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We present a complete model whose low energy effective theory is the R-parity violating next-to-
minimal supersymmetric standard model with a baryon number violating i d d vertex of the minimal
flavor violation supersymmetry (MFV SUSY) form, leading to prompt lightest superpartner decay and
evading the ever stronger LHC bounds on low-scale R-parity conserving supersymmetry. MFV flavor
structure is enforced by gauging an SU(3) flavor symmetry at high energies. After the flavor group is
spontaneously broken, mass mixing between the standard model fields and heavy vectorlike quarks and
leptons induces hierarchical Yukawa couplings that depend on the mixing angles. The same mechanism
generates the i d d coupling, explaining its shared structure. A discrete R-symmetry is imposed, which
forbids all other dangerous lepton and baryon-number violating operators (including Planck-suppressed
operators) and simultaneously solves the u problem. While flavor constraints require the flavor gauge

bosons to be outside of the reach of the LHC, the vectorlike top partners could lie below 1 TeV.
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I. INTRODUCTION

Supersymmetry (SUSY) broken at the tera-electron volt
(TeV) scale has long been considered the leading candidate
for a solution to the hierarchy problem of the Standard
Model (SM). However, the first two years of LHC data do
not contain any hints of the traditional signals of SUSY [1],
pushing the superpartner mass scale to uncomfortably high
values in the simplest implementations of the theory, too
high to solve the hierarchy problem without introducing
other tunings. The recent discovery [2] of the Higgs boson
at around 126 GeV puts additional pressure on minimal
SUSY: it is quite difficult to achieve such a heavy Higgs
mass within the simplest models without tuning [3]. If low-
scale SUSY is nonetheless realized in nature, it is likely
that one or more additional ingredients beyond the minimal
version are present.

There are several known ways to avoid the direct super-
partner searches, including raising the mass of the first two
generation squarks and the gluino [4,5] (“‘natural SUSY”),
a compressed or stealthy spectrum [6], an R-symmetric
theory with Dirac gaugino masses [7], and R-parity viola-
tion [8,9]. Similarly, the Higgs mass can be raised by
extending the theory to the next-to-minimal supersymmet-
ric standard model (NMSSM), possibly by making the
Higgs and the singlet composite [10], or by strengthening
the Higgs quartic interaction by introducing additional
gauge interactions [11]. In this paper we focus on the
scenario where the lightest superpartner (LSP) decays
promptly via an R-parity violating (RPV) vertex, evading
the bounds from direct superpartner searches. We then
introduce an NMSSM singlet to raise the Higgs mass to
the required 126 GeV value.
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It has long been known that RPV [12] (see also [13]) can
significantly change the collider phenomenology of SUSY
models without leading to excessive baryon (B) and lepton
(L) number violation (for a review see [14]). This is most
easily accomplished in models where either B or L is
conserved to a very good approximation, since the most
stringent constraints on these couplings arise from the
nonobservation of proton decay, which generally requires
both B and L to be violated. The remaining couplings are
subject to the relatively weaker constraints on processes
that only violate B or L individually, and can be large
enough to have a substantial impact on collider signatures.
A particularly interesting possibility is when the LSP is a
third generation (stop or sbottom) squark, decaying via the
RPV operator iidd as i — b5 or b — 75, which is very
difficult to disentangle from the vast amount of QCD
background at the LHC [8,15]." (For a recent attempt to
distinguish these jets from the QCD background see [17].)

One of the principle objections to RPV models is aes-
thetic in nature: one needs to introduce a large number of
additional small parameters, which, while technically natu-
ral, is usually not very appealing. One possible simplifying
assumption is to employ the hypothesis of minimal flavor
violation (MFV) [18]. In MFV models the only sources of
flavor violation are the SM Yukawa couplings. If one
applies this hypothesis [8,19] to the SUSY SM, one obtains
a robust prediction [8] for the baryon-number violating
RPV couplings: they will be related to the ordinary
Yukawa couplings. Thus the baryon number violating
(BNV) couplings for third generation quarks will be the
largest, while those involving only light generations will be
very strongly suppressed. The resulting simple model

"However, the gluino must be relatively heavy even in models
with RPYV, as decays to same sign tops will put a lower bound of
order 700 GeV on the gluino mass; see for example [16].
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evades most direct LHC bounds while preserving natural-
ness of the Higgs mass, whereas the 126 GeV Higgs mass
can be achieved by extending the model to the NMSSM.

However, MFV is only a spurion counting prescription,
rather than a full-blown effective theory. It does not fix the
overall coefficients of the RPV terms, and does not even fix
the relative coefficients of the BNV and lepton number
violating (LNV) operators. Moreover, it is not obvious
a priori that a complete theory can be formulated that
produces MFV SUSY as its low-energy effective theory
and ensures that LNV operators are sufficiently suppressed
to avoid proton decay. The aim of this paper is to present a
complete model that produces Yukawa-suppressed RPV
terms in the low-energy effective theory. Since we want to
explain the MFV structure of the entire effective Lagrangian,
we will have to incorporate a full-fledged theory of flavor
into the model. We assume that the flavor hierarchy arises
due to (small) mixing with heavy vectorlike quarks and
leptons. Upon integrating out these heavy fields, we obtain
the SM flavor hierarchy as well as the Yukawa suppressed
RPV terms. To ensure that only the operators compatible
with MFV are generated, we will gauge an SU(3) subgroup
of the SU(3)° spurious flavor symmetry of the standard
model and impose a discrete symmetry to forbid other
dangerous baryon and lepton number violating operators.

The paper is organized as follows: in Sec. II we first
review how to obtain flavor hierarchies from mixing with
heavy flavors. We then describe an anomaly-free gauged
SU(3) flavor symmetry that incorporates the heavy flavors,
together with the flavor Higgs sector needed to spontane-
ously break this symmetry and introduce the required mass
mixings to generate the SM Yukawa couplings. In Sec. III
we analyze all gauge-invariant operators that can lead to
excessive baryon and lepton number violation, deriving
experimental constraints on their couplings to determine
which operators must be forbidden by a discrete symmetry.
In Sec. IV we present an anomaly-free discrete symmetry
that forbids all problematic operators and describe the
allowed flavor Higgs potential, completing the model. In
Sec. V we consider the structure of the induced soft SUSY
breaking terms and comment on the possibility that the
third generation of heavy vectorlike quarks could be within
the range of the LHC. We conclude in Sec. VI, presenting
the details of our choice of a suitable anomaly-free discrete
symmetry in the Appendix.

II. THE BUILDING BLOCKS OF THE
UV COMPLETED MFV SUSY

The MFV SUSY scenario, outlined in [8], is an R-parity
violating variant of the minimal supersymmetric standard
model (MSSM), with the superpotential

W = uH,H, + qY,aH, + qY,dH, + £Y,eH,

4 S WD) Y ) @.1)
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and soft terms with a MFV structure. The Yukawa cou-
plings, Y,, Y, and Y,, are holomorphic spurions charged
under the SU(3), X SU(3); X SU(3); X SU(3), X SU(3);
flavor symmetry. Unlike ordinary R-parity conserving MFV,
MFV SUSY imposes relations between different superpo-
tential couplings, and there is no renormalization group
(RG) mechanism for generating these relations, since the
superpotential is not renormalized. Thus, to explain the form
of the superpotential beyond the level of a spurion analysis,
it is necessary to embed MFV SUSY within a high-scale
model that naturally generates this flavor structure.

Another reason that MFV SUSY requires a UV com-
pletion is that, while the superpotential (2.1) is technically
natural, it is not safe from Planck-suppressed corrections.
For instance, the operator M%ﬂq% may be generated by
gravitational effects, whereas without an MFV structure
this operator leads to rapid proton decay, as we show in
Sec. IIIB. Since global and/or spurious symmetries are
generically broken by gravitational effects, to forbid this
kind of operator we will ultimately require some additional
gauge symmetry.

A. Yukawa hierarchies from mixing with heavy matter

One possibility would be to try to promote the entire
(semisimple) SM flavor symmetry SU(3), X SU@3); X
SU(3); X SU(3), X SU(3); to a gauge symmetry, with
the Yukawa couplings arising as vacuum expectation val-
ues (vevs) of superfields. However, in this case, the super-
potential becomes nonrenormalizable, and in particular,
the term

1 _

W= Kq(DuuHu (2.2)
requires @, to get a vev of the same order as the cutoff, due
to the O(1) top Yukawa coupling. The resulting effective
field theory will necessarily have a low cutoff and will need
its own UV completion. This suggests that we must in-
troduce additional massive matter fields, which generate
the Yukawa couplings upon being integrated out. If the
BNV couplings are generated along with the ordinary
Yukawa couplings upon integrating out the heavy fields,
then this explains their related structure.

