO(10) gauge
group, alternative to the Georgi-Glashow SU(5) or the Pati-Salam chain. Representa-
tions of fields in the group SU(5) × U(1)χ are achieved following the decomposition of
representations of SO(10) → SU(5)× U(1)χ,

16 → (10,−1

2
) + (5̄,

3

2
) + (1,−5

2
) ,

10 → (5, 1) + (5,−1) . (7)

The fermion masses arise from the following SU(5)× U(1)χ invariant couplings

Wd = (Yd)
∗
ij (10,−

1

2
)i · (10,−

1

2
)j · (5, 1) → (Yd)

∗
ij Qi d

c
j hd ,

Wu = (Yu)
∗
ij (10,−

1

2
)i · (5̄,

3

2
)j · (5̄,−1) → (Yu)

∗
ij [Qi u

c
j + νc

i Lj]hu ,

Wl = (Yl)
∗
ij (1,−

5

2
)j · (5̄,

3

2
)i · (5, 1) → (Yl)

∗
ij e

c
j Li hd . (8)

Here Yu, Yd and Yl are 3 × 3 Yukawa matrices and Yd is symmetric. These coefficient
matrices are introduced with a complex conjugation to match with the SM left-right non-
SUSY convention. The Dirac Yukawa coupling matrix Yν is read from the above equation
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as Yν = Y T
u . Also, a higher order term providing Majorana masses for the right-handed

neutrinos can be written

Wνc = (λνc)∗ij
1

2MS

H̄ H̄ Fi Fj →
1

2
(Mνc)

∗
ijν

c
i ν

c
j . (9)

where (Mνc)ij = (λνc)ij
⟨ν̄cH⟩2
MS

. The light neutrinos gain masses via the usual type-I seesaw
mechanism,

Mν = −YνM
−1
νc Y

T
ν ⟨hu⟩2 . (10)

If additional singlet fields νS,Φi are present (which is the usual case in string derived
models), then -depending on their specific properties- the following couplings could be
generated

FH̄νS + h̄hΦi + λijkΦiΦjΦk + · · · (11)

In addition to SM representations, the Higgs sector contains dangerous colour triplets
Dh, DH + c.c.. They become massive through the following terms

HHh+ H̄H̄h̄ → ⟨νc
H⟩Dc

HDh + ⟨ν̄c
H⟩D̄c

HD̄h . (12)

Note that, if no other symmetry exists the terms such as HFih,Hf̄jh̄ could be possible.
Such terms would generate dangerous mixing between Higgs and Matter fields:

(aF + bH)f̄j h+ · · · (13)

Remarkably, a Z2 symmetry [19] which is odd only for H → −H excludes all these
couplings from the lagrangian, while all the previous (useful) terms are left intact. Similar
symmetries have been discussed in [20] .

For rank-one mass textures the couplings in Eq. (8) predict mt = mντ at the GUT scale.
However, in contrast to the standard SU(5) model, down quark and lepton mass matrices
are not related, since at the SU(5) × U(1)χ level they originate from different Yukawa
couplings. This is an important difference with the ordinary SU(5). We know that in
order to obtain the observed lepton and down quark mass spectrum at low energies, at
the GUT scale the following relations should hold [21]

mτ = mb , mµ = 3ms . (14)

In the ordinary SU(5), the masses are related and the relations can be attributed to the
Higgs adjoint which couples differently. This mechanism though is not operative in the
minimal flipped SU(5) due to the absence of the adjoint, as noticed above, thus the mass
matrices are not related and Yukawas should be adjusted accordingly.

We further review the derivation of the matching condition between gauge couplings of
U(1)Y and those of SU(5) × U(1)χ. Computing the traces and finding normalisation
constants so that the final trace is 2, give:

C2
yy

2 = C2
y

10

3
= 2 → Cy =

√
3

5
,

5



C2
χχ

2 = C2
χ20 = 2 → Cχ =

1√
10

· (15)

In terms of normalised generators, the hypercharge is written as Y = 1
5Cy

(ỹ + κχ̃), where

the ratio is κ ≡ 2Cy

Cχ
= 2

√
6. Finally Ỹ =

√
3
5
Y implies

Ỹ =
1

5

(
ỹ + 2

√
6 χ̃

)
, (16)

and for the U(1)Y gauge coupling

(1 + κ2)
1

aY
=

1

a5
+ κ2 1

aχ
(17)

or equivalently,

1

αỸ

=
1

25

1

αỹ

+
24

25

1

αχ̃

. (18)

For initial values aχ = a5, we obtain the standard relation of SU(5). In general, however,
aχ ̸= a5, and there is more flexibility.

3 Two-loop RG running

Renormalisation group (RG) running of the gauge couplings can be briefly described in
the follow picture. As the energy scale Q runs from one intermediate symmetry breaking
scale to its neighbouring intermediate symmetry breaking scale (e.g., from MB−L to
MGUT), the gauge coupling varies continuously along with Q. For energy scale jumps
across the intermediate symmetry breaking scale (e.g., MB−L), gauge couplings below
and above the scale satisfy matching conditions.

