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In this paper we construct supersymmetric Pati-Salam (PS) models containing the minimal super-
symmetric standard model and an invisible axion. The models include two discrete symmetries, ZX x Zy,
which maintain the quality of the accidental Peccei-Quinn (PQ) symmetry and thus the solution to the
strong CP problem. We require that the discrete anomaly conditions are satisfied for both Z¥ x G3¢ and

Zy x G3g. The vacuum expectation value of the PQ field spontaneously breaks all the discrete symmetries.

R-parity is violated if any of the PQ field(s) has an odd charge under Z¥. We present two explicit models
which we refer to as a minimal model where R-parity violation is extremely suppressed, and a nonminimal
model where R-parity violation is significant. In the latter model, the neutralino becomes unstable even if it
is the lightest supersymmetric particle (LSP), and, in addition, there are new low-energy vectorlike states.
In both examples, R-parity violation is sufficiently suppressed such that the proton is stable.
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I. INTRODUCTION

The Peccei-Quinn (PQ) symmetry, U(1)pq, provides an
attractive solution to the strong CP problem [1,2]. The 6
angle in quantum chromodynamics (QCD) settles at zero
dynamically due to the potential of a pseudo Nambu-
Goldstone boson of PQ symmetry breaking, i.e., the so-
called axion, generated through QCD quantum effects [3,4].
Since the PQ symmetry is an anomalous global symmetry, it
will be broken by quantum gravity effects. However, the PQ
breaking effects should be extremely suppressed such that
the QCD axion potential still has a minimum at |§| < 1071°
to be consistent with the measurements of the neutron
electric dipole moment [5—7]. This problem is known as
the axion quality problem [8—12].

In this paper, we propose simple models with Pati-Salam
(PS) gauge symmetry and non-anomalous discrete sym-
metries, Z§ x Zy, where N is an integer. We aim to
construct models in which the PQ symmetry arises as an
accidental symmetry and its quality is ensured by the
discrete s.ymmetries.l The Pati-Salam (PS) unification [22]
of the Standard Model (SM) is attractive because the SM
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fermions are unified into two multiplets, hypercharge is
quantized, and the proton is not destabilized by exotic
gauge/Higgs bosons. Although the PS gauge symmetry,
Gps == SU(4) x SU(2), x SU(2)g, is not grand unified
to a simple group, the PS model can be realized in an
orbifold grand unification theory (GUT) in extra dimen-
sions and from the heterotic string, for example, see
Ref. [23,24]. Thus gauge coupling unification can be
assumed with small threshold corrections at the GUT/
compactification scale. It has been shown that the recent
experimental data can be explained very precisely in the PS
model [25,26].

We will consider PS models with supersymmetry
(SUSY) and the discrete R-symmetry. The minimal super-
symmetric Standard Model (MSSM) is an attractive can-
didate for a model at the TeV scale, since it solves the gauge
hierarchy problem, three gauge couplings constants are
unified at the GUT scale and the electroweak (EW)
symmetry breaking is triggered radiatively. The Z& sym-
metry is a unique anomaly-free symmetry consistent with
the PS unification which can forbid the dimension-4 and
dimension-5 operators responsible for proton decay, as well
as the mass term of the Higgs doublets at the Planck scale
[27,28]. Without the PQ field, R-parity exists exactly if the
Z% symmetry is broken by nonperturbative effects asso-
ciated with SUSY breaking, and thus the lightest super-
symmetric particle (LSP) will contribute to the dark
matter (DM).

We also introduce a nonanomalous Z, symmetry to
solve the axion quality problem. Since the PQ field carries
charges under both Z¥ and Z, symmetries, the nonzero
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vacuum expectation value (VEV) of it will break the
discrete symmetries. Hence, there can be R-parity violation
(RPV) due to the spontaneous breaking of the Z% sym-
metry, if the PQ field carries odd R-charge. In this case we
consider two viable scenarios of the unstable LSP. One is
that the RPV effect is so suppressed that the lifetime of the
LSP is much longer than the age of the universe. In this
case, the low-energy R-parity is accidental, but is high
quality such that the LSP contributes to the DM. The other
scenario is that the RPV is so large that the LSP decays
before big bang nucleosynthesis (BBN), and thus the LSP
is not the DM, i.e., the R-parity is low quality. The
intermediate case is excluded by experiments [29-33].
We will show examples for each of these scenarios.

The rest of this paper is organized as follows. We
introduce our generic model in Sec. II. Two models
satisfying all the constraints are discussed in Sec. III.
We conclude this paper in Sec. IV. The Higgs potential in
our nonminimal model with an extra bidoublet field is
discussed in Appendix A. The sizes of coupling constants
of operators in our examples are listed in Appendix B.

II. GENERIC MODEL

We introduce SUSY models based on the Pati-Salam
gauge symmetry, which is broken down to the SM at the GUT
scale, and the discrete Z® and Z symmetries. The goal of
the present paper is to study the conditions under which

(1) the mixed anomalies of the discrete/PS symmetries
78 x Gig and Zy x G3g cancel.

(2) the anomalous U(1)pg symmetry is realized acci-
dentally and is so high quality that it solves the
strong CP problem.

(3) the p/b-term are generated around the SUSY break-
ing scale.

(4) any particles not in the MSSM are sufficiently heavy
and quickly decaying.

(5) the gauge coupling constants are unified at a
high scale.

The conditions (1) and (2) are for the nonanomalous discrete
symmetry explanation for the strong CP problem. The
conditions (3) and (4) are phenomenological requirements.
The condition (5) may not be necessary for the Pati-Salam
unification, but the gauge coupling unification allows us to
interpret this model as the 4 dimensional theory resulting
from an orbifold GUT in higher dimensions [23,24]. In this
paper, the three gauge couplings are assumed to be
approximately equal up to threshold corrections at the
GUT scale.

The R-parity may also arise accidentally, and thus the
LSP may decay through interactions induced by higher-
dimensional operators. Phenomenologically viable scenar-
1i0s are which
(a) the lifetime of the LSP is much longer than the age of

universe,
(b) the LSP decays before BBN.

We will show an example for each case in Sec. III.
We will consider the following superpotential,

Here, Wpg is the leading superpotential including the
MSSM fields and fields responsible for the PS breaking.
Whpq is the leading superpotential for the spontaneous PQ
breaking sector. AW includes higher-dimensional operators
which will induce the u/b-term for the Higgs doublets as
well as explicit PQ breaking and/or RPV. Wpg and Wpq will
be introduced in Secs. Il A and II B, respectively. The
explicit PQ breaking and RPV are respectively discussed in
Secs. IID and ITE.

A. Pati-Salam sector

The matter content of the generic Pati-Salam model is
shown in Table I. A is a cutoff scale for the model. The
leading superpotential is given schematically by

1 - _
W — c _SC CSC c
ps = QHO +5-5°0°5°Q
+ X(8°S¢ + £X + HH — vdg) + X° 4 S°ES°
+ SCESC + W, (2)

where
Wio = SeXSe + §eEse, (3)

is allowed only if 4s = 0 modulo N. The superpotential has
R-charge 2 under Z%, while it is neutral under Z,.
Throughout this paper, we omit coupling constants which
may be O(1).> The MSSM quarks and leptons are con-
tained in Q and Q¢ as

o-t¢ 0 o=(4 0) W

where the rows are SU(2); space and columns are the
SU(4). space. Here, the flavor indices are implicit. In the
minimal model without H, the MSSM Higgs doublets are
in the bidoublet H. There are four Higgs doublets in the
nonminimal model, and two linear combinations of them
correspond to the MSSM-like Higgs doublets, see
Appendix A for more details. S¢, S¢ are the PS breaking
fields whose VEVs are given by (S¢) = vpgs*®s’! and
(8¢) = vpgB4qadi1, where a is the SU(4) - index and i is the
SU(2)g index. The Majorana masses of the right-handed
neutrinos are generated from the last term on the first line in

The hierarchy in the SM Yukawa couplings may be explained
by the Froggatt-Nielsen mechanism [34], as studied in
Refs. [26,35].
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TABLE I. Matter content of the generic model. There are
N, =3 generations of Q and Q°. The fields £ and H are not
included in our minimal model.

