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Baryon number is an accidental symmetry in the standard model, while Peccei-Quinn symmetry is
hypothetical symmetry which is introduced to solve the strong CP problem. We study the possible
connections between Peccei-Quinn symmetry and baryon number symmetry. In this framework, an axion is
identified as the Nambu-Goldstone boson of baryon number violation. As a result, characteristic baryon
number violating processes are predicted. We developed the general method to determine the baryon
number and lepton number of new scalar in the axion model.
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I. INTRODUCTION

The last undetermined parameter of the standard model
for particle physics (SM) is the QCD 6 parameter. The 6
parameter is constrained to be extremely small by the
search for the neutron electric dipole moment [1], which
imply the CP symmetry in the strong interaction. However,
the CP symmetry is broken in the electroweak sector of the
SM by the Kobayashi-Maskawa mechanism. It is natural to
expect the CP violation in the strong interaction against
nonobservation of the strong CP phase 6. This unnatural-
ness is called the strong CP problem [2].

The strong CP problem may be solved by the hypo-
thetical Peccei-Quinn symmetry (PQ symmetry)[3], where
the enhanced global symmetry leaves an axion as Nambu-
Goldstone boson after the symmetry breaking. Thanks to
the shift symmetry of the axion, the QCD @ parameter
becomes unphysical. When the axion develops a vacuum
expectation value (VEV), the vanishing 6 parameter is
realized as a physical quantity. Thus, the strong CP
problem is solved dynamically. The minimal extension
of the SM to realize the PQ mechanism is known to be ruled
out, where the second Higgs doublet is introduced with a
global symmetry [4]. There are two major axion models.
One is so-called KSVZ axion [5], where the PQ mechanism
is realized outside the SM sector. An SM singlet complex
scalar is coupled to the postulated heavy colored fermions.
The other is DFSZ axion model [6], where an SM singlet
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complex scalar is added to the original axion model [4].
Assuming the large VEV of the singlet scalar, these axion
models become invisible against experimental searches.

Invisible axion models are often combined with the
global symmetries, which are motivated by the other
problem in the SM. Froggatt-Nielsen mechanism is a
familiar mechanism of the origin of fermion mass hier-
archy, where a flavor symmetry is assumed. If the flavor
symmetry and the PQ symmetry are broken by the common
VEYV, then these two independently inspired scenarios have
the common physics scale and the characterized predictions
[7,8]. For another example of such model, the type-I seesaw
mechanism is known to generate the lepton number
violating Majorana neutrino masses. If the lepton number
symmetry is identified with PQ symmetry, a pseudo
Nambu-Goldstone boson called Majoron [9] plays a role
of axion [10,11].

The search for the violation of conservation law is believed
to be a useful probe to access the physics far beyond the TeV
scale. Although LHC has been reported null evidences of
new physics below TeV scale, indirect searches using flavor/
number as well as CP violation have been explored the high
energy scale much higher than the TeV scale through the
virtual mediator effects. Nonobservation of the nucleon
decay search has been provided one of the most stringent
bound on such process [12]. The searches of the lepton
number violating neutrinoless double beta decay and the
lepton flavor violating processes have also been known to be
very sensitive probes of new physics.

In the classical level of the SM, the baryon number B and
lepton number L are accidentally conserved. However, in
the SM effective field theory, these symmetries are, in
general, violated by the higher dimensional operators. For
instance, the L violating operator LLHH is allowed at
dimension-five, while B + L violating operators are

Published by the American Physical Society
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allowed at dimension-six [13,14]. Depending on the
operator dimensions, characteristic number violating proc-
esses are predicted [13—15]. If these number violation is
identified as PQ symmetry breaking, the PQ mechanism
may also be explored by the powerful number violation
searches.

In this paper, we propose new axion models based on the
lepton and/or baryon number conservation. These number
symmetries are identified as the PQ symmetry. The strong
CP problem is solved by ordinary PQ mechanism, while
the characteristic number violation is predicted. The
method to identify the lepton number symmetry by the
PQ symmetry is developed in Majoraxion models, where
the lepton number symmetry and PQ symmetry is identi-
fied. We then generalized the method with the baryon
number symmetry. As typical examples, we construct axion
models which predict nucleon decays, n-7 oscillation, and
dinucleon decays.

