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 a b s t r a c t

The Georgi-Glashow model is the simplest possible attempt at grand unification. However, due to its particle 
content, the model preserves a global 𝑈 (1)𝐵−𝐿 symmetry, where 𝐵 and 𝐿 are baryon and lepton numbers, respec-
tively. It thus leaves neutrinos massless just as the Standard Model does. The extensions of the Georgi-Glashow 
model that break lepton number by two units, i.e., scenarios with |Δ𝐿| = 2 operator(s), naturally generate po-
tentially viable Majorana neutrino masses. Since the dynamics that yields |Δ𝐿| = 2 interactions unavoidably 
induces |Δ𝐵| = 2 transitions via 𝐵−𝐿 breaking, these extensions consequentially lead to intriguing processes 
such as neutron–antineutron (𝑛–𝑛) oscillation. We investigate this intrinsic connection between neutrino mass 
generation and 𝑛–𝑛 oscillation within a number of representative extensions of the Georgi-Glashow model that 
can yield realistic neutrino masses and mixing parameters. These extensions include the tree-level seesaw mech-
anism realizations of the Type I, II, and III varieties, as well as the one-loop and two-loop radiative neutrino mass 
models.

1.  Introduction

The Georgi–Glashow (GG) model [1] is the simplest realization of 
grand unification. It achieves quark–lepton unification as well as uni-
fication of the Standard Model (SM) interactions within 𝑆𝑈 (5). How-
ever, since it predicts neutrinos to be massless, it leaves the origin 
of neutrino masses as one of the open questions that needs to be
addressed.

We establish an intrinsic connection between Majorana neutrino 
mass generation in 𝑆𝑈 (5) and 𝑛–𝑛 oscillation, both rooted in quark–
lepton unification. Our work expands on a recent analysis [2] of 
two simple GG model extensions of the Type II and Type III va-
rieties that simultaneously achieve observable 𝑛–𝑛 oscillation [3–6] 
and accommodate realistic SM fermion mass spectrum. More specif-
ically, we apply approach advocated in Ref. [2] to other tree-level 
and radiative neutrino mass generation models to champion an un-
avoidable correlation between neutrino mass and 𝑛–𝑛 oscillation. Our 
work also dovetails a study [7] which enumerates, in scalar ex-
tensions of the GG model, all 𝑑 = 9 operators contributing to 𝑛–𝑛
oscillation.

Our results are important because they imply that an observation of 
baryon number–violating processes such as 𝑛–𝑛 oscillation could provide 
an independent evidence for Majorana neutrinos, beside the neutrino-
less double beta decay [8], if 𝑆𝑈 (5) is realized in nature. Our focus on 
𝑛–𝑛 oscillation is particularly timely given the current stringent bound 
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from Super-Kamiokande [9] and upcoming searches at DUNE [10] and
NNBAR [6] at ESS that are expected to significantly improve existing lim-
its. Additional experimental handles include |Δ𝐵| = 1 two-body proton 
decays, |Δ𝐿| = 2 processes such as muon to positron conversion [11], 
and |Δ𝐵| = 2 transitions like di-nucleon decays [12–15]. A schematic 
summary of these implications is shown in Fig. 1.

In Section 2, we demonstrate that quark-lepton unification and Ma-
jorana neutrino mass generation mechanisms, in 𝑆𝑈 (5), automatically 
yield baryon-number-violating interactions with |Δ𝐵| = 2. Section 3 
presents the construction and discussion of neutrino mass mechanisms 
and their implications for 𝑛–𝑛 oscillation. We briefly conclude in Sec-
tion 4.

2.  Implications of Quark-Lepton unification and majorana 
neutrinos

The GG model consists of the following representations: 
5𝐹 𝑖 =

(

𝑑𝑐𝑖 , 𝐿𝑖
)

, 10𝐹 𝑖 =
(

𝑄𝑖, 𝑢
𝑐
𝑖 , 𝑒

𝑐
𝑖
)

, 5𝑆 = (𝑇 ,𝐻), 24𝑆 , (1)

where subscripts 𝐹  and 𝑆 denote fermions and scalars, respectively, 
and 𝑖 = 1, 2, 3 is a family index. Here, 𝑄𝑖, 𝑢𝑐𝑖 , and 𝑑𝑐𝑖  are the SM quark 
multiplets, 𝐿𝑖 and 𝑒𝑐𝑖  represent leptonic multiplets, 𝑇  stands for the 
color triplet, while 𝐻 is the SM Higgs doublet. Given the above particle 
content, 𝑈 (1)𝐵−𝐿 remains an accidental global symmetry of the model 
[7,16–20]. To demonstrate this, let us look at the Yukawa part of the 
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Fig. 1. Schematic illustrating the interplay of quark–lepton unification and neu-
trino mass generation with proton decay, 𝑛–𝑛 oscillation, and neutrinoless dou-
ble beta decay (0𝜈𝛽𝛽).

