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No sign of top partners as of today from LHC



No sign of top partners as of today from LHC



•In addition to pursuing traditional searches for colored top 
partners consider variations

•Non-traditional decays of superpartners due to RPV

•Search for signals of models with non-colored top partners

Look for non-traditional signals



•Exact R-parity conservation is not mandatory

•If R-parity is broken, breaking must be small

• Holomorphic RPV terms - usually assumed to be 
leading (renormalizable)

•Non-holomorphic RPV (non-renormalizable)

RPV in SUSY 

sub-percent tuning in order to keep the Higgs mass stable at 125 GeV. However, many
of the strong constraints apply strictly to the minimal extension, and there are relatively
simple non-minimal models that significantly weaken or altogether eliminate the existing
experimental constraints. One of the oldest and most commonly studied non-minimal
framework is that of the Minimal Supersymmetric Standard Model (MSSM) supplemented
with R-parity violating (RPV) interactions [3–9].

The original motivation for R-parity conservation is to forbid the presence of baryon (B)
and lepton (L) number violating operators. Naively, the most relevant of these interactions
are the renormalizable holomorphic superpotential operators,

WRPV = µilihu + λijk�i�j ēk + λ�
ijk�iqj d̄k + λ��

ijkūid̄j d̄k . (1.1)

If the dimensionless coefficients λ,λ�,λ�� are O(1), the operators above induce large baryon
and lepton number violating processes, including proton decay, dinucleon decay and n− n̄

oscillation [7–9]. Thus, in the canonical MSSM, the operators (1.1) are assumed to be
completely absent due to an exact Z2 discrete symmetry, called R-parity, under which all
SM fields are even and all superpartners are odd. The realization of R-parity leads to the
stability of the lightest supersymmetric particle (LSP) and implies that superpartners must
be produced in pairs.

Surely, exact R-parity conservation is not required. The constraints only imply that
R-parity is an approximate symmetry of the visible sector, but it may be strongly broken
elsewhere. By postulating that the couplings (1.1) exist but are small, the approximate
symmetry is apparent. However, this traditional framework of R-parity violation (RPV) is
quite ad hoc, as the origin for the small couplings is unexplained. In addition, to ensure that
RPV is phenomenologically relevant at colliders, large hierarchies among the couplings must
be invoked (for related models and phenomenological studies, see e.g., [9–22] and references
therein). A more attractive possibility is for R-parity to be exactly conserved at some high
scale, while its breaking is communicated to the visible sector at a mediation scale, M .
Then R-parity is automatically an approximate symmetry, since in the limit M → ∞, the
symmetry becomes exact in the visible sector. The situation in which the violation of R-
parity in the visible sector is dynamically generated at low-energies is termed Dynamical
R-Parity Violation (dRPV) [23].

If RPV is dynamically generated, the superpotential terms of Eq. (1.1) are not expected
to necessarily dominate the low energy theory. Instead, much like the soft superpartner
masses, non-holomorphic interactions will also be generated. As was shown in [23], in
many circumstances the dominant RPV operators appear in the Kähler potential and take
the form

OnhRPV = ηijkūiēj d̄
∗
k + η�ijkqiūj�

∗
k + η��ijkqiqj d̄

∗
k . (1.2)

We will refer to the above operators as the "non-holomorphic dRPV operators". The effects
of these operators on the low energy physics is automatically suppressed by a high mediation
scale, as well as either chirality or supersymmetry breaking, thereby providing a leading
order explanation for why the overall effects of RPV are small.

The goal of this paper is to lay down the theoretical framework for building models
of dRPV. R-parity is taken to be a good symmetry at some scale in order to forbid the
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II. RPV is related to SUSY breaking.

These assumptions then imply the appearance of novel
non-holomorphic RPV operators,

OnhRPV = ηijkūiēj d̄
†
k + η�ijkQiūjL

†
k +

1

2
η��ijkQiQj d̄

†
k

+ κiēiHdH
†
u , (2)

OnhBL = κ�
iL

†
iHd , (3)

which can show up in the Kähler potential, coupled to a
SUSY-breaking spurion X = M + θ2FX . Here we define
all the couplings to be dimensionless. The main conse-
quence of these assumptions is that all RPV interactions
will automatically be suppressed by, at least,

�X ≡ FX/M
2
, (4)

which may vary in size from O(1) to O(10−16) as in grav-
ity mediation. Its smallness may explain why all of these
terms are very small to start with.

We may further assume:

III. Dynamical solution to the SM flavor hierar-
chy.

With this third assumption additional, flavor-dependent
suppression factors arise. One then obtains a natural
organizing principle which generates a hierarchy in the
RPV couplings. Indeed any solution to the flavor hier-
archy, such as the above mentioned FN model or partial
compositeness, can be incorporated and would typically
produce similar hierarchy in the RPV operators.

The RPV operators related to (2) and (3) have not
been studied before. We will argue below that the above
three assumptions are sufficient to suppress any flavor-
violating transitions, and in particular proton decay,
without assuming lepton-number conservation. More-
over, the new operators predict novel and distinct LHC
signatures. In this paper we study the basic constraints
and phenomenology of the above new operators, demon-
strating their unique features, as well as the viability of
this scheme. A more detailed LHC study and a UV com-
plete model of dRPV will appear in upcoming publica-
tions [12].

FRAMEWORK

In accordance with assumptions (I) and (II) discussed
above, we consider a two-scale scenario in which the sin-
gle spurion, X, breaks both R-parity and supersymmetry
in a hidden sector, while providing the messenger mass
scale. We will see below that FX/M

2 � 1 is preferable,
following constraints on RPV operators. We further as-
sume that M � MPl for the mediator scale.

To derive constraints on dRPV, its low energy descrip-
tion must be understood. As is customary when studying

supersymmetry breaking, the low energy SM Lagrangian
is assumed to be accompanied by the above spurion X,
parametrizing the effects of the hidden sector. Depending
on the UV completion, X may be charged under various
continuous and discrete symmetries which will constrain
its low-energy effective couplings. Nonetheless, a low-
energy analysis suffices to restrict the form of the RPV
operators which may show up. Indeed, one may assume
that B − L is preserved at low energy in the visible sec-
tor, as is typically the case. In order to break R-parity, X
must then be charged under B−L, while we will also con-
sider the possibility that it is additionally charged under
an unbroken U(1)R symmetry.
As a consequence, since OnhRPV+OnhBL and OhRPV+

OhBL are charged +1 and −1 under B − L, respectively,
they are distinguishable at low energy. If, for example,
X is charged −1 under B − L, the Kähler potential and
superpotential take the following form at leading order:

KdRPV =
1

X†OnhRPV +
X

MPl
OnhBL

+
X

†

M
2
Pl

(OhRPV +OhBL) + h.c. , (5)

WdRPV =
X

M
2
Pl

�
ρijkHdQiQjQk + ρ�ijkHdQiūj ēk

�
(6)

Note that the Kähler term 1
XOhRPV is removed by a

Kähler transformation, while the term XOnhRPV/M
2
Pl

is subleading. We thus find that in this case the
holomorphic RPV operators, when generated dynami-
cally, are highly suppressed in comparison to the new
non-holomorphic cubic ones. Furthermore, the non-
holomorphic bilinear terms are also suppressed and their
effect is negligible as discussed below.
If instead X has charge +1 under B−L, then the lead-

ing holomorphic RPV operator is 1
X†OhRPV, while the

leading non-holomorphic term is 1
XOnhRPV. At this stage

the two terms appear to be of the same order, however
the non-holomorphic terms might still be suppressed due
to their chiral structure. For instance, the QQd̄

† opera-
tor will induce couplings which are suppressed by md/M ,
compared with the FX/M

2 suppression of OhRPV. Sim-
ilar conclusions are obtained for other choices of charges
under B − L.
If X is further charged under a U(1)R symmetry (as-

suming flavor-independent charges), it is impossible to
generate all of the holomorphic and non-holomorphic
RPV operators at the same time. Thus, depending on
the X R-charge, only some of the above will appear at
low energy. Finally, if the B − L symmetry is instead
promoted to an R-symmetry, one finds once again that
the non-holomorphic RPV operators dominate.
We therefore conclude that in the absence of additional

scales, dRPV allows for either the holomorphic or the
non-holomorphic RPV operators to be generated, but
the non-holomorphic ones should not be neglected. Given
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•Non-holomorphic RPV (non-renormalizable) could 
be leading operators

•In dRPV - RPV in hidden sector mediated to visible 
sector 

dRPV 
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Figure 1. An illustration of the two SUSY-breaking scenarios considered. Left: The SUSY-
breaking sector is secluded from both the visible sector and the R-parity breaking sector. SUSY-
breaking effects are then communicated to both sectors and show up as soft masses in the Käh-
ler potential. Right: Both SUSY and R-parity breaking occur jointly in a single sector and are
mediated to the visible sector at the scale M .

RPV mediation, one may treat its effects by considering the expected soft breaking terms.
(2) SUSY-breaking and R-parity are broken in a single sector and both effects are mediated
to the visible sector by the same mediator fields. These two scenarios are illustrated in
Fig. 1.

4.1 Secluded SUSY breaking Sector

First we consider the scenario where SUSY breaking is external to the RPV sector. Fol-
lowing the discussion in [35], this situation can be described by incorporating the SUSY
breaking spurion, X = �X� + θ2FX , into a wave-function renormalization factor of the
RPV-messenger and visible sector fields,

�
d4θZi(X,X∗)ΦiΦ

i∗ . (4.1)

Here Φi is a generic field with i running over the RPV-messenger and visible sector fields.
Expanding Zi(X,X∗) in (4.1) in superspace gives,

�
d4θ

�
Zi +

∂Zi

∂X
FXθ2 +

∂Zi

∂X∗F
∗
X θ̄2 +

∂2Zi

∂X∂X∗ |FX |2θ2θ̄2
�
ΦiΦ

i∗ , (4.2)

where Zi = Zi(�X�, �X∗�). One can remove the terms linear in FX and canonically nor-
malize the kinetic terms using the holomorphic field redefinition,

Φi → Z−1/2
i

�
1− 1

Zi

∂Zi

∂X
FXθ2

�
Φi ≡ ziΦi . (4.3)

Under this transformation the original Kähler term (4.1) becomes a canonical kinetic term
along with standard soft breaking scalar masses,

�
d4θ

�
1 +

∂2 logZi

∂X∂X∗ |FX |2θ2θ̄2
�
ΦiΦ

i∗ . (4.4)
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(Kuflik, Slone, Volansky, C.C.)



•Assumption: RP broken in hidden sector via field S

•Use S as spurion in low-energy effective theory

•Charges of MSSM: standard
              with q,u,d,l,e charges 1/2, Higgses charge 1

•Charges of RPV operators

•Charge of S will determine which terms are leading.

Holomorphic or non-holomorphic? 