This paper is organized as follows. In Sec. II, the
Majoraxion models are reviewed and formulated by the
model independent framework. A method to identify
the number symmetry by PQ symmetry is developed. In
Sec. III, axion models based on the baryon (and lepton)
number violations are proposed with typical baryon number
violating experimental signatures. Conclusion and discus-
sion are given in Sec. I'V.

II. ANATOMY OF MAJORAXION MODELS

In this section, we review on known Majoraxion models,
and then the idea is reformulated in the model independent
framework using the higher order operators.

The idea of the Majoraxion is to unify the axion and the
Majoron, where the former is a pseudo-Nambu-Goldstone
boson (pNGB) induced by the PQ symmetry breaking
while the latter is one from the breaking of the lepton
number symmetry. The first model [10] of this category is
based on the connection between the type-I seesaw model
and the KSVZ axion model. In the type-I seesaw model
[16], the SM singlet right-handed neutrinos Ny are
postulated to generate the observed neutrino mass and
mixing. In this model, the lepton number conservation
is broken explicitly by Majorana mass for right-handed
neutrinos. The lepton number symmetry can be restored
by introducing the SM singlet complex scalar S as

- . 1 -
£N == (_yNL HNR + HC) _EhNS*NgNR’ (1)

where L and H are the lepton and Higgs doublet in the
SM, respectively. We also note H = iz, H* and y* = Cy'.
Through Yukawa interaction with lepton numberless
coupling constant, the lepton numbers L. of Ny and S
are uniquely determined, i.e., L(Ng)=+1 and
L(S) = +2. In Shin’s model [10], the common complex

scalar S is used to break the PQ symmetry of KSVZ axion
model,1

£\11 = —y\yS*lPLlPR + H.C. (2)

where ¥; and W are so-called KSVZ quarks. It is now
clear that since L (¥, Wg) # 0, the lepton number sym-
metry plays a role of PQ symmetry in this setup. Thus, the
Majoron is identified as the axion. As the simplest choice,
Y, and W are assumed to transform as a fundamental
representation of QCD and have single flavor in order to
easily avoid the domain wall problem [19]. If we write the
KSVZ Yukawa interaction with S as

Ly = —yySP, ¥ + Hec. (3)

a different lepton numbers assignment is possible.

Let us reformulate the idea of Majoraxion in a model
independent way. Atrenormalizable level, the (global) lepton
number symmetry is an accidental symmetry of the SM. On
the other hand, the lepton number is in general broken by
higher dimensional operators constructed by the SM fields.
The most popular lepton number violating operator is so-
called Weinberg operator with mass dimension five [13],

Os = LLHH. (4)

This operator breaks lepton number by two units, AL = 2.
What was done in the Majoraxion model is to restore the
lepton number symmetry by introducing the complex scalar
S, i.e.,

Og = 5*O5 = S*LLHH, (5)

where the lepton number of Sis fixed tobe L. (§) = +2.Now,
S has a well-defined lepton number by Eq. (5), which is
transmitted to ¥; and/or Wy through the KSVZ Yukawa
interaction in Eq. (3). This prescription is further developed
with the baryon number symmetry in the next section. When
S acquires the VEV with this lepton number conserving
operator, the Majoron appears as an axion. If we begin with a
seesaw model which has lepton number violating dimen-
sionful parameter, the Majoraxion model is derived by
replacing this operator with the complex scalar S. That
was done in the above example.

This prescription is applied for the type-II seesaw model
[20], where a complex triplet scalar A with ¥ =1 is
introduced.” In the type-II seesaw model, a dimensionful

'"The model can also be combined with DFSZ axion model
[17,18]. As discussed in Ref. [18], U(1)pq is entangled with
U(l)g, U(1);, and U(1l), in the DFSZ model due to the
ambiguity of PQ charges of SM fermions. On the other hand,
PQ symmetry is broken only by SM singlet scalar in the KSVZ
model resulting no entanglement. Thus, PQ symmetry can be
identified as a part of U(1)g x U(1l); symmetry.

Our hypercharge convention is Qgy = T3 + Y, where the
electric charge Oy and the third component of weak isospin T’.