Given a gauge symmetry G ≡ H1 × · · · × Hn as a product of simple Lie groups Hi for
i = 1, 2, · · · between two neighbouring symmetry breaking scales Q1 and Q2, the two-loop
RG equation of the gauge coupling gi for the group Hi is given by

dαi

dt
= βi(αi) , (19)

where αi = g2i /(4π), t = log(Q/Q0) is the logarithm of the energy scale Q for Q1 < Q <
Q2, and Q0 is an arbitrary energy scale here fixed at the Z pole mass. The β function on
the right hand side is written as

βi = − 1

2π
α2
i (bi +

1

4π

∑
j

bijαj) , (20)

up to the two-loop level. Here, bi and bij are the normalised coefficients of one- and
two-loop contributions of fields (or superfields), respectively. Both are determined by the
group Hi and representations of particles in Hi, and bij further depend on the particle
representation in Hj. In this work, we will simply list their values when they are used
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.

Model Matter (Super-)Fields Higgs (Super-)Fields

Gflip,S
51 (10,−1

2
) + (5,+3

2
) + (1,−5

2
) (5,+1) + (10,+1

2
)

GS
3211

(3,2, 1
6
,−1

2
) + (3̄,1,−2

3
,−1

2
) + (1,1, 1,−1

2
) (1,2, 1

2
, 1) + (1,2,−1

2
,−1)

+(3̄,1, 1
3
, 3
2
) + (1,2,−1

2
, 3
2
) + (1,1, 0,−5

2
) +(1,1,−1, 1

2
) + (1,1, 1,−1

2
)

GMSSM
(3,2, 1

6
) + (3̄,1, 1

3
) + (1,1, 0) (1,2,−1

2
) + (1,2, 1

2
)

(3̄,1,−2
3
) + (1,2,−1

2
) + (1,1, 1)

GSM
(3,2, 1

6
) + (3̄,1, 1

3
) + (1,1, 0) (1,2, 1

2
)

(3̄,1,−2
3
) + (1,2,−1

2
) + (1,1, 1)

Table 2: Decomposition of the matter multiplet 16 and Higgses in each step of the breaking
chain. Note that the adjoint 24 Wilson line is not included in the table as it is not a field.

Gflip,S
51 broken at Q = MGUTy {bi} =


−3
1
39
5

129
20

 , {bij} =


14 9 11

5
9
5

24 25 9
5

11
5

88
5

27
5

271
25

54
25

72
5

33
5

54
25

1593
200


GS

3211 broken at Q = MB−Ly {bi} =

−3
1
33
5

 , {bij} =

14 9 11
5

24 25 9
5

88
5

27
5

199
25


GMSSM broken at Q = MSUSYy {bi} =

−7
−19

6
41
10

 , {bij} =

−26 9
2

11
10

12 35
6

9
10

44
5

17
10

199
50


GSM

Table 3: Coefficients bi and bij of gauge coupling β functions appearing in the specified breaking
chain.

for given particle contents in our model, which are given in Table 2. For each energy-
scale interval from the EW scale to the scale of flipped SU(5) breaking in this table, the
beta coefficients bi and bij are given in Table 3. These coefficients are calculated in the
following way. For example, for RG running from GMSSM down to GSM, bi and bij are
calculated by including only fields preserving GSM in Table 2. We refer to [17] for more
general discussions on how to calculate these coefficients. The above differential equation
has analytical solution

α−1
i (t) = α−1

i (t1)−
bi
2π

(t− t1) +
∑
j

bij
4πbi

log

(
1− bj

2π
αj(t1) (t− t1)

)
, (21)

if the condition bjαj|t2 − t1| < 1 is satisfied and no particle decouples for t varying from
t1 to t2 [22].

During a symmetry breaking at a certain scale (e.g., MGUT, MB−L or MSUSY), the gauge
couplings of the larger symmetry and those of the residual symmetry after the symmetry
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breaking satisfy matching conditions. Below we list one-loop matching conditions which
appear in the GUT breaking chains. In this work, we are encountering two types of
symmetry breaking: 1) at MB−L and MGUT, the gauge symmetry breaking, where MB−L

and MGUT are identified as corresponding gauge boson masses; 2)at MSUSY, the SUSY
breaking, where we assume a unified mass scale for all superpartners and this scale is
recognised as MSUSY. Matching conditions at the scale of gauge symmetry breaking are
given as follows. For a simple Lie group SU(m) broken to subgroup SU(n) (m > n > 1)
at the scale Q = MI , the one-loop matching condition is given by [23]

SU(m) → SU(n) : α−1
SU(m)(MI)−

m

12π
= α−1

SU(n)(MI)−
n

12π
, (22)

where the quadratic Casimir for the adjoint presentation of the SU(n) group, C2(SU(n)) =
n, has been used. For GS

3211 → GSM, we encounter the breaking, U(1)y×U(1)χ → U(1)Y ,
which has the matching condition:

1

25
α−1
ỹ (MB−L) +

24

25
α−1
χ̃ (MB−L) = α−1

Ỹ
(MB−L) . (23)

The matching condition at the SUSY breaking scale MSUSY is induced by the usage of
different renormalisation schemes for the scale below and above MSUSY. At Q < MSUSY,
the RGE was derived in the usual MS scheme. At Q > MSUSY, it was calculated in the
DR scheme, where SUSY can be preserved [24]. The relation of couplings in the two
schemes is described by

α−1
DR = α−1

MS −
1

12π
C2(Hi) , (24)

where Hi is a Lie group. For Hi = U(1), C2(U(1)) = 0, whilst C2(SU(n)) has been given
above.