H O Q X § §& T £ H
SU4). 1 4 4 1 4 4 6 6 1
SU?2), 2 2 1 1 1 1 1 1 2
SUQ2)ry 2 1 2 1 2 2 1 1 2
Zyg 0 1 1 2 0 0 2 2 0
Zy h —-h-s s 0 s —-s =25 2s —h

Eq. (2) after PS breaking.” The right-handed neutrino mass,
Mp, is then given by

2 2 18
VB (o4 Upg 10"° GeV
My A =10"" GeV x <1016 S ) < A . (5

A singlet X with R-charge 2 is necessary to break the PS
symmetry by the F-term potential. The vacuum which
breaks PS down to the SM gauge symmetry, with (S°S¢) #0
and (£3) = (HH) = (X?) = 0, is a global minimum of the
scalar potential in global SUSY. The other directions would
be stabilized by e.g., Planck suppressed operators in the
Kéhler potential and/or SUSY breaking mass terms. The
sextet ~ forms a mass term with the color antitriplet in S¢
(and triplet in S¢ if 4s = 0). The charges under Z, are
chosen to be consistent with the superpotential Eq. (2).*
3 and H are not included in the minimal model, but are
necessary to have sizable RPV interactions consistent with
the conditions (1)—(5) as will be discussed in Sec. III B.
Without those fields, 4s = 0 modulo N is required to make
the triplets in both ¢ and S¢ having masses of O(vpg) via
W,_o. In the model with 4s £ 0, one of the two color
triplets in ¥ and ¥ are remain massless after the PS
breaking. The light (anti-)triplet o (6) are defined as

6 = eabczbc’ Oy = gabcibcv (6)
where a, b, ¢ =1, 2, 3 are the color indices. The
(anti-)triplets (G, 06) have hypercharge (1/3,—1/3), and
thus form a vectorlike pair. In this paper, the hypercharge is
defined as Y = (B — L)/2 + T3, where T3y is a generator
of SU(2), whose eigenvalue is O for a singlet, +1/2 for a
doublet. In the nonminimal model, the bidoublets H, H and
the triplets will have mass via

This term can be obtained by integrating out a gauge singlet
field N, which carries charges (1,0) under (fo, Zy), from a
renormalizable superpotential S¢QN + %M yNN. The mass
parameter My is expected to be O(A).

It has been shown that this superpotential is consistent with
SUSY hybrid inflation [35,36]. The PS breaking fields S¢ and S¢
play a role of the waterfall fields, so that the PS symmetry is
broken during the inflation. Hence, the PS monopole is diluted
away.

AW D wy(EX + HH), (7)

where wy has charge (2,0) and its size is expected to be the
SUSY breaking scale. In general, the VEV of the super-
potential in a hidden sector would be a source for wq [37].
It is remarkable that the vectorlike triplets (o, &) and
doublets in H can be embedded into a vectorlike pair of
(5,5) under SU(5). Hence, gauge coupling unification may
still hold even with the exotic triplets, if they do not have
any other mass larger than O(wy) which could, in principle,
originate from PQ breaking.

B. Peccei-Quinn sector

We introduce the PQ fields, P and P, which carry fo and
Zy charge (r, p) and (7, p), respectively, and the vectorlike
PS quarks in Table II. In the minimal model, P is not
necessary, but is required for sizable RPV interactions in
addition to £ and H. We will consider the Kim-Shifman-
Vainshtein-Zakharov (KSVZ) axion model with the vector-
like fields [38,39]. The superpotential is given by

Wpg = PPY + PPYC + Wi, (8)

where W .. contains interactions for decays of the vector-
like fields. In the minimal model without P, the second
term is replaced by PP¢¥¢ and the charge of ¢ is given by
(2 — r — gy, —p — py). Since we assume that the vectorlike
fields have the same gauge quantum number under the PS
symmetry, W4, will have Yukawa interactions similar to
QHQF¢, depending on the charges. In order to preserve
gauge coupling unification, we introduce Ny pairs of (P,
¥) and (¥, ¥°).

In this paper, we consider that the VEV of P generated by
the radiatively corrected soft SUSY breaking mass term,
m3|P|? [40]° The soft SUSY breaking mass squared will be
driven to negative values by renormalization group running
due to the Yukawa coupling in Eq. (8), so that the nonzero
VEV of P is generated by dimensional transmutation [41].
We expect the following form of the scalar potential,

P

The minimum of this potential is at o Whose scale can be
within the so-called axion window, 10° — 10'2 GeV, where
the QCD axion can be the DM. After PQ breaking, Zf
symmetry (and simultaneously R-parity) is completely
broken if r = +1, while R-parity remains unbroken if

>The mass term w, could also originate from (X).

®We could also consider PQ breaking by the tree-level super-
potential, X(PP — fl%Q). However, this may cause a fine-tuning
problem, i.e., fpg < vps, since we have already introduced the
term Xvgg for PS breaking.
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TABLE II.  Charges of the PQ fields P, P and vectorlike fields.
The field P is not included in our minimal model.

y L e P P
SU4)c 4 4 4 4 1 1
SU2), 2 2 1 1 1 1
SU2)x 1 1 2 2 1 1
Z4R 2—r—r\P Iy 7111 2—7—7'\11 r r
Zy —P — Py Py Dy —D — Dy p P

r = 2. The Zy symmetry is broken at the PS scale, vpg,
if s # 0, while it is broken at the PQ breaking scale, fpq, if
s = 0. The same discussion can be applied for the other PQ
field P. In this paper, we assume that the VEVs of the PQ
fields are the same scale, i.e., (P) ~ (P) ~ fpo.

In the nonminimal model, there should be ,uHHz so that
tan  # oo, although the Higgsino masses are explained by
woHH, see Appendix A for more details of the Higgs
sector with the extra bidoublet 7. This term can be
explained by the Kim-Nilles mechanism [42] if there is
a term

1 -
AW D A (P, P)*H?, (10)
where (P,P)?> = {P?,PP,P?}. This term induces the
effective u-term for H>,

flzDQ pr 2 1018GCV
~2P 100 GeV S
PN ¥ 100 Gev A (11)

The mass terms (b-terms) for the non-SM Higgs bosons are
generated by the SUSY breaking.

C. Anomaly cancellation

We denote coefficients of the mixed anomaly of Z% to
SU(4)%, SU(2)? and SU(2)% by A, AR and AR,
respectively. Those of Z, are denoted by AY, AY and
A% . The coefficients are given by [43-48],

AR =14 Ns — (r + F)Ny,
A;ER = —N'H—zi‘N\y,

A}l‘R = —Nﬂ—erql,
(12)
modulo 2 and
AF = =25(1 = Ng) = hN, = (p + p)Nu,
AY =h(1 =Ng) —2(h+ )N, —2pNy,

AR = h(1 = Ng) +2sN, - 2pNy, (13)

where N, =3 is the number of generations of SM
fermions. Here, Ny, Ns are respectively the number of

H, £, while we take N3; = Ny = 1. In the minimal model,
Njy=Ns=0,7=rand p = p.
The conditions for anomaly cancellation are given by
AééR = AﬁR = A?QR

modulo 2, (14)

AY =AY =AY moduloN. (15)
The anomaly is completely canceled if these are vanishing,
while these can be canceled by the Green-Schwartz mecha-
nism [49] if these are nonvanishing but have a universal
value. In this paper, we will consider the minimal case Ny =

Ns = 0 and the next-to-minimal case Ny = Ns = 1.

D. The axion quality

There will be numerous higher dimensional operators
which may explicitly break the PQ symmetry. In general,
the 0 angle will be shifted at tree-level by a PQ breaking
term in the superpotential,

WPQ > Ak+2[+m+n—3 WSHZIPmPn’ (16)

where k, [, m, n are integers. Note, contributions from
operators with 74> cannot be the leading ones, since as long
as AW D (P, P)>*H?/A in Eq. (10) is allowed for the u/b-
term and we have (H)? < w, fBo/ A, which is satisfied for
the typical values of VEVs. The powers satisty

2k+mr+nr=2 modulo 4,

(17)

2lh+mp +np =0 modulo N. (18)
This term will affect the 8 angle via the F-term potential and
the soft SUSY breaking A-term. The leading PQ breaking
in the F-term potential will be an interference term between
the PQ conserving and breaking terms in the superpotential.
Consider that the F-term VEVs will be

Fp, Fp S wj, Fy < vgwy, (19)
where Fg is an F-term of a superfield ® = P, P,H. The
F-term of the Higgs field will depend on v because H? is a
gauge singlet combination. We can show that

oW
VED Y Fo—r2 SwoWaq, (20)

®=P.P,H 0P

where the right-hand side corresponds to the A-term
contribution. Hence, it is enough to confirm that A@ from
the A-term,
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1+k, 2] pm+n
AO ~ Wo UVHJPQ
A Ak+21+m+n =3
QCD

~ 1063-13k=32=8(m+n) 5 (W0 Ik
10° GeV

m-+n 18 k+214+m+n-3
[ fra 108 GeV @
1010 GeV A

is sufficiently suppressed.