035026-2



BARYON NUMBER NONCONSERVATION AS PECCEI-QUINN ...

PHYS. REV. D 104, 035026 (2021)

\ 1 ’ H; 1 ’H
‘\ : " RS : Pad
Y @
1
NR (2R> //IA\\
L L L L
FIG. 1. Diagrams for tree-level Majoraxion models.

parameter with lepton number violation is u in the
scalar potential, V ~ uH*AH*, where the lepton number
of A is rigorously fixed by the Yukawa interaction y,LAL.
Therefore, by promoting u as S we obtain the Majoraxion
extension of the type-Il 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 X, with ¥ = 0. In Fig. 1, the diagrams for O are
given in type-I (left) and in type-II (right) Majoraxion
models. The case for type-IIl 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 Os in ordinary seesaw mechanism.

The higher dimensional operator Oy is not necessarily
decomposed by tree diagrams. The above mentioned type-I
-IT -IIT seesaw models are based on the tree level decom-
position [24] of the prototype operator of Os. The loop
level classification of 05 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 O, 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
H' are introduced in order to form the lepton number
violating connection uzk*H*H'"* with dimensionful cou-
pling uy. The substitution of y; by S again identifies the
lepton number symmetry as PQ symmetry [29]. In ordinary
Zee-Babu model [30], a pair of doubly charged scalar A+
is added instead H’, then the lepton number violating
dimensionful coupling uyg is allowed as uygk™k*k=. By
substituting 7 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 Z, 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 Z, symmetry
(Iepton 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 = 5. Atd = 6, B — LL conserving operators of
qqq? are allowed, where g and ¢ are general quark and
lepton fields. The d = 7 operators of ggqZ¢ hold B + L
but violate B — L., where ¢ denotes a SM boson field or
space-time derivative. In this paper, we assume ¢ 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 A(B +L)=2 symmetry
breaking

The d = 6 operators of ggq¢ type break both the baryon
number and lepton number by one unit as AB = AL = 1.
These are given by

O = {ugugpdgeg, updgQL, ugQQer, QOQOL}, (6)

S ~ P Hl ‘? {—I ¢H
~\ ” 1 ~\ ”
kt,? “NH k*,” R k* U S
’ 1 ’ 1 \ ] \Y
1 1 1 | 1 1
1 1 1 1 1 | 1
—_—— et —_——t —— ()
L L ‘eg L L ep €p! L L Nr T Ng L
H H H S

FIG. 2. Diagrams for loop-level Majoraxion models.
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where SM right-handed quark singlets ug, dp and left-
handed quark doublet Q, respectively. All these operators
hold global B — L symmetry, while the B 4+ L. symmetry is
explicitly broken. According to the prescription discussed
in the previous section, B + L. symmetry may be restored
by introducing a complex scalar S as

07 - S*@6 (7)

Note that the baryon and lepton numbers of § are
determined as B(S) = L(S) = +1 through this operator.
In general, the B + L. conserving operator may be higher
order as Og = (5*)20, - - -, instead. If we commonly use
S* or S for the KSVZ Yukawa interaction as in Eq. (2) or
Eq. (3), pNGB caused by B + L symmetry breaking is
identified as an axion. At this point, how can we assign B
and L for ¥, and W3?

The B and L charges for ¥; and ¥y can be determined
by introducing the one of the following mass mixing
operators,

m1x - {QH‘PU, TU”R’ QH\PD,"P dR} (8)

The hypercharges of ¥¥ and ¥} are chosen to be +2/3 (for
q = U) or —1/3 (for ¢ = D). These operators are obtained
by replacing a SM quark singlet gz (= ug, dg) by ¥4 or
O H(OH) by WY (¥P) in the quark Yukawa interactions,
ie., yyO Hug and y,OHdy. This is usually done in the
KSVZ model in order to allow the decay of KSVZ quark
into the SM particles. Through these connections, we find
B(¥/) =B(¥}) = +1/3 and L(¥) = L(¥%) = 0. This
is not the case for our purpose. In order to identify the
pNGB as an axion, ¥; and ¥y must have different B and Lb
charges. Therefore, we determine B and L only for

|

L= —y\pS‘PU“‘I‘U” _MU\PU
i+ )’UE(”?R)CeRj](fa)* +H.c. (10)

~ [y (09)C (io) L

P! (¥%) by this procedure, and the other link for
Wi(¥?) is taken from the KSVZ Yukawa interactions
through Eq. (7). As a concrete example, we assume the
operators of ‘P_? dp and S*QQQL in our effective
Lagrangian. At this point, B and L for W2 and S are
uniquely fixed, while that for W% is ambiguous. Once the

KSVZ Yukawa interaction S¥?WR
for WX are uniquely determined.