U(1)B−L

U(1)R

2.2 Spurions and Symmetries

To understand whether non-holomorphic or holomorphic RPV operators will dominate

at low energy, we must consider the symmetries of the low energy effective action. The

MSSM without supersymmetry breaking has three global U(1) symmetries in addition to

hypercharge: baryon number, lepton number and a continuous R-symmetry. The SM

matter fields q, ū, d̄, �, ē can be taken to have charge 1/2 under the R-symmetry, while the

Higgs fields hu, hd have R-charge 1. The B and L charges are standard.

In order to identify the leading RPV operators, one may utilize a spurion analysis in

the low energy effective theory. A crucial observation is that the U(1)B−L and U(1)R sym-

metries differentiate between the holomorphic, Eq. (1.1), and non-holomorphic, Eq. (1.2),

RPV operators:

U(1)B−L U(1)R
OnhRPV : 1 1/2

OhRPV : −1 3/2

(2.4)

Therefore, it is the U(1)B−L and U(1)R charge of the spurions responsible for their breaking

that will determine which of the operators dominate at low energy. For instance, if the RPV

breaking field, S, has U(1)B−L and U(1)R charges 1 and 1/2 respectively, then both the

dRPV Kähler potential operators
S∗

M OnhRPV and the traditional superpotential operators

S
MOhRPV may appear in the effective theory. Since the effects of the dRPV operators

are chirally or SUSY-breaking suppressed, these spurion charge assignments will result in

effective theories where the leading source of RPV are the holomorphic terms. This will be

the situation in the first toy model we present in Sec. 3.1.

If S carries U(1)B−L and U(1)R charges −1 and −1/2 respectively, then the non-

holomorphic dRPV operator
S
MOnhRPV will be allowed while no holomorphic operator will

be generated, leading to non-holomorphic dRPV domination at low energy. This will be

the case in the model presented in Sec. 3.2. In Sec. 3.3, we will discuss two additional

simple models. In the first, S carries U(1)B−L and U(1)R charges 1/2 and 1/2, leading to

the dominant RPV term given by the dimension 6 superpotential operator Shdqqq. In the

second, S is charged 3/4 and 1/2 under the above symmetries, leading to the dominant

RPV term given by the dimension-7 Kähler operator S2D2
αOnhRPV .

3 Generating Effective dRPV

In this section we present the basic structure of dRPV models. Most of the models studied

should be thought of as toy models that capture the essence of dynamically generating non-

holomorphic RPV terms in the Kähler potential. The theories are renormalizable and give

rise to non-renormalizable, non-holomorphic operators in the low energy effective action

once messenger fields are integrated out. Extending the toy models to more complete ones

is straightforward and requires the introduction of flavor indices, which we suppress in the

toy models, as well as supplementing the superpotentials with additional interactions that

are responsible for the generation of dRPV operators not present in the simplified examples.

We discuss a complete model in the last subsection.
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•Either chirally suppressed or suppressed by SUSY 
breaking

•Proton decay requires coefficients to be small. If 
chirally suppressed terms dominate

•If SUSY breaking terms dominate:

Effects of non-holomorphic operators 

2 Basic Properties of dRPV

As mentioned above, the dRPV paradigm provides a mechanism which explains the small-
ness of R-parity violating effects and often implies the dominance of the operators of
Eq. (1.2). Before introducing models of dynamical RPV, we make some general comments
on the low energy effective theory that clarify these statements.

2.1 Suppression of RPV Effects

The interactions of the dRPV operators (1.2) are either chirally suppressed or suppressed
by SUSY-breaking, which can be easily seen by using the equations of motion. To illustrate
this we consider the qqd̄∗ operator. Since in the dRPV framework R-parity is broken
spontaneously by a field, S, and the breaking is mediated to the visible sector at a scale M ,
such an operator is proportional to S/M . First, the dRPV operator, which resides in the
Kähler potential, is expressed as an F-term according to (C.4). Then, using the equation
of motion (C.2) for d̄ one finds,

−
�

d4θ
S∗

|M |2 qqd̄
∗ =

�
d2θ

qq

|M |2
1

4
D†2(S∗d̄∗)

EOM−→
�

d2θ

�
�S�∗

|M |2 qq
∂W

∂d̄
+

�FS�∗

|M |2 qqd̄
∗
�
.

(2.1)
The first term above induces chirally suppressed operators, while the second term is re-
sponsible for SUSY-breaking suppressed operators assuming S has a non-vanishing F -term
VEV. We will see in Sec. 4 that the contribution similar to the last term above will ap-
pear in the absence of FS , when supersymmetry breaking is secluded from the dynamics
inducing the spontaneous breaking of R-parity. Similar considerations show that if the
standard holomorphic operators of Eq. (1.1) originate from a Kähler term, they too will be
suppressed by either chiral symmetry or by supersymmetry breaking.

The above discussion suggests that in the limit of unbroken supersymmetry and vanish-
ing Yukawa couplings, the dRPV operators may not induce R-parity violating interactions.
To see this, we can consider the simple theory with canonical kinetic terms for q and d, and
the above dRPV operator,

K = |d̄|2 + |q|2 + S∗

|M |2 qqd̄
∗ + h.c. . (2.2)

Under the non-linear field redefinition d̄ → d̄ − �S∗�qq/|M |2, the Kähler potential above
becomes

K = |d̄|2 + |q|2 +
�
S∗ − �S∗�

|M |2 qqd̄∗ + h.c.

�
+

����
�S�
M2

����
2

|q|4 . (2.3)

In the absence of the standard Yukawa coupling, hdqd̄, or an F -term for S, this transfor-
mation completely removes R-parity violating interactions from the theory. Conversely, for
FS �= 0, the terms in the brackets induce RPV terms suppressed by the SUSY-breaking FS

term, while in the presence of the Yukawa couplings, the above field redefinition results in
the additional term �S∗�hdqqq/|M |2 in the superpotential. This provides another simple
argument that all RPV interactions originating from the dRPV operators must be either
suppressed by SUSY-breaking or by the light fermion masses. This may also be verified by
a brute-force component expansion of a the dRPV operators, as shown in (C.2).
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the low energy Lagrangian is to promote the η’s to superfields

ηijk → ηijk + ηθ̄
2

ijkθ̄
2 . (A.2)

To estimate the lifetime of the proton, one can integrate out the superpartners and find the

coefficients of the effective four-fermion operators that violate both B- and L-number,

L �B, �L =
�
|�S�|2
2M4

1
m2

d̃L,k

�
md

j (η
��
ikj + η��kij) +md

k(η
��
ijk + η��jik)

� �
md

kη
∗
mnk +me

nη
�∗
kmn

�

+ |�S�|2
2M4

1
m2

d̃R,i

(η�� θ̄
2

ijk + η�� θ̄
2

jik )ηθ̄
2∗

mnk +
1

2M2 (λ
�B, �L
ijmn + λ �B, �L

jimn)
�
uiLd

j
Lu

m
R enR + h.c.

≡ Λ̃−2
ijmnu

i
Ld

j
Lu

m
R enR + h.c.

(A.3)

with

η�� θ̄
2

ijk = η��ijk

�
∂ZD̄
∂X∗ −

∂Zd̄k
∂X∗

�
F ∗
X , ηθ̄

2

ijk = η∗ijk

�
∂ZD̄
∂X∗ −

∂Zd̄k
∂X∗

�
F ∗
X ,

η� θ̄
2

ijk = η�ijk

�
∂ZL̄
∂X∗ −

∂Z�̄k
∂X∗

�
F ∗
X .

(A.4)

The first set of terms contains the chirally suppressed operators, the second set arises

from SUSY-breaking, while the third set contains the four-Fermi operators that conserve

R-parity. From these operators, the proton can decay via p → (π or K)(e+ or µ+).

The matrix element for the process is

Mijmn �
�
Λ̃QCD

Λ̃ijmn

�2

, (A.5)

where Λ̃QCD is a nuclear matrix element expected to be of the order of ΛQCD ∼ 200

MeV [53]. The resulting proton decay width is

Γijmn � mp

8π
|Mijmn|2 , (A.6)

corresponding to a lifetime of

τ � 1032yr

�
250 MeV

Λ̃QCD

�4�
Λ̃ijmn

1015GeV

�4

. (A.7)

We can then present estimates for the proton lifetime assuming one of the three contri-

butions in (A.3) dominates. Of course in the generic case all three terms contribute and

interfere with each other.

First we assume that the chirally suppressed operators dominate. The leading contri-

bution from these operators is expected to arise from the exchange of a sbottom squark,

because in this case the chiral suppression can be given by the bottom mass (instead of

the down or strange masses). Assuming this term indeed dominates, the proton lifetime is

estimated to be,

τp � 1032yr

�
7× 10−8

|η��ij3η∗mn3|

�2�
mb̃L

TeV

�4� M

108GeV

�4� 0.1

�S�/M

�4

. (A.8)
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Figure 3. Diagrams contributing to proton decay.

Next we consider the case where the leading contribution comes from the SUSY-

breaking terms. To simplify the discussion, we assume that the supersymmetry break-

ing effects are universal and flavor blind. In this case, we can parametrize the effects of

SUSY-breaking by introducing the parameter �X ,

η ≡ η0(1 +M�X θ̄2). (A.9)

�X is of order Fzi/M ∼ �X�m0

ΛM for the case when SUSY-breaking is external to the dRPV

sector and �X ∼ FX
M2 for the case when SUSY-breaking is directly coupled. The proton

lifetime for this case is given by

τp � 1032yr

�
10−8

|η��ijkη∗mnk|

�2�md̃L,k

TeV

�4�10−7

�X

�4�
0.1

�S�/M

�4

. (A.10)

For a model of minimal gauge mediation occurring below the scale of the RPV mediation,

one finds, �md̃L,k

TeV

��
10−7

�X

�
�

�
M

108GeV

�
. (A.11)

Finally the proton can decay, unsuppressed by SUSY-breaking, RPV, or fermion masses

via the final baryon- and lepton-number violating but R-parity conserving 4-Fermi operator.

If this dominates, the lifetime is approximately given by

τp � 1032yr

�
10−14

|λ �B, �L
ijmn|

�2�
M

108GeV

�4

. (A.12)

A.2 Neutrino Masses

One of the strongest constraints on lepton-number violation arises from neutrino masses [54,

55]. In models of dRPV, neutrino masses can be generated at one- and two-loop from the

qū�∗ operator. Since Majorana neutrino masses violate lepton number by two units, two

insertions of the qū�∗ dRPV vertex will be required to generate neutrino masses.