Lagrangian

ℒ𝑌 = 10𝐹 5𝐹 5∗𝑆 + 10𝐹 10𝐹 5𝑆 → (𝑄𝐿 + 𝑢𝑐𝑑𝑐 )𝑇 ∗

+ (𝑄𝑄 + 𝑢𝑐𝑒𝑐 )𝑇 + (𝑒𝑐𝐿 +𝑄𝑑𝑐 )𝐻∗ + (𝑄𝑢𝑐 )𝐻. (2)

One can trivially check that interactions of Eq. (2) preserve a global 
𝑈 (1)𝐵−𝐿 symmetry with 
𝑄+1∕3, 𝑢𝑐−1∕3, 𝑑𝑐−1∕3, 𝐿−1, 𝑒𝑐+1, 𝑇−2∕3, 𝐻0, (3)

where the subscripts represent the 𝑈 (1)𝐵−𝐿 charges. To correct the 
charged fermion mass relations in the GG model, one can minimally 
extend it by introducing a single 45𝑆 [21]. But, even with the addi-
tional Yukawa interactions, 𝑈 (1)𝐵−𝐿 remains unbroken [7]. Note that 
𝑈 (1)𝐵−𝐿 conservation allows for two-body proton decays such as 𝑝 →
𝑒+𝜋0, where both initial and final states have 𝐵 − 𝐿 = +1.

Introduction of Majorana neutrino masses, which requires |Δ𝐿| = 2, 
automatically breaks 𝑈 (1)𝐵−𝐿 by two units, thus inducing |Δ𝐵| = 2 pro-
cesses. We can illustrate this via an effective field theory approach [22]. 
Specifically, an analogue of the 𝑑 = 5 Weinberg operator within the GG 
framework yields 

ℒ5 =
𝐶𝑖𝑗

Λ
5𝐹 𝑖5𝐹 𝑗5𝑆5𝑆 →

⎛

⎜

⎜

⎜

⎝

𝐶𝜈𝜈
𝑖𝑗

Λ1
𝐿𝑖𝐿𝑗𝐻𝐻
⏟⏞⏞⏟⏞⏞⏟

Δ𝐿=+2

+
𝐶𝑑𝑑
𝑖𝑗

Λ2
𝑑𝑐𝑖 𝑑

𝑐
𝑗 𝑇𝑇

⏟⏞⏟⏞⏟
Δ𝐵=−2

⎞

⎟

⎟

⎟

⎠

⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟
Δ(𝐵−𝐿)=−2

, (4)

where Λ denotes a new physics scale and 𝐶𝑖𝑗 ’s are the associated Wil-
son coefficients. We accommodate model dependence of relevant scales 
and couplings in the 𝑆𝑈 (5) broken phase through introduction of Λ1,2
and 𝐶𝜈𝜈,𝑑𝑑

𝑖𝑗 . The dynamics generating Majorana neutrino masses clearly 
induces |Δ𝐵| = 2 processes. Namely, the last term in Eq.  (4) generates 
𝑛–𝑛 oscillation through the following 𝑑 = 9 operator: 
𝐶𝑑𝑑
11
Λ2

𝑑𝑐1𝑑
𝑐
1𝑇𝑇 →

𝐶𝑑𝑑
11 𝐶

𝑢𝑑
11

Λ2Λ4
3

𝑑𝑐1𝑑
𝑐
1
(

𝑢𝑐1𝑑
𝑐
1
)(

𝑢𝑐1𝑑
𝑐
1
)

. (5)

To better understand advocated connection between quark-lepton 
unification and Majorana neutrino mass generation within the frame-
work of renormalizable 𝑆𝑈 (5) models, let us consider the following two 
examples:

• Type I seesaw. If one introduces a Majorana fermion 1𝐹 = 𝜈𝑐 (1, 1, 0), 
the Yukawa sector 
ℒ𝑌 ⊃ 𝑦𝑖 5𝐹 𝑖1𝐹 5𝑆 → 𝑦𝜈𝑖 𝐿𝑖𝜈

𝑐𝐻 + 𝑦𝑑𝑖 𝑑
𝑐
𝑖 𝜈

𝑐𝑇 , (6)

requires 𝜈𝑐 to carry 𝐵 − 𝐿 charge of +1. Therefore, its Majorana mass 
term 
ℒ𝑌 ⊃ 𝑀𝜈 𝜈𝑐𝜈𝑐

⏟⏞⏟⏞⏟
Δ(𝐵−𝐿)=−2

, (7)

breaks 𝐵 − 𝐿 by two units.