The B + L conserving operator O; can be systemati-
cally constructed from the following B and L conserving
operators,

is turned on, B and L

O = {‘PguRdReR, uR”RlPIl?)eR,
ngRQLﬂ MRTIQQL’TIL?]QQeR}’ (9)

where one of a SM quark singlet g is substituted by ¥ in

Og. Similarly to the method developed with Olie O
determines the baryon (lepton) number of KSVZ quarks as
B(V}) = —2/3 and L(¥}) = —1.If we take ¥ from O/,
and ¥} from O, the KSVZ Yukawa interaction in Eq. (3)
induces O;. The higher order operator Og can also be
derived by considering the operator Of = d W5V e,
where B(WY) = —1/6 and L(¥Y) = —1/2 correspond
to B(S) = L(S) = +1/2.

Let us show a UV complete example by introducing a
singlet scalar ¢ with Y = —1/3. The leptoquark & trans-
forms as a fundamental representation of QCD, and the
baryon and lepton numbers are assigned to B(¢) = —1/3
and L(¢) = +1. The baryon and lepton number conserva-
tion are assumed as PQ symmetry. Then, the dimension-six
interaction of WY dz QL is decomposed to the renormaliz-
able interactions. The relevant Lagrangian is given by

y\yDeabcé: (lPUb)CdzCR

We here show the color indices (a, b, ¢ = 1, 2, 3) and the flavor indices (i, j = 1, 2, 3) explicitly, and €. is the Levi-Civita
tensor. The Lagrangian is assumed to hold global B + L. symmetry as PQ symmetry. The operators of QQ¢& and uzdypé,
which lead dangerous dimension-six nucleon decays, are forbidden by B + L symmetry unlike ordinary leptoquark
models. Note that £ has definite B and L by construction, no diquark interaction is allowed. On the other hand, the model
predicts nucleon decays via ;. The corresponding Feynman diagram is depicted in the left of Fig. 3. The low energy
effective Lagrangian for the nucleon decay is derived as

A(B+L)=2 — i . -
’Ceé =2 €abc(”iR)Cdj‘)R[+Cl§leQL((”kL)CelL - (diL)Csz) + CUDUE(”kR) eg) +He. (11)

Here and hereafter, we omit the flavor indices. The Wilson coefficients are given by

i \J okl
ﬂUylPD)’ oL Clikl

i \,J kl
Cz]kl _ :qulPDyue ) (12)
UDQL — M‘I’Mé UDUE — M\pM?

El
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where mass of leptoquark is M, and that of KSVZ quark is My = y\P<S>.3 Using these effective interactions, the proton
decay rates are

m m2\2 , ,
Fp—»;roe;r = é (1 - _2) <|C%]1l%lQL<ﬂO|(ud)RuL|p>l|2 + |C%/1D11UE<”O|(ud)LML|p>l|2>’ (13)
n,
m m,zr 2 .
Eyern = Sy (1= ) B 71 ) (14)
r _ My l_m_%( ? Cc121i (g0 12|t (KO 12 15
p=K' = 35 5 ) (Cupor (K°|(us)gup |p)i|* + |Ciipye(K°| (us) Lu |p)i|°) (15)
i prs m3,
m m2\ 2 ) .
Lpoktp, = —=(1- _12( |Cb21;lQL<K+|(MS)RdL‘p> + C}/%lQL<K+|(ud)RSL|p> , (16)
32r m,
m m2\ 2 ) )
Cyper =2 (1= 28 (U )+ 1l 0 ) 1 ) 1)
P

where the nucleon matrix elements are taken from the lattice simulation result [35]. For simplicity, we assume
y"Q’ L = Yite = Yg¢» Yp = Ywp and pf, = py in numerical estimates. The proton (partial) lifetime is evaluated as functions
of model parameters as