As an example consider a quark sector consisting of the
usual light quarks ¢, @i, d together with three pairs of
vectorlike right-handed up and down quarks U, U and D,
D, where U and D share the same SM quantum numbers as
it and d, respectively. We assume the superpotential

_ _ 1 _ o _
W = \qUH, + A\gDH, + 5 Ao, UD D +UM,U

+ DMy D + Uu,ii + Duyd, (2.3)

where A, ; and A, are flavor-universal parameters while
M, and pu,, are in general 3 X 3 mass matrices. For
M > u, the low-energy effective theory will contain
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small effective Yukawa couplings for the chiral fields and
an effective it d d BNV operator due to the mixing between
i and U and between d and D. At tree level, one can
integrate out the heavy fields using the U and D F-term

conditions:

U= _M;llu’ub_" D= _Mglﬂdd_) (24)
leading to the MFV SUSY superpotential (2.1) with

w" = Apny/(A,A%) and the Yukawa couplings

Y, =AY, A+ YY) Y, =M, (25)

for x = u, d.* This expression is readily understood by
diagonalizing Y. Each eigenvalue3 o; of Y, corresponds
to the tangent of the corresponding mixing angle between
the SM field ii or d and the vectorlike partner U or D. Since
U and D couple directly to the Higgs with universal
coupling A, ,, a small eigenvalue o; < 1 of Y, corre-
sponds to a small Yukawa coupling A, o;, whereas a large
eigenvalue o; > 1 of Y, corresponds to a maximal
Yukawa coupling A,, with a smooth transition between
the two behaviors around o; ~ O(1).

We see that hierarchical Yukawa couplings can arise if
the mass matrices M and/or w have hierarchical eigenval-
ues, whereas w' is order one so long as the flavor universal
couplings A, ,; and Ay, are also order one. While other
choices are possible, for the remainder of this paper we will
assume for simplicity that w,, are flavor-universal
parameters, so that all the flavor structure is generated by
M, 4. This choice is motivated by the possibility of
observable collider signatures, as it allows the vectorlike
third-generation partners to be relatively light, since the
mass matrix for the vectorlike generations takes the form

M2 = M M! + popd = |w APV YT (26)
where the second equality follows in the case that u, is
flavor universal.

If A,q=1, then M > u will generate only small
Yukawa couplings. To accommodate the O(1) top
Yukawa coupling, one eigenvalue of M ,,, which we denote
,’Mff), should be smaller than w,,. In this case one integrates
out the fields U® and #® at the scale u, and U® will
remain in the spectrum with a Yukawa coupling of order
A, as discussed above. The mass scales in (2.3) implied
by the observed Yukawa couplings are schematically
illustrated in Fig. 1 for the case A, , ~tan 8 ~ 1.

A similar construction for the lepton sector (with SM
fields denoted by €, €) has several possible variants, yield-
ing somewhat different expressions for the neutrino
masses. One possibility involves a set of three heavy

’The factor in parentheses arises upon canonically normalizing
the Kéhler potential after integrating out the heavy fields.
*More precisely singular value.
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FIG. 1. A schematic illustration of the relative scales of
the eigenvalues of M vs w for down-type (left) and up-type
(right) quarks for A, ; ~tan 8 ~ 1. When u > M, the Yukawa
coupling will be unsuppressed, while all other Yukawas are
suppressed by a factor of u/M.

vectorlike right-handed (RH) charged leptons E, E and
three RH neutrinos N with the superpotential

i} } I
W = ALEH, + A CNH, + EM.E + NM,N

+ Eu,e 2.7

which after integrating out the heavy fields yields just the
SM Yukawa terms
1
Weff = €YeéHd - EA%(gHu)M;l(eHu): (28)
with Y, given by (2.5).
Another possibility is to instead introduce three heavy

lepton doublets L, L along with three RH neutrinos 7i and
the superpotential

| _
W= A\LeH; + A, LiH, + L'M/,L + EﬁIM,,ﬁ + u,L,
(2.9)
which gives rise to the effective superpotential

1 A2
Weff = gYeéHd - 5 /\—;(gHu)YeM;IYZ(KHu) (210)

after integrating out the heavy fields, where now

Ye = )le(l + Y{Y;)_I/ZY% Yf = _,U/g:]vle_l.
2.11)

A third possibility, resulting in Dirac neutrino masses, is
to introduce light RH neutrinos 7 together with vectorlike
pairs or RH charged leptons E, E and neutrinos N, N. We
then impose lepton number conservation, or (more mini-
mally) a Z; symmetry taking {€, E, N} — w3{{, E, N} and
{¢, E i, N} > w3 e, E, i, N} where w; = ¢>™/k. The
resulting model is closely analogous to the quark sector
described above with the Z5 symmetry analogous to the Z;
center of SU(3) (but without an analogue for UD D).
Because of this analogy, we omit further details.
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B. Gauged flavor symmetries

There are two important features of the quark super-
potential (2.3) that remain to be explained. First, we must
explain why the couplings A, ; and A, are flavor univer-
sal, as this is needed to obtain the MFV SUSY super-
potential after integrating out the heavy fields. Moreover,
we must also explain the absence of other flavor universal
couplings, such as #idd and €€e, which lead to unsup-
pressed baryon and/or lepton number violation. Phrased
differently, we have both a “flavor problem” (explaining
the flavor structure of certain couplings) and a problem of
accidental symmetries (explaining the absence of certain
couplings). These problems are related to but not synony-
mous with the usual problems of flavor and baryon/lepton
number violation in the MSSM.

In this subsection, we focus on the first of these two
problems, returning to the second issue later on. A crucial
observation is that all the marginal couplings are flavor
universal. This suggests the presence of a spontaneously
broken flavor symmetry, where the nontrivial flavor struc-
ture of the mass terms descends from a marginal coupling
to a flavor-Higgs superfield. Nonuniversal contributions
to marginal couplings can still descend from non-
renormalizable couplings to the flavor-Higgs field, but
these are suppressed by vy/A, where vy is the scale of
flavor symmetry breaking and A is the cutoff of the flavor-
symmetric theory.

wTo avoid dangerous Goldstone modes (‘“‘familons’)
from the breaking of the flavor symmetry G—and also to
protect G from gravitational effects—we choose to gauge
it. We must therefore cancel the additional gauge anoma-
lies G?U(1)y and G3. While the former anomaly can be
cancelled by introducing additional *“exotic”” hypercharged
matter, such fields are hard to remove from the low-energy
spectrum and also hard to eventually embed into a grand
unified theory (GUT). We therefore wish to avoid introduc-
ing such exotic matter. It is surprisingly easy to achieve this
if only a diagonal subgroup is gauged. A further benefit of
introducing the minimum amount of additional gauge
symmetries is the ability to write down a relatively simple
yet suitable rich Higgs potential for the flavor sector, as we
explore in Secs. II C and IV. The simplest possibility is to
gauge a diagonal SU(3), for quark flavor and a diagonal
SU(3),, for lepton flavor. Once this is achieved, it is easy to
take a single diagonal anomaly-free SU(3); subgroup of
the two to further simplify the model.

Examining the marginal couplings in (2.3), we conclude
that ¢, U, and D transform under a common SU(3),
symmetry in the [J, (J and [J representations, respectively.
If we also require the couplings u,, 4 to be flavor universal,
then we conclude that i, d and U, D occupy conjugate
representations, whereas U, D and U, D must occupy the
same representation; otherwise M, ; would also be flavor
universal. Applying the same considerations in the lepton
sector leads to the charge table

PHYSICAL REVIEW D 88, 055023 (2013)

SU@B)c SUR), U()y SUB), SU@),
q O O 1/6 O 1
it O 1 -2/3 O 1
d [m] 1 1/3 O 1
¢ 1 O -1/2 1 O
e 1 1 1 1 O
U O 1 -2/3 O 1 (2.12)
u 0O 1 2/3 [m] 1
D [m] 1 1/3 O 1
D O 1 -1/3 [m] 1
E 1 1 1 1 [m]
E 1 1 -1 1 [m]
N 1 1 0 1 [m]

Remarkably, all anomalies vanish, so there is no need to
introduce exotic matter.

A variant of the lepton sector (also anomaly-free) with
vectorlike left-handed lepton doublets can be obtained by
replacing the last three rows of the above table with

SUB)e SUQR), U(l)y, SUB), SUQ),
i 1 O 1/2 1 0 o
L 1 o -1/2 1 0
i1 1 0 1 O

A second variant of the lepton sector can be used if one
wishes to obtain Dirac neutrino masses. In this case the
lepton sector would contain the fields

SU@2), U(l)y SU@), Z;
¢ O -1/2 O w3
e 1 1 O (u;l
il 1 0 O w3!
E 1 1 O ;! (2.14)
E 1 -1 O w;
N 1 0 O w;l
N 1 0 [m] w3

Here 75 is a subgroup of the lepton number that can be
gauged to forbid Majorana neutrino masses as well as the
most dangerous lepton number violating operators. Note
that all anomalies [including the discrete anomalies
SU(2)*Z5, SU(3)? Z5 and (grav)>Z5] cancel.

Having chosen one of these simple anomaly-free spec-
tra, there are two different straightforward embeddings of
SU(3)r C SU(3), X SU(3),: in one case all SM fields are
SU(3) fundamentals (the “standard embedding”), and in
the other case the SM leptons are fundamentals while the
quarks are antifundamentals (the “flipped embedding’’).
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The standard embedding, which we focus on, could
potentially arise in a GUT-like theory, since all SM matter
fields have the same flavor quantum numbers. However, we
will not pursue complete GUT-like models in this paper,
leaving this for future works [20].