• Type II seesaw. This case requires 15𝑆 = Δ1(1, 3, 1) + Δ3(3, 2, 1∕6) +
Δ6(6, 1,−2∕3). The Yukawa interaction reads
ℒ𝑌 ⊃ 𝑦𝑖𝑗 5𝐹 𝑖5𝐹 𝑗15𝑆

→ 𝑦𝜈𝑖𝑗 𝐿𝑖𝐿𝑗Δ1 + 𝑦𝐿𝑑𝑖𝑗 𝐿𝑖𝑑
𝑐
𝑗Δ3 + 𝑦𝑑𝑑𝑖𝑗 𝑑𝑐𝑖 𝑑

𝑐
𝑗Δ6, (8)

which assigns 𝐵 − 𝐿 charges of −2, +4∕3, and +2∕3 to Δ1, Δ3, and 
Δ6, respectively. The scalar potential includes 
𝑉 ⊃ 𝜇 5𝑆5𝑆15∗𝑆 → 𝜇𝐻𝐻Δ∗

1 + 𝜇̂ 𝐻𝑇Δ∗
3 + 𝜇 𝑇𝑇Δ∗

6
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Δ(𝐵−𝐿)=−2

, (9)

where each term breaks 𝐵 − 𝐿 by two units.

This analysis yields the same conclusion in any other renormalizable 
𝑆𝑈 (5) model of Majorana neutrino mass.

3.  Models

We focus on minimal renormalizable extensions of the GG model 
that generate phenomenologically viable Majorana neutrino masses and, 
consequentially, yield 𝑛–𝑛 oscillation signatures. Here, minimality refers 
both to the number of employed representations beyond those of the GG 
model as well as the dimensionality of these additional representations. 
More precisely, we do not consider extensions with more than two ad-
ditional representations, where their dimensionality should not exceed 
fifty. The GG model extensions relevant for our work are listed in Ta-
ble 1. The associated neutrino mass diagrams are presented in the upper 
panels of Fig. 2 through Fig. 6, whereas the corresponding 𝑛–𝑛 topolo-
gies are given in the lower panels of Fig. 2 through Fig. 6.

The second column of Table 1 lists the particle content of each sce-
nario, the third column gives the neutrino mass generation order, and 
the fourth and fifth columns specify the class and topology of 𝑛–𝑛 os-
cillation. The last column lists the mediators of the 𝑑 = 9 operators re-
sponsible for 𝑛–𝑛. The CLASS indicates the 𝑈 (1)𝐵−𝐿 breaking mecha-
nism. CLASS I requires at least one Majorana fermion, CLASS II requires 
scalar(s), while CLASS III requires both a Dirac fermion and a scalar. If 
the model generates multiple contributions to 𝑛–𝑛 oscillation, we lists in 
Table 1 particle content yielding the dominant transition rate.

Type I seesaw model: One needs at least two right-handed neutrinos 
to generate viable neutrino mass parameters in the Type I seesaw. The 
interplay between a scalar (3, 1, 1∕3) ∈ 5∗𝑆 and a fermion 1𝐹  produces the 
𝑛–𝑛 diagram of TOPOLOGY B, as shown in the lower panel of Fig. 2. 
The fermion featured in TOPOLOGY B is always of Majorana nature, 
and the |Δ(𝐵 − 𝐿)| = 2 breaking arises from its Majorana mass. Scalar 
(3, 1, 1∕3) ∈ 5∗𝑆 can mediate proton decay and its contribution towards 
𝑛–𝑛 signal is expected to be suppressed.

Type II seesaw model: The Type II seesaw corresponds to CLASS II, 
with the 𝑛–𝑛 transition via TOPOLOGY A that is mediated by (3, 1, 1∕3) ∈
5∗𝑆 and (6, 1,−2∕3) ∈ 15𝑆 . The neutrino mass and 𝑛–𝑛 diagrams are fea-
tured in Fig. 3a and b, respectively.

Type II seesaw variant: This interesting variant employs two color 
sextets, 𝑆1 = (6, 1, 1∕3) ∈ 45∗𝑆 and (6, 1,−2∕3) ∈ 15𝑆 , to mediate 𝑛–𝑛 os-
cillation. Since these sextets do not induce proton decay, the oscillation 
time can be within the observable range [2]. The neutrino mass and 𝑛–𝑛
diagrams appear in the upper and lower panels of Fig. 3, respectively.

Type III seesaw model: One requires two copies of 24𝐹  to generate 
viable neutrino mass parameters even though a single 24𝐹  already con-
tains two states acting as right-handed neutrinos. The 𝐵 − 𝐿 symmetry 
is broken by the Majorana mass of 24𝐹 . The neutrino mass and 𝑛–𝑛 dia-
grams are shown in the upper and lower panels of Fig. 2, respectively.