0.2 1 1
L~ (2.4 x 103 18
Tposter yrs) x HU/MJ venl) \Ivgel <2 0 105 Gev (18)
0.2 1
ponty 2 (1.6 X 10 yrs) x ( )
uy/My [yep|
0.2 1 4
e~ (3.9 x 103 yrs) x 20
pntsy yrs) <uU/MT> el (|yqf| (6 5% 101 Gev> (20)

1

(1)

~ 33
Tpgoer = (1.0 x 107 yrs) x <ﬂ 0 T0 GeV)

|yqt’|

=
€
S

2
(22)

<

~

§N

=
SN— \_/

(G
Y‘PD|

4
~ 33
Tpogout = (1.6 X 107 yrs) x <ﬂ 7% 101 GeV)

J(
() (
)

J(

(
(
< 1
{
(

) ) )
) o) @
) ()
) (
)
J(
)

(66107 315y (LS8 (L) ) 23)
Tpokts = (6.6 X 103 yrs) x
e Hu/My) \|yepl [Vgel 1.2 x 1015 GeV

0.2 \? I \2/ 1 \2 4
Tp_,noeJr [ (10 X 1034 yI‘S) X < ) ( < ]5 > (24)

uy/My) \|ywpl) \[veel) \1.0x 105 GeV

02 \2/ 1 \2/ 1 \2 M 4
Tyt = (4.7 x 103 yrs x( )( >< )( ¢ )’ 25
portur = ) pu/My) \|yepl) \Iyel) \8.1x10" Gev (25)

The typical mass scale of KSVZ quark can be as large as (S), while a TeV scale mass is possible by assuming the small Yukawa
coupling constant yy < 1.
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Diagrams for O, in a UV complete model.

where 7,y = F;L Me,» Hu /My characterizes the mixing
between the SM and KSVZ quark. Among the current
experimental bounds [36—42] on the proton decay modes,
we find that p — 7%+ mode gives the strongest constraint
on this model. In the above formula, we normalize the
partial lifetime of the proton by their current lower bound,
e.g., the lower bound for p — 7% " mode is Tpoander <
2.4 x 10* yrs [36]. Among all the proton decay con-
straints, p — 7%¢* gives a strongest one. If we assume
the order one Yukawa couplings |yyp| ~ |y,s| ~ 1 and the
order one mixing py /My ~ 0.2, the proton decay has
already given a very stringent constraint on the new physics
scale M: as M, 2 10'> GeV, which is much larger than
typical PQ scale of 10'>-* GeV. We note that the scale of
direct search of new colored particles at hadron colliders is
only a few TeV, and those of indirect searches through the
flavor changing observables are about 100-1000 TeV by
assuming the order one coupling constants. Therefore, the
proton decay search is the most promising way to explore
this model.

Note that the other type of UV completion is also
possible with more particles. For instance, if we introduce
a QCD antifundamental scalar singlet diquark { with ¥ =
+1/3 together with &, then the new Yukawa interaction
urdpl* and the source of the mass mixing between the
diquark and the leptoquark, {*&*S, are allowed. The
corresponding Feynman diagram for this UV completion
is shown in the right of Fig. 3 as an example.

We may add right-handed neutrinos without imposing the
lepton number symmetry in these setup. Since the Majorana
mass term for right-handed neutrinos breaks the continuous
lepton number symmetry explicitly, the baryon number
symmetry is solely identified as PQ symmetry in this case.
Thus, the “Sakharaxion” scenario is realized in a minimal
way, where the Sakharon [43], pNGB from the spontaneous
baryon number violation, is identified as an axion.

Finally, we comment on the axion physics of the models.
The model predictions for the axions are not changed from
the minimal KSVZ model. This feature is common to the
Majoraxion model. The constraints on the axion decay
constant, e.g., from the duration time of neutrinos from the
supernova SN 1987A [44], are applicable without modi-
fication. The possible axion dark matter scenario [45] can
also be combined. Therefore, the model is examined only

through the baryon number violation or the effect of new
particles.