The one loop diagram in Fig. 4 contains the chirally suppressed part of the dRPV

operators. One can estimate the magnitude of this loop-induced neutrino mass by

mνij �
1

16π2
η�mniη

�
nmj

�S�2

M2

me
im

e
j

M2

mu
mmu

nAum

m2
ũn,m

. (A.13)

Since this is proportional to quark masses as well as further flavor suppression factors from

η�, we expect the largest contributions to arise from the stop/top loops, which will give

mij � 0.06 eV × η�33iη
�
33j

�
me

im
e
j

m2
τ

��
S/M

0.1

�2
�

TeV

m2
t̃1
/At

��
10 TeV

M

�2

. (A.14)
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•Integrating out heavy fields - suppression factor:

•SUSY breaking term suppressed by:

•Flavor suppression also expected - RPV terms also 
violate flavor, for example FN suppression in simplest 
models

Different ways of generating dRPV  

the term ūd̄D̄ is invariant under U(1)B−L and U(1)R, and could have been added to the

Lagrangian. In the presence of such a term, once D and D̄ are integrated out, an effective

holomorphic RPV term is generated,

Weff = − S

M
ūd̄d̄ . (3.6)

Since this term does not exhibit any further chiral suppressions, the effect of this operator

will generically dominate over the effect of the non-holomorphic operator. Indeed, a vertex

from the non-holomorphic term will be additionally suppressed by md/M compared to

the holomorphic vertex (where md is the down-type fermion mass). The presence of a

leading holomorphic RPV term is in accordance with our expectations from the symmetry

considerations discussed in Section 2.2: the charges of the RPV field S are 1 and 1/2 under

U(1)B−L and U(1)R, and thus large holomorphic RPV terms are allowed.

In the above toy model, S directly couples to the visible sector and its VEV induces

a mixing between the heavy and light fields. It is interesting to consider a deformation

of this model, in which the sector responsible for the spontaneous breaking of R-parity is

secluded from the visible one and the heavy fields act as messengers which communicate

the breaking. A dynamical hidden sector model with suppressed holomorphic couplings

can be easily realized, with a mild modification of the previous toy model. We introduce a

second set of heavy messengers, D−, D̄−, which carry negative R-parity charge, while the

original (positively charged) messengers are denoted D+, D̄+. The RPV field S triggers a

mixing between the two types of messengers, but does not interact with the visible fields

at the renormalizable level. The superpotential of the model is,

W = M(D+D̄+ +D−D̄−) + SD̄+D− +mD−d̄+ qqD+ . (3.7)

Integrating out the heavy messenger sector does not generate an effective superpotential

term at the leading order, and the leading RPV Kähler term is given by

�S�m∗

|M |2M qqd̄∗ + h.c. (3.8)

The above is simple to understand. The dRPV operator must be proportional to the VEV

of the RPV-breaking field, and to m, since it controls the mixing which connects the heavy

and light sectors.

Just as in the original toy model of the previous section, the U(1)B−L and U(1)R sym-

metries allows for the additional superpotential term ūd̄D̄+. The effective superpotential

will no longer vanish in the presence of this term,

Weff =
1

M
ūd̄qq . (3.9)

However, this term does not violate R-parity. This is again in accordance with our general

expectation from the spurion analysis: now the charges of S are −1 and −1/2 under

U(1)B−L and U(1)R, which implies a suppression in the holomorphic RPV terms. By
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At the same time, every operator in the theory must be transformed according to Eq. (4.3).

Applying this transformation to the toy model of Sec. 3.1, the effects of SUSY-breaking

can be captured by transforming M , S and λ as

M → MzDzD̄, S → SzDzd̄, λ → λz2qzD . (4.5)

The effects of SUSY-breaking on the dRPV coupling (3.3) are summarized in the operator

KdRPV =
z∗
d̄

z∗
D̄

z2q
z
D̄

λS∗

|M |2 qqd̄
∗ + h.c. . (4.6)

In addition to generating the chirally suppressed operators, SUSY-breaking RPV operators

are also generated due to the F-components of the z-factors. In fact, when integrating over

superspace, the F ∗
-term contributions from z∗

d̄
/z∗

D̄
can dominate the RPV effects over the

SUSY conserving ones.

Let us estimate the magnitude of the SUSY-breaking dRPV operators. In many models

of supersymmetry breaking and mediation, the wave-function renormalization factors, Zi,

can be approximated by the form,

Z(X,X∗) ∼ 1− |X|2

Λ2
. (4.7)

In gauge-mediated SUSY-breaking, �X� is the mass of the messengers and Λ ∼ 4π�X�/α,

where α is the corresponding gauge coupling. In gravity mediation and anomaly mediation,

Λ ∼ MPl and Λ ∼ 4πMPl/α respectively and, while �X� is in principle free, it is expected

that �X� � MPl in gravity mediation and �X� � MPl in anomaly mediation. From (4.4),

the soft-masses are

m2
φi

= −∂2 logZi

∂X∂X∗ |FX |2 ∼ m2
0 ≡

|FX |2

Λ2
, (4.8)

while supersymmetry breaking suppressed dRPV operators will be proportional to

Fz∗i

M
∼ �X∗�F ∗

X

Λ2M
∼ �X∗�

Λ

m0

M
, (4.9)

which should be compared with the fermion mass, mf/M , for chirally suppressed couplings.

Therefore, in models of gravity mediation the SUSY-breaking terms are typically negligible,

but in gauge and anomaly mediation, the SUSY-breaking terms could be much larger than

the SUSY preserving (chirally suppressed) operators.

If the scale of SUSY-breaking is below the scale of RPV mediation, M , then zD̄ → 1

and the suppression due to SUSY-breaking is m0/16π2M . This suppression is expected to

be less than the chiral suppression, with the exception of perhaps the operator containing

the bottom quark. However, there can also be additional suppression to the SUSY-breaking

couplings. For instance, in the case where the scale of gauge mediation is above the scale

of the dRPV messengers, one finds at one-loop that zd̄ ∼ zD̄, since they have the same SM

gauge quantum numbers. This implies that the effects of SUSY-breaking will be two-loop

suppressed in the RPV couplings.
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manner, dictated by the charges of the various SM fields. The corresponding low energy

operators are suppressed by different powers of the small parameter,

� ≡ �φ�
MFN

, (5.2)

where φ is the Froggatt-Nielsen field(s) responsible for the breaking of the horizontal sym-

metry. In particular, the low energy RPV couplings of (3.19) will be suppressed in a flavor

dependent manner,

α, η,λ ∝ �Q , (5.3)

where Q is the U(1)FN charge of the operator. The FN charges of the SM fields are

determined such that the correct fermion masses and mixing angles are reproduced, typically

implying that the lighter generations have a larger FN charge. Therefore, the RPV couplings

of operators containing first generation fields will be more suppressed than the couplings of

the heavier generations. The actual suppression factors may also depend on the FN charges

of the heavy fields D, D̄, L, L̄.

Assuming that the heavy fields are uncharged under the FN symmetry, the flavor

suppression of the dRPV operators of the model in Eq. (3.19) are,

ηijk ∝ �|Qui+Qēj |+|Qd̄k
| , η�ijk ∝ �|Qqi+Qūj |+|Q�k

| , η��ijk ∝ �|Qqi+Qqj |+|Qd̄k
| ,

λ �B, �L
ijmn ∝ �|Qqi+Qqj |+|Qūm+Qēn | . (5.4)

A particularly successful example of FN charges from [47, 48] is presented in Table 1, along

with the coupling suppression factors in Tables 2 and 3 of Appendix B.

5.2 Unifying dRPV and Flavor Models

Next, we consider the possibility that both the RPV and the breaking of the flavor symmetry

occur in a single sector and are mediated by the same set of messengers. In this scenario,

the RPV spurion, S, may also identified with the Froggat-Nielsen spurion. To illustrate

this, consider adding the operator hdqD̄ to the toy model superpotential (3.1)

W = XDD̄ + SDd̄+ λqqD + hdqD̄ , (5.5)

where M has now been promoted to an R-parity odd spurion X with �X� = M , since in

this case the D̄ field is now R-parity odd as opposed to the original toy model (3.1). There

is now a horizontal symmetry, with QS = −1 and Qd̄ = +1, that forbids the standard

Yukawa coupling hdqd̄. However, when integrating out the heavy fields, the low energy

effective superpotential now contains the term,

S

X
hdqd̄, (5.6)

and the Yukawa coupling is generated with the suppression,

� ≡ �S�
X

. (5.7)

– 15 –



•Either way strongly suppressed (as expected also 
by absence of B,L violation)

•Suppressed by messenger masses, flavor factors or 
perhaps SUSY breaking (at least two of them)

•Expect that in many relevant cases will give 
displaced vertices at LHC (or collider stable - but 
then not so interesting unless charged...)

•Studied phenomenology of displaced RPV both 
using traditional holomorphic RPV or dRPV

Different ways of generating dRPV  



•Stop LSP:                 special to dRPV. 4b final state.

•Sneutrino LSP:                   . Final state 4t

•Gluino LSP: 

•Sbottom LSP: 

dRPV gives different decays  

5

To get a decay for an up-type squark one instead needs

to pick out the VEV of �X†�. The corresponding operator
will be

i

M
(Q̃iQj + Q̃jQi)σ

µ∂µd̄
†k ⊂

�
d4θ

1

X†QiQj d̄
∗k, (21)

in which case the resulting decay will be chirally sup-

pressed
1
. For a stop LSP, the dominant decay will be

t̃ → b̄b̄. In the holomorphic RPV scenario, this decay is

not generated by the udd operator because of antisym-

metric nature of the flavor indices. The stop LSP width

is

Γt̃→b̄b̄ =
|η��333|2

π

�mb

M

�2
mt̃L (22)

while the stop decay-length is

cτt̃ � 1 mm

�
300 GeV

mt̃

��
M

108GeV

�2 �
1

|η��333|

�2

. (23)

This is interesting.
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FIG. 2: Diagrams which induce proton decay. Left: Decay with L violation via η and η�. Center: Decay to gravitino without
L violation. Right: Decay with L violation via the bilinears κ,κ�.

Cosmology

Rapid B and L violating interactions induced by RPV
operators may wash out any pre-existing baryonic or lep-
tonic asymmetry. Consequently, such processes should be
highly suppressed at low temperatures. Since sphalerons,
active above the weak-scale, violate B+L, it is typically
required that the RPV-induced rates are sufficiently slow
above that scale. The bounds on the dRPV operators are
similar to those in standard holomorphic RPV. One finds
�Xη � 10−7 and κeff

i < 10−6 where η stands for any ηijk,
η�ijk or η��ijk [2, 22, 23].

As we show below, these cosmological bounds typically
imply displaced decays at the LHC. Nonetheless these
bounds can be easily evaded in several ways (see [2] and
references therein). For example, the bounds are irrele-
vant if the baryon asymmetry is generated at or below
the electroweak scale. Conversely, as discussed in [9, 23],
when a single lepton flavor number is approximately con-
served the bounds can be significantly weaker.