We set the Higgs VEV, vy = 100 GeV and the QCD
scale in front of the axion potential, Agcp = 100 MeV. For
k=1=0, m + n > 10 is typically required for A@ < 10~'°
to solve the strong CP problem. Clearly, Z% alone cannot
suppress the self-coupling of P up to this order, and an
additional symmetry such as the Z,, symmetry is necessary.
Note that the PS breaking VEV cannot be the leading
PQ breaking effect, since S¢S is a unique gauge singlet
combination whose VEV is nonzero, but this is neutral
under the discrete symmetries. Hence, (P)~ (P)~ fpq
will be the largest source of PQ breaking.

There might also be radiative corrections to the potential

induced by explicit PQ breaking interactions. Let us
consider a term in a superpotential,
WaHZchpd SC’S‘C e
Wpg D —2 ( ) b1 (22)

Aa+2b+c+d+e—1

where ¢, and ¢, can be any fields allowed by the discrete
symmetries and they do not need to have a nonzero VEV.
Here, a, b, c, d, e are integers. The integers a, e = 0, 1 for
the leading contributions. The PS breaking fields S¢ or S¢
can appear in the leading contribution from e.g., ¢, = H,
¢, = Q. There may be 1-loop corrections mediated by ¢,
¢, to the 6 angle given by

2+2a 4b 2c+2d ,2e
0~ 1 v g Ups
2 AG 2a+4h+2c+2d+2e 2
167 AQCDA

~ 1048—26a—64b—16(c+d)—4

Wo 2+4-2a fPQ 2c+2d ]016 GeV 2e
10° GeV 100 GeV Ups

<1018 GeV> 2a+4b+2c+2d+2e-2
X|———— .

A (23)

Fora=b=0and e =1, ¢ + d > 4 may be required to
keep the axion quality, A9 < 107'°. Thus the radiative
correction may not spoil the axion solution to the strong CP
problem if explicit PQ breaking terms are absent up to
dimension-7 operators.

The PQ breaking in Kéhler potential can also affect the 6
angle. The leading contribution to the scalar potential will
be given by

VpQ D W%KPQ
1
DAk+21+m+n—2

1
Aa+2b+c+d+e

W/5+2H2/Pm (P%)n

+ W8+2H2ch (PT)d(Sc(T)7Svc(‘r))e¢(]*)¢$).

(24)

In the minimal model, we will assume that AW D wyH? is
allowed for the y/b-term, so ' has the same charge as H
and will not induce a new PQ breaking operator. In the
nonminimal model, operators involving (H',7)? cannot
be the leading one for the same reason as those involving
H? in the superpotential. Thus, the terms in Eq. (24) give
the leading PQ violating effect from the Kihler potential.
The shift in 6 from the first term is estimated as

k+2 21 pm+n
Wo VHJPQ
k+214+m+n-2
AQCDA

0 1050-13k=321=8(m+n) o Wo 2k JrQ mn
10° GeV 100 GeVv

1018 GeV k+214+m+n-2
. <_A ) .

A~

(25)

For k=1=0, m+n > 8 will be required for the axion
quality. The loop correction mediated by ¢§T) and qbg” is
estimated as

2a+4 4/7 2c+42d Ze
W g

0 Ups
167[2A45CDA2a+4b+26+2d+2e

~ 1022—26a—64h—16(e+d>—4

Wo 2atd [ fpy |2t Vps 2¢
X S
10° GeV 10" GeV 10' GeV

<10 18 GeV) 2a+4b+2c+2d
X|———— .

Af ~

A (26)

Fora=b=0,c+d=2and e =0 (1), the shift of  is
comparable to the experimental bound, Ag ~ 10710 (10~14).
It is much smaller for ¢ 4+ d > 2.

E. R-parity violation and proton stability

Stability of the proton and LSP are not ensured in this
model, because the discrete symmetries Zf X Zy are
broken by the PQ fields. If all the PQ fields have even
R-charge, R-parity remains unbroken. The LSP will be
stable, but dimension-5 (or higher) baryon and lepton
number violating operators would destabilize the proton.
Although these may be highly suppressed as discussed in
Refs. [27,28]. If P and/or P have odd R-charge, Z&
symmetry is completely broken. Then R-parity might
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appear as an accidental symmetry, if the RPV operators are
highly suppressed.

The Z) symmetry is also completely broken by fpq if
the charge of P and/or P is not a divisor of N. In this model,
the dimension-4 RPV operators are induced from the
operators,

QHSe:(1,-2h),
Q°Q°Q°S:(3,4s), (27)

QHS :(1,0),
QQ°0S:(3,-2h),
after the PS breaking. Here, the values in the parentheses
are charges under (ZX, Z,,). The first three operators violate

lepton number, while the last one violates baryon number.
The superpotential is given by

Wrpy =y, OHS + 3, QHS® + k, Q0 QS
+ kg QOO S, (28)
where the coupling constants depend on certain combina-
tions of P, P, w, and H? to be consistent with the discrete

symmetry. The effective AL =1 (AB = 1) Yukawa cou-
pling 4; (1p) induced by those operators are given by

YLUps YrUps
Ap ~max | ——, s KL Ups |
Wo Wo

Ap ~ KpUps. (29)

Here, we assume that the Yukawa coupling of QHQ°® is
O(1) and the higgsino mass is O(wy). The bilinear AL = 1
Yukawa couplings are induced by rotating away the
bilinear RPV terms by redefining Higgs and leptons.
The proton decay constraints on the RPV operators are

m 2
Adg < 10727 x (ﬁ) , (30)
where my is a sfermion mass.

The LSP will become unstable if there are sizable RPV
effects. If the lepton number violation dominates RPV, the
lifetime of a neutralino LSP via the three-body decay,
y — vee", where £¢7 = ete”, v, is estimated as [50,51],

15367° mZ . (0.1>4<10‘14>2<104 GeV)5
T — S — .
- guZN2 vz N;ﬂ/ m)(

(31)

Here, we consider the three-body decay through a Z-boson
whose mass is set at 100 GeV.” The decays through the EW
boson dominate over those through sfermions, if the
sfermions are heavier than O(10 TeV), see Eq. (33). g,
is the coupling constant of the neutrinos to a Z-boson. The
mass of the neutralino LSP is denoted by m,. N,, is the

"The decay through a W-boson will have the same size.

mixing angle of the LSP and the neutrino whose size is
estimated as

v vps KpU
Ny, ~ N,  max <y = OPS 2 OPS, 1L6;25>, (32)
where N, 5 is the fraction of Higgsinos in the lightest
neutralino y. The last one comes from mixing at the 1-loop
level via the RPV Yukawa coupling. Here, the MSSM
Yukawa coupling is set to 1 for simplicity. The LSP decays
before BBN, ie., 7, <1, if N, % 107'%. On the other
hand, the lifetime is longer than O(10** s) if N, < 10729,
such that the neutralino LSP is the stable DM and its decay
does not affect the cosmic microwave background [29].
If the baryon number violation is the dominant one, then
the Higgsino-lepton mixing is negligible. Hence, the
neutralino decays through squarks and its lifetime is
estimated as

153673 m_4
g;m’p

. E 2710°0\2/  my; \*[10* GeV\?
Iyq /IB 105 GeV m, ’

(33)

T){N

where g, is a coupling constant for the quark-squark-LSP
interaction and m; is a squark mass. The LSP decays before
BBN if A5 = 107, while the LSP is a stable and invisible
DM particle if 1z < 1072,

Proton decay may also be mediated by dimension-5
operators,

00QQ:(0,—4h —4s).

0°0°0°0°:(0,4s), (34)
in the superpotential and/or dimension-6 operator,

QT0TO°Q°: (0,2h +4s), (35)
in the Kihler potential. The effective cut-off scale for the
dimension-5 and -6 operators, A5 and Ag, should be larger
than O(10%7) and O(10'%) GeV, respectively. These oper-
ators will be sufficiently suppressed by the discrete sym-
metries. Note, however, that the dimension-5 and -6
operators, as well as the RPV operators, might also be
generated after integrating out vectorlike triplets which are
much lighter than the GUT scale. Clearly we need to check
that these are also suppressed.