B. Axion models based on A(B—L)=2 symmetry
breaking

The d = 7 operators of gqqf¢ violate the baryon and
lepton number as AB = —AL = 1. which are given by

@7 = {MRdeRI:H*, deRdRI:H,
drdgQerH"*, dgQQLH"}. (26)

The global B + L symmetry is kept, while the B — L
symmetry is not. The B — L. symmetry may be restored
with a complex scalar S as

Oy = §*0O,. (27)

The baryon and lepton numbers of S are fixed to
be B(S) = —L(S) = +1.

As discussed in the previous subsection, the B and L
charges for W, (Wy) can be fixed by O] ,.. On the other
hand, those for W (¥} ) is determined by the following B
and L conserving operators,

O = {Y{drdgLH*, ugWRdg LH* YR drdrLH,
W2, 0z H* W2 QOLH"}, (28)

where the SM singlet quarks are substituted by W, and
Og = {drdg¥ ez, dg'¥7 OL}, (29)

where QH* is replaced by WP in Eq. (26). Thus, we obtain
B(¥] ;) = —2/3 and L(¥] ) = +1 from these connec-
tions. The extensions to higher order operators are
straightforward.

As an example, we give a UV completion of this type of
models by introducing a doublet scalar E with ¥ = —2/3.
The =E transforms as a fundamental representation of QCD,
and the baryon and lepton numbers are assigned to B(E) =
+2/3 and L(Z) = —1. The operator of dg¥PQL is
decomposed by the following renormalizable interactions

FIG. 4. Diagrams for Og in a UV complete model.
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L= —yyS PP YR = ) O HYR = YippeaneE (¥P?)C Q5 — v, (E*) Lidi + Hee. (30)

The global B — L symmetry is imposed as PQ symmetry. This model predicts B + L conserving nucleon decays via Og as
shown in Fig. 4. The low energy effective Lagrangian for the nucleon decay is derived as

A(B-L)=2 ij T aNC _ —
Lot = Ot peane(di)C (ul iy, + dfy iy )df + Hic. (31)
with
J okl
cikl_ D Y¥oYip VEW (32)
DQLD MéMlP \/Q

where Mz denotes the mass of E, and vgy is the Higgs VEV of electroweak symmetry breaking. In this model, no charged
lepton mode of proton decay is induced. Only neutrino modes are available

m
r

m
Fp—»K*l/,-

[ 1_m_,2, 2|_
LI ¥ 4 mf,

m%\ 2 . ‘
= 3an ( - m—) | = Cooin (K (us)adrlp) = Cpgy o (K*|(ud)gse|p)

CIL (x| (ud)gddy | p) . (33)

? (34)

where the nucleon matrix elements are determined by the lattice calculation [35]. We assume ygD =Yip> Vo =V,
yfI,Q = Yy in the following numerical estimation for simplicity. The partial lifetimes calculated from inverse partial widths

are

10~

Tprty, = (3.9 X 102 yrs) x (
V2

10~°

Y VEW
L2 My

21NN M- 4
T ) 35
) <|y‘PQ|> <|)’ZD|> <4-9><10'0 GeV) (35)

Tpoity, = (6.6 X 103 yrs) x (
V2

where (% /My) characterizes the mixing between the

SM and KSVZ quark. Comparing the experimental bound
of these two proton decay mode, p — K0 mode gives
about an order of magnitude stronger bound than that on
p — nv mode. Thus, p - K7 mode is the most prom-
ising mode to explore this model.

The impact of the Higgs field insertion of the operators
appears in the mixing between the SM and KSVZ quark,
which is strongly suppressed by vgw/My Note that vgyw
cannot be taken to be very large unlike the model discussed
in the previous subsection. Even though the proton decay
search has potential to probe high energy scale far beyond
the collider reach if we assume the order one coupling
constants.

C. More axion models

At d =7, there is a dressed operator LLHH|H|* with
AL = 2. Atd = 8, we have AB = AL = 1 operators [15]

)'E) VEW /M‘P

2 1 \2/ 1 \2 M= 4
= , 36
) <|yw|> (|yw|> <8.5x1010 GeV> (36)

|
Oy = {ugur QLH H® ,dgdr OLHH,dz QQer HH,Og|H|?},
(37)

where @6 expresses dimension-six B + L violating oper-
ators. These operators can also be used to construct an
axion model. Since the model is controlled by the same

symmetry, O; = S@6 is allowed simultaneously with

Oy = SO4. The effects of 7 are dominated in the low
energy phenomena such as nucleon decays.