At the EW scale, we set the SM gauge couplings at their best-fit values, i.e., α3 = 0.1184,
α2 = 0.033819 and α1 = 0.010168 [25]. Applying the matching conditions at intermediate
scales and running RGEs in the interval between each two scales nearby, gauge couplings
can run from the EW scale to a sufficient high scale.

In the flipped SU(5) framework, gauge couplings of SU(3)c, SU(2)L and U(1)y are sup-
posed to be unified into a single gauge coupling, i.e., g5 with α5 ≡ g25/4π satisfying

α−1
3 (MGUT)−

3

12π
= α−1

2 (MGUT)−
2

12π
= α−1

ỹ (MGUT) (25)

Some interesting features of correlations of MSUSY, MB−L and MGUT and the gauge
couplings gy and gχ can be summarised below.

• As seen in table 3, the β-coefficients bi and bij for SU(3)c×SU(2)L do not change for
the scale passing MB−L. Thus MB−L does not influence the unification of SU(3)c×
SU(2)L ⊂ SU(5) at MGUT, and thus MGUT is only correlated with MSUSY.

• gy is correlated with MB−L and MGUT via the second identity of Eq. (25), and
accordingly, gχ is correlated with these scales via Eq. (23). It is also convenient to
obtain correlation between gB−L and these scale via the matching condition

α−1
B−L =

8

3

(
2

5
α−1
ỹ +

3

5
α−1
χ̃

)
, (26)
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Figure 1: Mass scales restricted by gauge unification in SUSY SU(5) with 1 TeV < MSUSY <
MB−L < MGUT.

where αB−L = g2B−L/(4π) is the usual unnormalised coupling as the factor 8/3 in
the right hand side appears.

Eventually, the unification leaves only two free parameters among scales and gauge cou-
plings. One can choose, e.g., MB−L and MGUT, as variables to determine the rest of the
parameters.

The above RG running procedure involves three energy scales MMSSM, MB−L and MGUT.
Gauge unification requires that two SM gauge couplings g3 and g2 meet at MGUT, which
is different from the situation in usual non-flipped SU(5) or SO(10) models that all three
SM gauge couplings meet at the GUT scale, up to matching conditions. Furthermore, note
that the inclusion of the intermediate scale MB−L does not change the beta coefficients
in the SU(3)c × SU(2)L block, as seen in Table 3. As a consequence, MB−L has little
influence on the RG running of g3 and g2, and thus is not correlated to the unification
scale MGUT except the requirement MGUT ⩾ MB−L. The allowed parameter space for
three energy scales are shown in Fig. 1, where 1 TeV ⩽ MSUSY ⩽ MB−L ⩽ MGUT is
assumed.

Cases of gauge coupling RG running with the energy scale is shown in Fig 2, where
MSUSY = 10 TeV is fixed and MB−L = 104, 109, 1013, 1015 GeV are used from the top left
to the bottom right panels. The GUT scale MGUT, referring to the breaking of SU(5), is
determined by the unification of α2 and α3. It is seen that varying the scale MB−L does
not influence the unification scale MGUT. We also show the RG running of the coupling
αB−L between MB−L and MGUT. Setting MB−L = 1015 GeV leads to the gauge coupling

gB−L =
√
4π/α−1

B−L = 0.40. Assuming a lower B − L breaking scale could predict a

slightly smaller gB−L value. For example, MB−L = 105 GeV leads to gB−L = 0.29.
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Figure 2: Gauge coupling running with the scale. From the top left to the bottom right,
MB−L = 104, 109, 1013, 1015 GeV are used and MSUSY = 10 TeV is fixed. The SU(5) unifica-
tion scale MGUT is solved via the unification of α2 and α3. We also show the running of the
unnormalised coupling αB−L in the range MB−L < Q < MGUT.