C. The flavor Higgs sector and flavor-changing
neutral currents

Given the matter content outlined above we still need to
specify a flavor Higgs (flavon) sector that is capable of
completely breaking the flavor symmetry and producing
the superpotential of (2.3) and (2.7). To produce the large
masses for the U, U and D, D heavy quarks we require
flavor Higgs fields @, , in the 6 (symmetric) representation
of the SU(3),, flavor symmetry. Since the anomalies of the
matter fields all cancel, we assume that the flavor Higgs
sector is vectorlike, implying the existence of fields CIDM’ 41n
the 6 representation of SU(3),, as well. We likewise require
Higgs fields in the 6 and 6 representations of SU(3), to
give masses to the heavy vectorlike leptons and to generate
a Majorana mass for the right-handed neutrinos. We label
these fields as @, ¢, or @e’“ depending on whether they
occupy a 6 or 6 of SU(3), and on which SM fields they give
a mass to. Finally, it is convenient (though not strictly
necessary) to replace the parameters w, 4, With singlet
Higgs fields ¢, 4. ¢ These fields will become charged
fields when we later introduce discrete symmetries, and
thus will also require vectorlike partners (Z)M,d’e,(.

The flavor Higgs sector is then given by

SUB)e SUB)L

q)u,d 11
1
1

®, (2.15)

1
]
¢71,,d,(3 1

for the case with vectorlike RH leptons E, E, where
we only show those Higgs fields required to give masses
to the matter fields (and not their vectorlike partners). The
superpotential is now

W = A,qUH, + A\y;gDH,; + A\, {NH, + A LEH,
+ AUDD+M\,SH,H; + A\,S® + O ,UU
+ ®,DD + ®,EE + ®,N?> + ¢,Uii

+ ¢,Dd + ¢, Eeé, (2.16)

where we introduce one or more NMSSM singlet fields S. The
case with vectorlike lepton doublets L, L is quite similar,
except that &, generates the neutrino Majorana mass rather
than ®,, due to the difference in SU(3); representations,

W = /\quHu + )\qu_Hd + /\nLﬁHu + )leLéHd
+A,UDD+)\,SH,H;+ \,S*+ ®,UU+ ®,DD
+®LL+ P+ ¢, Ui+ ¢py,Dd+ Ll (2.17)
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We assume the presence of a Higgs potential that fixes
all the moduli supersymmetrically and generates the
required hierarchical Yukawa couplings. It is beyond the
scope of this work to construct an explicit potential that
does all of these things, but we can still impose minimum
consistency requirements. To avoid pseudo-Goldstone
bosons, we require a Higgs superpotential whose continu-
ous symmetry group is precisely the (complexified) flavor
gauge symmetry and no larger, and whose F-term condi-
tions do not trivially set the vevs to zero. For instance, in
the case of a single 6 & 6 pair ®, ®, the following potential
meets all of these minimum requirements:

W =MPD + A3 + AP°, (2.18)
Although one can show that this potential generates no
hierarchies, it should be possible to generate hierarchies
from the analogous but richer potential arising from mul-
tiple 6 ® 6 pairs. However, we will not attempt to do so
explicitly in this work.

The absence of flavor-changing neutral currents
(FCNCs) beyond those predicted by the SM sets a lower
bound on the scale at which the SU(3), is Higgsed. In
particular, the massive flavor gauge bosons generate the
effective Kéhler potential

Ko ~ g M1, (¢ )@ TPd) + -+, (2.19)
where T denotes an SU(3) generator, g the flavor gauge
coupling, and Mib the squared mass matrix for the flavor
gauge bosons. Since we have only gauged a diagonal
subgroup of the SU(3)? MFV flavor symmetry, this opera-
tor contributes directly to K-K mixing even if M2, is
SU(3)p invariant. Thus, we can only suppress FCNCs by
raising the flavor Higgsing scale M /gy ~ (®).

Specifically, generic constraints on CP violating K-K
mixing require the new physics scale to exceed approxi-
mately 5 X 10° TeV, whereas generic constraints on CP
conserving K-K mixing require the new physics scale to
exceed approximately 3 X 10* TeV [21]. To avoid these
constraints we conservatively require the flavor gauge
bosons that interact with the down quark to be Higgsed
at a scale 10° TeV or higher, preventing excessive contri-
butions to either K-K or B-B mixing. This can be accom-
plished by taking the greatest eigenvalue of (P7")—
necessarily flavor aligned with the down quark—to be at
least 10° TeV. While B,-B; and (due to Cabibbo-
Kobayashi-Maskawa mixing) D-D mixings can be medi-
ated by other flavor gauge bosons, the constraints on these
processes are much weaker, requiring a new physics scale
of at least 6 X 10> TeV for B,-B, mixing and at least
6 X 103 TeV for D-D mixing. The relatively small hier-
archy between the down and strange quark masses ensures
that the next largest eigenvalue of (®”") be not less than
10* TeV, easily satisfying these constraints.

Alternately, we can accommodate a much smaller (® ;)
vev if SU(3) is completely broken at 10° TeV or higher by
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anarchic neutrino masses (®,,) or by another flavor-Higgs
field. However, if (®,) is the dominant source of SU(3)x
breaking, its largest eigenvalue must be substantially
higher than this, due to the CKM misalignment between
the up and down quarks. Because of this misalignment,
certain dangerous flavor gauge bosons contributing to K-K
mixing will only receive a mass at the scale of the second
largest eigenvalue of (®,). Because of the large hierarchy
between the charm quark and the up quark, this implies that
the largest (®,) eigenvalue be at least 10® TeV in this
situation.

Because of this and the large hierarchy between the up
and top quarks, an LHC accessible up-type i, U; vector-
like pair is somewhat better motivated than the down-type
equivalent in this scenario, though either can be achieved
in certain limits.

In principle the massive flavor-Higgs fields ®, ®
and ¢, ¢ can also contribute to FCNCs as well as the
flavor gauge bosons. However, since their interactions
invariably involve vectorlike partners (such as U and D)
with negligible overlap with the light quarks, such con-
tributions are at least loop suppressed, if not more.
Furthermore, the masses of the uneaten Higgs fields
are a priori unrelated to the Higgsing scale* and can in
principle be made as heavy as necessary by choosing an
appropriate Higgs potential. As such, we omit further
discussion of this issue.

III. DANGEROUS LEPTON AND
BARYON-NUMBER VIOLATING OPERATORS

The final missing component of our model is an expla-
nation for the absence of dangerous superpotential terms
that lead to excessive LNV or BNV. For instance, in addi-
tion to the desired U D D superpotential operator, SU(3)
flavor gauge invariance also allows the dangerous opera-
tors it d d and €€&, which lead to unsuppressed BNV and
LNV, respectively. Dangerous LNV can also be generated
by higher-dimensional Planck-suppressed operators, such
as %(I)ME or %(I)Lfé, and both LNV and BNV can be
generated upon integrating out the heavy flavors, such as
via the operators NUU and UDD.

Our approach is to introduce a discrete gauge symmetry
(see e.g. [22-24]), analogous to R-parity in the R-parity
conserving MSSM, to forbid all problematic operators.
Unlike its analogue, this discrete gauge symmetry is nec-
essarily broken by the flavor Higgs fields, so there is no
remnant in the low energy theory.

“Since we have employed the super-Higgs mechanism, there is
one notable exception: the superpartners of the eaten Goldstone
bosons acquire the same mass as the gauge bosons, since they
complete the massive vector multiplet (along with the gaugino).
However, we assume that any additional flavor violating effects
due to the exchange of these fields are not much larger than those
already captured by (2.19).
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In this section, we aim to catalog the most dangerous
operators in the high energy theory (both renormalizable
and Planck suppressed), which must be forbidden by this
discrete symmetry. We do not attempt an exhaustive clas-
sification of all possible dangerous operators, since this list
will depend on the flavor scale, superpartner masses, tan 3,
and other details of the theory. Rather, we will list those
operators that are obviously problematic, and which we
will insist are forbidden by the discrete symmetry. Later,
once we have chosen a discrete symmetry, we perform a
more exhaustive search for LNV and BNV corrections.

A. BNV operators

We begin by discussing operators that violate the baryon
number only. The principle constraint on these operators is
that they not induce too-rapid dinucleon decay.” For
instance, if the low energy effective BNV operator is
iidd, then applying the arguments of Sec. 4.2 of [8] for
a A" coupling with generic flavor structure, we see that if

)\g.k =< 107% forall i, j, k, (3.1)
then dinucleon decay is sufficiently suppressed, where
the exact bound depends somewhat on the superpartner
masses and other details. While the bound actually applies
to the A/, coupling, other couplings will be less strongly
constrained, as will higher-dimensional BNV effective
operators.