Type III seesaw variant: One can replace one 24𝐹  with 45𝑆 to 
achieve consistency with neutrino oscillation data. The 𝑛–𝑛 mediators, 
(6, 1, 1∕3) ∈ 45∗𝑆 and (8, 1, 0) ∈ 24𝐹 , do not induce proton decay and can 
enhance the oscillation rate [2]. Mediators of 𝑛–𝑛 oscillation can also 
be (3, 3, 1∕3) ∈ 45∗𝑆 and (1, 3, 0) ∈ 24𝐹 , but the relevant couplings of the 
scalar multiplet are antisymmetric in flavor space and cannot generate 
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Table 1 
Summary of the viable neutrino mass models and the associated particle content within the GG framework of 
quark-lepton unification. The third column indicates the order of the neutrino mass generation. The fields listed 
in the sixth column correspond to those providing the leading 𝑛–𝑛 contribution, with their 𝑆𝑈 (3) × 𝑆𝑈 (2) × 𝑈 (1)
transformation properties explicitly shown in the second line. Superscript 𝑞 in 𝐹 𝑞 represents the type of quark 
𝑞 that fermion 𝐹  interacts with, while 𝑆𝑞𝑞 represents a scalar with an interaction of the 𝑆𝑞𝑞𝑞𝑞 type. The 𝑛–𝑛
diagram topologies are denoted with A, AI, AII, B, and C, where all these topologies can be found in lower 
panels of Figs. 2–6. 
Model Content 𝜈 Mass  Class  Topology 𝑛–𝑛 Mediators
Georgi–Glashow 
(GG) [1]

5𝐹 𝑖 + 10𝐹 𝑖 + 5𝑆 +
24𝑆

 –  –  – –

Type I seesaw 
[23–27]

GG + 1𝐹 + 1𝐹  tree level  I  B 𝑆𝑢𝑐𝑑𝑐

1 = 5∗𝑆 , 𝐹 𝑑𝑐

1 = 1𝐹
𝑆1 = (3, 1, 1∕3), 𝐹1 = (1, 1, 0)

Type II seesaw 
[28–31]

GG + 15𝑆 [2,32–
41]

 tree level  II  A 𝑆𝑢𝑐𝑑𝑐

1 = 5∗𝑆 , 𝑆𝑑𝑐𝑑𝑐

2 = 15𝑆
𝑆1 = (3, 1, 1∕3), 𝑆2 = (6, 1,−2∕3)

Type II seesaw 
variant

GG + 15𝑆 + 45𝑆
[2]

 tree level  II  A 𝑆𝑢𝑐𝑑𝑐

1 = 45∗𝑆 , 𝑆𝑑𝑐𝑑𝑐

2 = 15𝑆
𝑆1 = (6, 1, 1∕3), 𝑆2 = (6, 1,−2∕3)

Type III seesaw 
[42]

GG + 24𝐹 + 24𝐹
[32,43–46]

 tree level  I  B 𝑆𝑢𝑐𝑑𝑐

1 = 5∗𝑆 , 𝐹 𝑑𝑐

1 = 24𝐹 𝑆1 =
(3, 1, 1∕3), 𝐹1 = (1, 1, 0), (8, 1, 0)

Type III seesaw 
variant

GG + 24𝐹 + 45𝑆
[2]

 tree level  I  B 𝑆𝑢𝑐𝑑𝑐

1 = 45∗𝑆 , 𝐹 𝑑𝑐

1 = 24𝐹
𝑆1 = (6, 1, 1∕3), 𝐹1 = (8, 1, 0)

BNT [47] GG + 15𝐹 + 35𝑆
[48–51]

 tree & one-loop  III  C 𝑆𝑢𝑐𝑑𝑐

1 = 5𝑆 , 𝑆2 = 35𝑆 , 𝐹 𝑑𝑐

1 = 15𝐹
𝑆1 = (3, 1,−1∕3), 𝑆2 = (10, 1, 1), 
𝐹1 = (6, 1,−2∕3)

Zee [52] GG + 10𝑆 + 45𝑆
[53–55]

 one-loop  II  AI 𝑆𝑢𝑐𝑑𝑐

1 = 45∗𝑆 , 𝑆𝑑𝑐𝑑𝑐

2 = 10𝑆
𝑆1 = (6, 1, 1∕3), 𝑆2 = (3, 1,−2∕3)

Zee-Babu [56,57] GG + 10𝑆 + 50𝑆
[58,59]

 two-loop  II  AII 𝑆𝑑𝑐𝑑𝑐

1 = 10𝑆 , 𝑆𝑢𝑐 𝑢𝑐
2 = 50𝑆

𝑆1 = (3, 1,−2∕3), 𝑆2 = (6, 1, 4∕3)

Zee-Babu variant GG + 15𝑆 + 50𝑆 tree & two-loop II A

𝑆𝑑𝑐𝑑𝑐

1 = 15𝑆 , 𝑆𝑢𝑐 𝑢𝑐
2 = 50𝑆

𝑆1 = (6, 1,−2∕3), 𝑆2 = (6, 1, 4∕3)

𝑆𝑄𝑄
1 = 50∗𝑆 , 𝑆𝑑𝑐𝑑𝑐

2 = 15𝑆
𝑆1 = (6, 3, 1∕3), 𝑆2 = (6, 1,−2∕3)

Fig. 2. Type I/III seesaws (upper panel) and the associated topology, i.e.,
TOPOLOGY B, behind 𝑛–𝑛 oscillation (lower panel). 

the leading-order contribution. We accordingly omit this particular sce-
nario from Table 1.