4 Proton decay

We discuss the proton decay in the SUSY flipped SU(5) model. Heavy gauge bosons
are integrated out at low energy and leave dimension-6 operators. These 4-Fermi inter-
actions violate the baryon number and lead to the decay of nucleons. A typical channel
is p → π0e+. In the SUSY extension, dimension-5 between two fermions and two super-
partners, mediated by colour-triplet Higgs, is another source of baryon number violation.
These operators get dressed via loop corrections and might enhance the decay width of
another channel p → K+ν̄ greatly. In SUSY SU(5) or SO(10) models, a null result
for the observation of proton decay raises the SUSY breaking scale (see discussions e.g.
in [26] and [27,28]). Furthermore, careful treatment should be paid to avoid its potential
inconsistency with the dark matter overproduction [15]. In SUSY flipped SU(5) models,
as will be examined in the coming subsection, the dimension-5 contribution is suppressed
due to the missing partner mechanism, thus there is no restriction on the SUSY breaking
scale from proton decay. Only dimension-6 contribution need to be considered, as will be
done in section 4.2.
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4.1 Dimension-5 contributions

Due to the missing partner mechanism in Flipped SU(5) the dimension-5 operators are
suppressed and as such, they are neglected. This suppression mechanism works as fol-
lows. The extra down-type triplets, arise from the decomposition of the various Higgs
representations, and in our particular assignments we have

dcH ∈ H, dcH ∈ H̄, D ∈ h, D̄ ∈ h̄ .

WhenH+H acquire vevs, the tree-level superpotential terms related to the triplet masses
yield the following mass terms for the triplets

λ1HHh+ λ2H̄H̄h̄ → λ1⟨νc
H⟩dcHD + λ2⟨ν̄c

H⟩dcHD̄ . (27)

It can readily be observed that due to the symmetries, there are no superpotential terms
which couple directly the two triplets residing in 10H ,10H̄ representations. It is possible
however, that suppressed contributions ∼ mn+1

Mn
P
H̄H might arise at higher (NR)-order.

Furthermore, notice that a superpotential term which couples the two Higgs fiveplets
µ5̄h̄5h implies a direct mass µD̄D which is suppressed compared to the GUT mass
terms (27), i.e., µ ≪ ⟨νc

H⟩. Assuming for simplicity λ1⟨νc
H⟩ = λ2⟨ν̄c

H⟩ ≡ MdcHD, in
the basis (D, dcH) we can write the triplet mass matrix as follows

MT =

(
µ mdchD

mdchD
mD̄D

)
⇒

(
a b
b d

)
, (28)

in a self-explanatory notation. Of course b > d > a. We assume for simplicity that all
entries are real, so that we can diagonalise the mass matrix by

V =

(
cos θ sin θ
− sin θ cos θ

)
.

Now, a tree-level diagram leading to d-5 oparators mediated by D-D̄ implies an effective
mass in the propagator

1

M2
eff

=
2∑

j=1

V1j
1

M2
Tj

V †
j2 =

(a+ d)b

(ad− b2)2
≡ (a+ d)b

(DetMT )2
∼ mD̄D

m3
dcHD

. (29)

For the hierarchies given above, Meff ≫ mdcHD > mD̄D which implies sufficient suppression
to dimension-5 operators.

4.2 Dimension-6 contributions

We are then left with dimension-6 operator contributions mediated by heavy gauge
bosons. A model-independent description of dimension-6 BNV operators are given by

1

Λ2
1

[
(uc

Rγ
µQ)(dcRγµL) + (uc

Rγ
µQ)(ecRγµQ)

]
11



+
1

Λ2
2

[
(dcRγ

µQ)(uc
RγµL) + (dcRγ

µQ)(νc
RγµQ)

]
. (30)

Λ1 and Λ2 are heavy mass scales determined by the GUT model. In the usual non-
flipped SU(5), Λ1 = MGUT/gGUT and Λ2 → ∞; In flipped SU(5), Λ2 = MGUT/gGUT

and Λ1 → ∞; In SO(10), Λ1 = Λ2 = MGUT/gGUT, where gGUT and MGUT should
be understood as gauge couplings and heavy gauge boson masses of the relevant gauge
group.

We consider dimension-6 operators contributing to the typical channel p → π0e+ in
flipped SU(5). As seen in Fig. 1, the lower bound of MGUT, due to the requirement of
gauge unification, is always larger than 1016 GeV, which is high enough to avoid current
known experimental constraints set by Super-K, τ(p → π0e+) > 2.4 × 1034 yr [29]. A
further suppression in the flipped SU(5) is the absence of the decay to a right-handed
charged lepton. Since eR is arranged as a gauge singlet in the model, there is no gauge
boson mediating BNV interactions to eR. This is seen in the second row of Eq. (30), where
only the left-handed eL is involved in the operator. As a comparison, in the unflipped
SU(5) or SO(10), the two operators in the first row of Eq. (30) include the charged
lepton, either eL or eR. Thus, they both contribute to the decay p → π0e+.

The lifetime referring to this channel is defined as τ(p → π0e+) = 1/Γ(p → π0e+) with
the partial decay width

Γ(p → π0e+) =
mp

32π

(
1− m2

π

m2
p

)2
g45

M4
GUT

A2
LA

2
S1
(⟨π0|(ud)RuL|p⟩e)2 |Vud|2|(Ul)11|2 , (31)

where AL = 1.247 is the long range effect, and the short range effect

AS1 =

[
α3(MSUSY)

α3(MGUT)

] 4
9
[
α2(MSUSY)

α2(MGUT)

]− 3
2
[
αỸ (MSUSY)

αỸ (MGUT)

] 1
18

×
[

α3(mZ)

α3(MSUSY)

] 2
7
[

α2(mZ)

α2(MSUSY)

]− 27
38
[

αỸ (mZ)

αỸ (MSUSY)

]− 11
82

, (32)

depending on energy scales. ⟨π0|(ud)RuL|p⟩e = −0.131 is the relevant hadronic matrix
element appearing in the channel p → π0e+, derived via lattice simulation [30].