Let us consider the vectorlike triplets (T, T), which are in
(P,P), (P¢,¥) or (£,X), with a superpotential,

WD mTTT + T(/JTQlT -+ ﬂTQg + KTQD
+ T(urQf + 2797 + k7 Q5), (36)
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where QF and Q! are composed of {Q,Q¢ X, %} for
(T.T) = (¥,.¥,), (¥5.¥), and {Q,Q°} for (T.T) =
(0,5). Here, integer k represents the mass dimension of
Q,{ and QZ ¥, (‘i’q) and ‘i‘; (¥5) are color (anti-)triplets in ¥
(¥) and P¢ (W), respectively. The coupling constants
depend on the nonzero VEVs of the fields. After integrating
out the vectorlike triplets, we have

1 ~ = -
WD — (urur QT O + urdr Q1 Q) + Arur Q4 Q1
T

+urkr QT OF + ArAz QY OF + k72701 OF), (37)

where we omit the higher-dimensional operators. The mass
mixing effects of the first term may be sufficiently suppressed
as will be shown in explicit examples in Sec. III. The latter
two terms in the first line may induce the RPV Yukawa
couplings and the second line may include the dimension-5
operators. Without discussing details, the proton will be
stable if

Ar Ari 10710
max (”” T”T> <1077 x ( > (38)

my  mr AL

— l Z -
ax (”TKT, r T,KT”T) < (107 GeV)™'.  (39)
mr —mr Mg

Since we will find pp/my <1 in our examples,
max(A7, A7) < 1077 and max(kr, k7) < 10727 GeV~!
are sufficient conditions for the proton stability.

In the Kihler potential, the sizable dimension-6 operator
could be induced by integrating out the color triplets from

1
k2100 (x4 s
1 3> é’_lcl‘ qepe '
-I-K(CZZ—FAS‘P) 00, (40)

where Cg), O =X, ¥, ¥¢ are coupling constants implicitly
depending on the nonzero VEVs of gauge singlet combi-
nations. The dimension-6 operators will be generated by
integrating out scalar components in the vectorlike fields,
together with Yukawa couplings,

W D Apespe Q°XQ° + ﬂQiQQiQ + Kgegesepe Q° Q°SPE
+ KQQSC\T/[ QQS‘CliJC. (41)
Note that Apezge (Agsg) 1s a part of 4; (4,) in Eq. (36) and

UpsKgegesewe (UpsKppgege) is a part of Ay (Agc). The
dimension-6 operators arise as

1
/ d'0K > A (0°Q°)f <CEF5 + CK\P'UPSF\FZ)

(4

1 T
+X ((:EFG"'_%UPSF‘P;) 00 (42)

mGA Hhge AZ

{SAgesor
+< oA

o5 VEK ) ceie
. <Cz Q2Q+§\If PsKp5® )(uCeC)qu

é’C ’[}2 K e c gepe c
+22 I;Z QAQ2 (ucd®)'qt, (43)
e

where O, Q¢ are fermionic components of the superfields
of the same symbols. Here, Fg, ® = 0, 6, ¥, ‘i’f,, are the
F-terms of color (anti-)triplets in the vectorlike fields.
The scalar fields in the vectorlike fields are integrated
out in the second equality. For example, the F-term of ¢ in
is given by

/IQ('XQI'MCdC . (44)

F,~—-m,6" ~
mﬂ

Thus, the sufficient condition is max(4gesge.Agso) <1077
for m, =107 GeV and max(vpskgegesewe, UpsKppseie) <K 1
for my = 10'° GeV, since ngp < O(1). These are much
weaker constraints than those from the superpotential.
Operators more suppressed by A will always be sufficiently
small because the effective cut-oft scale will be larger than
Aasfaras yp <1 GeV, Ay < 1and k; < 1 GeV~!, which
are clearly satisfied in our examples.

These sufficient conditions in the superpotential and
Kihler potential are satisfied in our examples shown in the
next section, so we will not discuss any more details of
proton decay in this paper.

III. MODEL EXAMPLES
A. Minimal model: High-quality LSP

Let us first consider the minimal model with Ny =
Ns = Np =0, Ny = 1 and s = 0. The anomaly cancella-
tion for Z, implies,

—3h=-5h=h modulo N. (45)
The solution is # = 0 if N is odd, and is 2z = 0 modulo N /2
if N is even. Under this condition, H? is neutral under the
discrete symmetries. The mass term itself is forbidden by
the Z¥ symmetry, but the p-term will be generated after
SUSY breaking by W D wyH?. In addition, the h-term will
be generated from this term after SUSY breaking.
Therefore, the condition (3) is satisfied whenever the
condition (1) is satisfied.

For concreteness, we shall choose the charges

N =5,

r=p=ry=1, h=py=0. (46)
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TABLE III. The charges under the discrete symmetries and the
accidental U(1)pq in the minimal model.

H Q Q° X S §& X ¥ ¥ Y g p
Zsp o 1 1 2 0 0 2 0 1 1 0 1
Zs 0O 0 0 0 0 0 0 4 4 1
Ul)pg 0 0 0 0 0-1 0 0 -1 1

The charges of the fields are listed in Table III. With this
charge assignment, ¥ (W) have the same charge as Q (Q°),
so that these are like a fourth generation of the MSSM
(s)fermions, but with vectorlike masses of O(fpg), see
Eq. (8). It is clear that the Yukawa coupling QHQ® will
induce the decays of the vectorlike particles, and thus this
model satisfies the condition (4). Gauge coupling unifica-
tion is preserved and condition (5) is satisfied, since all the
triplets in S¢, S¢ and ¥ have masses of O(vps). There is a
fourth family of vectorlike fields with mass of O(fpq) and
the MSSM particles have mass less than the SUSY
breaking scale.

We can find an accidental anomalous U(1)pq symmetry
whose charges are shown in the last row of Table III. The
MSSM particles cannot carry U(1)pq charge to be con-
sistent with the PS superpotential,

Wpg D %(S"Q")z + QHOC + woH>. (47)

Hence, only the vectorlike quarks carry the U(1)pq charge,
so the model has the KSVZ axion. The PQ breaking
superpotential is given by

PlO PS _ PS
Wig = 7 505 + 5 HOS +---. (48)

These terms induce the shift in the € angle by ~10~'7, 10732
and 1073, respectively, and thus the PQ symmetry is so
high quality that it solves the strong CP problem. All the
operators which can contribute to A are listed in Table VI
of Appendix B. In this model, the axion domain-wall
number is Npw = 4 and is not unity. However, the domain-
wall is unstable due to the explicit PQ breaking effects, thus
it would not cause a cosmological problem (52].8

The standard R-parity violations are extremely sup-
pressed due to the discrete symmetry. In the minimal
model, the lowest order for which P can couple to the
RPV operators is P>, because none of the operators in
Egs. (27) have Z5 charge. In fact, the bilinear RPV term is
of order ~107>* GeV and the lepton number violating
Yukawa couplings are of order ~107% in this model, and

*It would also be solved by the dynamics of multiple scalar
fields [53].

thus 1, ~1072° for wy~ 10° GeV. The coefficient of
dimension-4 baryon number violating operator is of order
10733, This is clearly sufficiently small to make the lifetime
of the neutralino LSP longer than the age of the universe,
see Eq. (32). For the same reason, the proton lifetime is
extremely long. Therefore, R-parity exists very precisely in
this model. The full list of operators and their typical values
relevant to the proton decays are shown in Table VII of
Appendix B. This conclusion will not be changed since the
MSSM fields do not carry Zy charges as is required by the
anomaly cancellation in the minimal model.

The stable LSP may or may not be a problem. The LSP is
known to be an attractive candidate for the DM if the
neutralino masses are in the suitable range, e.g., Higgsino
~1 TeV and the conventional thermal freeze-out scenario is
working [54,55]. However, the LSP tends to overclose the
universe in high-scale SUSY scenarios. In particular, the
nonthermal production from the gravitino and/or moduli
often overproduce the LSP [30,32,56]. This overproduction
problem could be solved if the LSP is much lighter than the
TeV scale. An axino with a mass SO(keV), is a candidate
for such a particle [57-59] if it is sufficiently stable.