Any Planck-suppressed operator in the high energy the-
ory is necessarily suppressed by at least (®)/M, ~ 1071
if we assume a flavor scale of 10° TeV in compliance with
FCNC constraints, as discussed above. Thus, Planck-
suppressed operators that violate only the baryon number
are not dangerous, whereas the only possible renormaliz-
able BNV operators are

ISH]
+
=
)
)

Wgny = UDD +iid (3.2)
The first of these operators leads to the MFV SUSY super-
potential, as we have already shown, whereas the second
leads to unsuppressed BNV in the low energy theory and
must be forbidden by the discrete symmetry. To determine
the effect of the third operator, we must integrate out the
heavy vectorlike fields. Doing so in (2.3), we obtain

vyl
A2

1 , YY) _
+—w'[ 41 = ==Y, [(Y,d)? .
2/‘LL¢W [ |AM|2 u]( d ) ' (3 3)

°As in [8], bounds on n-i oscillation typically provide a
subleading constraint.

1
U——(qH 1 Y,
Moy
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and an analogous expression for D. Thus, UDD generates
the effective operator®

1 Y, Y
UDD — > (qHu)Jl — Y,
Hulg | Al
vyt |
X |:(qu) I; Igyd] e, (34

where the omitted terms conserve the baryon number
and/or are subleading. Thus, we obtain a BNV operator
with a pseudo MFV SUSY structure, though not strictly
MFV.” Because of this structure and the (v,/u,)(v,/ my)?
suppression, this operator should not induce excessive
dinucleon decay.
Thus, of all possible BNV operators in the high energy
theory, we find that only one operator need be forbidden,
W) — ida. (3.5)
While other non-MFV operators (if present) could still
contribute to proton decay in the presence of lepton num-
ber violation, this is a model-dependent question that we
defer until we present a complete model in Sec. IV.

B. Low energy constraints on LNV operators

We now discuss operators that violate the lepton number,
including both baryon number conserving and violating
variants. These operators can be generated in three possible
ways. They can be either directly generated in the high
energy theory, induced by vevs of the flavor Higgs fields,
or generated upon integrating out the vectorlike flavors. In
either of the first two cases, the resulting effective operators
are either renormalizable or Planck suppressed, whereas the
last mechanism will generate higher-dimensional operators
with a lower cutoff. For the first two cases, it is expedient to
classify all possible dangerous LNV corrections to the low
energy effective theory that are either renormalizable or
Planck suppressed and derive experimental bounds on these
operators. These bounds can then be used to constrain the
high-energy theory. We now present such a classification,
returning to the question of LNV induced by integrating out
the vectorlike flavors later.

SStrictly speaking, introducing UDD will modify (3.3), but
these modifications only generate very high dimensional correc-
tions and/or affect the numerical prefactors of the low energy
effectlve operators, and can therefore be ignored.

"Because of the presence of non-MFV terms in the super-
potential, we must take the more general ansatz Y, =
diag(yw Yer yt)vu and Yd = VCKMdiag(yd’ Vs> yb)vd’ where Vu
and V, are in-principle arbitrary unitary matrices that can no
longer be rotated away due to the reduced SU@3)r C SU(3), X
SU(3)M X SU(3); invariance; the combination V, V} then ap-
pears in (3.4).
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Assuming that the right-handed neutrinos are heavy, and
therefore absent from the low energy effective theory, we
find the following potentially dangerous corrections to the
MFV SUSY effective superpotential®:

- A
WéﬁNV) = ulH, + AMte + Ngld + X PeY;

N/ Y
%queHd—i-/\Kﬁﬁde 3.6)
where dimension-six operators are sufficiently suppressed
to avoid too-rapid proton decay.

We now discuss the experimental constraints on these
couplings from the nonobservation of proton decay. We
will assume that it d d has the MFV SUSY form (2.1) to
leading order along with MFV soft terms, whereas we take
the lepton-number violating couplings to have a generic
(non-MFV) flavor structure.

Bounds on bilinear LNV were discussed in detail in [8],
which in the present context give39

<4 x 1071428 (
e tan>

my q 2
3.7
100 GeV)(lOO GeV) 3.7)
from the process shown in Fig. 2(a), where w' is the MFV
SUSY BNV parameter from (2.1).
The leading nucleon decay diagram induced by A’ is
shown in Fig. 2(b). We estimate the width as

mﬂ( ny Ll (A)ztanzﬁ)z, (3.8)

my mq

Iﬂn—*KJrf’

which leads to the bound

WA <8 X 10719 (3.9)

1 m;
tan’ <100 GeV)
for A ~ 250 GeV using the 5.7 X 103! yrs experimental
lower bound on the n — K" u~ partial lifetime [25].
Similar considerations apply to the A’ coupling upon
inserting the H, vev, giving the bound

w’ X < 0.05

liooee) (e} 00
tan 8 \100 GeV/ \10!° GeV/ '

The leading contribution to nucleon decay induced by A
comes from the loop diagram shown in Fig. 3(a) [26],
which gives a neutrino/neutralino mass mixing of order

mT
1672

Applying the bilinear LNV constraints from [8], we obtain
the bound

Am g ~ A @3.11)

8We omit the NMSSM singlet S and the gauge invariant
combination H,H, in favor of their vevs, as this simplification
w111 not affect the resultmg bounds.

The bound given in [8] constrains the corresponding B-term,
and consequently has a slightly different tan 8 dependence.
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u u

K+
dr SR

=
:?Jt

g" 1
X X

=3
h

ur,

(a)

FIG. 2.
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U U
K+
dp SR
— -
o
n trY
X
o
|
dp
eryHy,

(b)

(a) The leading contribution to proton decay p — K* ¥ constraining the bilinear RPV term & from [8]. (b) The leading

contribution to neutron decay yielding the strongest bound on the A’ vertex.

1 mg g 2
< 6x10710 ( N )( 1 ) 3.12
v an?3\100 Gev)\100 Gev) - 12

However, the loop diagram vanishes if A;;; = 0 for all i, j,
(e.g. for A;j o €;;;) if moreover the slepton masses are
aligned with the charged lepton masses. In this case, the
leading contribution to nucleon decay comes from the
diagram shown in Fig. 3(b). The width for the four-body
decay is approximately

| 277"12;3 (/\W// lVfdl”;dms (A)z tanzﬂz)z.
(167%) m; mg) mym?
(3.13)

While there is no direct bound on this decay mode, we

assume a baseline sensitivity of at least 10°° yrs (which is

similar to the bound on neutron disappearance [27]). We
then obtain the bound

TR
-
N\
v / \

>,

FIG. 3.

are aligned with the lepton masses.

w'A=13X1077

=500 o) i Gev).
tan2B \100 GeV/\100 GeV
(i cev)
100 GeV/ "’
for this special case.
The R-parity even couplings A and A” lead directly to

proton decay independent of the BNV w” coupling. For A
the dominant diagram is shown in Fig. 4(a), with the width

(3.14)

m AA? 2
r,_ +-~—’7(7), 3.15
Pk g 1672 Amgyg, (3.15)
which gives the bound
- m A
A=4x 10*8( Soft )( ) 3.16
100 GeV/\10" GeV (3.16)

For A” there is more flavor suppression [see Fig. 4(b)], and
we obtain the weaker bound

u u
K+
dp —a— p—— SR
~ 1
tRY
X N Crs IR
A b
dr c ¢ N\ 7
v

(a) Loop diagrams contributing to » — N mixing using the A vertex. Bounds will be obtained by including this mixing inside
the diagram in Fig. 2(b). (b) The leading contribution to neutron decay using the A vertex if A

;jj = Ofor all i, j and the slepton masses
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u

ur,

dr

PHYSICAL REVIEW D 88, 055023 (2013)

u

UR

dr

FIG. 4. The leading contributions to proton decay from the higher dimensional R-parity even couplings (a) A and (b) A”.

X "N < 10—4

(N o
tan 8 \100 GeV/\10"° GeV/ )

We summarize the results of this section in Table 1.

C. Directly induced lepton number violation

Based on the above constraints on corrections to the low
energy theory, we now search for LNV operators in the
high energy theory that can violate these constraints. In this
subsection, we focus on operators that directly induce
lepton number violation in the low energy theory, deferring
consideration of LNV operators containing the heavy fields
U, D, E, N or i1, L to the next section.

To select operators that are potentially relevant, we
consider the reference point tan 8= 10, my; = 300 GeV
and w” ~ 1, with (®), (®) ~ 10° TeV and {(¢) < 10° TeV
in accordance with the Yukawa hierarchies. We then con-
sider all possible gauge invariant operators that can gen-
erate the operators in (3.6) upon inserting the flavor Higgs
vevs, accounting for the flavor structure induced by the
mass mixings and retaining all operators that violate the
experimental constraints for an order one coefficient and a
cutoff of 10" GeV. Since (¢)/A ~ 10719, dimension six

operators are sufficiently suppressed except in the case of
the €H,, coupling, and we can otherwise restrict our atten-
tion to dimension four and five operators.

