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SM and Accidental Symmetries
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SM and Global symmetries
l Renormalizable Level (Tree)：

l Non-Renormalizable Level（higher dim operators）：
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As for Accidental Symmetry：B#（baryon number）, L#（lepton number）

è Reflect symmetries of BSM (UV theory)

4

(up to d=4)

Suppressed by Unknown New Physics scale



L#V and higher dim operator
l Higher d Operators written in terms of SM fields

(after the integration of heavy d.o.f.) 
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L L

H H

UV independent description

NR

UV complete example

L# violating dim 5 op.

Detemine L# Explicit L#V (UV theory break L#)
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L#V and Neutrino Mass
l Unknown New Physics (NP) imply Majorana Neutrino
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Higher d operators characterize NP without specifying details of NP

L L

H H UV completions :

6parameter with lepton number violation is μ in the
scalar potential, V ∼ μH!ΔH!, where the lepton number
of Δ is rigorously fixed by the Yukawa interaction yΔLΔL.
Therefore, by promoting μ as S we obtain the Majoraxion
extension of the type-II seesaw model [21]. The
Majoraxion extension [22] of type-III seesaw model [23]
is nothing different from the type-I seesaw model, where
the right-handed neutrino is simply replaced by the triplet
fermion ΣR with Y ¼ 0. In Fig. 1, the diagrams for O6 are
given in type-I (left) and in type-II (right) Majoraxion
models. The case for type-III seesaw extension is also
shown in the left panel. If we truncate the external S line in
these diagram, we obtain the diagrams for the neutrino
mass generation of lepton number violating dimension five
operator Ô5 in ordinary seesaw mechanism.
The higher dimensional operator O6 is not necessarily

decomposed by tree diagrams. The above mentioned type-I
-II -III seesaw models are based on the tree level decom-
position [24] of the prototype operator of Ô5. The loop
level classification of Ô5 is called radiative seesaw model,
where neutrino masses are generated by quantum correc-
tions. The variants of radiative seesaw model have been
studied very extensively (For a comprehensive review of
radiative seesaw models, see [25]). There must be a loop
level ultraviolet (UV) completion of O6, that is radiative
Majoraxion model [26,27]. The extension of these radiative
seesaw model to the Majoraxion model is straightforward.
In Fig. 2, the diagrams for the radiative Majoraxion
extensions of Zee model (left), Zee-Babu model (center)
and scotogenic model (right). In ordinary Zee model [28], a

pair of singly charged scalar k# and an extra Higgs doublet
H0 are introduced in order to form the lepton number
violating connection μZkþH!H0! with dimensionful cou-
pling μZ. The substitution of μZ by S again identifies the
lepton number symmetry as PQ symmetry [29]. In ordinary
Zee-Babu model [30], a pair of doubly charged scalar k##

is added instead H0, then the lepton number violating
dimensionful coupling μZB is allowed as μZBkþkþk−−. By
substituting μZ by S, a Majoraxion extension of Zee-Babu
model is realized [21]. In the scotogenic model [31], right-
handed neutrinos and the so-called inert doublet are
assumed to be odd under the ad hoc Z2 symmetry in order
to make the dark matter stable. In the Majoraxion extension
of the scotogenic model, the dimensionful parameter is
provided by the Majorana mass of right-handed neutrinos
as in type-I seesaw model. The stability of the dark matter is
automatically guaranteed by the residual Z2 symmetry
(lepton parity [32,33], which is lead by the breakdown
of the global lepton number symmetry a la Krauss-Wilczek
mechanism [34].

III. B AND L VIOLATION AS PQ MECHANISM

In this section, we focus on the lepton number and
baryon number violating operators with mass dimensions
more than d ¼ 5. At d ¼ 6, B −L conserving operators of
qqql are allowed, where q and l are general quark and
lepton fields. The d ¼ 7 operators of qqql̄φ hold BþL
but violate B −L, where φ denotes a SM boson field or
space-time derivative. In this paper, we assume φ to be the
Higgs field H or its charge conjugation. For the charac-
terization of d > 7 baryon/lepton number violating oper-
ators, see for example [15].