LHC PHENOMENOLOGY

The phenomenology of models with dRPV can be very
different from those with R-parity conservation and even
from those with traditional RPV described by (1). The
details depend greatly on the identity of the lightest su-
persymmetric particle (LSP). Here we briefly comment
on three interesting possibilities which crucially differ in
their collider phenomenology from standard RPV: stop
LSP, gluino LSP and sneutrino LSP, with the first two
most relevant for naturalness. Further details on these
and other interesting possibilities will be given in [12].

Consider first the stop LSP. In all of the non-
holomorphic operators of (2), stop decays are induced
from SUSY-conserving interactions in which the stop is
extracted from one of the chiral fields. As a consequence,
the resulting operators in the Lagrangian all have deriva-
tive couplings and hence the decay rate is chirally sup-
pressed. One finds that the dominant decay mode is typ-

t~
t~

b
b

b

b

FIG. 3: An illustrative event display for stop pair production,
decaying via dRPV operators to 4b. Both the bottoms and
the stops decay a finite distance from their production vertex.
Each of the bottom pairs reconstructs to a single displaced
vertex with a stop invariant mass.

ically t̃ → b̄b̄, with a decay length,

cτt̃ � 1 mm

�
300 GeV

mt̃

��
M

108GeV

�2 ����
1

η��333

����
2

. (24)

Thus the stop LSP case may manifest itself uniquely as
four displaced b’s, where each pair reconstructs to a sin-
gle displaced vertex, and the two pairs have a similar
invariant mass. The situation is illustrated in Fig. 3. We
stress that such decays do not exist in the holomorphic
RPV scenario. The collider search for a stop LSP should
be significantly altered in order to discover dRPV.
Next consider the case of a sneutrino LSP, where the

LSP decay is governed by the η� couplings which induce
the operators uLiu

†
Rj ν̃k+dLiu

†
Rj ẽ

†
Lk. Since the 3rd gener-

ation couplings are typically least suppressed, the leading
decay mode will be ν̃ → tLt

†
R with a decay length

cτν̃ � 1 mm

����
10−2

η�331

����
2 �

10−5

�X

�2
165 GeV

(1− 2m2
t

m2
ν̃
)
�
m2

ν̃ − 4m2
t

.

(25)
For η�331 � 10−2 this vertex will be displaced, leading to
the interesting LHC signal of 4 displaced top quarks in

6

the final state.
Finally, a gluino LSP decays via an off-shell stop to

two bottoms and a top, g̃ → tbb. The decay length here
is estimated at,

cτg̃ � 1 mm

����
1

η��333

����
2 � mt̃

400GeV

�4
�
350GeV

mg̃

�5 � M

106GeV

�2

.

(26)
A late decaying gluino is less constrained than a promptly
decaying one. This possibility may allow for a lighter
gluino to be produced at the LHC [12].
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FIG. 3: Diagrams for proton decay: left with L violation,
right via gravitino.

In models of RPV, FCNC operators are generated at
tree-level, with the strongest constraints obtained from
the ∆F = 2 neutral meson-mixing processes. If either
of the operators, QiūjL∗

k or QiQj d̄∗k, are present, neutral
meson-mixing is generated at tree-level when integrating
out the squarks via the diagrams in Fig. 2. The operators
generated are

Qqiqj
1 ≡ − 1

2 (Q
α
i Q

β
i )(Q

α†
j Qβ†

j )

Qqiqj
4 ≡ ūα

j Q
α
i Q

β†
j ūβ†

i

(13)

with suppressions

1

Λ2
1,ij

=
η��iikη

��∗
jjk

m2
d̃R,k

�2X ,
1

Λ2
4,ij

=
|η�ijk|2

m2
ν̃L,k

�2X . (14)

For mf̃ � TeV the bounds from neutral meson mixing
are [? ]

∆mK : |η��11kη��∗22k�2X | � 10−10,
∆mD : |η��11kη��∗22k�2X | � 10−8, |η�12k�X |2 � 10−9

∆mBd : |η��11kη��∗33k�2X | � 10−7,
∆mBs : |η��23kη��∗33k�2X | � 10−7.

(15)
Note, that the most constrained operator, giving K − K̄
mixing, is Qd1d2

4 , and is not generated at tree-level here
(only involving up-type RH quarks), while it is gener-
ated at tree-level in standard RPV. Choosing �X ∼ 10−3

and reasonable FN charges all of these constraints can be
easily satisfied.

∆F = 1 Processes (B → Xs�
+�−)

[EK: do we want this section, i think not]

Proton Decay

If B and L violating couplings are present, the pro-
ton can decay. The leading contribution to proton decay
comes from the diagram on the left in Fig. 3 and gives
the decays p → (π or K)(e− or µ+). The matrix element

for the process is

M � 2η∗m�kη
��
11k�

2
X

Λ̃2
QCD

m2
d̃R,k

(16)

where m = 1(2) for a pion(kaon) and � = 1(2) for
electron(muon), and a hadronic matrix element appears
again, leading to a lifetime of order (for Λ̃QCD = 200
MeV)

τ � 5·1033yr
�md̃Rk

TeV

�4
�

6 · 10−19

|ηm�kη��11k|

�2 �
10−3

�X

�4

. (17)

Another channel for proton decay can appear if the
gravitino is light leading to the decays p → (π,K) + G̃
as shown on the right in Fig. 3. The matrix element is
estimated to be

|M|2 ∼ 1

3
|α��

11i|2�2X
m4

pΛ̃
4
QCD

m4
d̃i
m2

3/2M
2
Pl

. (18)

and the corresponding lifetime is

τ ∼ 5 · 1032yr
�md̃i

TeV

�4
�

M

105TeV

�4 � 10−8

|η��11i|

�2 �
F

FX

�2

(19)
where F =

√
3m3/2Mpl. In the case where ψX is aligned

in the golstino direction, i.e., FX is the only source of
SUSY breaking, the lifetime will be minimized, but if
there are additional sources of SUSY-breaking the life-
time will be enhanced, relaxing the constraints.

LHC PHENOMENOLOGY

The phenomenology of the models with dRPV can be
very different from those with R-parity conservation and
even from those with traditional RPV described by (1).
The details of the resulting phenomenology will greatly
depend on what particle is the LSP. Here we focus on
the most interesting possibility for higgs naturalness: the
case when the LSP is a third generation squark, in which
case only the η�� term is relevant for the LSP decay. Other
interesting possibilities will be considered in [? ].
For the case of a stop LSP the derivation of the LSP

lifetime is somewhat subtle. The reason is that if one
picks out the F †

X term from
�
d4θ 1

X†QiQj d̄∗k then one

gets a d̃†kQiQj-type vertex. For a sbottom LSP this will

result directly in the decay b̃ → t̄+ b̄ with a lifetime given
by

τ−1
b̃

=
|η��333|2

8π
�2Xmb̃ (20)

in which case the decay is expected to be prompt.



LHC bounds

•Looked at cases motivated by naturalness

•Light stops, gluinos or higgsinos
Topologies

LSP Production Decay Operator Results

t̃ pp → t̃t̃
∗

d̄ d̄
� λ��, η�� Fig.

u ν̄ η� Fig.
d �+ λ�, η Fig.

g̃ pp → g̃g̃

t d d
� + c.c λ��, η�� Fig.

t ū ν̄ + c.c η� Fig.
td̄ �− + c.c λ�, η Fig.

H̃

pp → g̃g̃

→ (tt̄H̃)(tt̄H̃)

pp → t̃t̃
∗

→ (tH̃)(t∗H̃)

t d d
� + c.c λ��, η�� Fig.

t ū ν̄ + c.c η� Fig.
td̄ �− + c.c λ�, η Fig.

Table 1. Summary of the various LSP’s, and their production and decay channels considered in
this paper. The fourth column denotes the RPV operators from (1.1) or (1.2) that can give rise to
the decays and the final column points to the relevant exclusion plot in Section 4.

are presented in the form of exclusion plots in the particle mass vs lifetime parameter space.
In Sec. A we detail the analysis techniques implemented in the various experimental searches
we have recast and present our procedure used for each recast channel. A discussion of the
results is given in Sec. 5.

2 Theory and Models

The aim of this project is to explore the RPV scenarios that are most relevant for main-
taining a natural Higgs sector within the supersymmetric theory. This requires that the
stop be well below the TeV scale, the gluino lie not too far above it, and Higgsinos are
expected to be light as well [? ]. Thus we will study models with light stops, and/or
gluinos, and/or higgsinos below the TeV scale. The LHC phenomenology and in particular
the decay topologies will strongly depend on the identity of the LSP and the nature of the
RPV operator responsible for its decay. In accordance with the naturalness expectations we
consider three types of LSP particles: stops (t̃), gluinos (g̃) and higginos (H̃). The LSP is
produced either directly or through the decays of gluinos or stops and subsequently decays
via an R-parity violating interaction. Since the main focus of this paper is the study of the
non-holomorphic RPV operators of the dRPV scenario in (1.2) we concentrate on decays
that predict final outgoing jets (in addition to other possible final-state particles). The
reason for this is that the SM gauge structure of the non-holomorphic operators (1.2) is
different from the holomorphic (1.1) ones: in particular there is no non-holomorphic cubic
term that contains more than one lepton (there is no analog of the llē coupling), thus a jet
is expected in every final state involving these operators. An exception could be the case
for a be Higgsino LSP if the breaking of R-parity occurs via the bi-linear terms or via the
holomorphic λllē term. We will not consider such purely leptonic decays in this paper.

– 3 –

(Kuflik, Lombardo, Slone, Volansky, 
C.C., see also Liu and Tweedie)



Experimental searches 

•Displaced vertex searches by ATLAS, CMS

•8 TeV, 20 fb-1, DV in inner tracker + (1) muon (2) 
electron (3) jets (4) MET
•All background free

•8 TeV, 18.6 fb -1, dijets originating from DV. Not 
restrictive to just models with jets. Isolated leptons 
treated as jets, three jets also have large efficiency 
to be captured

found in Appendix A. The LSP may decay promptly at the primary vertex (PV) or may

traverse a finite distance before decaying, depending on the size of the corresponding RPV

coupling []. While we mainly focus on displaced LSP decays due to RPV interactions, we

consider the limits obtained from prompt and HCSP studies as well. The various RPV

scenarios will be constrained by the following distinct families of searches.

3.1 Searches for Displaced Vertices

LSPs which decay in the inner detector can be reconstructed as displaced vertices by both

the ATLAS and CMS trackers. The SM background for these searches are negligible, al-

lowing long lifetimes - for which only a few of the produced LSPs decay within the tracker

- to be excluded, ranging from 1 to 10
7

mm proper lifetimes. [SL: For long lifetimes, the

number of LSP decays in the detector scales as L/cτ .] The searches presented in this pa-

per look for displaced vertices associated with one of several signatures used for triggering,

including jets, leptons, and MET. We recast displaced searches by both ATLAS and CMS,

which together place strong constraints on all of the final states considered in this paper.