Taking the gauge unification in the last section into account, we have scanned all mass
scales and confirmed that Γ(p → π0e+)/|(Ul)11|2 is no more than [1036 yr]−1, seeing in
Fig. 3. This decay width is in general small enough and cannot be excluded by the future
proton decay measurement including Hyper-K, unless |(Ul)11|2 < 0.1.

Following the formulation in [10], we list ratios of all other proton decay channels to
p → π0e+ as

Γ(p → π0µ+)

Γ(p → π0e+)
=

[
⟨π0|(ud)RuL|p⟩µ
⟨π0|(ud)RuL|p⟩e

]2 |(Ul)12|2

|(Ul)11|2
≃ 0.811

|(Ul)12|2

|(Ul)11|2
,

Γ(p → K0e+)

Γ(p → π0e+)
=

[
⟨K0|(us)RuL|p⟩e
⟨π0|(ud)RuL|p⟩e

]2 |Vus|2

|Vud|2
≃ 0.018 ,

Γ(p → K0µ+)

Γ(p → π0e+)
=

[
⟨K0|(us)RuL|p⟩µ
⟨π0|(ud)RuL|p⟩e

]2 |Vus|2|(Ul)12|2

|Vud|2|(Ul)11|2
≃ 0.016

|(Ul)12|2

|(Ul)11|2
,
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Figure 3: Prediction of partial proton lifetime via the channel p → π0e+ vs the SUSY scale.
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Figure 4: Branching ratios for different proton decay channels as a function of |(Ul)12|.

Γ(p → π+ν̄)

Γ(p → π0e+)
=

[
⟨π+|(ud)RdL|p⟩
⟨π0|(ud)RuL|p⟩e

]2
1

|Vud|2|(Ul)11|2
≃ 2.12

|(Ul)11|2
· (33)

Here, Γ(p → π+ν̄) represents
∑

i Γ(p → π+ν̄i). p → K+ν̄i is not listed as it is proven
to be forbidden by the unitarity of the CKM matrix [10]. On the right-hand side of
the equation, all nuclear matrix element values are taken their numerical values obtained
from the lattice simulation [30]. As a consequence, all ratios depend on the undetermined
unitary matrix Ul. It is convenient to write out the branching ratio BR(p → M l) =
Γ(p → M l)/Γp, where M is a meson and l is a lepton, and Γp is the total decay width
of the proton. Considering a natural scenario |(Ul)13| ≪ |(Ul)12| and thus, |(Ul)11| ≃√
1− |(Ul)12|2. All BRs then depend only on the off-diagonal entry |(Ul)12|. We show

BRs for all channels as functions of |(Ul)12| in Fig. 4. It is a special feature in flipped
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SU(5) that the BR of the anti-neutrino channel, p → π+ν̄ is larger than the positron
channel, as both νR and νL are involved in BNV operators. Varying |(Ul)12| in (0, 1), we
obtain the branching of this neutrino channel around 70%.

To end the section, we mention the neutron BNV decay. The dominant channel is n →
π0ν̄ with decay width Γ(n → π0ν̄) ≃ 1

2
Γ(p → π+ν̄), directly obtained via the isospin

transformation. The neutron partial lifetime is typical at or above 1036 yr.

5 Flavour textures of matter fields

In this section we compute the proton decay branching ratios in two scenarios where
Yukawa mass matrices are assumed in special textures. We show how the SUSY flipped
SU(5) matches with fermion data via these scenarios. Before the discussion, we list
the mass and Yukawa properties in the flipped SU(5) model. We have three free Yukawa
coupling matrices Yν , Ye and Yd and one Majorana matrixMνc , with Yd andMνc diagonal.
The up-quark Yukawa coupling matrix is correlated with the Dirac Yukawa coupling
matrix between the left- and right-handed neutrinos as Yu = Y T

ν , and the Majorana
mass matrix for light neutrinos is given by Mν = −YνM

−1
νc Y

T
ν ⟨hu⟩2. These matrices,

can be diagonalised as U †
fYfU

′
f = Ŷf ≡ diag{yf1, yf2, yf3}, where f = e, u, d (for f = e,

(yf1, yf2, yf3) = (ye, yµ, yτ ), etc) and U †
νMνU

∗
ν = M̂ν ≡ diag{m1,m2,m3}. Here, Ul is the

unitary matrix contributing to the proton decay ratio in the Eq. (40). As Yd is symmetric,
U ′
d = U∗

d is satisfied. After the diagonalisation, we obtain the quark and lepton flavour
mixing matrices as VCKM = U †

uUd and UPMNS = U †
l Uν . In particular, the lepton flavour

mixing matrix, i.e., the PMNS matrix, up to three unphysical phases on the left hand
side, is parametrised as follows