BNT model: The Babu–Nandi–Tavartkiladze (BNT) model is the only 
model in Table 1 employing a Dirac fermion to generate both neutrino 
masses and 𝑛–𝑛 oscillation. The upper panel of Fig. 4 shows the dominant 
contribution to the neutrino mass. A tree-level term also exists but it is 

Fig. 3. Type II seesaw mechanism (upper panel) and the associated topology, 
i.e., TOPOLOGY A, behind 𝑛–𝑛 oscillation (lower panel). 

negligible [48]. The 𝑛–𝑛 mediators are (3, 1,−1∕3) ∈ 5𝑆 , (10, 1, 1) ∈ 35𝑆 , 
and (6, 1,−2∕3) ∈ 15𝐹 , corresponding to TOPOLOGY C.

Zee model: The GG + 10𝑆 model can generate neutrino masses and 
𝑛–𝑛 process but cannot accommodate realistic neutrino oscillation data. 
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Fig. 4. Babu–Nandi–Tavartkiladze (BNT) mechanism (upper panel) and associ-
ated 𝑛–𝑛 oscillation diagram (lower panel). 

Fig. 5. Zee mechanism (upper panel) and the associated topology, i.e., TOPOL-
OGY AI, behind 𝑛–𝑛 oscillation (lower panel). 

The GG + 10𝑆 + 45𝑆 extension resolves this. Here, the 𝑛–𝑛 mediators are 
𝑆1 = (6, 1, 1∕3) ∈ 45∗𝑆 and (3, 1,−2∕3) ∈ 10𝑆 . Due to antisymmetric na-
ture of Yukawa couplings of 10𝑆 , a 𝑊 -boson exchange is required for the 
transition. The neutrino mass and 𝑛–𝑛 diagrams are shown in the upper 
and lower panels of Fig. 5, respectively, with the latter corresponding 
to TOPOLOGY AI.

Zee-Babu model: In the Zee–Babu model, both neutrino masses and 
𝑛–𝑛 oscillation arise at two loops, as shown in Fig. 6. The 𝑛–𝑛 medi-

Fig. 6. Zee-Babu mechanism in 𝑆𝑈 (5) (upper panel) and the associated topol-
ogy behind 𝑛–𝑛 oscillation (lower panel). 

ators are 𝑆1 = (3, 1,−2∕3) ∈ 10𝑆 and (6, 1, 4∕3) ∈ 50𝑆 , corresponding to
TOPOLOGY AII. Due to antisymmetric nature of Yukawa coupling of 
10𝑆 and the fact that scalar cubic interaction involves two 10𝑆 propaga-
tors, two 𝑊 -boson exchanges are required to generate 𝑛–𝑛 transition.

Zee-Babu variant: We note that 10𝑆 of the minimal Zee–Babu model 
can be replaced by 15𝑆 , which would enhance the 𝑛–𝑛 rate due to in-
troduction of symmetric Yukawa couplings of 15𝑆 to the SM fermions. 
There would thus be no need for two 𝑊 -boson exchanges to generate 
𝑛–𝑛 oscillation. In this particular variant a singly charged component 
within (1, 3, 1) ∈ 15𝑆 replaces (1, 1, 1) ∈ 10𝑆 in the Zee–Babu two-loop 
neutrino mass diagram of Fig. 6a.

This variant also adds a tree-level contribution to neutrino masses, 
which might be subdominant in parts of parameter space. For example, 
this could be trivially achieved by assigning a tiny vacuum expecta-
tion value to scalar (1, 3, 1) ∈ 15𝑆 . If that is the case, the leading 𝑛–𝑛
contributions would be via TOPOLOGY A of Fig. 3b and could arise en-
tirely via color sextets, with two mediator options: (6, 1,−2∕3) ∈ 15𝑆 and 
(6, 1, 4∕3) ∈ 50𝑆 , or (6, 3, 1∕3) ∈ 50∗𝑆 and (6, 1,−2∕3) ∈ 15𝑆 . The latter is 
the only case with four external left-handed quarks. While both con-
tributions can yield unsuppressed 𝑛–𝑛 transition rates we assume, for 
simplicity, that the former contribution dominates as it involves only 
right-handed SM fermions in the external legs. This particular choice of 
dominance does not affect the overall conclusions presented below.

Note that for all minimal, phenomenologically viable neutrino mass 
models, the neutrino mass and corresponding 𝑛–𝑛 diagrams both occur 
at the same perturbative order. Our discussion sets aside issues such as 
charged fermion mass generation and the viability of gauge coupling 
unification. A study addressing these aspects and their experimental 
implications will be presented elsewhere. We will, however, estimate 
whether a viable neutrino mass scale is compatible with the experimen-
tally accessible 𝑛–𝑛 signal.