We shall discuss a case of O(keV) axino LSP. The axino
mixes with neutrinos by the RPV effects. Defining the
axion superfield A via

1
A=——(s+ia)+V20a+6*F,, (49
ﬁ( ia) 4 (49)

where s, a and @ are saxion, axion and axino, respectively.
F, is the F-term of the superfield A. Integrating out the
right-handed neutrinos, we find

1 ’UpsPs 2
Wo>—|(7H
MR( A

P :fPQeA/f"Q,

4
> fL% ( FroHY + vyAv + U—”AAV) . (50)
vps/A fPQ

where O(1) coefficients are omitted and My, is replaced by
using Eq. (5). The first two terms induce the RPV
Higgsino-neutrino and axino-neutrino mixing, respectively.
These could affect the neutrino mass by

4 N\ 2 2
om, ~ UHfPQ max @ ﬁ
‘ vpsA? wo Mg

N10-32evX<10'6Ge")2< TrQ )8

Vps 1010 GeV
108 GeV\ ¢ /max (f3,/wo, v%/m;
« € (fPQ]/ 0: Uit/ ) ’ (51)
A 10" GeVv

where m; is the axino mass and Higgsino mass is assumed
to be O(wp). Thus the mixing will not affect neutrino
masses.
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The axino will dominantly decay by @ — va or @ —v£¢”,
where 77 = ete™, v, as discussed in Refs. [60-63]. The
decay to electrons are allowed when m; > 2m,. The first
decay mode is induced by the last term in Eq. (50) and the
lifetime via this mode is estimated as,

167 A%

2
mz vang

1 keV A 6
~ 102 years x ¢ =
my 10" GeV
271010 GeV\®
oy - 7). (52)
10" GeV fPQ
The second decay mode is similar to the neutralino decay

and can be estimated from Eq. (31) with formally replacing
X = a

Ta—va ™~

153673 ASv3qvy

] 8 3
9z fPQmiz

4 3 6
~ 10 years x <0—1> <1 keV) ( ]SA >
Guz mg 10"® GeV
2 10 8
% ( 12)})5 ) (10 GeV) . (53)
10'° GeV fPQ
Here, the neutrino-axino mixing comes from the second
term in Eq. (50). These are both much longer the age of
universe, and thus the axino will be a DM particle if its
mass is of O(keV) and it is the LSP.
Another way to resolve the overproduction problem is
that the LSP is unstable due to sizable RPV and it does not

contribute to the DM. We will show an example with
sizable RPV in the next section.

Ta—vtte ™

B. RPV model: Low-quality LSP

Let us consider the model with the two PQ fields P, P
and Nj; = N5 = 1. The new fields 7 and £ are mandatory
for h # 0, because there is no such solution for the anomaly
condition in the model only with P. The anomaly cancel-
lation conditions are given by

r+7=0 modulo 2, (54)
3h—p—-p=—-6(h+s)—2p=06s—2p modulo NV,
(55)

for ZR, Zy, respectively.

In this section, we shall show an example which violates
R-parity such that the LSP is unstable and decays before
BBN. Let us first consider the RPV effects caused by the
RPV Yukawa couplings. Note that the RPV by QHS can
not be sizable because it does not have Zy charge, see

Eq. (27) and Table L’ The sufficiently large RPV operators
are induced if either of the following operators are allowed:

PQOSQQ°:(3+r,—2h+ p),
PO°Q°Q°S : (34 r,4s + p), (56)

These operators are allowed by Z& if r = 3. The first one is
allowed if p = 2h and the second one is allowed if p = —4s.
However, p = —4s is not phenomenologically viable since
there also exists an operator PSCZQ° which induces too
large a mass for the down quark d¢ of O(vpsfpg/A). The
same conclusion holds for P, and thus the sizable RPV is
realized when P or P has charge (3, 2h). Since the operator
woQHS® has charge (3, —2h), wyPQHS® (wyPQHSC) is
accompanied with PQS¢QQ° (PQS°QQ°).

In the nonminimal model, the Higgsino masses are
always generated by W D wyHH. However, the SUSY
breaking b-term, V D b,H H ;, is missing. For the b-term,
(P, P)>H? should exist in the superpotential. We need two
PQ fields for the sizable RPV and b-term, since P>H? is
forbidden if P has charge (3,2h).

Table IV shows four cases which realize both sizable
RPV interaction and b-term. The PQ field P induces the
RPV in cases (I) and (I), while P does in cases (III) and
(IV). The b-term is realized by P>H? in the case (I), P>H?
in the case (III) and PPH? in the cases (II) and (IV). The
PQ charges are determined to be consistent with inter-
actions in Wpg, Wpq and the operators for the sizable RPV
and b-term. The axion domain wall number, Npyy, is listed
in the last row. For N, =3 and Ny = 1, Npw = 8 in the
cases (I) and (IIT), while Npw = 2 in the cases (II) and (IV).

The Z, charge should be chosen such that all the
unwanted operators are forbidden by Z, and satisfy the
anomaly cancellation condition Eq. (55). Also 24 + 4s £ 0
is required so that p = 2h # —4s, as discussed earlier. In
addition, for proton stability, if 24 4 4s =0 then both
PQ°Q°Q°S¢, which induces baryon number violation, and
PQ?Q¢S¢ which is lepton number violating are allowed.
There are various explicit PQ breaking operators discussed
in Sec. II D. In our model search, we set reference values of
the scales at

A=10" GeV,
wp = 10° GeV,

VUps = 1016 GCV, pr = 1010 GCV,
vy = 10> GeV. (57)
With these values, we require that the PQ breaking at the

tree-level, Eqs. (21) and (25), are forbidden such that
A0 < 107'°. We also require that the quartic PQ breaking

Another bilinear RPV  becomes moderately large if
(P, P)3QHSC or wy(P,P)QHS® is allowed. We do not find
any advantage in the first case as discussed in later. The condition
to have the latter is the same as that to have the RPV Yukawa
couplings.
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TABLEIV. The charges consistent with the sizable RPV and b-term. PQg, is the PQ charge of a field ® normalized
such that the minimal charge of P, P and H is unity. The PQ charge of Q¢ is zero for the Majorana neutrino mass and

that of H is opposite to .

RPV b-term  r p P PQ, PQ; PQy  PQ Npw
I PQ*Q°S¢ PYH? 3 1 2h —h -2 1 -1 1 2IN, + Nyl
II PQ2Q°S¢ PPH? 3 3 2h  —4h 2 —4 1 -1 22Ny — N,
I pQ*Qcse P2H? 1 3 -—h 2h 1 -2 -1 1 2IN, + Nyl
IV PQ*Q°s  PPH®> 3 3 —4h 2h -4 2 1 -1 2[2Ny = N,|
. . which is allowed by the symmetry independent of the
TABLE V. The charges under the discrete symmetries charges (h,s). The lifetime of the antitriplet & by this

Z® x Z,5 and an accidental U (1)pq symmetry in our example.

H QO 0°X S S HY Y P ¥ p P
Zir 0 1120 022 02 11 2 33
Zs 1 11 3 0 31296 146 13 3 10 11 2
Ul)pg 1 =1 0 00 000 -13 10 -2 -42

combinations of (P,P)?(H,H)? and (P,P)*(Z,Z)? are
forbidden to suppress PQ breaking via the 1-loop effects,
see Eq. (23). For gauge coupling unification, 4s #£ 0
modulo N is required to keep the triplets in the sextets
massless at O(wpg). Although these are still necessary
conditions for the fully viable model, we can find solutions
of these conditions only for N = 13 in the case (II) or
N =15 in all the four cases when N < 16 and Ny = 1.1
We shall study a solution, (4,s) = (1,3), with N =15
in the case (IV).11 The charges of the fields are shown in
Table V. A complete list of the possibly dangerous
operators and their sizes are shown in Appendix B. We
discuss operators important for phenomenology in the main
text. The charges of vectorlike fields are chosen such that
the Yukawa interactions,
Wecay = PHOC + QHY, (58)
are allowed by the symmetry so that the vectorlike fields
decay quickly. The model with W,y O WPHQC instead of

WHQ* also allows an exotic mass term PS¢ : (2, 0) which
gives too large a mass term for H,¥,, where ¥, is the
leptonic component of the vectorlike field ¥. The vector-
like triplets from the sextets will decay via W D wyQXQ¢

"%We can find solutions for Ny =2 when N =11, 15,
N =13, 15, N =15 and N = 13, 15 in the case (I), (II), (IIT)
and (IV), respectively. We did the same search for the RPV via
(P, P)>QHS¢ in a case of Ny = 1, but we find setups consistent
with these conditions only for N > 14. We will not study these
cases.

"For N = 13 in the case (ID), Kpg D PPT%? is always allowed
in the Kihler potential after imposing the anomaly condition.
This induces A@~ 107! which is marginal for the quality
problem.

interaction is estimated as

1677 A \2/10° GeV\?
” No.01sx< - > ( © ) . (59)
wp 10*° GeV wo

To ™ 3

where the vectorlike triplet mass is set at wy. The triplet o
mixes with & by the mass term of O(wy). Thus the triplets
will decay before BBN if the SUSY scale is as high as
100 TeV, and condition (4) is satisfied.