The resulting list of dangerous gauge-invariant operators
will depend on whether we choose the standard or flipped
embedding of SU(3), X SU(3), into SU(3)x. We find that
the following dangerous operators are common to the two
cases:

| _ 1 1 _
= {f{e + K<I>€€E + K<I>L€e + KCI)q(ZD

1- - 1 -
+ —dgLD + — P DCH,.
A q A2 u

Wbad
(3.18)

With the standard embedding we have the additional dan-
gerous operators

1 -, 1 y
Wt():t;nddrd) (1 + ¢+ XS)qfd + K(DQLd
LI ¢H, Laape+Lioaac
Aq AMU A
1 o
X uUDe, (3.19)

TABLE I. Summary of constraints on BNV and LNV corrections to the MFV SUSY superpotential with generic flavor structure,
where w” is the coefficient of the BNV operator 1 w"” (Y, 2)(Y,d)(Y,d); see (2.1).

Operator Bound Equation Figure
Nidd AM=10"8 G.D

wtH, Wi = 4 X 1071 s (" 69) (oo Gev)” (37 2(a)
Ate WA < 6X 10*”’@(“)0’”%)(100’“%)2 (3.12) 3(a)
Aeytit/et WA= 1.3 X 1077 L 3(100 GeV)(IOO GeV)z(IOOméeV)Z (G.14) 3(b)
/}’q€d wiA =8 x 1071 mzﬂ (m)2 3.9 2(b)
%q3€ A=4x10" 8(,0'(;’ 2 (o) (3.16) 4(a)
%qﬁ eH, WA= 0.05505 tanﬂ (100 &)’ (ﬁ) (3.10)

ATH’Z ideé A" =107 tanB (100 OGeV)( O“’AGeV) G.17) 4()
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whereas with the flipped embedding, we have the addi-
tional dangerous operators

1 1
Wonipped) — (1 + ¢>) + £ Pgtd

uDe+—Uudée+—uUDE.

:I
<
QI

1
A (3.20)

>|~
>|'—

In each case, only some of these operators exist in a given
theory, depending on which type of vectorlike leptons are
present.

These lists should be treated as representative only, since
some operators on the list barely make the cut, such as
L ®CLE, and others barely miss it, such as tUUdeé.
Nonetheless, we will find that it is possible to forbid all
of these operators (and many more besides) by choosing an
appropriate discrete symmetry.

D. Lepton number violation mediated by heavy flavors

We now turn to the question of lepton number violation
mediated by the heavy flavors, arising from LNV operators
involving U, D, E, N or U, D, L, i (depending on the
theory). We have already considered a BNV operator of
this type in (3.4), and we take the same approach in what
follows, integrating out the heavy fields using the replace-
ment (3.3), its analogue for D, and the replacements

Y, v! ]
E—— (eHd)‘/l -y, N——22eH,),
Me |Ae| An Uy

or

-1 Y, v!
L — 1-2
Mg [Al
A,
Zey 12 (¢H
n— A U( )

[Y( H)+ M ", )Hu:l, .

depending on which type of vectorlike leptons are present,
where m,, is the left-handed neutrino Majorana mass ma-
trix generated by the effective operator U—lz (¢H,)m,({H,).

Thus, to find dangerous operators, in principle all we
need do is to list all LNV dimension four and five operators
in the high energy theory that we have not considered yet
(those involving U, D, E, L, N or i1), making the above
replacements and then considering the consequences of the
resulting effective operator for the low energy theory. This
list contains a much wider variety of effective operators
than those considered above, and it is very lengthy to
derive explicit bounds for every possible operator.
Instead, we develop a heuristic scheme to estimate which
operators are likely dangerous.

Except in a few special cases where the high-energy
operator is superrenormalizable after inserting the flavor
Higgs vevs, the strongest bounds will come from inserting

PHYSICAL REVIEW D 88, 055023 (2013)

the electroweak Higgs vevs into the replacements (3.3),
(3.21), and (3.22), as this results in a lower-dimensional
effective operator. Upon doing so for U, D, E or L inser-
tions, we obtain one of the light lepton or quark superfields
suppressed by a factor of the mass of the corresponding
fermion divided by w,,, @y, i, OF (e, respectively, with a
possible additional suppression for the third generation
_ry!
PHE
assume that u, = 1 TeV for x = u, d, €, e, consistent
with (®) ~ 10° TeV and the known Yukawa hierarchies.
For U and D there is an additional BNV term that can
directly induce proton decay when inserted into a baryon-
number conserving LNV operator. The resulting operator
will be dimension five or higher, requiring a gaugino
exchange loop to induce proton decay. This can be com-
pared to the similar tree-level diagram involving squark
exchange between the iidd MFV SUSY superpotential
operator and the baryon-number conserving LNV operator.
In place of the m,/ u,, 4 suppression from integrating out U

coming from the 4/1 factor. In what follows, we

. 2 et .
or D, the loop diagram has a W suppression, but
u,d

otherwise a very similar structure. For mg.; ~ 300 GeV
the loop diagram only dominates in place of the exchange
of a “light” (u, d, s) squark. Since such diagrams are
typically suppressed for other reasons, the loop diagram
is usually subdominant.

Now consider N insertions. If we assume m, ~ 0.1 eV,
then every such operator comes with a strong m, /v, ~
6 X 10713 suppression. However, since we assume
(®) ~ 10° TeV, we require M, < 10° TeV, which im-
plies that A, =2 X 1073, Taking this into account, we
find an overall suppression factor of about 3 X 10719 for
each N insertion. A similar argument applies to 7, except
that the minimum suppression per 7 insertion is now only
about 107 due to the factor of ¥, 1.

We now proceed to classify all possible operators of
dimension five or less based on the number of leptons
and quarks they contain. We need not consider operators
that violate the lepton number by an even number, as this
will not induce proton decay, so we can have either one or
three leptons. Operators with three leptons cannot have any
quarks due to the restriction on dimensionality, whereas
operators with one lepton can have zero, two, or three
quarks, where the latter also violate the baryon number.
In general operators in the high energy theory and the
resulting effective operators in the low energy theory will
have the same number of quarks and leptons, except that
operators with two quarks and a lepton can also generate
operators with three quarks and a lepton in the low energy
theory through the insertion of the second term in (3.3).

We begin by considering operators with three leptons.
Following the discussion in Sec. III B, we anticipate that a
coupling of less than about 10~ !? (roughly the bound on A
at our chosen reference point) is sufficient to suppress
operators of this type to acceptable levels. Using this
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estimate, we find that none of the possible gauge invariant
operators of this type (such as N3, NEE) are dangerous.
Next, we consider operators with one lepton and no
quarks. It is straightforward to check that the only danger-
ous operators of this type are the RH neutrino tadpoles

L

)y _
Wbad - A

-, 1 -1 _ | B
(I)q)zN + chzq) n+ P@“n + Pq)qﬂn,
(3.23)

where as usual only some of these operators will appear in
a given theory, depending on whether N or 7 is present.
These tadpoles, which induce bilinear lepton number vio-
lation in the low energy theory, are a special case where
dimension-six operators, such as %CI)“ﬁ can be (at least
marginally) dangerous. Note that this operator differs from
the analogous operator # ®*N, which is small enough by
about a factor of 10 to avoid experimental constraints; the
difference lies in the different right-handed neutrino
Yukawa couplings implied by the two models. In any
case, the dimension-six contribution to the tadpole may
be made sufficiently small by lowering the flavor scale to
5 X 10° TeV (still in reasonable agreement with flavor
constraints), so it is in fact not very dangerous.

Next, we consider operators with one lepton and two
quarks. Based on the discussion in Sec. Il B, we anticipate
that a coupling of less than about 1072 (roughly an order of
magnitude smaller than the bound on A’ at our chosen
reference point, accounting for the possibility of the more
strongly constrained p — K™ ¥ decay mode) is sufficient to
suppress operators of this type to acceptable levels. The
dangerous gauge-invariant operators will depend on whether
we choose the standard or flipped embedding. The following
dangerous operators are common to the two cases:
L+ Lagor )
- %é)uDE + %q)ﬁDé.

Wbad = Ci)qu:—}- (i)UC?E

(3.24)

In the first case, we obtain the additional dangerous
operators

wiendad) — NG + NDD + UDE + UDE
[ 1 7
+ 1 ®UDe + L gL, (3.25)

whereas in the flipped case, we obtain the additional
dangerous operators

wleeed) — GG + ADD + (1 +— ¢>)qa L

(3.26)

Finally, we consider operators with one lepton and three
quarks, which are necessarily dimension five and require a
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loop to induce proton decay. Based on the discussion in
Sec. 111 B, we expect that a coupling of less than 10~7 for a
Planck scale cutoff (roughly the bound on A for our chosen
parameters) is just sufficient to suppress proton decay to an
acceptable level. Using this estimate, we obtain the follow-
ing dangerous operators for the standard embedding:

i o,
Wt()ztgnda.rd) _ Kq2 UE + KdZDE’ 3.27)

and none in the flipped embedding.