The fields responsible for the neutrino mass generation are specified 
in Table 2. To generate experimentally viable neutrino mass scale [64] 
one requires Λ1∕|𝐶𝜈𝜈

𝜏𝜏 | ≃ 6 × 1014 GeV, whereas current bounds from
KamLAND-Zen [65] and the projected reach of nEXO [66] on 0𝜈𝛽𝛽 im-
ply 6 × 1015 GeV ≳ Λ1∕|𝐶𝜈𝜈

𝑒𝑒 | ≳ 2.5 × 1014 GeV. We also list in Table 2 the 
scales and associated couplings relevant for 𝑛–𝑛 oscillation, as intro-
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Table 2 
The mass scales and couplings relevant for neutrino masses and 𝑛–𝑛 process, where all the mass parameters are given in TeV units. 𝑉𝑖𝑗 are the quark mixing 
parameters and 𝑔2 is the 𝑆𝑈 (2) gauge coupling of the SM. PD denotes viability with respect to proton decay limits. 
Model 𝐶𝜈𝜈

𝜏𝜏 Λ1 𝐶𝑑𝑑
11 𝐶

𝑢𝑑
11 Λ2Λ4

3 (NNBAR) ≥ Λ2Λ4
3 ≥ (SK) 𝐹𝑘∕𝑆𝑘 LHC PD

Type I (𝑦𝜈 )2 𝑀𝐹1
≃ 6 × 1011 (𝑦𝑑𝑑 )2(𝑦𝑢𝑑 )2 𝑀𝐹1

𝑀4
𝑆1

3 ≥ 𝑀𝑆1
≥ 1.8 - 7 7

Type II 
Type II variant

𝑦𝜈
𝑀2

𝑆3

𝜇
≃ 6 × 1011 𝑦𝑑𝑑 (𝑦𝑢𝑑 )2

𝑀4
𝑆1

𝑀2
𝑆2

𝜇
4.2 × 103 ≥ 𝑀1∕4

𝑆2
𝑀𝑆1

≥ 2.6 × 103 𝑆3 ∶ (1, 3, 1) 3

3

7

3

Type III 
Type III variant

(𝑦𝜈 )2 𝑀𝐹1
≃ 6 × 1011 (𝑦𝑑𝑑 )2(𝑦𝑢𝑑 )2 𝑀𝐹2

𝑀4
𝑆1

2.6 × 103 ≥ 𝑀1∕4
𝐹2

𝑀𝑆1
≥ 1.6 × 103 𝐹2 ∶ (8, 1, 0) 3

3

7

3

BNT 𝑦𝜈 𝑦̂𝜈

16𝜋2

𝑀2
𝑆3

𝑀𝐹2

≃ 6 × 1011 𝑦𝑑 𝑦̂𝑑 (𝑦𝑢𝑑 )2

16𝜋2

𝑀4
𝑆1

𝑀2
𝑆2

𝑀𝐹1

1.3 × 103 ≥
𝑀𝑆1

𝑀1∕2
𝑆2

𝑀1∕4
𝐹1

≥ 8.3 × 102 𝐹2 ∶ (1, 3, 1)
𝑆3 ∶ (1, 4,−3∕2)

3 7

Zee 𝑦𝜈 𝑦̂𝜈𝑦𝜏
16𝜋2

𝑀2
𝑆3

𝜇
≃ 4 × 107 𝑔22𝑉𝑢𝑏𝑉𝑡𝑑

16𝜋2
𝑚𝑏𝑚𝑡

𝑚2
𝑊

𝑦𝑑𝑠
(

𝑦𝑢𝑑
)2 𝑀4

𝑆1
𝑀2

𝑆2

𝜇
125 ≥ 𝑀𝑆1

𝑀1∕4
𝑆2

≥ 77 𝑆3 ∶ (1, 1, 1) 3 3

Zee-Babu
Zee-Babu varian

𝑦𝜈 𝑦̂𝜈𝑦2𝜇
256𝜋4

𝑀2
𝑆3

𝜇
≃ 140 𝑔42𝑉

2
𝑢𝑏𝑉

2
𝑡𝑑

256𝜋4

𝑚2
𝑏𝑚

2
𝑡

𝑚4
𝑊

(

𝑦𝑑𝑠
)2 𝑦𝑢𝑢

𝑦𝑢𝑢(𝑦𝑑𝑑 )2

𝑀4
𝑆1

𝑀2
𝑆2

𝜇
3.7 ≥ 𝑀1∕4

𝑆2
𝑀𝑆1

≥ 2.3

4.2 × 103 ≥ 𝑀1∕4
𝑆2

𝑀𝑆1
≥ 2.6 × 103

𝑆3 ∶ (1, 1, 1)
𝑆3 ∶ (1, 3, 1)

7

3

3

3

Fig. 7. 𝑌 = 𝑆1 in all models. For BNT model, we fix the mass of 𝐹1 to be equal 
to the mass of 𝑆2. 𝑋 is to be inferred from Table 2. LHC/FCC-hh 𝑝𝑝 → 2𝑗 [60–62] 
(𝑝𝑝 → 6𝑗 [63]) bound is applicable to di-quark scalars (color octet fermion). Each 
band corresponds to observable range of 𝑛–𝑛 process with parameter space to 
the left ruled out by SK, whereas the region to the right is beyond experimental 
sensitivity. 