UPMNS = Pl

 c12c13 s12c13 s13e
−iδ

−s12c23 − c12s13s23e
iδ c12c23 − s12s13s23e

iδ c13s23
s12s23 − c12s13c23e

iδ −c12s23 − s12s13c23e
iδ c13c23

 Pν , (34)

where θij (for ij = 12, 13, 23) are three mixing angles, δ is the Dirac CP phase, Pν =
diag{1, eiα21/2, eiα31/2} is the Majorana phase matrix and Pl = diag{eiβ1 , eiβ2 , eiβ3} is a
diagonal phase matrix without physical correspondence at low energy. The CKM matrix
can be parameterised similarly to (34) with a 3 × 3 matrix in the middle, involving
three mixing angles θqij and a Dirac CP phase δq, accompanied with two diagonal phase
matrices Pu and Pd on both sides. However, as quarks are all Dirac fermions, the two
phase matrices are unphysical at low energy.

Without loss of generality, we make a basis rotation to the basis where Uu = U ′
u = U ′

l = 1.
This is done by performing 3× 3 unitary transformations for (10,−1

2
), (5̄, 3

2
), (1,−5

2
) in

their flavour space, respectively. Then, we arrive at

Yu = Yν = Ŷu ,

Yd = VCKMŶdY
T
CKM ,

Yl = Ul Ŷl ,

Mν = UlUPMNSM̂νU
T
PMNSU

T
l ,
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Mνc = ŶuU
∗
l U

∗
PMNSM̂

−1
ν U †

PMNSU
†
l Ŷu⟨hu⟩2 . (35)

In this basis, Yu and Yd are fully fixed. The rest of the Yukawa mass matrices depend on
Ul, the only undetermined unitary matrix involved in their flavour structures. Below, we
discuss two extreme cases with Ul fixed.

S1) Ul = 1. This case forbids the decays p → K0µ+ and p → K0µ+. The branching
ratios for the remaining channels are predicted to be

BR(p → π0e+) = 0.32 ,

BR(p → K0e+) = 0.006 ,

BR(p → π+ν̄) = 0.68 . (36)

The Yukawa mass matrices are simplified to

Yl = Ŷl ,

Mν = UPMNSM̂νU
T
PMNS ,

Mνc = ŶuU
∗
PMNSM̂

−1
ν U †

PMNSŶu⟨hu⟩2 . (37)

A typical numerical pattern of Mνc is given by

|Mνc| ≃

 2.60× 103 7.09× 104 2.32× 107

7.09× 104 5.87× 108 1.21× 1010

2.32× 107 1.21× 1010 8.32× 1013

 GeV , (38)

where m1 = 0.1 eV is assumed and phases in Pl and Pν are set at zeros. The
eigenvalues for Mνc are given by

(Mνc1
,Mνc2

,Mνc3
) ≃ (2.61× 103, 5.86× 108, 8.32× 1013) GeV . (39)

We see in this case that the RH neutrinos are very hierarchical. Due to the uncer-
tainty of the complex phases, the RHN masses can still vary in a wide range, but
they are in general very hierarchical. This is shown in the upper panel in Fig 5,
where both normal ordering (NO) and inverted ordering (IO) for light neutrino
masses are considered.

S2) Ul = U †
PMNS. Branching ratios of proton decay channels are numerically given by

BR(p → π0e+) = 0.22 ,

BR(p → π0µ+) = 0.080 ,

BR(p → K0e+) = 0.004 ,

BR(p → K0µ+) = 0.002 ,

BR(p → π+ν̄) = 0.69 . (40)

This case leads to

Yl = U †
PMNS Ŷl ,

Mν = M̂ν ,

Mνc = ŶuM̂
−1
ν Ŷu⟨hu⟩2 . (41)
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Figure 5: Prediction of RH neutrino mass spectrum vs the lightest active neutrino mass in
normal ordering (NO, left panels) and inverted ordering (IO) of light neutrino masses. Black
curves in the upper panels refer to all phases set to be zeros.

Here, the right-handed neutrino mass matrix Mνc is diagonal, with three eigenval-
ues have clear correlation with light neutrino masses Mνc1

, Mνc2
, and Mνc3

given by
m2

u/m1, m
2
c/m2, and m2

t/m3, respectively. Taking m1 = 0.1 eV in normal ordering,
we obtain

(Mνc1
,Mνc2

,Mνc3
) ≃ (2.61× 103, 6.23× 108, 7.81× 1013) GeV . (42)

A general correlation for the RHN mass spectrum with the lightest neutrino mass
is given in the lower panel of Fig. 5.

6 Gravitational Waves

Recently, a series of PTA collaborations [2–5] have reported their latest data set on
stochastic gravitational wave background (SGWB) emissions which provide strong evi-
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dence of SGWB signals with low frequences in the range of nanohertz (nHz). Metastable
cosmic strings can provide a potential interpretation to the observed SGWB signal [6].

