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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 — 7%*, p — 7%u*, and n — 7%7. 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) x 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'7 is predicted to vanish due to the unitarity of
the Cabibbo-Kobayashi-Maskawa (CKM) matrix [13]. Ratios of decay widths, such as
T(p — K%t)/T(p — n%*)and T'(p — K'u™)/T(p — n°u"), 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 Uy, 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,
(Up)11 and (Uy)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 — 7% ™, p — 7’u*, and n — 7°7. 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) x 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, 5, and 1 representations of SU(5), which
we denote by F, f; and ¢, respectively, with i = 1,2,3 the generation index. Their U(1)
charges in units of 1/1/40 are +1, —3, and +5, respectively. We also add singlet fields ¢;
to give masses to the right-handed neutrinos after the SU(5) x 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 H, whose U(1) charges are +1
and —1, respectively. The MSSM Higgs doublet fields, H, and H; are embedded into
anti-fundamental and fundamental representations of SU(5) with U(1) charges +2 and —2;
these representations are denoted by / and , respectively. We further assume that this
model possesses two Z; symmetries. One is the standard R-parity, under which F;, fi, £,
and ¢; are odd and H, H, h, and i are even. Another one is to remove the mass term for
H and H, where only the H field is odd and the other fields are even!; 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/ V40.

Fields Components Su(5) u@ Zo R-parity
F; as, Qi vf 10 +1 + -
fi usg, L; 5 -3 + -
£ i 1 +5 + -
Pi $i 1 0 + -
H da%y, Qu, v 10 +1 — +
H A5, Qp, Vg 10 -1 + +
h D, Hy 5 -2 + +
h D, H, 5 +2 + +

The renormalizable superpotential in this model is given by
W = AJEFjh + AJEfil + A filsh + AysHHR + AsAAR + AFA; + 1lgig;, (1)

where we assume the p-term for & and  to be absent” 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 |vf;| = [v| and
we assume that these fields develop VEVs in this direction to break the SU(5) x 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 H acquire VEVs, the color components in these fields, df; and d%;, form vector-like
mass terms with those in i and h, D and D, via the couplings A4 and A5 in Equation (1),
while the MSSM doublet Higgs fields remain massless—i.e., the doublet-triplet splitting
is realized. Qp, Qp, and a linear combination of vf; and vi; 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 vf; and vj; acquires a mass of the order of the soft SUSY-breaking
scale. The VEVs of H and H also generate mass terms for the right-handed neutrinos v{

and the singlet fields ¢; via the couplings Ag. The integration of these fields then gives rise
to the dimension-five Weinberg operators [53], which generate neutrino masses after H,
acquires a VEV.

To see the flavor structure of this model, we take a flavor basis where /\;j 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 F;, f;, and ¢ as

Fi - {Qi/ ‘/ije_iq)/djc‘/ (uvf)ijvf} s
fi= {uf r(ug)ijL]'} ,
6 = (ugc)ije]q ’ )

where V is the CKM matrix, Uyc, Uy, and Uy are unitary matrices, and ¢; are real phase
parameters satisfying the condition ) ; ¢; = 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
Uu; Ui]-v]-
Qi = ( ) ’ Li = ( ) ’ (3)
Viid; e

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

mb = ulm,u, . 4)
We find that the PMINS matrix is related to the unitary matrices U, and U, as
u=ulu,. (5)

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

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

Lof = Cijkl(’)i]'kl +h.c., (6)
where
Ot = / 2020 €pc€0p (uf*)a(d?)be*%ng (2836 Q)L @)

with G and B the SU(3)¢ and U(1)y gauge vector superfields, respectively, and g3 and
¢ the corresponding gauge couplings. Notice that another type of the dimension-six
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operators allowed by the Standard Model gauge symmetry is not induced in flipped SU(5),
as the right-handed charged lepton fields e; 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
CiiFl are given by

2
iikl 8 * * 1;
C = M%((uz)ilvkjel% , (8)

where My 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 — 7%¢;" decay channels, where ¢;” and ¢; denote positron
and anti-muon, respectively. The decay widths of these channels are expressed as