duced in Eq. (5), for all models under consideration. The corresponding 
experimental accessibility of 𝑛–𝑛 oscillation signal is shown in Fig. 7, 
where we implement the current bound from Super-Kamiokande [9] 
and future reach from NNBAR [6]. We set all Yukawa couplings to one 
and the relevant cubic scalar coupling to 𝜇 = 𝑀𝑆2

.
Fig. 7 demonstrates that if 𝑛–𝑛 oscillation signal is observed, the 

Zee-Babu and the Type I seesaw models cannot be its source due to
LHC bounds on dijet resonances. Also, the Type I, II, III, and BNT mod-
els may be in tension with proton decay limits unless the leptoquark 
couplings of the color triplet are extremely suppressed. For example, if 
one is to have a TeV scale color triplet with order-one diquark cou-
plings, its lepton–quark Yukawa couplings should be ≲ 10−24 to suf-
ficiently suppress associated proton decay signatures [67]. One possi-
ble approach is to abandon renormalization requirement altogether and 
consider higher-dimensional operators that allow for arbitrary suppres-
sion of the relevant color triplet Yukawa interactions, as discussed in 
Refs. [55,68]. The exact suppression implementation would still depend 
on the details of the model and is beyond the scope of this work. This is 

something one should keep in mind when interpreting the last column 
of Table 2. On the other hand, the variants of the Type II, III, and Zee-
Babu models, as well as the Zee model itself are all viable with regard 
to proton decay constraints and may potentially yield collider-accessible 
signatures.

While Fig. 7 displays the most optimistic scenario with regard to 
observation of 𝑛–𝑛 oscillation signal, we clarify how the picture would 
change if the relevant Yukawa or cubic couplings are varied.

Let us first address the Type II scenario. The oscillation lifetime ex-
hibits the following parameter dependence [2] 

𝜏𝐀 = 20
3ℳ

1
𝑦𝑑𝑑 (𝑦𝑢𝑑 )2

𝑀4
𝑆1
𝑀2

𝑆2

𝜇
, (10)

where A denotes the topology type and ℳ is the relevant hadronic ma-
trix element [69–73]. Consequently, achieving oscillation times within 
the observable range with smaller Yukawa coupling(s) would require 
lighter mediator state(s), implying that the observation bands shown in 
Fig. 7 would shift diagonally downward. A similar effect would occur if 
the cubic coupling 𝜇 is reduced. Note that this dimensionful coupling is 
constrained from above, i.e., 𝜇 ≲ 3 × max(𝑀𝑆1

,𝑀𝑆2
), if one is to avoid 

charge-breaking minima [74–76]. We, in particular, use ̃𝜇 = 𝑀𝑆2
 to gen-

erate Fig. 7.
For the Type III seesaw, the parameter dependence is [2] 

𝜏B = 1
ℳ

1
(𝑦𝑑𝑑 )2(𝑦𝑢𝑑 )2

𝑀𝐹1𝑀
4
𝑆1
, (11)

where B denotes the topology type. If one would reduce the relevant 
Yukawa couplings, the viable new physics mass scale would again need 
to go to lower values in order to have observable 𝑛–𝑛 oscillation sig-
nal. For instance, assuming unity for all Yukawa couplings and degen-
erate masses 𝑀𝐹1 ≈ 𝑀𝑆1

≈ 450TeV, the 𝑛–𝑛̄ transition rate is poten-
tially measurable. If these couplings are reduced by an order of mag-
nitude, the mass scales must decrease to 𝑀𝐹1 ≈ 𝑀𝑆1

≈ 70TeV to main-
tain observability. The experimentally accessible range is bounded from 
below by the Super-Kamiokande limit 𝜏SK𝑛−𝑛 ≥ 4.7 × 108 s [9], while the 
upper bound is set by the NNBAR experimental sensitivity 𝜏NNBAR𝑛−𝑛 ≤
3 × 109 s [6].

The case of the Type I seesaw is slightly different since the mass 𝑀𝐹1
not only enters 𝑛–𝑛 prediction but it is also directly connected to the 
neutrino mass scale. For instance, if all Yukawa couplings are reduced 
by a factor of 10, 𝑀𝐹1  should need to be simultaneously lowered by a 
factor of 102 in order to preserve the correct neutrino mass scale. With 
these changes, an observable 𝑛–𝑛 oscillation could still be achieved but 
only if 𝑀𝑆1

 is in the sub-TeV range. This, on the other hand, would be 
in conflict with the LHC data. The same issue arises if one is to reduce
diquark couplings entering prediction for the 𝑛–𝑛 oscillation signal 
within the Type I seesaw scenario. In short, Fig. 7 depicts expectations 
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for all possible scenarios considered if the relevant Yukawa couplings 
are set to one.