We can continue the same discussions with d > 8
operators which contain lepton and baryon number viola-
tions. There are many variations of operators, which are
characterized by AB and AL (see Fig. 1 of [15]). These
operators can also be used to construct a model of axions.

A model for n-i1 oscillation: At d =9, there are purely
baryon number violating six-quark operators with AB =
2(AL = 0). Therefore, the model predicts Sakharaxion
without considering the lepton number violation. We here
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construct such a concrete model as an example. In order to
build a model with minimal particle content, a color adjoint
(Majorana) fermion Wg is introduced instead of the ordinary
KSVZ quarks ¥. Then, KSVZ Yukawa interaction is
replaced by

‘C‘Px = - %ygS* (T?L)CT?L =+ H.c. (38)
where A = (1,2, ...,8). A model with this Yukawa inter-
action is known as the gluino-axion model [46], where the
quantum charges of Wg are the same as gluino in the
supersymmetric theories. In addition, a QCD color antifun-
damental weak singlet diquark ¢ with ¥ =+41/3 is
|

introduced. The baryon number symmetry is assumed as
the PQ symmetry with B(¥g) = +1, B({) = +2/3 and
B(S) = +2. The relevant Lagrangian is given by

L= —ygezzhc-(ga)*(”?R)Cde - YéD‘:a(TA)ablP?Ld?R +H..
(39)

where (T4)%, is the generator of SU(3). This model
predicts AB = 2 process such as n-7 oscillation as shown
in Fig. 5. The low energy effective Lagrangian for the n-n
oscillation is calculated as

N ikl
EeAf?fz _ Cl] mn TAAS

= LoupppD [ab][cd]{gf}(u?R)Cd]b'R(uiR)Cd;iR(dfnR)CdZR+H'C' (40)

with

ikl
ciikimn VeV YspYsn
uuDPDDD = "5 prinr MZ; Mg

Tﬁiﬂcd]{ef} = €abe€cdf t €abf€edes (41)

where M and Mg denote the masses of  and Wg. Using the result of the neutron-antineutron matrix element [47], the n-n

oscillation rate is estimated as

1077 57! LT
Thn = W (—4.2) x ZCUUDDDD . (42)
Replacing the Wilson coefficient by the model parameters, we found
M 4 2 2
Tnﬁ—l"nﬁ—l—(7x1085)><< < >( My ><11><1> (43)
400 TeV/ \400 TeV ) \|y;'| [vsal

The current lower limit on neutron-antineutron oscillation is
7,3 > 4.7 x 108 s, which is given by Super-Kamiokande
[48]. Assuming the order one Yukawa coupling constants
and the common new particle masses, the mass is constrained
to be larger than 400 TeV. This process explores much higher

Up Up
S
1
dR \ 1 ’ dR
v ¢ ¢
1 1 ’
s
dR dR
FIG. 5. Diagrams for n-i1 oscillation in a UV complete model.

new physics scale than that of LHC direct searches for new
colored particles. Comparably strong bounds of 10> TeV
[49] may be obtained from neutral meson mixing, if the
diquark ¢ generates tree-level four fermion interactions with

Up
R

S -

dR
L (GR)
g

u
Ju

L(eg) @Q(ug)

FIG. 6. Diagrams for dinucleon decay in a UV complete model.
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heavy quarks s, ¢ and b. If the diquark is assumed to
interact only with the first generation quarks, we can
avoid these flavor constraints since severe bounds come
from K, D, and B meson data.* We also note that the
model only predicts baryon number violations by two
units, and thus no ordinary nucleon decay with AB =1 is
induced.