There are four Higgs doublets at the SUSY breaking scale
whose mass terms are given by WD fl%QH2 / A+wyHH. The
b-term, V,, D b,H, H ,, will be generated after SUSY break-
ing from the first term. Therefore, both y- and b-problems
are solved in this model and the condition (3) is satisfied.
Note that we invoke a fine-tuning of O(w3/v%) ~ O(10°) as
usual in high-scale SUSY breaking scenarios. More details
of the Higgs potential with 7 is discussed in Appendix A.

The accidental U(1)p, charges are shown in the last row
of Table V. Since the mixed anomaly with SU(3). is
nonvanishing, the strong CP problem is solved if the
U(1)pg symmetry is a sufficiently precise symmetry.
The explicit PQ breaking superpotential is given by

Mo pop3 ...

Wo
Wiq = 2 HP* + 155

(60)
The full list of PQ breaking operators in the superpotential
and Kéhler potential are shown in Table VIII of
Appendix B. We see that the first term in Eq. (60) and
Kpg D H?*P* give A6~ 107" which are sufficiently
small. Therefore, the PQ symmetry is high quality and
the condition (2) is satisfied.

The leading RPV operators and linear terms in the
vectorlike fields are given by

P . owoP o

AW 5 -5 005°0° += - OHS*
PP?
aes

+ 20 (00 + 05¥) + -

I d 1 c 1 1/ QC
(SQ +XQHS +X‘I‘HS>

(61)
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where Q€ includes W as the fourth family. The operators in
the first line induce RPV effects without baryon number
violation. The first two terms and the first term in the
parenthesis are the dominant source for the lepton number
violation, and the others are subdominant. The first term in
the parenthesis induces the bilinear RPV operator H ¢ after
integrating out the right-handed neutrino v¢. Its mass
parameter is O(f},/vpsA), while that for QH from the
second term is O(wfpqups/A?). The bilinear RPV from
the second term in the parenthesis is smaller than these
contributions. The last term would induce the bilinear RPV
by the mixing of Q and W, but it is extremely small, unlike
the mixing of Q¢ and W¢, because the mass parameter for
QW is O(10722 GeV). Note that all of these terms conserve
the PQ symmetry, so that these interactions do not
explicitly depend on the axion superfield. The operators
relevant to masses, RPV and proton decay are listed in
Table IX. We see that the other mass terms are at most
O(10713 GeV) and are negligible. Therefore, the MSSM
particles,  and (o, ) are lighter than the SUSY breaking
scale O(wy), while all the vectorlike fields, P, ¥, have
O(fpq) masses. The gauge coupling unification holds as
discussed in the previous section and the condition (5) is
satisfied.

Except for the operator Q°P¢, the mass terms which
contribute to uy and us in Eq. (36) are smaller than
1072! GeV, see Table IX. These are too small to affect
the proton stability. The mixing via Q¢P* is sizable, but this
can be rotated away by redefining Q¢ and W¢ without
introducing new effects because W has the same charges as
Q°. As is explicitly shown in Table IX, the coupling
constants for the operators linear in the vectorlike fields,
defined in Eq. (36), are A7 < 10718 and k7 < 10731 GeV~!,
except for those in Eq. (61). Hence, only the operators in
Eq. (61) could induce fast proton decay. The vectorlike pair,
(W, V), is integrated out at O(fpq) before integrating out
(0,5) whose mass is O(w,). Since ¥ and ¥¢ are absent in
Eq. (61), there will be no sizable baryon number violation
in the superpotential. In addition, there cannot be a sizable
dimension-6 operator in the Kihler potential, since the
Yukawa coupling involving the vectorlike triplets is at most
O(1071) from the first term in the second line of Eq. (61).
Thus, R-parity is broken by the lepton number violating
operator, while baryon number is still a precise symmetry
such that the proton is stable.

If the neutralino is the LSP, the lifetime of the LSP is
as short as 10710 s, see Egs. (31) and (32), due to the
Higgsino-neutrino mixing by the second term in Eq. (61).
Thus the neutralino LSP is unstable and will decay
before BBN.

The axino LSP may be sufficiently long-lived even with
RPV. The axion superfield A is defined as

PNfPQ€_4A/fPQ, PNfPQ€2A/fPQ. (62)

In the RPV model, the axino will mix with Higgsinos in the
Kihler potential [62],

K D eATANfeaHTH + e~A+AN) Fro

> (H'A + HiA), (63)
fro

where £1 in the exponents are the PQ charges of the Higgs
bidoublets. Note that this mixing with the MSSM fields is
absent in the minimal model, since those are neutral under
the PQ symmetry. Together with the bilinear RPV term, the
axino-neutrino mixing arises, so that the axino will decay
via @ — v£¢". The lifetime is estimated as

15367° U%_IU]%SA2m, (1 fﬁQA2>

Ta™~ "3 3 m 2.4
9vz PQMz

WoUps

4 3 2
~ 10?7 years x (ﬂ> (1 keV) < ISA )
Guz mg 10"® GeV
2 10 4
% < IEJPS ) <10 GeV) ’ (64)
10" GeV f PQ

where the value of min, which depends on whether the
second or third term in Eq. (61) dominates the axino-
neutrino mixing, is taken to be 1 in the second line. The
axino-neutrino mixing induced by the PQ breaking inter-
actions, Eq. (60), are much more suppressed than that
induced by the RPV, but PQ conserving effects. In
particular, the axion-axino-neutrino Yukawa coupling
induced by the PQ breaking interactions is highly sup-
pressed. Therefore, the axino lifetime, assuming a mass of
order 1 keV, will be much longer than the age of the
universe, although it is much shorter than that in the
minimal model.

Altogether, this model has the high-quality axion and the
proton is stable, and thus satisfies all of the conditions (1)—
(5). If the neutralino is the LSP, the overproduction problem
is solved because it decays before BBN. The axion would
be the dominant source for the DM. If the axino is the LSP,
the overproduction problem is solved by sufficiently light

axino mass as in the minimal model. The axino will be a
metastable DM particle in addition to the axion DM.

IV. DISCUSSIONS

In this paper, we proposed supersymmetric Pati-Salam
models with the anomaly-free discrete symmetry Z§ x Zy.
The anomalous U(1)pq symmetry, as well as, R-parity arise
as accidental symmetries if any of the PQ fields P and P
have odd R-charge. We discussed two special models. In
the minimal model, without 7, £, P, the anomaly con-
ditions require that the MSSM particles do not carry Zy
charges, so that the R-parity is respected very accurately
and the LSP is sufficiently stable to be the DM. In the
nonminimal cases, we found an example which violates
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R-parity such that the neutralino LSP will decay before
BBN, while the accidental U(1)pg symmetry is so accurate
that the strong CP problem is solved. An interesting feature
of the RPV case is that the exotic vectorlike triplets (o, &)
and bidoublet 7 are predicted to have SUSY breaking scale
masses. Since the vectorlike triplets may decay through the
Yukawa couplings which are also induced by the SUSY
breaking effects, the SUSY breaking scale is predicted to be
larger than O(100 TeV).

With the discrete symmetries, there are self-couplings of
the PQ field P at very high-order. It was recently proposed
that the baryon asymmetry can be produced through the
motion of a PQ field when kicked by an A-term of the self-
coupling P”", so-called, lepto-axiogenesis [64,65]. Our
models may provide concrete examples which can accom-
modate the lepto-axiogenesis scenario. In particular, the
RPV example will make it easier to explain the relic density
of the DM. A more detailed analysis of lepto-axiogenesis
and the phenomenological discussions about the DM and
leptogenesis will be the subject of future work.
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APPENDIX A: HIGGS SECTOR IN THE
NONMINIMAL MODEL

We shall study the Higgs potential with the additional
bidoublet H. We write the bidoublets by

H, - H;
) =)
H2 H4

where H;, i=1, 2, 3, 4, are SU(2), doublets. The
superpotential is given by

(A1)

Wps = %MHZ +woHH = Wy = uHH,, (A2)
where k=1, 3 and /=2, 4. In this section, repeated
indices are summed over. With the PS symmetry, p;, = g,
Hia = —p3zp = wy and pzy = 0, but this relation will not
hold after the PS breaking. The SU(2), doublets are
contracted by io,. We shall study the Higgs potential in
the nonminimal model given by