A. Axion models based on ΔðB+LÞ= 2 symmetry
breaking

The d ¼ 6 operators of qqql type break both the baryon
number and lepton number by one unit as ΔB ¼ ΔL ¼ 1.
These are given by

Ô6 ¼ fuRuRdReR; uRdRQL; uRQQeR;QQQLg; ð6Þ

FIG. 1. Diagrams for tree-level Majoraxion models.

FIG. 2. Diagrams for loop-level Majoraxion models.
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Scotogenic typeZee type Zee-Babu type

ü UV model can be obtained by decomposition of diagram
ü 3 types of (tree level) seesaw mechanism
ü Many variants of (loop level) radiative seesaw mech.

ü (Dark Matter may be mediated in loops)



B#V and higher dim operator
l Higher d Operators written in terms of SM fields
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B# violating d=6 operator

L uR

Q dR
GUT

RpV SUSY
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New Physics and Symmetries
l Higher d Operators 
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L# B#

×2 ○

×1 ×1

×1×-1

BSM symmetry

“B” conservation

“B-L” conservation

“B+L” conservation

In general, BSM does not hold L# & B#. (Accidental sym in minimal SM)

Controlled by BSM sym

è 0𝛎2𝛃 (M𝛎)

è Nucleon decays

è Nucleon decays

BSM Signal

Can we construct physically motivated models 
based on L# & B# ?
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BSM symmetry and Signal
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nn ! ⇡⇡
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pp ! e+e+nn ! ⌫⌫

p ! e+⌫̄⌫̄n ! 3⌫

nn ! 4⌫̄nn ! 4⌫

Instantonnn ! n̄⌫̄nn ! n̄⌫3n ! 3⌫

d � 5 d � 5 d � 10

d � 15

d � 9

d � 12

d � 15 d � 18d � 16d � 19

d � 12d � 15

d � 10

d � 7d � 10

d � 9

d � 6

FIG. 1. Processes with baryon and lepton number violation by �B and �L units, respectively. We only show one example
process, others are implied (e.g. nn ! ⇡⇡ also give n–n̄ oscillation, pp ! ⇡+⇡+, and many more). “Instanton” refers to processes
such as 3n ! 3⌫̄ that break the same quantum numbers as non-perturbative electroweak instantons. 0⌫2� (0⌫4�) refers to
neutrinoless double [39, 40] (quadruple [41]) beta decay. Final states with neutrinos make an experimental determination of
�L impossible, but are shown here for the sake of brevity. Also shown is the minimal mass dimension d of the underlying
e↵ective operator following Ref. [38]. In addition to total lepton number L, all operators and processes also carry lepton flavor,
which turns the above two-dimensional plot into a four-dimensional lattice [34, 42].

O
9
9 = dddL̄�̄�� , O

9
10 = ddQ¯̀�̄�̄� ,

O
9
11 = dQQL̄�̄�̄� , O

9
12 = QQQ¯̀�̄�̄�̄ , (8)

O
9
13 = ūuddd¯̀, O

9
14 = ūuddQL̄ ,

O
9
15 = ūddQQ¯̀, O

9
16 = ūdQQQL̄ ,

O
9
17 = udddQ̄L̄ , O

9
18 = d̄dddd¯̀,

O
9
19 = d̄dddQL̄ , O

9
20 = dddQ̄Q¯̀,

O
9
21 = ddQ̄QQL̄ , O

9
22 = uuu`LL ,

O
9
23 = uuQLLL .