In the present work, all the couplings and mass parameters are eval-
uated at the 𝑛–𝑛 mediator scale set by max(𝑀𝑆𝑖

) and/or max(𝑀𝐹𝑗 ). We 
expect renormalization-group (RG) effects on the tree level and radia-
tive neutrino-mass generation sectors to induce at most moderate quan-
titative corrections without qualitative impact on the viable parameter 
regions shown in Fig. 7. For example, since the mediator masses in the 
Zee-Babu model lie in the multi-TeV range, the logarithmic running be-
tween the mediator and electroweak scales should be relatively mod-
est. Also, our analysis is intended as a leading-order phenomenological 
study rather than a precision calculation. A complete effective field the-
ory matching and RG evolution analysis for the scenarios we address 
here would become a necessity if and when 𝑛–𝑛 oscillation signal is ob-
served.

Moreover, in plotting Fig. 7, we adopt the relevant hadronic matrix 
elements from Table 1 of Ref. [72]. Although for the 𝑑 = 9 operators we 
do not explicitly include the RG running of the corresponding transition 
matrix elements, these effects are known to induce only moderate nu-
merical corrections. In particular, Ref. [72] evolves the matrix elements 
from 𝜇0 = 2GeV to the relevant new-physics scale (even up to the GUT 
scale) to find that they remain relatively stable under RG evolution, 
preserving the same order of magnitude across the phenomenologically 
relevant mass range. Even the largest RG-induced variation over the full 
range from the GUT scale down to low energies corresponds only to an 
enhancement of the matrix element by a factor of a few (in particular, for 
ℳ5, it is a factor of three enhancement) [72]. Therefore, for the media-
tor mass scales considered in this work, we do not expect the omission of 
these running effects to qualitatively alter the viable parameter regions 
shown in Fig. 7.

4.  Conclusions

We have demonstrated that Majorana neutrino mass generation and 
𝑛–𝑛 oscillation are intrinsically linked if 𝑆𝑈 (5) is realized in nature. Our 
study explores the simplest extensions of the GG model that yield realis-
tic neutrino sector and, in doing so, automatically induce 𝑛–𝑛 oscillation. 
This implies the existence of additional baryon-number-violating pro-
cesses beyond the ever-present proton decay mediated by gauge bosons 
and scalars. Majorana masses can be probed via |Δ𝐿| = 2 processes, such 
as neutrinoless double beta decay and lepton flavor–violating transitions 
like muon to positron conversion. Similarly, |Δ𝐵| = 2 processes, includ-
ing 𝑛–𝑛 oscillation and di-nucleon decays, offer complementary exper-
imental avenues, motivating dedicated searches for nucleon decay and 
neutron–antineutron oscillations.

We summarize our crucial findings here:

• Within the economical models considered in this work, the mediators 
responsible for neutron–antineutron oscillations can be either scalar 
or fermionic states. The scalar mediators include color-triplet and 
color-sextet scalars, while the beyond SM fermions can be singlets, 
color sextets, or color octets.

• Models that contain at least one scalar color triplet (3, 1,−1∕3) medi-
ator cannot lead to observable 𝑛–𝑛 oscillations because of the associ-
ated proton decay constraints. Consequently, an observation of 𝑛–𝑛
oscillations in future experiments would strongly disfavor the mini-
mal versions of Type I, Type II, and Type III seesaw models, as well 
as the BNT model.

• The Zee-Babu model cannot generate observable 𝑛–𝑛 oscillations 
since it requires scalar diquarks — a color triplet (3, 1,−2∕3) and 
a color sextet — in a mass range already excluded by LHC searches. 
This exclusion originates from the antisymmetric Yukawa couplings 
of the color-triplet scalar, where two such mediators are needed to 
generate 𝑛–𝑛 process.

• Models compatible with observable 𝑛–𝑛 oscillations include the min-
imally extended Type II and Type III seesaw models, the extended 

Zee-Babu model, and the minimal Zee model. In the Type II and Zee-
Babu scenarios, the relevant mediators are scalar color sextets that 
do not induce proton decay. In the Zee model, one mediator is the 
color-triplet scalar (3, 1,−2∕3), which is likewise free from proton de-
cay constraints. In the extended Type III scenario, the oscillation is 
mediated by a color-sextet scalar together with a color-octet fermion, 
again avoiding proton decay bounds.

• If future experiments observe 𝑛–𝑛 oscillations, the Zee model dis-
cussed here will be fully testable at the FCC-hh through searches for 
low-mass diquarks. In contrast, even in the absence of such a discov-
ery at the FCC-hh, viable parameter space for observable 𝑛–𝑛 oscil-
lation would still remain for the Type II and Type III seesaw model 
variants, as well as the Zee-Babu model variant.

Our dedicated study, therefore, provides clear guidance for model 
building in the exciting event of an observed 𝑛–𝑛 oscillation signal.
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