Vi =Vt + Ve + Vb, (A3)

with

4
Vit = »_ my |H;* + (byHH, + Hee.),
i=1

Ve = luaHil> + ) luuHil? (A4)
k=13 =24
gi
Vp= g(\Hﬂz — |Hal? + |H3|* = |Hy|?)?
B (< ’
+ 32 (Z H;TgH,) , (A5)
i=1

where 7Y, a =1, 2, 3, is generators of SU(2),. We first
diagonalize the mass terms by redefining the Higgs fields,

(ZD =R<Zd) (Zj) =Rd(zd) (A6)

where the rotation matrices R,, R; diagonalize the Higgs
mass squared matrices,

2 * *
My, + Uy p H1iM31 . _
RZ( - ) . R, =:diag(my; ,m3 ),
K3 My, + M3 M3
2 * %
s (M, T Hiokie Hiolia . _
m(™ LRy diag(my, ).
Hiabi2 My, + Hiahka

(A7)

where k = 1, 3 and [ = 2, 4 are summed over. The D-term
potential is invariant under this redefinition, so that it is
formally replaced by (H,,H,,Hs,H)— (H,,H,H,H,).
The b-terms are rotated as

b b H
(H, H3)< 12 14)( 2)
by, b3y /) \Hy

o))

b, b, b, b
( no b )::Rf( 12 14>Rd-
by by by, by

The Higgs potential after the rotation is

where

(A9)

Vi =my |H,|>+my |Hy + iy |Hy* + g |H, |
+ (bhHqu+buHuHu +dede+EthHM +HC)
+Vp. (A10)

The first derivatives of the neutral Higgs potential are
given by
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|4 _
gHéi = my; Hy + g QH, — byHY — b, HY",  (All)
8VH 2 0 0 0% 770
OHO* - deHd - /IHQH:I - b,H, — ded s (Alz)
d
8VH 72 0 70 _ 7. fyO« 0%
o0 = Mh T ApQH = by H = bHy, (AD3)
d
ov _ - o
u
where
2 2
9+ 9
Ay =9
" 4
Q= |HO)? — [HOP? + |HS)? — |[HO)?. (A15)

The Higgs fields with superscript 0 are the neutral component
of the Higgs doublets.
We define the VEVs and Higgs scalars in the doublets as

0 1 2H}
m= (o))
Uy \/§ h, +ia,
Vg 1 hd—l—iad>
Hy= +— :
! <0> ﬁ(ﬂH;
(2) 56
+_ — )
Tjd \/§ hd‘l’lé_ld
7 _(@u>+ 1 (i_quriau)
“No ) va2\ vaE; )

Elements of the CP-even mass matrix are given by

H,

(A16)

(M54, = 24005 + (byvg + by,)/ v,

[Mé]h“hd = =2Agv,vg — by,

(M&l,5, = 2AaVuDas (M3l 5 = =245 0,0, — by,
(M3, = 22005 + (b, + baDy)/ v,

(M35, = 240404 = by,

(M3, = 2400400

(MG, = 2405 + (bgvg + byT,) /D,

(M3l55, = —240,54 = by,

(M55, = 2475 + (byv, + b,0y)/ Dy, (A17)

and those of the CP-odd mass matrix are given by

(Mblaa, = (byvg + by0,)/ vy (M3, = ba
Mo, =0 M3l = by

(MBla,a, = (bavu + batg)/ vas [(M3l,,a, = bas
[M3,a, = 0.

(M3, = (bava + byv,)/ V4. M3z = ba.
(M3la.a, = buvy + byg) /- (A18)

Here, the soft masses are replaced by using the minimi-
zation conditions.

Let us consider the realistic EW vacuum, v,, v, > 7,,
V4. We define

v, = Uhsﬁ’ Vg = Uhcﬂ’ /I_jd = Z_th‘ﬂ,
s _ K

1_)u = z_)hiﬁ, l/j = l, tﬁ = _l (Alg)
p Cp

Assuming m% . m% > v?, 92, the minimization conditions
Hp» My, h U
for H,;, H, become

deh + buﬁl%{dtﬁ

1_)h de/)vE'/} - buS/)’S[)’
— ~"_5 -5 -3 -7 B~ _ 7 .
vy, m%,dclzj - m,zgu sé f bamy + b,byts

(A20)

Thus, i , iy, > b,, by is required to be 7, < v,

Neglecting O(77), the minimization conditions for H,,
H, are given by

v,
myy = Ayvicayy —by/ty =b,—L,  (A21)
ﬂhSﬂ
v;,C
m%_l + lHU%CZﬂ - bhtﬂ = bd h=p (A22)
4 Uhcﬁ
The Higgs VEV v, and vacuum angle f obey
) 72 2
My, — My 1 2b,
Agvi = —4—— L Sop = — ——, (A23)
=1 P, + g,
where
5 U;5p 5 V,Cp
m%[ = m%/u - um, m%,d = m%h_bdm‘ (A24)

Note that my; , mj; contain the SUSY contributions from

the u-parameters. The SUSY breaking parameters should
be fine-tuned to realize Ayzv? ~m% =91.2 GeV. In the
RPV model, u~ 100 GeV and w,~ 10° GeV, so the
mixing in R,, R, are suppressed by ~wou/my . Hence,
the mass parameters m%, m%,d which directly relate to the
EW scale, are approximately given by my; , + [wo|* + |u|*

even if m12q3_4 > b, , for v, /v, < 1. Therefore, the degree
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of fine-tuning for the EW symmetry breaking is about
Ow3/m%) ~ O(10%). We also remark that the relation

m2, < m2._ would be naturally realized as a result of
H].2 H3.4

renormalization group running because only H has the
sizable Yukawa couplings with the MSSM quarks.

Before closing, let us estimate the heavy Higgs boson
mass spectrum. Neglecting O(v3, b, 47,/ v;,), the CP-even
and CP-odd mass matrices are given by

bh/t/, by, 0 b,
b bt b
Mem M~ | 0 T T (A25)
0 by bava/Ty4 by,
bu 0 Bh buvu/l_}u

Since M3 = M3 + O(v}) is rank-3, one eigenvalue is
zero. The zero eigenstate in the CP-even Higgs boson
corresponds to the SM Higgs boson whose mass comes
from the O(v?) correction, and that in the CP-odd
Higgs boson corresponds to the NG boson absorbed by
a Z-boson. The other three states have masses of b,

= =0 s
bava/04~ my, and b,v, /v, ~ my,-

APPENDIX B: DETAILS OF THE
EXAMPLE MODELS

In this Appendix, we shall show possible operators
which can induce the shift in the 6 angle, masses and
proton decay. Their sizes are calculated with
A=10"8 GeV,
wo = 10° GeV,

vps = 101° GeV,
vy = 102 GeV,

fro =101 GeV,

as reference values.

Table VI lists the PQ breaking operators and their effects
to A@ in the minimal model. The tree-level PQ breaking
effects are shown in the columns of O = 1. The others are

TABLE VI. Sizes of A in the minimal model.

Operator O € Wpq Coupling log;y A8
1 P10 -17
H? plo —112
Qc°Se P’ -32
Qc\ijc PllW0 —154
Sese P10 —-112
Sege PS -32
Sepe P —48
X2 PO —-112
2 P10 —-112
ov P, —154
Yy Py, —154
pepe Py, —154

TABLE VI. (Continued)

Operator O € Wpg Coupling log, AO
HQS¢ P> -36

HSY P’ -36

QST Pdw, —62

SEPe Pw, —62

HS Y pe -52

Sexpe Py, 78

Operator O € Kpg Coupling logo AO
1 PIOWO —43
Hz PIOW0 —164
QcQ°T PO, —164
QcS‘c PSWO —84
Qe p -154
QL‘lPCT PIOW0 —164
QcT S¢ pPS —58
Qchype P'%y, —164
Qe et P° -122
Qof PO, —164
oY P —154
Operator O € Kpg Coupling logo AO
3 al PO, —-164
o'y POw, —164
o d P? -122
Sese Pw, -164
Seye Pwy -84
S'clijv'l‘ P4 —42
sepe Py, —-100
sepet P? —58
X? POw, —164
2 Py, —164
Py p! —154
Pyt POw, —-164
Py PO, —164
Pyt P° —-122
pepe P! —154
pepet PO, —164
Jeget POw, —164
pehypet P° -122
HQS¢ Piwy —88
HSY PSw, -88
HS P p* —46
QST P> —62
SeEPe P> —62
Sexpet Pwy =72
HQO'S* ps -62
HS P Pow, -104
HSW? PS -62
0ctsex Pow, —88
Sexpe P —78
Sexpet Pw, —38

(Table continued)
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operators which can affect to the 8 angle through the 1-loop
effects. We list all the possible quadratic operators in the
superpotential and Kéhler potential. The cubic operators
linearly depending on S¢ or §¢ become quadratic ones after
the PS breaking. For example, we see

P> f 15>Q

WPQDFXHQSCNFUPSKHM (Bl)

induces A@ ~ 10736 at 1-loop level. In the minimal model,
only the tree-level PQ breaking in the superpotential
induces Ad > 10720,

TABLE VII. Sizes of masses (left) and coupling constants for
dimension-4 and -5 operators which can be relevant to proton
decay (right) in the minimal model.