O
9
1–O

9
6 have recently been discussed in Ref. [34]; they

fulfil �B = ��L = 1, but since they involve three lep-
ton fields they can carry non-trivial lepton flavor num-
ber, i.e. |�L↵| > 1 for one ↵ 2 {e, µ, ⌧}, which makes
it possible to make them dominant over d = 7 opera-
tors (which carry at most |�L↵| = 1) and then lead
to three-body [45] and four-body nucleon decays [34].
O

9
7–O

9
21 leads to �B = ��L = 1 two-body nucleon

decays reminiscent of the d = 7 operators, although
O

9
13–O

9
21 dominantly induces multi-meson final states,

e.g. n ! `�K+⇡0, due to the large number of quark
fields. Finally, O9

22 and O
9
23 violate �B = 1

3�L = 1 [16]
and thus lead to nucleon decays with at least three an-
tileptons in the final state, typically accompanied by one
or more mesons. We stress that contrary to many state-

ments in the literature these operators do indeed gener-
ate nucleon decays despite the fact that they necessar-
ily contain charm or top quarks, in complete analogy to
the discussion in Ref. [31]. At loop level the operators
O

9
22,23 with arbitrary flavor structure induce the decays

p ! `+⌫̄⌫̄ and n ! 3⌫̄, which are experimentally con-
strained already.

At d = 10 there are �B = �L = 1 as well as
�B = �

1
3�L = 1 operators. The former are generically

expected to be suppressed compared to d = 6 opera-
tors, except for operators that involve three lepton fields
with non-trivial flavor, in particular those operators that
give rise to the very clean channels p ! e+µ�µ� and
p ! µ+e�e�, discussed at length in Ref. [34]. The �B =
�

1
3�L = 1 operators are of the form dddL̄L̄L̄�̄ and lead

to multi-body nucleon decays such as n ! `�⌫⌫K+,
p ! `�⌫⌫⇡+⇡+ [12, 16, 46], and n ! 3⌫, only the latter
being explicitly constrained so far.

For examples of�B = 1 operators with d > 10 we refer
to Refs. [38, 46, 47]. If such operators are to dominate
over lower-dimensional ones they should carry a di↵er-
ent lepton (flavor) number, e.g. |�L| > 3. It is clear that
these lead to multi-lepton final states, typically accompa-
nied by mesons. We note that the semi-inclusive invisible
neutron decay, n ! neutrinos, can carry away an arbi-
trary amount of lepton number and flavor via neutrinos

Heeck, Takhistov (19)

Di-nucleon decayn-nbar oscillation

Nucleon decays

Neutrinoless double beta decay

9



Strong CP problem and PQ sym
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Strong CP Problem
l QCD breaks CP in General
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When we redefine phases of left- and right-handed field (chiral transf)

However, from the neutron EDM measurement 

Extremely small !! New physics may exist in the behind

ü Chiral sym. is broken by quark mass à Remove phase in quark mass by chiral transf
ü On the other hand, θ term shifts by chiral transf
ü Quark mass matrix is complex in general à KM phase

‘t Hooft (76)

11

à CP violation is natural



PQ symmetry
l Restore the chiral sym. by introducing new scalar φ

l Effective Lagrangian
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Remove θ by chiral transf., and the phase in quark sector is absorbed by complex scalar

PQ sym

θ is unphysical since it is removed by field redefinition
ü Left-handed and right-handed fields transforms differently
ü Dirac Lagrangian holds (vector-like) baryon number 
à  Chiral transf. = Axial vector transformation

axion (NGB)

NGB does not have a potential ⟺ NGB has shift symmetry

Peccei-Quinn (77)

Detergent
(Washout Strong CP problem)
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Invisible (KSVZ) axion
l An simple realization of invisible axion

ü PQ sym is broken only by SM singlet S : 
ü Assume chiral sym for new colored fermion
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Kim (79), Shifman-Vainshtein-Zakharov (80)

All particles in QCD are replaced by new particles

L# and B# of new particles have not yet defined!!