The details of the simulation and procedure, including cuts, tracking efficiencies, and vertex

reconstruction, are given in Appendix A.

ATLAS DV + µ/e/jets/MET

The ATLAS search for long lived particles at
√
8 TeV [] considers four multitrack signatures

at a luminosity of 20.3 fb
−1

in which a displaced vertex (DV) reconstructed in the tracker

must be accompanied by one of the following: (1) a high pT muon (2) a high pT electron

(3) jets or (4) missing transverse energy (MET). All of these searches are background free.

The muon search has been improved from the previous study at 8 TeV [] by increasing the

detector volume used for reconstructing vertices.

CMS Displaced Dijet

The CMS collaboration has performed a search for dijets originating from displaced vertices

at
√
s = 8 TeV with 18.6 fb

−1
of data [25]. The analysis requires two hard jets consistent

with a dijet produced at a reconstructed secondary vertex. However, the constraints from

this search are not limited to models with dijets. Isolated leptons are treated as jets, and

three-jet final states have significant efficiency to be reconstructed as dijets giving sensitivity

to a variety of models.

3.2 Searches for Stable Particles

Long-lived colored particles, such as squarks or gluinos, form composite objects with SM

particles, called R-hadrons. For long enough lifetimes, the LSP may hadronize and tra-

verse the whole detector before decaying. Searches for such slowly moving charged particles

may then place interesting limits on the production rate of the LSP. These searches also

constrain unstable LSPs with lifetimes long enough for a significant fraction to escape the

detector before decaying.
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•CMS Heavy Charged Stable Particle (HCSP) search

•8 TeV, 18.8 fb-1, look for longer time-of-flight to muon 
system or anomalous energy loss

•Prompt searches
                         paired dijet resonance searches
                         leptoquark searches(Tevatron+LHC)
                         stop→top+neutralino search
                         gluino→ttbar neutralino search                            
                         gluino→tbs search

t̃ → dd

Experimental searches 

t̃ → dl+

g̃ → tbb

g̃ → tt̄ν

t̃ → tν



Results 
•Generated 10000 events for grid of LSP masses 
lifetimes of 100 GeV, decay lengths 0.03,0.1,0.3,1,...mm

•Feynrules→Madgraph→Pythia→Delphes3 pipeline

•Wherever efficiency very small generated additional 
events

•Applied all cuts and reconstruction procedure of all  
displaced searches, recast HCSP searches at parton 
level, prompt searches bounds directly applied (no 
recasting for prompt)

•Simulated R-hadrons for stop LSP, that is why dijet 
search can constrain decay to single quark+neutrino



Stop bounds 
•Direct stop production,               type decayt̃ → d̄d̄
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Figure 1. 95% CL exclusion curves for fully hadronic stop decays to two down-type quarks. In
the upper left plot we have t̃ → d̄d̄, in the upper right plot t̃ → d̄b̄, while in the lower plot we
have t̃ → b̄b̄. While all displaced searches of ATLAS and CMS have been recast, we only display
the curves yielding the strongest constraints. The prompt searches here correspond to paired dijet
searches at ATLAS and CMS.
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Stop bounds 
•Direct stop production,                 type decayt̃ → dl+
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Figure 2. 95% CL exclusion curves for stop decays to a bottom quark and a charged lepton. In
the upper left plot we have t̃ → be+, in the upper right plot t̃ → bµ+, while in the lower plot we
have t̃ → bτ+. While all displaced searches of ATLAS and CMS have been recast, we only display
the curves yielding the strongest constraints. The prompt searches here correspond to ...

Figure 3. 95% CL exclusion curves for stop decays to an up-type quark and a neutrino. In the
left plot we have t̃ → tν and in the right plot t̃ → cν. While all displaced searches of ATLAS and
CMS have been recast, we only display the curves yielding the strongest constraints. The prompt
searches here correspond to ...
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Stop bounds 
•Direct stop production,                 type decay

•Prompt decays likely constrained, but no search 
result directly applicable, need recasting) 

t̃ → uν

Figure 2. 95% CL exclusion curves for stop decays to a bottom quark and a charged lepton. In
the upper left plot we have t̃ → be+, in the upper right plot t̃ → bµ+, while in the lower plot we
have t̃ → bτ+. While all displaced searches of ATLAS and CMS have been recast, we only display
the curves yielding the strongest constraints. The prompt searches here correspond to ...

!"#!$%&'(
)*+)#!",*
)*+)#!&'(
-!#.
-!#./ !#
.0123(

!"" #"" $"" %"" &""" &!""
&"!!

&

&"!

&""

&"#

&"$

&"%

&"&

!! !'()"

!
!"
"
"

"
#

*

!"#!$%&'(
)*+)#!",*
-!#.
-!#./ !#
.0123(

!"" #"" $"" %"" &""" &!""
&"!!

&

&"!

&""

&"#

&"$

&"%

&"&

!! !'()"

!
!"
"
"

"
#

*

Figure 3. 95% CL exclusion curves for stop decays to an up-type quark and a neutrino. In the
left plot we have t̃ → tν and in the right plot t̃ → cν. While all displaced searches of ATLAS and
CMS have been recast, we only display the curves yielding the strongest constraints. The prompt
searches here correspond to ...
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Gluino bounds 
•Direct gluino production, three-body decay w/o 
charged leptons
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Figure 4. 95% CL exclusion curves for gluino decays to tbb (left) and tt̄ν (right). While all
displaced searches of ATLAS and CMS have been recast, we only display the curves yielding the
strongest constraints. The prompt searches here correspond to ...

Figure 5. 95% CL exclusion curves for gluino decays to a top, a bottom quark and a charged
lepton. In the upper left plot we have g̃ → tbτ , in the upper right plot g̃ → tbµ, while in the lower
plot we have g̃ → tbe. While all displaced searches of ATLAS and CMS have been recast, we only
display the curves yielding the strongest constraints.
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Gluino bounds 
•Direct gluino production, three-body  g̃ → tbl

Figure 4. 95% CL exclusion curves for gluino decays to tbb (left) and tt̄ν (right). While all
displaced searches of ATLAS and CMS have been recast, we only display the curves yielding the
strongest constraints. The prompt searches here correspond to ...
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Figure 5. 95% CL exclusion curves for gluino decays to a top, a bottom quark and a charged
lepton. In the upper left plot we have g̃ → tbτ , in the upper right plot g̃ → tbµ, while in the lower
plot we have g̃ → tbe. While all displaced searches of ATLAS and CMS have been recast, we only
display the curves yielding the strongest constraints.
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Higgsino bounds
•Direct higgsino production, three body decays via 
stop 
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Figure 6. 95% CL exclusion curves in the charged Higgino lifetime vs. mass plane, for Higgsino

decays to a top, a bottom quark and a charged lepton. In the upper left plot we show H̃
0 → tbb

and H̃
∓ → bbb, in the upper right plot H̃

0 → tbτ and H̃
∓ → bbτ , and in the bottom plot we

present H̃
0 → ttν and H̃

∓ → btν. The ratio of neutral to charged Higgino lifetime depends on their

mass and is indicated on all three plots. While all displaced searches of ATLAS [28] and CMS [29]

have been recast, we only display the curves yielding the strongest constraints. Stable searches for

HSCPs [33] were recast for an unstable Higgsino. LHC searches for 3 or more leptons, same-sign

leptons events, and/or multiple (b-)jets are now shown above and are expected to constrain prompt

decays.

4.3 Higgsino LSP

For the case of Higgsino LSP, we have considered direct production of charged and neu-

tral Higgsinos. We simulated the production of both particles simultaneously using the

corresponding mixing matrices for the relevant value of µ � m
H̃

. Approximately 61% of

produced Higgsinos are charged over the full range of masses, giving HSCP searches sen-

sitivity to long-lived Higgsinos. The results are plotted in Fig. 6. We decouple all the

superpartners except for the stops, which we take to be degenerate. This production mech-

anism may be subdominant to gluino or stop production, which we have not considered.

However, we obtain strong bounds from direct production alone, allowing for a conservative

limit which rules out Higgsinos up to 800 GeV, except for a region of short lifetimes above

∼ 300 GeV. This region is expected to be constrained by prompt searches for large jet

multiplicity events for (t/b)bb final states, same sign di-lepton for (t/b)bτ final states and

prompt MET searches for (t/b)tν final states as well as other prompt searches. Recasting
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Displaced SUSY

•Bounds quite strong, usually > TeV

•Displaced SUSY does not save naturalness, best 
bet is prompt fully hadronic decays



Displaced Higgs decays as signals 
of Neutral Naturalness

•A radical approach to hierarchy problem is top 
partners not colored (or maybe not charged under 
SM at all)

•Twin Higgs is most well-known example

•SM gauge group doubled, twin sector related by 
Z2 symmetry to SM 

•Other examples: Folded SUSY, quirky little Higgs, 
orbifold Higgs

(Chacko, Goh, Harnik)



Displaced Higgs decays as signals 
of Neutral Naturalness

•Phenomenology depends strongly on details of 
mirror sector. 

•Interesting possibility: no light mirror quarks. In 
models with EW charged mirror this is a must. 

•``Fraternal twin Higgs”, only twin partner for 3rd 
generation

•Folded SUSY

•This case there will be light glueballs of QCD’ 
which can mix with SM Higgs

Glueball-Higgs Coupling
0903.0883 Juknevich, Melnikov, Strassler; 0911.5616 Juknevich

Glueballs mix with the Higgs 
via top partner loop. 

Will decay back to SM!

mirror
glueball

mirror
glueball

mirror
glueball top

partners

visible Higgs
SM

The Higgs can also decay to 
these glueballs: 

exotic displaced decays!

1501.05310 Craig, Katz, Strassler, Sundrum

Key signature of uncolored naturalness!

Top partners connect our Higgs sector to the mirror QCD:

13

(Craig, Katz, Strassler, Sundrum) 

(Burdman, Chacko, Goh, Harnik) 



Displaced Higgs decays as signals 
of Neutral Naturalness

•SM Higgs can decay to mirror glueballs

•Which can decay back to SM particles via mixing 
with Higgs 

Glueball-Higgs Coupling
0903.0883 Juknevich, Melnikov, Strassler; 0911.5616 Juknevich

Glueballs mix with the Higgs 
via top partner loop. 

Will decay back to SM!
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these glueballs: 
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Key signature of uncolored naturalness!

Top partners connect our Higgs sector to the mirror QCD:

13
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via top partner loop. 
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visible Higgs
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The Higgs can also decay to 
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exotic displaced decays!

1501.05310 Craig, Katz, Strassler, Sundrum

Key signature of uncolored naturalness!

Top partners connect our Higgs sector to the mirror QCD:

13

(Figures from 
David Curtin)



Displaced Higgs decays as signals 
of Neutral Naturalness

•Results in exotic Higgs decays which can be 
displaced depending on the lifetimes of the glueballs

•We will be looking for this decay, without assuming 
anything else about the model, leave glueball mass, 
lifetime free parameter. Assume decay according to 
Higgs couplings. 