IV. A COMPLETE MODEL USING A
DISCRETE SYMMETRY

Having enumerated the operators that are most likely
to lead to proton decay or AB = 2 processes [see (3.5),
(3.18)—(3.20), and (3.23)—(3.27)] we now search for a dis-
crete symmetry that forbids these operators. In addition
to these dangerous LNV and BNV corrections, we also aim
to prevent the problematic cross couplings between the
electroweak and flavor Higgs sectors,

W) = S + dH,Hy + S + $°S

- 1 1 -
+ ODS + —P3S + —P3S, 4.1
A A 4.1
which can lead to large dimensionful couplings in
the Higgs potential and hence fine-tunings. We can also
solve the usual w problem by forbidding the superrenor-
malizable operators

WEW = a2 + wH,Hy + p,S2. (4.2)

On the other hand, the discrete symmetry will also con-
strain the flavor Higgs potential, potentially leading to acci-
dental symmetries in the flavor Higgs sector. Such accidental
symmetries will induce dangerous Goldstone modes that
could mediate FCNCs. Remarkably, we will show that it is
possible to choose a discrete symmetry that satisfies all of
these constraints while allowing for a semirealistic flavor
Higgs potential without accidental symmetries.10

As this discrete symmetry is meant to constrain Planck
suppressed as well as renormalizable couplings, it must be
anomaly-free and gauged.'' The discrete symmetry could
be an ordinary symmetry or an R-symmetry. In the case of
a discrete R-symmetry the superspace coordinate obtains a
nontrivial phase 7, under the discrete transformation,
implying that gauginos are rotated by 7, as well, whereas
the superpotential must pick up a phase 7y = nf).
In Appendix A we show that the anomaly cancellation

19Because this discrete symmetry is broken by the flavor Higgs
fields, there is no remnant in the low energy theory and it does
not fit into the classification pursued in [28].

""Discrete gauge symmetries sometimes appear as remnants of
a spontaneously broken continuous gauge symmetry, but they are
well defined and distinct from discrete global symmetries even in
the absence of such a mechanism.
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TABLE II. The “matter” fields of the complete model, where
Z[mw] denotes a Z, discrete symmetry under which the super-
potential picks up a phase my. [In specifying a discrete
R-symmetry, it is unnecessary to specify n, if ny = nﬁ is
given, since the two possible sign choices in taking the square
root are related by (—1).]

SUB3)c SU2),. U(l)y SUQB3)r Zn[wf]z]

q | O 1/6 O w3,
i O 1 -2/3 O o},
d O 1 1/3 O w3,
¢ 1 O -1/2 O w?
e 1 1 1 O 1

U O 1 -2/3 O w}
D O 1 1/3 [} w3,
E 1 1 1 O w?,
U O 1 2/3 O o,
D O 1 -1/3 O w3y,
E 1 1 -1 O ot
N 1 1 0 O w?,
H, 1 O 1/2 1 w3,
H, 1 O -1/2 1 w}
N 1 1 0 1 o

conditions for the discrete symmetry together with the
requirement that the operators in (4.1) are forbidden re-
quires a discrete R-symmetry. Focusing on the case with E,
E leptons and the regular embedding, we further argue that
the smallest order choice for a discrete symmetry group
forbidding all problematic operators while allowing for a
semirealistic flavor Higgs potential is a Z;; discrete
R-symmetry, where we assume that the flavor Higgs sector
is completely vectorlike.

We now present an example of a complete model with a
discrete Z;; R-symmetry. We choose my = wj' =
e~ ?m/11 without loss of generality, and thus 7y = w;?2.
We then introduce the “matter”” fields shown in Table II
and the flavor Higgs fields shown in Table III.

As shown in Appendix A, this model is anomaly free.'?
The most general renormalizable flavor Higgs superpoten-
tial allowed by the Z;; R-symmetry is

Whiiges = M, ®,®, + M;®, P, + M, D, P,
+ 010, D,D, + mip,p, + mydp? + N2,
+ Mo @, 0P, + Ao @2 + Ay @, P32
+ Ngoe @, P2, 4.3)

where @, now stands for either ®, or ®@, (which carry the
same charges). One can check that this potential breaks all

2There is a naive (grav)®Z,, anomaly that can be cancelled by
adding a second copy of the § field, but any hidden (e.g. SUSY-
breaking) sector will contribute to this anomaly, as will the
gravitino, so there is no clear constraint on the number of
NMSSM singlets.
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TABLE III. The flavor Higgs sector of the complete model.
SU@B3)r 7y [o7?]
q)u,n ED w?]
@, . W)
®, L] w3,
q_)u,n [0 w?l
D, L] ¥,
D, L] w8,
(Zsu 1 w?l
ba 1 o
d)e 1 w?l

U(1) global symmetries, and hence does not obviously lead
to Goldstone modes. Although we may in general require
more than one “flavor” of each type of ® field to allow
a suitably rich potential that can reproduce the flavor
structure of the SM, the potential is likely sufficiently
generic to also break any resulting non-Abelian flavor
symmetry, avoiding Goldstones. However, we will not
study the flavor Higgs sector in detail, deferring this to a
future work.

One can show that there are no further renormalizable
superpotential couplings allowed by the Z;; R-symmetry
beyond those in (2.16) and (4.3). Performing a systematic
search we find the following dimension-five lepton-
number violating operators:

| [ TN (.
Wiy = L PNDd + 5 $,NDD + § $,UDE
| R
+—_SNUU + —SN>. 4.4
A A 4.4

One can check that these operators are more than suffi-
ciently suppressed by a Planck scale cutoff and an order
one coupling to avoid excessive proton decay for our
chosen reference parameters of tan B = 10, my; =
300 GeV, w' =1, (®) ~ 10° TeV and (¢p) < 10° TeV.
Dimension six operators can also be significant if they
contain at least three flavor Higgs fields. The most signifi-
cant of these operators are

WSy = %Nci)ecbi + %N&nuqﬁ +oo, (45)
where the omitted terms generate subleading contributions
to the N tadpole. One can show that these operators are also
sufficiently suppressed for (®) ~ 10° TeV.

While we have not considered such operators above,
higher-dimensional corrections to the Kéhler potential
can in principle lead to dangerous baryon and/or lepton
number violation. Imposing the Z,; R-symmetry discussed
above, the most significant of these corrections are
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(4.6)

One can check that these operators will not lead to
too-rapid proton decay with a Planck-scale cutoff.

Planck suppressed operators can also contribute to the
electroweak Higgs potential. In particular, we find the
dimension-five contributions to the S tadpole,

WS, = L 56, B, D, + ~ Sy, B 4.7)

EW d¥d¥e d¥e*u .
A A

However, one can check that these generate a tadpole of
only about (300 GeV)? for (®) ~ 10° TeV and (¢ ) ~
10° TeV and thus will not cause a fine-tuning of the
electroweak scale, and can in fact facilitate electroweak
symmetry breaking even in the absence of the SUSY
breaking terms.

V. SUSY BREAKING AND PARTICLE
SPECTRUM BEYOND THE MSSM

In this section, we discuss supersymmetry breaking and
its consequences for the low energy spectrum, as well as
the possible effects of a light right-handed vectorlike gen-
eration of quarks, such as can occur in our model.

We consider a supersymmetry breaking spurion X, a
chiral superfield with an F-term vev (X)r ~ F, which
couples to our model via higher-dimensional operators
suppressed by a messenger scale M,"? such that my, ~
F/M. In particular, we focus on the case of gravity media-
tion, where M is the Planck scale and X may be thought of
as a hidden-sector field that couples to the SM sector via
Planck-suppressed operators. We will show that, contrary
to the usual situation where gravity mediation induces a
flavor problem, the gauged flavor symmetry together with
the Z,, gauged R-symmetry will protect against FCNCs,
giving an MFV structure at leading order with corrections
suppressed by (®)/M ~ 107'°, Indeed, in this context
gravity mediation is actually preferred, as lowering the
messenger scale will eventually lead to subleading non-
MFV corrections as the messenger scale approaches the
flavor scale.

The soft SUSY-breaking squark masses for the
right-handed up-type squarks are generated by the effective
Kihler potential

[’

where both terms are SU(3) universal due to the gauging
of the flavor symmetry. Integrating out the heavy fields, we
obtain the soft masses

(ayii ﬁ+a2U’fU)], (5.1

3We assume that there are no renormalizable couplings to X in
the high-scale flavor symmetric theory. If present, these could
lead to flavon-mediated SUSY breaking, which would generate
non-MFV soft terms.
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L oo D m2 it <a11 +2 1 IA E Y*Y) (5.2)

and likewise for the right-handed down-type squarks.
Thus, the soft terms are MFV to leading order, though
they are already nonuniversal in the high scale theory,
even before accounting for the running between the flavor
scale and the electroweak scale. Non-MFV corrections will
arise from higher-dimensional operators involving the fla-
vor Higgs fields, and will therefore be strongly suppressed
for a Planck-scale cutoff.

At first glance, the left-handed squark mass matrix
appears to be universal at the flavor scale, arising from
the effective Kéhler potential

[el’

However, there are potentially important corrections upon
integrating out the heavy vectorlike generations coming
from the effective Kihler potential

biqq’ ] (5.3)

xtx
f d“BI:W(bZUTU + b3DTD)]. (5.4)

Upon integrating out the heavy fields we obtain the squark
masses

2

blmsoftqq + bzm

1
iy, Y*(l YMY:[)L?Z

|4, 17

YdYT)

soft I | .. 12

+ b3m90n| |2 dLYd <1 |A |2 (55)

so there are tree-level nonuniversal MFV contributions to
the squared mass matrix suppressed by (v/u)?, in addition
to the usual RG corrections.