Arbitrary linear combinations also holds sym 
Non-zero charges of S and of ΨL/R are key ingredient

New fermion numbers for new fermions
(similarly to B# for ordinary quarks)

Chiral sym for new fermion
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PQ symmetry and L#V

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

L L

H H
S
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PQ = L#
l Define L# through Seesaw model
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Determine L# L#V

Take the same charge as PQ charge 
w/o loss of generality

à Identify PQ sym and L# sym：Majoraxion (Majoron = Axion)

Shin (87)

Both PQ mech and Seesaw mech require the relatively high energy scale (~1012GeV)
Unification of these two scale might be interesting (but not necessary)

NGB of L#V

parameter with lepton number violation is μ in the
scalar potential, V ∼ μH!ΔH!, where the lepton number
of Δ is rigorously fixed by the Yukawa interaction yΔLΔL.
Therefore, by promoting μ as S we obtain the Majoraxion
extension of the type-II seesaw model [21]. The
Majoraxion extension [22] of type-III seesaw model [23]
is nothing different from the type-I seesaw model, where
the right-handed neutrino is simply replaced by the triplet
fermion ΣR with Y ¼ 0. In Fig. 1, the diagrams for O6 are
given in type-I (left) and in type-II (right) Majoraxion
models. The case for type-III seesaw extension is also
shown in the left panel. If we truncate the external S line in
these diagram, we obtain the diagrams for the neutrino
mass generation of lepton number violating dimension five
operator Ô5 in ordinary seesaw mechanism.
The higher dimensional operator O6 is not necessarily

decomposed by tree diagrams. The above mentioned type-I
-II -III seesaw models are based on the tree level decom-
position [24] of the prototype operator of Ô5. The loop
level classification of Ô5 is called radiative seesaw model,
where neutrino masses are generated by quantum correc-
tions. The variants of radiative seesaw model have been
studied very extensively (For a comprehensive review of
radiative seesaw models, see [25]). There must be a loop
level ultraviolet (UV) completion of O6, that is radiative
Majoraxion model [26,27]. The extension of these radiative
seesaw model to the Majoraxion model is straightforward.
In Fig. 2, the diagrams for the radiative Majoraxion
extensions of Zee model (left), Zee-Babu model (center)
and scotogenic model (right). In ordinary Zee model [28], a

pair of singly charged scalar k# and an extra Higgs doublet
H0 are introduced in order to form the lepton number
violating connection μZkþH!H0! with dimensionful cou-
pling μZ. The substitution of μZ by S again identifies the
lepton number symmetry as PQ symmetry [29]. In ordinary
Zee-Babu model [30], a pair of doubly charged scalar k##

is added instead H0, then the lepton number violating
dimensionful coupling μZB is allowed as μZBkþkþk−−. By
substituting μZ by S, a Majoraxion extension of Zee-Babu
model is realized [21]. In the scotogenic model [31], right-
handed neutrinos and the so-called inert doublet are
assumed to be odd under the ad hoc Z2 symmetry in order
to make the dark matter stable. In the Majoraxion extension
of the scotogenic model, the dimensionful parameter is
provided by the Majorana mass of right-handed neutrinos
as in type-I seesaw model. The stability of the dark matter is
automatically guaranteed by the residual Z2 symmetry
(lepton parity [32,33], which is lead by the breakdown
of the global lepton number symmetry a la Krauss-Wilczek
mechanism [34].

III. B AND L VIOLATION AS PQ MECHANISM

In this section, we focus on the lepton number and
baryon number violating operators with mass dimensions
more than d ¼ 5. At d ¼ 6, B −L conserving operators of
qqql are allowed, where q and l are general quark and
lepton fields. The d ¼ 7 operators of qqql̄φ hold BþL
but violate B −L, where φ denotes a SM boson field or
space-time derivative. In this paper, we assume φ to be the
Higgs field H or its charge conjugation. For the charac-
terization of d > 7 baryon/lepton number violating oper-
ators, see for example [15].