0p+
Ei

_ gamp| Vgl (Uil ( m>

2 2
I(p— 7'(06;’) 1-— ”) A? <n0|(ud)RuL|p>gi , )
32 MY m% ( )

where m), and m denote the masses of proton and pion, respectively; A is a renormalization
factor’; 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]:

(7| (ud) gur | p)e = (| (ud)dy|p)e = —0.112 GeV?,

_g\_
N

(7|(ud)gup |p)y = —= (7| (ud)gdy|p) = —0.114 GeV?. (10)

S

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 (Uy)1;.

There are other decay channels which are related to the above channels. For example,
the neutron decay channels n — 71~ ¢;" are simply related to the above channels via SU(2)
isospin relations as

T(n—m £5)=2T(p — n'). (11)

We note that the current limits on the n — n_E;“ decay lifetimes are [55]

T(n — 7t e") > 5.3 x 10% years,, (12)

T(n — ") > 3.5 x 10 years, (13)
which are weaker than the corresponding proton decay channels by more than a factor of
two [56]:

T(p — 1) > 2.4 x 10** years, (14)

(p — °u") > 1.6 x 10** years . (15)

Namely, the p — 71°¢;" channels impose stronger constraints than the the n — 77~ ¢;" channels.

The decay channels containing 7¥ in the final state is related to those with 7 as

C(p—nth) _ (L= mi/mi)? ((nl(ud)rulp)s,)”

_ 16
Dlp = 7%7) ~ (1= ik /w3 (20| (ud)ruel ), "
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Notice that these ratios are independent of unknown parameters such as My, g5, A, and
(Uy)1;. These ratios are found to be numerically small. For example, for the positron mode?,
the hadron matrix element is computed as [57]

(| (ud)gur|p)e = 0.006 GeV?, (17)

with which the ratio is estimated to be as small as 1.3 x 1073, The current limits on the #
channels are [55]

T(p — ye™) > 1.0 x 10** years, (18)
T(p — yput) > 4.7 x 10% years, (19)

and thus the 77 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

_ gamp| Vs [*| (Up)1i?

T(p— K%) M
X

(1- ’:E)ZA2(<KO|<us>RuL|p>g,.)2, 0

where my is the kaon mass and [54]

(KO|(us)gur|p)e = 0.0854 GeV?,
<K0|(MS)RML’P>H = 0.0860 GeV? . 21)

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

T(p = KO)  [Vil? (1= mk/m3)? ((KO|(us)gur|p)e)® 0.02 (22)
Tp— 6~ VP = n2/m2)2 (20 (udypuug [phe)’

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

7(p — K%™") > 1.0 x 10% years, (23)
7(p — K'%u™) > 3.6 x 10% years , (24)

which are much weaker than the limits on the ¥ channels. We note in passing that the
effective Lagrangian in Equation (6) does not induce n — K~ (.

All in all, for the ¢ channels, p — 7" and p — 7%" provide most sensitive
probes of flipped SU(5). The decay widths of these channels depend on the unknown
matrix elements (U )11 and (Uy)1o, respectively. The decay rates of the other ¢, 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 — 71" 7 channel, we have

+5) — +g 8amy mZ\? 5 + 2
I'(p—n"v) :ZF(p—HT 7)) = <1_mz) A ((n \(ud)RdL|p>e) . (25
i p

As we see, this expression does not depend on Uy; this follows from the unitarity condition
Y |(Up)1i]? = 1. The n — 797 channel is related to this channel by isospin and we find

I(n— ') = %F(p -ty . (26)
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The current experimental constraints on these channels are [60]

T(p — 7)) > 3.9 x 10%? years , (27)

T(n — 7°%) > 1.1 x 10% 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 — 717, rather than
p — 77, 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]:

I(p—K'v)=T(n— K%)=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*# 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 — %", p — 7™, and n — 77 channels are most useful. We will
discuss in the subsequent section that we can determine the unknown matrix elements
|(Uy)11| and |(Uy)12| by measuring the partial decay widths of these channels.