The soft breaking A-terms will be holomorphic MFV
to leading order. For example the effect of the UD D
operator is

o [ d%’%ﬁDD—» A“’“ VDDV, (5.6)

u

Similarly, the A-terms corresponding to the ordinary
Yukawa couplings are

X .
¢ f 0+qUH, — c; m)\“’“ GHA,)Y, 7, (5.7)

u

where H, denotes the scalar component of H,. Certain
nonholomorphic combinations of spurions can also appear
in the A-terms,
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X
C;/dQHMd)UIZ
(P) .1 1 .
- C3msofti(qHu)<l - |/\ |2 YMYJ)YMM
WU<¢> 1 1 ~ = 2
+ c3msoftm|:(1 BTWE YuYM)Yuu][Ydd] ,

(5.8)

and likewise for the ¢ Dd A-term. Note that (¢)/u ~ 1, so
these are nonholomorphic MFV corrections with order one
coefficients, but they take a very particular form that was
anticipated already in [8] and that is not in any way
problematic.

However, there are additional sources of A-terms—
some of which may be dangerous—from SUSY breaking
terms of the form

X _
c4[d20MU(I>U. (5.9)
Upon integrating out the heavy fields as usual we find
Moot - 5 YY) -
Lon D s —2(GA N1 — 25 (DY, i
soft Cy4 /Lu)lu (C] u) |)\u|2 u< > ul
+ e (- ). (5.10)

If (d,) o« M, then we get an additional MFV contribu-
tion of the same form as (5.8). However, in the model
based on the gauged Z,; R-symmetry both &, and ®,
carry the same charges. This would not be problematic if
the same linear combination of these fields were to
appear in both the superpotential and the soft terms,
but there is no a priori reason for this to occur unless
enforced by some symmetry principle. Conversely, if
both combinations are allowed in the A-terms, then
that A-term would contain an additional structure pro-
portional to Y, MyY,, which deviates from the MFV
form by an essentially arbitrary 3 X 3 symmetric matrix,
contributing to off-diagonal holomorphic non-MFV
squark masses (though still Yukawa suppressed). To
forbid such contributions, one can for example introduce
an additional Z, discrete gauge symmetry, under which
P, 4 é)u,d and U, D are odd, and every other field is
even. This Z, is also anomaly-free and forbids the mix-
ing of the ®, and P, fields, but will also restrict the
form of the general Higgs potential of (4.3). To avoid
this problem, one can for instance introduce two copies
of each ® and ¢ Higgs field variant labeled ®*, such
that the + and — Higgs fields are, respectively, even and
odd under the Z,. Thus, ®, = ®, will generate the up-
sector Yukawa couplings, whereas ®, = ®; will gen-
erate the neutrino masses, and no mixing between the
two is permitted by the Z,. (This extension of the Higgs
sector allows a richer Higgs potential, which may in any
case be needed to obtain the desired flavor structure.)
Another possible solution is to choose the flipped

PHYSICAL REVIEW D 88, 055023 (2013)

embedding of SU(3)r C SU(3), X SU(3),, so that the
quark flavor structure is generated by ®’s, whereas that
of the leptons is generated by ®’s.

Finally, we address the question of whether any of the
additional particles in our model (beyond the NMSSM)
could be within reach of the LHC and what their signals
could be. As discussed in Sec. II C, the constraints from
FCNC’s will force the flavor gauge bosons to be at
10*-10°% TeV, well outside the LHC’s range. Similarly,
most of the heavy vectorlike quarks U, U, D, D will be
too heavy for LHC energies, since their masses are deter-
mined by the same flavor Higgs vevs @, ; that contribute to
the flavor gauge boson masses. However, in order for the
top quark to have an O(1) Yukawa coupling, the corre-
sponding U, U should have one eigenvalue j\/lf), which
should be comparable to or smaller than the corresponding
mixing term w,, which cannot itself exceed about 10 TeV
in order to generate the large up/top hierarchy if the flavor
scale is 10% TeV. These parameters are not strongly con-
strained by FCNC’s, and could lie within the LHC ener-
gies. To study the phenomenology of the third generation
up-type quarks we focus on their interactions, neglecting
the other generations,

L D p,tht? + M, 382 + A, qDthH,, (5.11)
where we introduced the notation used in the little Higgs
literature for top partners i® = th, U® = 12, U®) = 73,
q® = (¢}, b;) and M, = M. The mass of the heavy
vector partners is given by

my = VM% + Mz,

where the mixing among the right-handed quarks is given
by the angle

(5.12)

Iu’ll

sina = ——. (5.13)
Vi + M
The top quark mass is given by
vu
m, = A, CcoSa—=. (5.14)

V2

A mixing among the left-handed top quarks is induced
after electroweak symmetry breaking and is given by the
mixing angle

: /\ulu‘uvu/\/z my
siny = ————— = —tana.

1
W+ M myp ©-15)

The mixing pattern is the same as for the heavy top partners
in little Higgs models, and this will largely determine the
phenomenology of these models. The main difference is that
in our case the cancellation of the quadratic divergences is
achieved via SUSY, rather than through the nonlinearly
realized SU(3) symmetry of the little Higgs models.
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However, this does not affect the phenomenology of the top
partners. The couplings of the top partners to gauge bosons
is discussed in detail in Appendix A of [29]. Electroweak
precision correction bounds from loops of the heavy vector-
like top partners is around 450 GeV as long as the mixing
angle « is not too small [29]. The direct production bounds
from the 2011 data set of 5 fb~! is somewhat weaker, of
order 350 GeV, while a more recent analysis puts a more
stringent direct bound of 480 GeV on the mass of the top
partners [30].14 Thus we conclude that the third generation
U, U states can be below 1 TeV and within the range of the
14 TeV LHC, but this need not be the case: they can be as

heavy as 10 TeV for M ~ 106 TeV.

VI. CONCLUSIONS

We have presented a complete model that violates the
baryon number and R-parity in a controlled fashion, lead-
ing to prompt LSP decay and low energy signatures that
evade the stringent LHC bounds on R-parity conserving
supersymmetry broken at the electroweak scale. At the
same time, our model solves the u problem as well as
the flavor problem of gravity mediated supersymmetry
breaking, provides a potential explanation for the origin
of flavor in the standard model, and is safe from Planck
suppressed corrections.

We accomplish this by gauging an SU(3); flavor sym-
metry at high energies and spontaneously breaking it. After
integrating out the massive fields (vectorlike right-handed
generations) the universal Yukawa couplings and U D D
BNV coupling are simultaneously reduced to the low
energy hierarchical Yukawa couplings and a iidd
R-parity violating BNV coupling of the MFV SUSY
form. We introduce a gauged discrete R-symmetry to
forbid other sources of baryon number violation as well
as excessive lepton number violation. This discrete sym-
metry also allows us to solve the u problem by introducing
NMSSM singlet(s) S and forbidding the superrenormaliz-
able terms in the Higgs potential via the discrete symmetry.
We exhibit an example of a Z,; discrete R-symmetry that
accomplishes all of these goals while allowing a suitably
rich potential for the flavor Higgs sector and protecting the
model from dangerous Planck-suppressed corrections.

The gauged SU(3) symmetry ensures that soft SUSY
breaking terms are MFV to leading order, but with a
nonuniversal structure that allows for flexibility in the
low energy superpartner spectrum. As FCNC constraints
require a flavor scale of about 10° TeV or higher, the flavor
gauge bosons will be out of reach of the LHC. However,
the third generation of right-handed vectorlike up-type
quarks must be much lighter than the flavor scale to

!“The superpartners of the top partners would just behave like
heavy stops: their pair production cross section is very small, and
they would then decay to the LSP and finally through the RPV
term to jets.
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generate the large up/top mass hierarchy, and could lie
below 1 TeV. In this case it would have collider properties
similar to the top partners in little Higgs models.

Since we have gauged only a single SU(3); for both
quarks and leptons, this kind of model (though not the
exact model presented in Sec. V) may be embeddable in
an SU(5)-type GUT. We explore this possibility in a future
work [20].
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APPENDIX: CHOOSING THE
DISCRETE SYMMETRY

In this appendix, we search for an anomaly-free discrete
symmetry that allows all of the necessary terms in the
superpotential (2.16) or (2.17) while forbidding all of the
problematic operators, (3.5), (3.18)—(3.20), (3.23)-(3.27),
(4.1), and (4.2).

In particular, for simplicity we focus on the model with
E, E leptons and the standard embedding of SU(3); within
SU(3)y X SU(3),. Requiring that the superpotential (2.16)
transforms as W — 7y W, an arbitrary discrete symmetry
of the theory must take the form shown in Tables IV and V.
Henceforward we make the simplifying assumption that

TABLE IV. An arbitrary discrete symmetry that allows the
superpotential (2.16) after mixing with an arbitrary subgroup
of U(1)y and the Z5 center of SU(3)., where Z,[ny] denotes a
discrete R-symmetry under which W — nyW (i.e. 8 — 1460
where ny = 3).