A. Axion models based on ΔðB+LÞ= 2 symmetry
breaking

The d ¼ 6 operators of qqql type break both the baryon
number and lepton number by one unit as ΔB ¼ ΔL ¼ 1.
These are given by

Ô6 ¼ fuRuRdReR; uRdRQL; uRQQeR;QQQLg; ð6Þ

FIG. 1. Diagrams for tree-level Majoraxion models.

FIG. 2. Diagrams for loop-level Majoraxion models.
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Promote a mass to a complex scalar
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PQ = L#
l Define L# through Seesaw model
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Determine L# L#V

Take the same charge as PQ charge 
w/o loss of generality

à Identify PQ sym and L# sym：Majoraxion (Majoron = Axion)

Shin (87)

Both PQ mech and Seesaw mech require the relatively high energy scale (~1012GeV)
Unification of these two scale might be interesting (but not necessary)
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of the scotogenic model, the dimensionful parameter is
provided by the Majorana mass of right-handed neutrinos
as in type-I seesaw model. The stability of the dark matter is
automatically guaranteed by the residual Z2 symmetry
(lepton parity [32,33], which is lead by the breakdown
of the global lepton number symmetry a la Krauss-Wilczek
mechanism [34].

III. B AND L VIOLATION AS PQ MECHANISM

In this section, we focus on the lepton number and
baryon number violating operators with mass dimensions
more than d ¼ 5. At d ¼ 6, B −L conserving operators of
qqql are allowed, where q and l are general quark and
lepton fields. The d ¼ 7 operators of qqql̄φ hold BþL
but violate B −L, where φ denotes a SM boson field or
space-time derivative. In this paper, we assume φ to be the
Higgs field H or its charge conjugation. For the charac-
terization of d > 7 baryon/lepton number violating oper-
ators, see for example [15].

A. Axion models based on ΔðB+LÞ= 2 symmetry
breaking

The d ¼ 6 operators of qqql type break both the baryon
number and lepton number by one unit as ΔB ¼ ΔL ¼ 1.
These are given by
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PQ symmetry and B#V
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S

L uR

dR dR

Lepton parity is also broken in this example
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B# in KSVZ axion models
l Need to make a connection btw SM and new fermion Ψ
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Original model：(colored) Ψ is stable à Need to washout (by inflation etc)

B# depends on the way of connections
Besides original model, all others predict B# = +1/3 (= Ψ#)

Different prediction on pheno.

Strong CP Problem
PQ mech

Axion Mass

a-γ-γ coupling

2018/9/22-24 北陸合宿 津村浩二 (京都大)
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Figure 1: Exclusion plot for axion-like particles
as described in the text.

The interaction with fermions f has derivative form and is

invariant under a shift φA → φA + φ0 as behooves a NG boson,

LAff =
Cf

2fA
Ψ̄fγµγ5Ψf∂µφA . (7)

Here, Ψf is the fermion field, mf its mass, and Cf a

model-dependent coefficient. The dimensionless combination

gAff ≡ Cfmf/fA plays the role of a Yukawa coupling and

αAff ≡ g2
Aff/4π of a “fine-structure constant.” The often-used

pseudoscalar form LAff = −i (Cfmf/fA) Ψ̄fγ5ΨfφA need not

be equivalent to the appropriate derivative structure, for exam-

ple when two NG bosons are attached to one fermion line as in

axion emission by nucleon bremsstrahlung [22].

In the DFSZ model [19], the tree-level coupling coefficient

to electrons is [23]

Ce =
cos2 β′

3
, (8)

where tan β′ = vd/vu is the ratio of the vacuum expectation

value vd of the Higgs field Hd giving masses to the down-

type quarks and the vacuum expectation value vu of the Higgs

February 8, 2016 19:55

KSVZ (Y=0, Original) : E/N = 0
KSVZ (Y=-1/3) : E/N = 2/3
DFSZ : E/N = 8/3
Our Model : E/N = 0
N = 3nN (DW Problem) à pre-inflation

PDG (16)
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PQ = B# ?
l PQ should be axial(-vector) sym, while Ψ# is vector sym 
            è Impossible to take B# = Ψ# ( B# ≠ Ψ# is necessary)
l A PQ-Seesaw model based on lepton parity Lp and B#

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

Relation from Seesaw sector

Up to here we may take Lp odd for H in principle. 
However, it is incompatible with quark Yukawa. à Lp of NR should be odd

Relation from PQ sector

an example
PQ sector does not define Lp. 