Operator O Mass mp log,o mo
H2 Wy 5
Q(,'S‘c PS =22
ocpe P 10
Sese wo 5
S‘c\,pc PS 22
Sc\ilc PG -30
X2 Wo 5
22_ ) 5
oW P 10
Py P 10
pepe P 10
58X 1 16
§eS°E 1 16
5e5ey 1 16
HOS* P —24
HSY P> —24
> PSw, ~37
Sexype PSw, -37
HS P P -32
Sexpe Pow, —45
Operator O Ao oOr Kp logio 1o, ko
QZ QCS(J P5 Wo =55
Qc3 Se¢ PSWO _55
Q4 ) =31
QC4 Wo =31
oY wo =31
Q0¥ W -31
00°S° PSw, -55
QQCS‘L’\P P6W0 —-63
Q2 QC\I]C wo =31
QzSClIIL' P5 wo -55
Qc31Pc W =31
Q25 PSw, -55
023°9° Pow, -63
QCZSC\PC PGWO —63

Table VII shows the operators relevant to the masses
(left) and proton decays (right) in the minimal model.
Similarly to the PQ breaking at 1-loop level, we show all
the quadratic operators and cubic operators which linearly
depend on the PS breaking fields. The columns are high-
lighted if the mass term is larger than 10™° GeV. The right
table shows operators relevant to RPV and proton decay.
The bilinear RPV operators are included in the left table for
mass terms. We studied the dimension-4 RPV, dimension-5
proton decay operators and those which depend on the
vectorlike fields linearly. If all the couplings of the
operators are Ap < 1077 for dimension-4 operators and
ko < 1072’GeV~! for dimension-5 operators, which is true
in the minimal model, the model satisfy the sufficient
conditions to ensure the proton stability as discussed in
Sec. IIE. Note that the coupling constants include the
VEVs of the PS breaking fields.

Tables VIII and IX show the same as Tables VI and VII
in the RPV model. In this analysis, we do not consider the
nonzero VEV of 2 because it has the same charge as w,PP
whose VEV is more than 3 orders of magnitude larger than
that of (H?) < v?. We see that the shift of the 6 angle is

TABLE VIII.  Sizes of A in the RPV model.

Operator O € Wpq Coupling logy AG
1 H2P4w, —14
H> P3w, —106
HH H2P*wy -106
H? P3p? —112
Q°S¢ P8 Pw, -122
QC"PC P7W0 —-90
Sese H2P4w, —-106
Sepe P8 Pw, —-122
sepe P8Py, —138
X2 H2P*w, —106
x? P —48
pHY H2P4w, —106
32 P4p? —48
oY PO P2y, —154
Py H2P3 -96
pepe Pw, -90
HQS¢ P8Pw, —-126
HSY P°p? —132
HOS* P’ —68
HS Y P8Pw, -126
Q°S% P8P —100
Q°S5°E P3w, -30
Sexye P3P -100
SeTpe Pwy =30
HS P P°Pw, —142
HSW ps -84

(Table continued)
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TABLE VIIL (Continued)

TABLE VIIL (Continued)

Operator O € Wpq Coupling log,o AO Operator O € Kpg Coupling log;, AG
Sexype Ptwy —46 HSP H2P*pT? -142
Sexpe P3p? —-116 HSwT POpT3 -126
HQ'S® Pop?3 -126
Operator O € Kpg Coupling log;g A0 HSWP Piwy —-136
L/ copt 7 —
1 2P 14 HS“¥ P o4
H Ps ~106 QTSx H2P —62
M P —106 275 H2P2PT2 126
e Ppépi2 ~106 SxYe Pt —46
et 2 pa _ Sexpef H>P —62
0°Q H*P 106 g 6 pi2
0°5 H2P3pi2 —122 SEY PP 110
0cpe P —90 Sezget H2P3pT? -126
o H2P* -106
QCTSC P61_)+3 —122
octpe H2 p4 —106 TABLE IX. Sizes of masses (left) and coupling constants for
Qe get pP7pt2 —-122 dimension-4 and -5 operators which can be relevant to proton
00! H2p* ~106 decay (right) in the RPV model.
X7 2 p4 pt —
g;_ 7_;) 6}; f; B }32 Operator O Mass_m@ log,p mo
o'y ps ~106 H? PP 2
ﬂH Wo 5
Operator O € Kpg Coupling log;o AO 7Q-{js‘<? P;)’;VZV() —22
QTlilT P7w0 —-116 Q“PC P 10
S'c S¢ H2 P4 —106 Svc Se wo 5
cogse 2 p3 pt2 _ _ _
s HOPP 22 gege PP? 6
Seget P8W0 -132 sepe pp3 —14
sege H*P3P? -106 X2 Wo 5
Seget POpT3 —-122 2 po ~30
X? H2P* —-106 5 W 5
>? P3p73 =74 52 4 P2
- - 106 g PP =30
— wr - ov P2p3 ~22
vy PSPt -122 g =
pepe P 10
pyi H2 P —-106 _
PPt H2p* ~106 Sesex 1 16
Pyt Pop 90 sz ! 16
\Pc\i;c P7 —90 N 2:: 1_2 16
\Pc\PcT H2P4 —-106 HQCS 512 —8
lilcliﬂ‘f H2P4 —106 7:(S lP P _P Wo =37
et PTp?2 —12 O P, _55;
HOS H2P3 P2 ~126 HCSS:I); PP o
HSW pP7pi2 —126 Qc i PI; wo _21
2Pt 2 p3 Pt -110 Q5% Pw, -
el 5 Sexpe PP?w, -2l
HQOS¢ P'wy —-120 e R
i/ qe 2 p3 pi2 - SeEPe P wy —21
HSY ‘H*P°P 126 el 52
S pSpi3 110 AW PP 16
c Qe 6 DT3 _ HS“P PPWO —-13
Q°S°E PP 126 o .
cQey 3 SCEWe P Wy -29
QST P =30 o - 20
sz POpT3 —126 S PPwo -
Sexypet P8 -110
gespe p3 ~30 Operator O Ao Or Kp logio o, Ko
Sci\ich HZ —46 Q2 QL'SC P —-10
HQ'S* H*P*P -126 Qc3s¢ Pw -39

(Table continued)
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TABLE IX. (Continued)

TABLE IX. (Continued)

Operator O Ap or Ko logip Ao, kKo Operator O Ap or Ko logio Ao, ko
o* Hwy —63 Q°28°ype P3w, -39
Qc4 P4P2 —66 QZSV(,‘E\PC P7 -76
oz¥ PO —48 Q°25cxye PP? —44
orY wo -13 025pe Hw, —47
oY Pwy -63 Q°25epe PP3w, —47
00°°Y wo -31 Q?SeTye P?wy —-49
QQ°sY PP?w, -39 Q255 P3P -52
0052y H>Pw, -73 os P, s
QQ°5Y PP -18 0% Wo -13
QO°SEY H? —52 Q?Q°S5°E P’ ~76
Qe wo 13 Q5L PP —44
QLY PP —48 0% PP3w, —45
0*Q°¥e PPw, —63 Q% P*p? —438
0*S°¥° P -10 02Q°5°S Pw, —41
QCS\PC P4p? —66 Qc3 K P3 —44

(Table continued)

larger than 10720 only for the tree-level PQ breaking
effects. The exotic mass terms, masses not included in
Wps, Wpq nor RPV superpotential in Eq. (61), are less than
10713 GeV which are negligible. The cubic and quartic
operators for RPV and proton decay are suppressed as
Ao 10718 kp < 10731 GeV~! except the couplings in

Eq. (61). Most of the operators satisfy the sufficient con-
ditions for proton stability as discussed in Sec. Il E and the
other operators shown in Eq. (61) will not induce too fast
proton decay as discussed in Sec. III B. Therefore the proton
will not be destabilized by these couplings.
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