SUB)e  SUQR),  UW)y  SUB)r  Z#ni]
q O O 1/6 O ng
i [m] 1 -2/3 O N
d ] 1 1/3 O n;
€ 1 O -1/2 O n%ng'
e 1 1 1 O M,
U [m] 1 -2/3 [m] Ns
D [m] 1 1/3 [m] N
E 1 1 1 O Ng
U O 1 2/3 [m] My
D O 1 —1/3 O p
E 1 1 -1 O NE
N 1 1 0 O Mg
H, 1 O 1/2 1 N
H, 1 O -1/2 1 Ns
S 1 1 0 1 Ns
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TABLE V. The action of the discrete symmetry defined in
Table IV on the flavor Higgs sector.

SUQ)r Zk[nﬁ]
D, — niny'
D, — Py
D, — mang' ng!
®, L] 77%7752
u ! ing ;!
oy 1 n3np'n;!
b. 1 g ' ;!

the flavor Higgs sector is completely vectorlike, i.e. that
there exist fields Ci)u, Cf)d, etc., such that the mass terms
Winass = M, @, P, + M;®,D, + -+ can appear in the
superpotential. This implies that the flavor Higgs sector
makes no net contribution to the anomalies.

Discrete gauge symmetries are far less constrained than
continuous gauge symmetries, since they lack cubic
anomalies [31]. In fact, the only anomalies that must be
cancelled for a discrete gauge symmetry are the G>Z; and
(grav)’Z, anomalies for all non-Abelian gauge group
factors G (precisely those anomalies that relate to gauge
and gravitational instantons). The cancellations of the
SU(3)2Z; and SU(2)? Z,, anomalies impose the constraints

MMMy =05 M = 15 (AD)
Assuming that the flavor Higgs sector is vectorlike, the
SU(3)2Z; anomaly together with the previous conditions

requires

NeNe = 13- (A2)
Finally, cancellation of the (grav)?Z, anomaly together
with the previous conditions naively requires

TII_SYS_z =1,

(A3)
where we now allow for an arbitrary number Ng of
NMSSM singlets S and ignore any contribution from other
hidden sectors of the theory. Such hidden sectors are
inevitably present, however, as a truly complete theory
will require a SUSY breaking sector, likely with
R-charged gauginos, as well as a supergravity completion
with an R-charged gravitino. Thus, while we can solve
(A3) by setting Ng = 2, the true anomaly constraint will
depend on details of the hidden sector, and hence there is
no clear constraint on N. It should be noted, however, that
regardless of these details the true (grav)>Z, anomaly can
usually be cancelled by an appropriate choice of Nj.

The anomaly constraints (A1) and (A2) have no analo-
gous caveats, and must be satisfied if no additional SM
charged or flavored fields are added to the model. A general
solution to these constraints can be parametrized by
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ng = a?, ns = a’,

— P9 —1p—1
Ny = wza n,; BT,

_ 15 -1
Ne =" MNg,

e P61
ng = w3a°n, B,

(A4)

for phase factors «, 8 and an integer p, where ny = 17?g =
a’. Thus, 74 = a ®and n; = a' as a consequence of
cancelling the SU(3)2Z; anomaly. We wish to forbid the
problematic cross couplings between the flavor and elec-
troweak Higgs sectors (4.1) and (4.2), which can lead to
fine-tuning of the electroweak scale. In particular, to forbid
¢S for ¢ € {¢,, d,} we must require

a'® # 1, a* # 1. (AS)

Thus ny = a® # 1, and we require an R-symmetry.

One can check that these conditions imply that the
couplings (4.2) are also forbidden, as are the remaining
cross couplings in (4.1) involving only ¢, and ¢,. Suppose
that ¢ is another flavor Higgs singlet in the theory with
charge m4 and conjugate field ¢. To forbid the cross
couplings (4.1) between ¢, ¢, ¢,, ¢, and the electroweak
Higgs sector (in particular ¢;¢;S,) we must require

ny E{a a3 xad xab a2 a'®).  (A6)

There are analogous constraints on the charge ng of a
flavor Higgs tensor ® with conjugate field ® in order to
forbid the cross couplings (4.1) as well as the N tadpole
(3.23). Using ng, = a” and ng = a', we obtain the
constraints

12 2 1.2 7 *1,7 8 11
/,a,w3 ar o, wila’, xab all}.

(A7)

neE{a ! a ™l xa

These constraints limit the allowed charges of the flavor
Higgs fields and hence the form of the Higgs potential. We
impose minimum consistency requirements on the flavor
Higgs potential: it must contain at least one ®> and at least
one ®3 operator (or else the F-term conditions set the fields
to zero), and it must not have any accidental continuous
symmetries. Given these requirements, we now search for
the smallest possible discrete R-symmetry that allows an
acceptable Higgs potential.

The lowest-order Z, R-symmetries that do not
contradict (A5) are k =5,7,10,11,13,..., where Z,; =
Zs X Z,. For k=15 and k =7 one can check that the
constraint (A7) is so restrictive that ng = 7¢, necessarily,
whereas ®3 and @? are forbidden by (A5). For k = 10, we
can choose either @« = w|y or @ = ws. In the former
instance, we find that {n¢} C {1, w3, —1}, where {n¢} is
a strict subset since the presence of all three variants will
generate the N®®? tadpole. Since ne, = —1, either
{ne} C{1, =1} or {ne} C {w? —1}, but in either case
neither ®3 nor ®3 is permitted. For @ = w5, we find ¢ C
{1, w3, —1, 05, @'}, but to avoid all NPD? tadpoles as
well as ®®S cross couplings, we can have at most one
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additional variant of ® beyond n¢, = 1, whereas no such
pairing allows both ®> and ®? interactions.

The next lowest order possibility is kK = 11, which we
will show to be sufficient. We choose @ = w;; so that
Nw = w; . The above constraints dictate

{77<D} g {wll) (1)?1, wél‘ly w?l’ wﬁz}- (A8)

However, one can show that to forbid all of the cross
couplings (4.1) and the N®®? tadpole we must have
{774)} c {wlb w?]) w?l}’ {T](I)} c {wzlll’ w?l} or {77@} c
{2 3,}. No ®* or ®° interactions are possible in the
latter two cases, so we consider the first case. The possible
cubic interactions are

3. Lo3 ..5 3 . 3 . 3
D w)) * 0y, 0}, ], W] O],

H3. .8 8 4 8 6 6 (A9)
P’ wi) - 0 - 0, 0] " ©]; o).
Since ng, = w3, all three ® variants must be present to

generate both ®3 and ®°.
We also have

{ng} C{l, i}, 0}, 077 0} (A10)

Since 14, = @7, and n; = ], these variants are al-
ways present, and one can show that the Higgs potential
has an accidental U(1)z symmetry unless o' € {n,,} as
well. The {1, w];?} variants are not necessary, but neither
are they problematic. We will assume that they are absent
for simplicity. Assuming {n¢} = {0}, ®3,, ©3,} and
{n4} ={o},, wi,, '}, one can show that the flavor
Higgs potential is free of accidental U(1) symmetries,
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and that all of the cross couplings (4.1) and all NP>
tadpoles are forbidden, as is (¢H,)D2D.

Because we have assumed a Z;; discrete symmetry,
we must set p = 0 in (A4). Thus, 14 14, = @’ and so
B =mny4 E{wf, 0'}. We must also require 7y €
{w?,, 0}, @8}. So far our discussion applies to both the
standard and flipped embeddings of SU(3)r C SU(3), X
SU(3);. We now specialize to the standard embedding,
which implies that 1y, 7p € {0, @3, wj,}. For the
case B = w},, we must have ny # @}, and np # |,
to forbid @i DE and ¢gld, respectively. To forbid
® ii DE we require ny1,' € {0}, ;2 1}, whereas to
forbid ®UJE and ®aDe we require nymenp' €
{wl,, ..., @19 1}. Since n; € {0}, w},, ®$,}, this implies
that nymp! €E{w!, w2} and g # wf,. Therefore
Ny = w1, but to forbid g>*UE we require nyng # o3,
so Np = wf, and thus nyn,' = wi} so that w) = w3,.
This is the solution presented in Sec. I'V.

We also consider the case 8 = i}, so that np # w3,
to forbid ¢pgld, whereas nym,' € {?,, w},} to forbid
® i DE so that 5, = wy,. To forbid ®UJE and ®iaDé we
now require Ny Mg € {0}, @3, ..., 0$}. However, the
only possible solution is nyng = w?l, Le. ny = “’%1
and np = w?,.

We will not discuss this second model in detail, nor
attempt to classify Z;; models with a flipped embedding.
Note than we have not considered discrete gauge symme-
tries that are irreducible products, e.g. Z5 X Zs. It would be
interesting to determine if a “‘simpler” discrete gauge
symmetry with the right properties can be found in this way.
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