Any other relation can be used to determine B#？
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PQ = B# 
l Introduce new scalar (diquark) with well-defined B#

l Relation completed with Diquark

l Summary

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

Also fixes pending part

à Identify PQ sym and B# sym：Sakhaxion (Sakharon = Axion)

20

NGB of B#V



(Non-GUT) Nucleon decay
l d=7 operator :

l Obtained constraint on New Physics scale

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

x x
No charged lepton mode
（project out by Higgs VEV）

21

Nucleon decay also constrain theories other than GUTs

“B+L” conserving



PQ symmetry and L#V/B#V

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

S

L uR

Q dR

L# is also broken in this example
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Spontaneous breaking of B and L
l Assume Yukawa int among S and KSVZ quarks

l Determine L# and B# of S by higher d operators

l When S acquire VEV

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

( In this stage, B# and L# syms are assumed)

NGB of B+L breaking becomes axion

23



Prescription to define B and L
l Determine L# and B# of KSVZ quarks

l L# and B# of the rest KSVZ quark (w/ different chirality) are 
also fixed through the KSVZ Yukawa int

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

Choose 1 of these ops

example

24



UV completion : PQ = B+L
l d=6 operator is decomposed to renormalizable int

l Predict proton decay

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）
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3

As explained in Majoraxion model, there are many variants (tree, loop)

n Add one additional scalar（charges can be read from the Feynman diagram）

Leptoquark

ü Many uncertainties with model parameters
ü Typical LQ mas should be much larger than PQ scale

B-L conserving

Normalized by SK bound
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UV completion : PQ = B-L
l Let us start with d=7 operator

l Predict “different” proton decay

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

This operator conserves B# and L#

n Add one additional scalar

Leptoquark
B+L conserving

Ξ
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ü No charged lepton mode
ü Constraint from Kaon is stronger than that from π
ü Reaction rate suppressed by Higgs VEV insersion
ü Typical LQ mas should be much larger than PQ scale
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UV completion : PQ = B
l Let us start with d=9 operator

n Introduce one color octet fermion

n Add one additional scalar diquark

l Predict n-nbar oscillation
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c.f.  Ma 07, gluino-axion

SK bound： > 4.7 x 108 s ü Typical new particle masses are much smaller than PQ scale
ü Though, it is challenging at collider exp
ü Competitive w/ flavor exp (Yukawa structure constrained)
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UV completion : PQ = B-L
l Let us start with d=12 operator

n Since <S> breaks different B# & L#, LQξ and DQζ         
do not generate proton decay and also n-nbar oscillation

n UV completion complete with tetraquark

l Predict di-nucleon decay
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(No proton decay, while deuteron decays)

ü Within the collider reach
ü Severe constraint from flavor exp

SK bound： > 4.2 x 1033 s
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Summary
l Established a method to construct a model w/ PQ = αB+βL
l Model w/ B and L symmetry might be interesting