In the context of flipped SU(5), the cosmic strings scenario is realised with the following
sequence of events: First, the spontaneous symmetry breaking of SU(5) to SU(3)c ×
SU(2)L ×U(1)y, achieved with the Wilson line 24 at a scale MGUT ∼ 2× 1016 GeV, will
produce heavy monopoles of immense density, charged under the unbroken U(1) factors.
In order to avoid cosmological issues their density must be diminished. A dominant
role for their elimination is played by the inflationary scenario with the inflaton being
either a neutral singlet (such as the one appearing in the decomposition of 24 (see (3))
or by a modulus field which appears in the Kähler potential. In such a case, the scale
of inflation can be around ≲ 1016 GeV just below MGUT. During the period of inflation
the monopoles are diluted and their density drops dramatically, making their current
detection impossible.

Next, the spontaneous breaking of the U(1)χ gauge factor at the high-scale MB−L occurs
where a network of long cosmic strings is copiously produced. According to the RGE
analysis presented above, the scale MB−L is somewhat lower than that of MGUT.

Then, when such cosmic strings intersect, they form string loops which subsequently os-
cillate and through their decay emit Gravitational Waves. Superposition of GWs emitted
by the various network’s loops create a stochastic background in a wide frequency band.
In the nHz range, it reproduces the experimentally observed low frequency signal [6].

The ratio of the GW energy density to the critical energy density ρc in the frequency
space is described by

ΩGW(f) =
1

ρc

dρGW(f)

d log f
(43)

It sums gravitational radiations from all strings loops in the past with redshift z on the
frequency considered,

ΩGW(f)h2 =

Nk∑
k=1

8π

3

(
h

H0

(Gµ)2
)2

Pk
2k

f

∫ ∞

0

dz

H(z)(1 + z)6
n(l(z, k), t(z)) . (44)

Here, H0 = 100h km/s/Mpc is the Hubble expansion rate today. In the early Universe,
we use the Hubble expansion rate H(z) = H0

√
ΩΛ + ΩR(1 + z)3 + ΩM(1 + z)4 in the

ΛCDM model with ΩR = 9.1476× 10−5, ΩM = 0.308 and ΩΛ = 1− ΩR − ΩM , where we
have ignored the small correlation due to variation of the effective d.o.f. in the thermal
bath for temperature above MeV scale. Pk = Γk− 4

3/ζ(4
3
) (with Γ ≃ 50) describes the

average gravitational radiation power from cusps in a loop respecting to the harmonic
mode k in the loop oscillation [31]. We sum the k mode to a sufficiently large integer Nk

in our calculation. In this work, we choose Nk = 105. n(l, t) is the loop number density
distribution function for loop length between (l, l+ dl) at time t, and the loop length l is
correlated with the frequency today f via l(z, k) = 2k

(1+z)f
. In the case of stable strings,

the simulation result obtained by assuming Nambu-Goto (NG) strings [32,33] gives

nNG(l, t) ≃
0.18

(l/t+ ΓGµ)
5
2 t4

θ(0.1− l/t) (45)
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The GW spectrum predicted from stable strings depends mainly on one physical param-
eter Gµ. It is known that such a spectrum cannot explain the NANOGrav-15 signal [6].
This is simply explained below: The GW signal observed in NANOGrav requires a large
Gµ value to enhance the GW energy density; however, such large Gµ provides only a rel-
atively flat GW spectrum in the nHz band, which cannot match with the sharper power
law indicated in the NANOGrav observation.

Metastable strings have been considered as an ideal explanation to the NANOGrav
hint [34, 35]. Due to the decay of the strings, the GW spectrum is suppressed in the
lower frequency, leading to drop in the spectrum proportional to f 2. We follow [36–39] to
formulate the GW spectrum from metastable strings. The instability of the string is de-
scribed by a decay width per unit length Γd with an exponential suppression characterised
by κ,

Γd =
µ

2π
e−πκ ,

√
κ =

MGUT

α5
√
µ
, (46)

where the monopole mass has been approximated to MGUT/α5 by ignoring the order-one
undermined factor [40]. For

√
κ ≳ 9, a string with sub-horizon length has a lifetime

ts ≃ 1/
√
Γd comparable with the lifetime of the Universe and thus is considered as a

stable string. For a smaller
√
κ value, strings and loops can decay, and an exponentially

suppression factor e−Γd[lt+
1
2
ΓGµ(t−ts)2] should be included in the loop number density n(l, t).

In Fig. 6, we show the predictions of key parameters of strings for our model. As the
unification of SU(3)c and SU(2)L gauge couplings are insensitive to the B − L scale.
The string tension µ, which is proportional to M2

B−L, can vary in a large range up to the
value referring to the GUT scale MGUT. We set a bound for

√
κ ≲ 9 for the instability

of strings. Such a small value of κ requires energy scales of GUT breaking, inflation and
U(1) breaking not far away from each other, see [41] for inflationary model building in
SUSY GUTs. In the right panel of Fig. 6, there is a small region, with Gµ ∼ 10−5,
leading to metastable strings. This is higher than the typical values discussed recently,
e.g., Refs. [34,35] assumes Gµ located somewhere around 10−6 or 10−7.