A model for dinucleon decay: Another interesting
baryon number violating processes are dinucleon decays,
which are induced at d = 12. Together with the QCD
fundamental KSVZ quark WY with ¥ = +2/3, one may
introduce a leptoquark &, a diquark ¢ and a tetraquark w
with ¥ = —1/3 and L (w) = +2. The Lagrangian relevant
to the dinucleon decay is given by

L= —yySP/ YR — py ¥ uy — [ygL(Q?)C(iﬁz)Lj + e (i) Cer] (64)*

— €abe [le]Q(Q{))C(lO-Z)Q; + yZD(M?R)Cd;R](Ca)* - yfl’Deabc(nga)Cd?ch

- NEE,(0P)" + Hee.

(44)

We note that B(W%) = —5/3. The dinucleon decay is generated by the diagram shown in Fig. 6. The low energy effective

Lagrangian for dinucleon decays is written as

A(B+L)=4 a c NG, [ X
ﬁefl(c o CUUUUDDEETﬁﬁ[Cd]{ef}(“R)Cd?e(”R)cdfe(“R)C”{eegeR +H.c. (45)
with
Wbyl yi (yily2
Cuvvuppee = = =513~ up(Vue) (46)

AM2M Z"M ‘é‘M y
where Mg, M, and M, are masses of leptoquark, diquark, and tetraquark, respectively. Let us evaluate the dinucleon decay
rate with this effective interaction. Here, we set the parameters as ypo = yor, = 0 for simplicity. Following Ref. [51], the

width of the dinucleon decay is

o (V)T Py my ) (_Aecn )7 2 (47)
PP T % 1026 yrs \0.25 fm™3 ) \0.939 GeV ) \200 MeV UUUUDDEEL -

where my = (m, 4+ m,)/2 is the mass of nucleon, py(~0.25 fm~3) is the average nuclear matter density, and Aqep 1s the

QCD scale parameter. In the present model, we found

= F_l

Tpp_,e+e+

M, \*( M; \*/ M; \®
L 5 1033 [0 ¢ ¢
ppmerer = (33107 yrs) (2 Tev> <2 Tev) \2 Tev

() (1) (
b/M‘y Zd |y]U]D

The lower limit of the lifetime of the pp — e*e™ dinucleon
decay mode is 7, .+,+ > 4.2 x 10% yrs [52]. Even if we
take order one new coupling constants, the common mass
scale of new particles is about 2 TeV. This scale is almost
the same as the current LHC bound on the colored new
particles. Thus, the forthcoming high luminosity running of
the LHC can help to test this model through the direct
production of new colored particles. In order to avoid the
constraint from the low energy flavor data, a specific flavor

‘A comprehensive study for the diquark flavor structure is
found, for example, in Ref. [50].

) ) Gra) <4s>

structure of the Yukawa coupling might be required. For
example, if we assume that new colored particles solely
couple the first generation fermions. In this case, effects on
flavor changing decays of u, v and mesons, and neutral
meson mixing are forbidden at leading order. We also
comment that no AB = 1 proton decay as well as no n-n
oscillation are predicted in this model.

IV. SUMMARY AND DISCUSSIONS

PQ symmetry is often introduced in order to solve strong
CP problem and is sometimes linked to other new physics
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scenarios such as lepton number violating neutrino masses.
Possible connections between the PQ symmetry and the
baryon number and lepton number symmetries have been
studied in the extensions of KSVZ model. Since the KSVZ
solves the strong CP problem in purely new physics sector,
i.e., new KSVZ quark and a complex scalar, the baryon
number and lepton number of new particles are under-
mined. In order to fix these quantum numbers, we have
used the baryon and lepton number violating higher
dimensional operators in the SM. Combining these oper-
ators with the scalar in the KSVZ model, we have
developed the method to determine the baryon and lepton
number of the new scalar. As a result, variants of the KSVZ
axion model, which predict characteristic baryon number
violations, are constructed. If we combine the scalar with
d=6(7) B+L(B-L) violating operator, the axion
model can also be explored through the nucleon decay
experiment. With d =9 operator, the n-7i oscillation is

generated in the axion model. Since the VEV of the scalar
violates the baryon number only by two units, AB =1
nucleon decay is forbidden in this model. Similarly with
d = 12 operator, the A(B + L) =4 dinucleon decay is
predicted while no other baryon number violation is
generated from the lower dimension operators. The exper-
imental search for the baryon number violation are
expected to be upgrade in the near future [53-55], it might
be interesting to consider a diversity of baryon number
violations other than the grand unified theories.
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