B#V and L#V are good probe for uncovering New Physics !!
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FIG. 1. Processes with baryon and lepton number violation by �B and �L units, respectively. We only show one example
process, others are implied (e.g. nn ! ⇡⇡ also give n–n̄ oscillation, pp ! ⇡+⇡+, and many more). “Instanton” refers to processes
such as 3n ! 3⌫̄ that break the same quantum numbers as non-perturbative electroweak instantons. 0⌫2� (0⌫4�) refers to
neutrinoless double [39, 40] (quadruple [41]) beta decay. Final states with neutrinos make an experimental determination of
�L impossible, but are shown here for the sake of brevity. Also shown is the minimal mass dimension d of the underlying
e↵ective operator following Ref. [38]. In addition to total lepton number L, all operators and processes also carry lepton flavor,
which turns the above two-dimensional plot into a four-dimensional lattice [34, 42].
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6 have recently been discussed in Ref. [34]; they

fulfil �B = ��L = 1, but since they involve three lep-
ton fields they can carry non-trivial lepton flavor num-
ber, i.e. |�L↵| > 1 for one ↵ 2 {e, µ, ⌧}, which makes
it possible to make them dominant over d = 7 opera-
tors (which carry at most |�L↵| = 1) and then lead
to three-body [45] and four-body nucleon decays [34].
O

9
7–O

9
21 leads to �B = ��L = 1 two-body nucleon

decays reminiscent of the d = 7 operators, although
O

9
13–O

9
21 dominantly induces multi-meson final states,

e.g. n ! `�K+⇡0, due to the large number of quark
fields. Finally, O9

22 and O
9
23 violate �B = 1

3�L = 1 [16]
and thus lead to nucleon decays with at least three an-
tileptons in the final state, typically accompanied by one
or more mesons. We stress that contrary to many state-

ments in the literature these operators do indeed gener-
ate nucleon decays despite the fact that they necessar-
ily contain charm or top quarks, in complete analogy to
the discussion in Ref. [31]. At loop level the operators
O

9
22,23 with arbitrary flavor structure induce the decays

p ! `+⌫̄⌫̄ and n ! 3⌫̄, which are experimentally con-
strained already.

At d = 10 there are �B = �L = 1 as well as
�B = �

1
3�L = 1 operators. The former are generically

expected to be suppressed compared to d = 6 opera-
tors, except for operators that involve three lepton fields
with non-trivial flavor, in particular those operators that
give rise to the very clean channels p ! e+µ�µ� and
p ! µ+e�e�, discussed at length in Ref. [34]. The �B =
�

1
3�L = 1 operators are of the form dddL̄L̄L̄�̄ and lead

to multi-body nucleon decays such as n ! `�⌫⌫K+,
p ! `�⌫⌫⇡+⇡+ [12, 16, 46], and n ! 3⌫, only the latter
being explicitly constrained so far.

For examples of�B = 1 operators with d > 10 we refer
to Refs. [38, 46, 47]. If such operators are to dominate
over lower-dimensional ones they should carry a di↵er-
ent lepton (flavor) number, e.g. |�L| > 3. It is clear that
these lead to multi-lepton final states, typically accompa-
nied by mesons. We note that the semi-inclusive invisible
neutron decay, n ! neutrinos, can carry away an arbi-
trary amount of lepton number and flavor via neutrinos

di-nucleon decayn-nbar oscillation

Nucleon decay

Neutrinoless double beta decay
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Backup
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PQWW axion
l Higgs doublet in the SM is a complex scalar

ü 3 NGBs (from EW sym breaking) are absorbed by W/Z bosons

ü 2HDM (2 Higgs doublet model) with global sym：axion = CP-odd Higgs

l Prediction：

l Invisible (DFSZ) Axion (introduce additional scalar singlet S)

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

→ No NGB for PQ mechanism

→ PQ mech works!! PQ sym breaking scale = EW scale

Weinberg (78), Wilczek (78)

Ruled out!!

Large VEV à suppressed int
Zhitnitsky (80), Dine-Fischier-Srednicki (81)
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Determination of B#
l Assume Yukawa int among S and KSVZ quarks

l Determine L# and B# of S by higher d operators

l When S acquire VEV

2025/9/23-28 SSP K. TSUMURA（Kyushu U.）

( In this stage, B# and L# syms are assumed)

NGB of B+L breaking becomes axion

Previous example : 
L# may be broken from the beginning

In this case, PQ = B#
Sakhaxion (Axion = Sakharon)
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