2

H

πv

πv

p

p

f̄

f

f̄

f

FIG. 1. The Higgs boson, once produced, decays to two long-

lived invisible scalars, πv, which then decay back to visible

particles via an off-shell Higgs.

Higgs branching ratios with an integrated luminosity of
20 fb−1.

MODELS AND THEIR SIGNAL

The phenomenology of Twin Higgs-type models is of
the hidden valley type [11, 12, 15, 21], where twin parti-
cles communicate with the SM only via a Higgs portal,
i.e. a mixing between the SM Higgs and its twin partner.
This mixing can allow for production of twin particles
following Higgs production at the LHC. If these parti-
cles are metastable on detector scales, they may traverse
a macroscopic distance and decay back to SM particles
within the detector, appearing as either a DV or as a
decay in the hadronic calorimeter or muon spectrome-
ter. The prototypical model we have in mind is that of
the “fraternal twin Higgs” [13] where the twin QCD has
no light quark generations, only a twin 3rd generation,
resulting in metastable twin glueballs and twin bottomo-
nia. Other models of neutral naturalness with top part-
ners charged under the electroweak group will necessar-
ily have similar phenomenology: the twin glueballs must
be the lightest states of the hidden sector, in order to
avoid direct constraints from LEP, resulting in the phe-
nomenology considered here. Typically, the mass of the
intermediate scalars in the Higgs decays (corresponding
to the twin glueballs or twin bottomonia) are expected
to be in the 10 − 60 GeV range [16], depending on the
details of the twin confining sector.

While the Twin Higgs is our motivation, we focus on
a simplified signal of the SM Higgs boson decaying to a
degenerate pair of hidden scalars, πv, which travel a fi-
nite distance before decaying to SM particles (see Fig. 1).
We assume that the decay occurs via mixing with the
Higgs. Therefore, the couplings of the scalars, πv, to SM
particles are proportional to the Higgs’ couplings. The
dominant final states are bb̄, τ+τ− and cc̄, with the ratios
85:8:5 for mπv � 20 GeV.

We also present results for the scenario where the Higgs

boson decays to a pair of degenerate hidden scalars, one
of which is stable and escapes the detector. This signal
could be realized if the branching ratio of the twin gluon
to the metastable 0++ glueball is very small, in which
case most twin glueballs produced will be stable since
they do not have the have the right quantum numbers to
mix with the SM Higgs.

BOUNDS FROM RUN I

Several searches for displaced decays within the
ATLAS and CMS detectors have been performed on Run
I data. In particular, two searches at

√
s = 8 TeV with

the ATLAS detector have been interpreted for signals of
the type studied here. The first of these is an ATLAS
search [18] for two DVs either within the tracker or the
muon spectrometer. This search is mostly sensitive to
lifetimes of O(1m). The reason for this is that the trigger
efficiencies are enhanced for DVs occurring in the muon
spectrometer, while the trigger thresholds and strict ver-
tex requirements applied for decays within the tracker
are rarely satisfied by this signal. The second ATLAS
search [19] looks for low electromagnetic fraction jets in-
dicative of decays within the hadronic calorimeter or at
the edge of the electromagnetic calorimeter. This search
is sensitive to similar lifetimes, but is not as powerful as
the former search in constraining the branching ratio for
all except the lightest intermediate scalar masses. This
is due to a weaker trigger efficiency. These ATLAS ex-
clusion curves are reproduced in Fig. 2.

The CMS search for displaced dijets [20] and ATLAS
multitrack DV searches [17] look for decays within the
tracker and constrain lifetimes ranging from 1 mm to
1 m. We have fully recast these searches and interpreted
the results in terms of displaced Higgs decays. We simu-
late the three largest production modes for the Higgs:
gluon-gluon fusion (ggF), vector boson fusion (VBF),
and vector associated production (VH). Hard processes
are simulated in Madgraph 5 [22] followed by hadroniza-
tion and parton showering using Pythia 8 [23]. We use
Delphes 3 [24] for the detector simulation with default
efficiencies for the ATLAS and CMS detectors, excluding
tracking efficiency. FastJet [25] is used to cluster jets and
apply jet substructure algorithms. Additional details of
the simulations can be found in [26].

For the ATLAS multitrack DV searches, we find that
the trigger thresholds for leptons, jets, and MET are
too strong for this search to be sensitive to a 125 GeV
Higgs, including all Higgs production modes, and thus
no further bound is established. The dilepton DV search
performed in this study is efficient for the πv → µ+µ−

decays but gives no bound due to the small expected
branching ratio of this decay mode. However, the CMS
displaced dijet search, while having low efficiencies, does
have some sensitivity to displaced Higgs decays for the



Displaced Higgs decays

•Run I analysis: assuming Higgs decays to 2 
invisible particles, which in turn decay with 
couplings set by the SM Higgs couplings (but 
branching ratios differ due to phase space)

•Existing ATLAS analysis: require two displaced 
decays in same event. Two possible signals

•Decays in muon chamber (solid line)

•Decays in hadronic calorimeter (dashed line)

•No sensitivity for smaller lifetimes - most 
unconstrained region for twin Higgs type models 

(Kuflik, Lombardo, Slone,  C.C.)



Displaced Higgs decays
•Used existing tracker analysis to set bounds from 
existing Run I data on smaller lifetimes

•Used CMS displaced dijet search based on 
displaced jet trigger (requiring two displaced jets)

•ATLAS displaced tracker searches give no 
constraint - usually require higher momentum 
triggers, but Higgs 125 GeV, intermediate particles 
10-60 GeV mass, nothing really hard...

•Also light particles imply low track multiplicities, 
and typical DV searches require  ≥ 5 tracks.



Displaced Higgs decays
•CMS displaced dijet trigger has track displacement 
requirement in the trigger

•ATLAS has no displacement requirement in triggers 
relevant for shorter lifetimes (displaced triggers are used 
for the ATLAS muon and HCAL searches)

•CMS trigger can have much lower momentum 
thresholds for short lifetimes helping for displaced Higgs 
decays

•This issue might also be also relevant for Run II



Bounds from Run I
•First bounds on short lifetimes ≤10 cm from CMS 
displaced dijet search 3

heavier range of the intermediate πv masses, for branch-
ing fractions as low as 5 percent in the 1 mm - 1 m proper
lifetime regime. The reason for the somewhat increased
sensitivity is that the CMS study takes advantage of a
dedicated displaced trigger which allows for lower jet pT

trigger thresholds by requiring two jets with pT > 60
GeV to have displaced tracks with transverse impact pa-
rameter (IP) larger than 0.5 mm. The trigger is seeded
by the level one requirement of scalar transverse energy,
HT > 325 GeV. However, the large HT requirement
of the trigger preferentially selects events containing a
boosted Higgs or large initial state radiation (ISR), which
also results in boosted πv’s, merging their decay products
into a single jet. For these reasons, this search, which re-
quires two jets associated to a DV, is not very efficient
for the signal we consider. Furthermore, the vertex re-
quirement, mDV > 4 GeV, and the background discrimi-
nant which prefers a large DV track multiplicity, decrease
the efficiency for signals with light πv. Nevertheless, we
still find that the search places bounds on signals with
mπv � 40 GeV for lifetimes complementary to those ob-
tained from the ATLAS searches. Our resulting bounds
on the Higgs branching fractions as a function of the πv

lifetime obtained from our recast of the CMS dijet search
(together with the previous ATLAS bounds) are pre-
sented in Fig. 2. We find limits for heavy πv and shorter
lifetimes, ranging from 1− 1000 mm, that are somewhat
weaker than the corresponding ATLAS bounds for longer
lifetimes, while signals with mπv � 40 GeV remain un-
constrained for lifetimes below 100 mm. We emphasize
that these constraints do not apply for signals which only
produce a single DV per event. For the case where one of
the hidden particles is stable, the CMS dijet search does
not have sensitivity since the events fail to pass the large
HT requirement.

SEARCH STRATEGIES AND PROJECTED
SENSITIVITY FOR RUN II

In this section, we propose new search strategies for
detecting displaced Higgs decays within the ATLAS
and CMS inner detectors. Lifetimes corresponding to
these decay lengths are mostly unconstrained by exist-
ing searches. For longer lifetimes, a search for decays in
the muon spectrometer would be more sensitive, and the
strategies considered here could be slightly altered and
applied in order to achieve sensitivity to events with a
single displaced decay.

There are major difficulties in detecting the signal
under consideration due to the relatively light mass of
the Higgs boson and of the hidden sector particles. To
make matters worse, the dominant production mecha-
nisms (ggF followed by VBF) tend to produce the Higgs
boson close to rest. Therefore, a search with sensitivity
to such a signal must either use a trigger with low pT re-
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FIG. 2. 95% CL exclusion curves for Run I of the LHC. The

ATLAS constraints are reproduced from the searches for long-

lived particles decaying in the muon spectrometer [18] (solid)

and the hadronic calorimeter [19] (dotted). The CMS recast

exlcusion curves are derived from the search for displaced di-

jets in the inner tracker [20] (dashed).

quirements, possibly by taking advantage of a dedicated
displaced trigger, or be restricted to boosted Higgs kine-
matics and pay the price of a relatively small production
rate. Furthermore, DV searches looking for single decays
in the tracker typically impose strict vertex requirements
designed to cut out background events. However, signals
with light intermediate particles often do not pass these
requirements and cannot be detected by a generic DV
search. For these reasons, model-specific searches are
required in order to detect such signals. Specifically, a
successful search strategy should be designed with weak
vertex requirements in order to enhance the number of
expected signal events while retaining as low background
as possible by imposing other event selection criteria.

An important point regarding the expected LHC phe-
nomenology of Twin Higgs models is that the πv particles
decay to the SM via a Higgs portal with final states which
are expected to often be bb̄. This has a few important
consequences. First, one can search for decay products of
the bb̄ in conjunction with a DV, for example a muon or a
dijet. It has been shown that requiring a muon within a
cone of a displaced jet significantly reduces the displaced
jet background [27, 28]. Requiring a displaced dijet as-
sociated to a DV was used as a background discriminant
in the CMS displaced dijet search [20]. Furthermore, de-
pending on mπv , the displaced dijet can become merged
into a single jet with many displaced tracks, resulting in
an “emerging jet” signature [29]. The merged jets typi-
cally exhibit a 2-prong substructure which can be used
to reconstruct the displaced dijet, thus extending the dis-
placed dijet search strategy to scenarios with light hidden
sector particles. Some percent of events may contain two
displaced vertices. This has been taken advantage of in
searches performed by ATLAS [18, 19]. These signatures,
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Trigger Trigger Requirement
Displaced jet HT > 175 GeV or three jets with p

j1,2,3
T >

(92, 76, 64) GeV, |ηj1,2,3 | < (5.2, 5.2, 2.6)
with |ηj1 | or |ηj2 | < 2.6, and two of the
three jets satisfying mjj > 500 GeV, and
∆η > 3.0. A displaced jet satisfying pT >
40 GeV, at most 1 prompt track (2D IP <
2.0 mm) a, and at least 2 displaced tracks.