In our case, in order to generate GWs consistent with NANOGrav 15 from oscillation of
these heavier strings, inflationary period to dilute some of GWs at higher frequency is
necessary, such that the LIGO/Virgo/KAGRA (LVK) bound Gµ ≲ 10−7 can be avoided.
Including the influence of inflation is natural in the flipped SU(5) as the energy scale
of string generation scale is very close to the monopole scale. Thus, the string network
is likely to form just in the last stage before the inflation is fully complete. Due to the
influence of inflation, the string loops generated in the string network are firstly inflated
and then re-enter the horizon at a certain time t(zinf) respecting to the redshift zinf . A
simple treatment to including the influence of inflation is introducing a step function
θ(t− t(zinf)).

Including all these effects together, we obtain the modified loop number density distri-
bution function as

n(l, t) = nNG(l, t) e
−Γd[lt+

1
2
ΓGµ(t−ts)2] θ(t− t(zinf)) (47)

Taking it into Eq. (7), we are able to obtain GW spectrums compatible with NANOGrav
signal and consistent with the LVK bound. We show three benchmarks of GW spectra in
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Figure 6: Prediction of the string tension, its correction with the scale MB−L and the string
stability in flipped SU(5). In the right panel, Gµ ≲ 10−7 is set by current ground-based
interferometers LVK for stable strings. Space-based interferometers such as LISA, Taiji and
TianQin will have the ability to test GWs for strings with 10−14 ≲ Gµ ≲ 10−7, which is
indicated in the green region of the plot.

√
κ is the parameter representing the stability of

strings, and strings with
√
κ ≲ 9 are considered as unstable strings.
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Figure 7: Benchmark of GW spectrums predicted in SUSY flipped SU(5). Gµ = 10−5 is used.√
κ = 7.8 is tuned to fit the signal of NANOGrav 15 data in the nHz region. Three curves

of GW spectrum with strings generated during the end of inflation are shown with strings
re-entering the horizon at the redshift zinf = 1010, 1012 and 1014, respectively. The k mode is
summed up to Nk = 105. GW generated fully after inflation is shown in comparison.

Fig. 7, with zinf = 1010, 1012 and 1014 assumed, referring to the time for strings re-enter
the horizon at tinf = 0.26, 3.6× 10−5 and 3.8× 10−9 second, respectively. Another curve
of GW spectrum with strings not inflated by the inflation is shown for comparison, which
conflicts with the LVK bound.
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7 Conclusion

In this paper we have focused on the experimental tests of SUSY flipped SU(5), including
unification, proton decay, fermion masses and gravitational waves which arise from cosmic
string loops associated with the breaking of the high energy U(1)B−L.

We have presented the spectrum of the model and described the breaking pattern of
the flipped SU(5)× U(1)χ symmetry via a sequence of scales. We performed a two-loop
renormalisation group analysis for the gauge coupling unification of the SU(5) factor. We
found that the SUSY flipped SU(5) model predicts a high GUT scale MGUT > 1016 GeV.
We also investigated the restrictions on the MB−L scale which is associated with the
U(1)χ breaking scale. We found that the MB−L scale can vary in a broad region with
negligible or little effect on the value of MGUT.

Proton decay in this model is induced by dimension-6 operators only. The dimension-5
operator induced by SUSY contribution is suppressed due to the missing partner mech-
anism. We found that the partial decay width p → π0e+ is highly suppressed, being at
least one order of magnitude lower than the future Hyper-K sensitivity. This suppres-
sion originates for two reasons: one due to the high GUT scale, the other because there
are fewer dimension-6 operators compared with the traditional SU(5) or SO(10) models.
Nevertheless we calculated all the decay channels of protons. The dominant channel is
not p → π0e+ but p → π+ν̄. The GUT scale is correlated with the SUSY breaking scale,
but is insensitive to the B − L breaking scale.

We also studied fermion (including neutrino) masses and mixings which can also influence
proton decay. We presented two scenario of flavour textures to check the consistency of
the results with fermion masses and mixing.

The B − L gauge breaking leads to the generation of cosmic strings. The B − L scale
here is not constrained by gauge coupling unification. If this scale is very close to that
of GUT breaking, strings can be unstable due to the decay to monopole-antimonopole
pair. Such metastable strings can be used to explain the NANOGrav signals of stochastic
gravitational wave background, which may be interpreted here as resulting from the decay
of metastable cosmic strings.

The present study complements previous recent studies where such testable predictions
have been studied in the framework of SO(10). Unlike the case of SUSY SO(10) the
SUSY breaking scale and the U(1)B−L breaking scales are essentially free parameters in
flipped SU(5), allowing for a wide range of gravitational wave signatures. This freedom
allows the NANOGrav data to be fitted more easily in SUSY flipped SU(5) than in SUSY
SO(10), for high B − L breaking scales where unstable strings are possible, due to their
decay into monopole-antimonopole pairs, without violating high frequency LIGO bounds.
By contrast, in SUSY SO(10), proton decay places a severe constraint on this scenario.
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