3. Results

In what follows, we consider the ratios

0 2
<<7T |(1/ld)RuL|p>Z,')2 _ |Vud|2|(u£)li|2 , (30)

I'(p — 7%+
LW ) oy ()

Ry, = T(n — n%%) ({7 [ (ud)rdL|p)e)

where in the last equation we use Equation (10) and neglect the small difference in the
values of (71°|(ud)gur|p)e and (7°|(ud)gup|p),. This expression clearly shows that we can
determine |(Uy)q;| by measuring the ratio Ry,. By using the unitarity of U, we also obtain
the following inequalities:

Ry, < [Vial?, (31)
Re+ Ry < [Vial?, (32)
with |V,4]? =~ 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), R, is predicted to be [17]

14+ (14 [Vial»)?
RB|SU(5) = (|Vud||2u ‘ ) :51 (33)

which clearly violates the above inequalities. This observation indicates that the measure-
ment of the lifetimes of only two decay channels, p — 7’ " and n — 77, is already
capable of distinguishing this scenario from flipped SU(5). Let us also show Ry, in this case
just for completeness [17]:

Ryulsu(s) = |Vusl* ~ 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 (Uy)11 and (Uy)1, are given by the PMNS matrix elements as
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U;; for normal order
(U = .
U3 for inverted order
Up; for normal order
(Up2 = _ . (35)
Uys for inverted order

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

To see the dependence of R, on the unknown matrix elements (U,)1; and (Uy)12,
it is convenient to parametrize them by means of two real parameters, ¢ and ¢. The
unitarity condition,

[(Ue)11 P+ [(Up)12* + | (Up)1s* =1, (36)

indicates that it is possible to parametrize these matrix elements as®

[(Ue)u| = cospeosg,  |(Upha| =singcosg,  [(Up)is| =sing,  (37)

with0 < ¢,¢ < 7r/2.

In Figure 1, we show the contour plots of (Figure 1a) R, and ((Figure 1b) R, in the
¢-¢ 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 elements’.

_J0.64 for normal order
7 010.021 for inverted order

0.072 for normal order
= { (38)

0.54 for inverted order

As we see, R, and Ry, play complementary roles in probing the parameter space. It is also
found that both R, and Ry, are suppressed for & ~ 71/2; in this case, p — 7" v and n — 7’7
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 — 7177 can be much larger than those of p — 7%¢* 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 — Ktv 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 &, by looking into the p — 71+ 7 (or n — 71%7) and p — KT ¥ channels.

(@) Re (b) Ry

Figure 1. Contour plots of (a) R, and (b) R, in the ¢-¢ 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 I'(p — K%*)/T'(p —
n%*) and T(p — K°u®)/T(p — n°u™). Another notable prediction is the suppression
of the p — K*¥ channel. However, the calculation of some decay channels is affected by
uncertainties due to an unknown unitary matrix U,. We have shown that this uncertainty
can be parametrized using two real parameters, ¢ and ¢. These parameters can be deter-
mined by measuring the ratios R, and Ry, 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

6

We assume that this symmetry is violated by some Planck-scale suppressed operators in order to prevent the formation of stable
domain walls.
It is possible to construct a flipped SU(5) model where this y-term is forbidden by an R-symmetry [18].

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].

We do not show the value for the T channel, since, as stated in Ref. [54], the treatment of the matrix elements for ;ﬁ in Ref. [57]
is inappropriate. In any case, we expect that the difference from the e* case is O(m,, /m,), with m,, the muon mass, and thus it
does not affect our conclusion.

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].

It is possible to extend this parametrization to the whole matrix elements with additional seven real parameters. In general, any
3 x 3 unitary matrix can be parameterized by three mixing angles and six phases, and we can identify two of the three mixing
angles as ¢ and ¢. For a concrete expression, see, e.g., Ref. [64].

It is found that |(U);| is independent of the unknown Majorana phases in the PMNS matrix.
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