Inclusive VBF Two jets with |ηj1,j2 | > 2, ηj1 · ηj2 < 0,
|ηj1 − ηj2 | > 3.6 and mj1,j2 > 1000 GeV.

VBF, h → bb̄ Three jets with p
j1,2,3
T > (112, 80, 56) GeV

and |ηj1,2,3 | < (5.2, 5.2, 2.6) and at least
one of the two first jets with |ηj1 | or |ηj2 | <
2.6.

Isolated Lepton One lepton with pT > 25 GeV, |η| < 2.4,
and 3D IP < 1 mm. Isolation requires the
summed pT of all tracks with pT > 1 and
within ∆R < 0.2 of the lepton is less than
10% of the lepton pT .

Trackless jets A jet with pT > 40 GeV and |η| < 2.5
matched with a muon with pT > 10 GeV
within ∆R = 0.4. No tracks with pT > 0.8
GeV in the ID within a ∆φ×∆η region of
0.2× 0.2.

TABLE I. Triggers for Run II which may be sensitive to
displaced Higgs decays.
a A previous version of this letter had incorrectly stated and used

the trigger requirement, 2D IP < 2.0 cm.

together with a requirement of reconstructing the orig-
inal Higgs mass and/or the πv masses in the displaced
jets of the event, could be used to remove background
events. In what follows, we present the details of the
search strategies considered in this work.

Triggers

For Run I, triggers were a major limitation on plac-
ing constraints on O(cm) lifetimes. This situation may
significantly improve for Run II due to the possible im-
plementation of improved dedicated displaced triggers.
These allow for lower pT thresholds, giving better sen-
sitivity to Higgs events with displaced decays. Triggers
based on the production process of the Higgs, either VBF
or VH, do not strongly depend on the lifetime of the πv

particles and may be useful for probing lifetimes which
are not picked up by displaced triggers. The five triggers
which have been considered in this study are detailed in
Table I.

CMS has several displaced triggers implemented for
Run II, including a dedicated displaced trigger with
thresholds designed to pick up Higgs events with dis-
placed jets, which we will refer to as the “displaced jet”
trigger. This trigger requires either large HT or three
jets with a VBF signature, along with a displaced jet
containing tracks with IP > 2 mm.

The full trigger requirements for this “displaced jet”
trigger are detailed in Table I. The trigger is efficient for
all production processes of the Higgs, provided cτπv � 2
mm. For short lifetimes, this trigger’s efficiency drops
since the displacement requirement is often no longer
satisfied. CMS has other dedicated displaced triggers
on their Run II trigger menu. The trigger with second
lowest thresholds requires two displaced jets with tracks
satisfying IP > 0.5 mm (analogous to the Run I triggers
used in [20]) at the cost of higher HT and jet pT require-
ments. A search with this trigger could be sensitive to
shorter lifetimes, however the search would be restricted
to events with boosted Higgs events, rendering it ineffi-
cient for the signal considered in this study.

For short lifetimes of O(1 mm) or less, other non-
displaced triggers become more efficient, and one must
consider other trigger options. VBF or lepton triggers
may be useful for a DV search in this scenario. One pos-
sibility is to search for a VBF signature, picking out two
jets with large invariant mass. This has been denoted as
the “Inclusive VBF” trigger in Table I. Another possibil-
ity is a trigger designed to pick up VBF production with
the Higgs decaying into a bb̄ pair. Such a trigger, which
requires three jets with varying pT and η, is denoted as
the “VBF, h→ bb̄” trigger in Table I. Yet another possi-
bility is to trigger on prompt leptons from the leptonic
decay of W or Z in VH events or on displaced leptons
from the bb̄ meson decays. Such a trigger, with a low
lepton pT threshold, would likely require isolation cuts
under Run II conditions, giving a significant reduction in
ggF and VBF efficiency for which the leptons typically
arise from bb̄ decays and are not isolated. As a conserva-
tive estimate for such a trigger we impose track isolation
cuts from [30] and impose a cut on the 3D IP of the
lepton as detailed in Table I.

ATLAS has implemented a trackless jets trigger [28]
which may be used to pick up decays occurring beyond
the pixel layers of the tracker (the outermost layer is
located at r = 10.2 cm). This trigger is denoted the
“trackless jet” trigger in Table I. Tracks originating be-
yond the pixel layer are not reconstructed by the level
two trigger. Decays occurring outside of the pixel layers
thus give a signature of a jet which is isolated from recon-
structed tracks. We find that this trigger is inefficient for
reconstructing displaced vertices within the tracker. The
trigger preferentially selects events in which the displaced
decay is outside the pixel layers where track reconstruc-
tion efficiencies are lower, making vertex reconstruction
more difficult. For long lifetimes and for search strate-
gies which require a muon matched to a displaced jet, this
trigger is more competitive with a single dedicated dis-
placed jet trigger, but again preferentially selects longer
decay lengths.

By triggering on the production process without re-
quiring displaced tracks at the trigger level, the VBF and
lepton triggers are sensitive to all lifetimes. However,



Triggers for Run II

•CMS displaced jet trigger: similar as for Run I but 
lower trigger thresholds (but 4 x larger Impact 
Parameter) and only one displaced jet

•VBF: usual VBF trigger - forward and backward 
jet, large invariant mass

•Isolated lepton: isolated from jets (to exclude 
decays from heavy quarks)

•Trackless jets (ATLAS only): jets w/o tracks in 
pixel detector
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Trigger mπv (GeV) cτ = 1 mm cτ = 10 mm cτ = 100 mm
�ggF �VBF �VH �Total �ggF �VBF �VH �Total �ggF �VBF �VH �Total

Displaced jet

10 0.4% 1.3% 1.1% 0.5% 12.6% 20.2% 25.1% 13.7% 17.1% 42.0% 34.7% 19.8%
25 0.2% 0.8% 0.7% 0.3% 7.6% 20.4% 16.9% 8.9% 17.2% 45.3% 37.3 % 20.2%
40 0.3% 1.0% 0.9% 0.4% 7.3% 19.7% 16.4% 8.6% 16.3% 44.6% 36.3% 19.3%

Inclusive VBF

10 1.9% 15.5% 0.8% 2.8% 1.8% 15.5% 0.7% 2.8% 1.6% 15.1% 0.6% 2.6%
25 1.7% 15.3% 0.7% 2.7% 1.7% 15.3% 0.7% 2.7% 1.6% 15.2% 0.6% 2.6%
40 1.6% 15.2% 0.7% 2.6% 1.6% 15.2% 0.7% 2.6% 1.6% 15.2% 0.6% 2.6%

VBF, h → bb̄
10 5.8% 20.3% 13.1% 7.2% 5.8% 20.2% 13.0% 7.2% 3.5% 13.3% 8.1% 4.4%
25 4.6% 16.6% 10.9% 5.8% 4.7% 16.7% 10.9% 5.9% 4.2% 15.2% 9.7% 5.3%
40 4.0% 14.2% 9.2% 5.0% 4.0% 14.2% 9.2% 5.0% 3.8% 13.9% 8.9% 4.8%

Isolated Lepton

10 3.6% 3.7% 14.7% 4.1% 1.0% 1.0% 12.5% 1.5% 0.1% 0.2% 11.8% 0.6%
25 1.0% 1.5% 13.0% 1.6% 0.3% 0.4% 11.9% 0.8% 0.05% 0.07% 11.7% 0.6%
40 1.0% 1.4% 12.6% 1.6% 0.3% 0.4% 11.9% 0.8% 0.05% 0.07% 11.6% 0.6%

Trackless jet

10 0.02% 0.04% 0.04% 0.02% 0.8% 1.5% 1.3% 0.9% 2.0% 2.4% 2.2% 2.0%
25 0.02% 0.04% 0.06% 0.02% 0.5% 1.0% 0.8% 0.6% 3.6% 5.9% 5.0% 3.8%
40 0.01% 0.02% 0.03% 0.01% 0.1% 0.2% 0.2% 0.1% 2.1% 4.1% 3.3% 2.3%

TABLE II. A comparison of trigger acceptances for mπv = 10, 25, 40 GeV and cτ = 1, 10, 100 mm. The acceptance is given

for Higgs production via ggF, VBF and VH. The rightmost column for each lifetime is the total acceptance, �Total, weighted

by the cross sections for the various production mechanisms.

VBF and lepton triggers are less efficient for ggF pro-

duction which dominates the Higgs cross section. There-

fore, these triggers generally provide the best efficiency

for short lifetimes but are weaker than a dedicated dis-

placed trigger for lifetimes with cτ � 1 mm. In this

study, we present results using the “displaced jet” trigger

as it provides the best trigger efficiency over the range of

lifetimes considered in this study. For sub-mm lifetimes,

which we do not consider in this study, the “VBF h→ bb̄”
trigger is most efficient for this signal. However, back-

ground considerations may prefer the use of the “isolated

lepton” trigger for such a search.

The acceptance of each of the triggers described above

is given in Table II for signal events which follow Higgs

production via ggF, VBF and VH. For jet clustering, we

use the anti-kt algorithm with ∆R = 0.5. The vertex

reconstruction efficiency is expected to be approximately

independent of the trigger acceptance for a given decay

length and choice of vertex selection cuts. However, the

displaced jet and trackless jet triggers preferentially ac-

cept events with longer decay lengths which have lower

vertex reconstruction efficiency. It may be possible to

reduce vertex requirements as a result of using a lower

background trigger, e.g. a lepton trigger together with

reconstructing the W/Z boson in VH events is known to

cut down on multijet background [31].

Event Reconstruction

Provided events pass the triggers, the next difficulty

in detecting displaced πv decays is to reconstruct the DV

and apply event selection requirements to remove back-

ground events. The details of DV reconstruction and

selection will be very important for signals with long-

lived particles with masses below ∼ 20 GeV for which

tracker vertex reconstruction efficiencies depend strongly

on mπv . Due to the light mass of the πv particles, the

signal vertices have characteristically low invariant mass,

mDV , and track multiplicity, Ntracks, even with perfect

tracking efficiency. Combining the low track multiplicity

of the signal with reduced tracking efficiency for displaced

tracks makes displaced vertex reconstruction within the

tracker difficult. For example, with mπv � 20 GeV, a 5-

track, mDV > 10 GeV single multitrack DV search would

have very limited sensitivity. A search which requires two

reconstructed 5-track DVs within the tracker would also

have weak sensitivity due to the low probability to re-

construct multiple 5 (or more) track vertices in the same

event. A primary goal of this paper is to weaken the ver-

tex mass and track requirements by requiring additional

objects associated to the DV or other event selection cri-

teria in order to achieve sensitivity to light signals. If

these selection criteria are not able to reduce backgrounds

to zero, it may be necessary to search for the signal as

an excess in background events.

Background vertices can arise from heavy flavor de-

cays, interactions with material in the detector, and ac-

cidental crossing of tracks. Background DVs typically

have small invariant mass and low track multiplicity [32].

Heavy flavor decays have low mDV and are associated

to tracks with small impact parameters (IP � 0.5 mm).

Requiring displaced tracks significantly suppresses SM

backgrounds. However, for sub-mm lifetimes and for

searches with low mDV requirements, SM backgrounds

can be important. We follow the procedure in [17] and

only vertex tracks which are significantly displaced with

IP > 2 mm and impose mDV requirements such that

SM backgrounds are not the dominant source of back-

ground. Detector material interactions can be reduced

by mapping out regions of detector material as was done

•Displaced dijet trigger is best except for very short 
lifetimes

•VBF with additional bbbar is taking over for <10 mm



Acceptances

•Boxed regions: signal regions (# of tracks vs. mass 
of displaced vertex) - detector backgrounds outside

•For heavier particles fraction of signal in signal 
region. For light particles little signal left. Need to 
extend signal region - may have some background! 

•Low track multiplicity! Need to modify tracker 
searches for light intermed. particles!
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FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the “displaced

jet” trigger. Figure (f) shows the overall best sensitivity of all five proposed tracker searches (dashed) together with projected

ATLAS search results (solid), rescaled for
√
s = 13 TeV Higgs production.

•Search I: one high mass (≥10 GeV) and ≥5 tracks 
single DV based on ATLAS search. Good for high 
mass ≥40 GeV

•Search II: One DV with high track multiplicity, no 
mass requirement to allow softer objects, but 
reproduce Higgs and intermed. particle masses
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FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the “displaced

jet” trigger. Figure (f) shows the overall best sensitivity of all five proposed tracker searches (dashed) together with projected

ATLAS search results (solid), rescaled for
√
s = 13 TeV Higgs production.

•Search III: one high mass (≥4 GeV), ≥4 tracks, pT≥ 
8 GeV single DV with displaced dijet, similar to CMS 
dijet search

•Search IV: Same DV requirements as III but within a 
displaced jet with 2-prong substructure



Projected Sensitivities Run II 20 1/fb

8

(a) (b)

(c) (d)

! ! ! !" #$%
! ! ! &' #$%
! ! ! (" #$%

!

!

!

!

! " # $

!
"

% !

(e) (f)

FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the “displaced

jet” trigger. Figure (f) shows the overall best sensitivity of all five proposed tracker searches (dashed) together with projected

ATLAS search results (solid), rescaled for
√
s = 13 TeV Higgs production.

•Search V: two DV’s with ≥5 tracks, as in ATLAS 
searches.
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FIG. 4. Projected sensitivity for Search I (a), Search II (b), Search III (c), Search IV (d) and Search V (e) with the “displaced

jet” trigger. Figure (f) shows the overall best sensitivity of all five proposed tracker searches (dashed) together with projected

ATLAS search results (solid), rescaled for
√
s = 13 TeV Higgs production.

•Combined best sensitivities for five tracker searches 
and projected ATLAS result based on rescaling cross 
sections
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FIG. 5. Projected sensitivity of Search III (for mπv = 40 GeV)

and Search IV (for mπv = 10, 25 GeV) with the “displaced

jet” trigger for the signal where only one πv is metastable,

the other is stable and escapes the detector, contributing to

MET.

πv decay scales as ∆R ≈ 2mπv/pT , where pT is the trans-

verse momentum of the πv particle. The displaced dijet

strategy is sensitive for mπv � 20 GeV at which point

the 2 displaced jets from the πv decay typically become

merged into a single ∆R = 0.5 jet resulting in stronger

bounds from the single displaced jet search.

In Fig. 4e, the projected sensitivities for Search V are

presented. This search strategy is weaker than others as

a result of the weakened tracking efficiency for displaced

tracks combined with the requirement of two high track

multiplicity vertices in the same event. An improved dis-

placed tracking efficiency, perhaps from future detector

upgrades, would drastically improve the efficiency of this

search.

The overall sensitivity for a given lifetime for the five

proposed searches is shown in Fig. 4f together with pro-

jected ATLAS search results, obtained by rescaling the 8

TeV limits by the increase in production cross section at√
s = 13 TeV. Here, it is clear that new tracker searches

may have more sensitivity than existing search strategies

for signals with lifetimes below 1 m.

Finally, we consider a signal where one πv is stable

and escapes the detector invisibly resulting in events with

only one metastable πv particle. The projected sensitiv-

ity for Search III and Search IV are presented for this

signal in Fig. 5. In order to obtain the best sensitivity,

Search III was applied to the mπv = 40 GeV signal and

Search IV for the mπv = 10 and 25 GeV signals.

SUMMARY

In this study, we have presented existing Run I bounds

on displaced Higgs decays and have projected sensitivities

for new Run II tracker searches in order to achieve sen-

FIG. 6. Projected 95% CL excluded region in the mπv −MT

parameter space from the combined Run II search sensitivities

show in Fig. 4f for the Twin Higgs and Folded Supersymme-

try scenarios. See [16] for relevant relationships between the

masses, glueball lifetimes, and Higgs branching ratios.

sitivity to signal lifetimes below 100 mm, which are only

weakly constrained by existing searches. Light signals

with mπv � 10 GeV will be an experimental challenge to

detect above detector backgrounds but can be probed by

utilizing new DV search techniques, such as reconstruct-

ing the Higgs boson and πv particles in a displaced jet

search (Search II) or by searching for a displaced jet as-

sociated with jet substructure (Search IV). The overall

sensitivity of these searches, representing the best pos-

sible bound for a given mass and lifetime, is shown in

Fig. 4f. Also shown are the projected ATLAS searches

from Run I, rescaled to
√
s = 13 TeV.

We find that Run II searches for DVs with 20 fb
−1

can

probe BRs below 0.1%, the rates expected by naturalness

in the Fraternal Twin Higgs model. In Fig. 6, the ex-

cluded parameter space from Fig. 4f has been translated

into a model-dependent excluded region as a function of

mπv and the the top partner mass, MT , for the Frater-

nal Twin Higgs and Folded Supersymmetry models with

mirror glueballs (corresponding to the πv particles). The

optimistic value of mirror sector hadronization parame-

ter κ = 1, as defined in [16], was used. We find that the

Run II LHC can probe twin tops as heavy as 900 GeV

for the Fraternal Twin Higgs and stops as heavy as 650

GeV in Folded SUSY.
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•Combined sensitivity for case with just one 
displaced vertex, assuming the second particle just 
escapes the detector. 
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FIG. 5. Projected sensitivity of Search III (for mπv = 40 GeV)

and Search IV (for mπv = 10, 25 GeV) with the “displaced

jet” trigger for the signal where only one πv is metastable,

the other is stable and escapes the detector, contributing to

MET.

πv decay scales as ∆R ≈ 2mπv/pT , where pT is the trans-

verse momentum of the πv particle. The displaced dijet

strategy is sensitive for mπv � 20 GeV at which point

the 2 displaced jets from the πv decay typically become

merged into a single ∆R = 0.5 jet resulting in stronger

bounds from the single displaced jet search.

In Fig. 4e, the projected sensitivities for Search V are

presented. This search strategy is weaker than others as

a result of the weakened tracking efficiency for displaced

tracks combined with the requirement of two high track

multiplicity vertices in the same event. An improved dis-

placed tracking efficiency, perhaps from future detector

upgrades, would drastically improve the efficiency of this

search.

The overall sensitivity for a given lifetime for the five

proposed searches is shown in Fig. 4f together with pro-

jected ATLAS search results, obtained by rescaling the 8

TeV limits by the increase in production cross section at√
s = 13 TeV. Here, it is clear that new tracker searches

may have more sensitivity than existing search strategies

for signals with lifetimes below 1 m.

Finally, we consider a signal where one πv is stable

and escapes the detector invisibly resulting in events with

only one metastable πv particle. The projected sensitiv-

ity for Search III and Search IV are presented for this

signal in Fig. 5. In order to obtain the best sensitivity,

Search III was applied to the mπv = 40 GeV signal and

Search IV for the mπv = 10 and 25 GeV signals.
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masses, glueball lifetimes, and Higgs branching ratios.

sitivity to signal lifetimes below 100 mm, which are only

weakly constrained by existing searches. Light signals

with mπv � 10 GeV will be an experimental challenge to

detect above detector backgrounds but can be probed by

utilizing new DV search techniques, such as reconstruct-

ing the Higgs boson and πv particles in a displaced jet

search (Search II) or by searching for a displaced jet as-

sociated with jet substructure (Search IV). The overall

sensitivity of these searches, representing the best pos-

sible bound for a given mass and lifetime, is shown in

Fig. 4f. Also shown are the projected ATLAS searches

from Run I, rescaled to
√
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We find that Run II searches for DVs with 20 fb
−1

can

probe BRs below 0.1%, the rates expected by naturalness

in the Fraternal Twin Higgs model. In Fig. 6, the ex-

cluded parameter space from Fig. 4f has been translated

into a model-dependent excluded region as a function of

mπv and the the top partner mass, MT , for the Frater-

nal Twin Higgs and Folded Supersymmetry models with

mirror glueballs (corresponding to the πv particles). The

optimistic value of mirror sector hadronization parame-

ter κ = 1, as defined in [16], was used. We find that the

Run II LHC can probe twin tops as heavy as 900 GeV

for the Fraternal Twin Higgs and stops as heavy as 650

GeV in Folded SUSY.
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•Exclusion regions for top-partner mass vs. mirror 
glueball mass in Fraternal Twin Higgs (mirror top) 
and Folded SUSY (stop) models expected in Run II



Summary
•RPV can give different phenomenology 

•dRPV: generate RPV in hidden sector. Mediation to visible 
sector will make it naturally suppressed

•Often gives rise to displaced vertices. 

•Recasted CMS and ATLAS displaced vertex searches 

•Bounds generically very strong, unless prompt fully hadronic 
decays of LSP. Stop > TeV.

•Neutral naturalness models often result in displaced Higgs 
decays

•Considered shorter lifetime tracker searches for displaced 
Higgs decays. First bounds from Run I, Run II can have 
sensitivities down to ~ 10-4 branching ratios



BACKUP SLIDES

 



•Chirally suppressed or suppressed by SUSY 
breaking 

•Using                             and EOM’s for MSSM fields

•Suggests in limit of no MSSM Yukawas or SUSY 
breaking no RPV. Kähler term:

 

Effect of non-holomorphic dRPV operators 

Eq. (1.2). Before introducing models of dynamical RPV, we make some general comments
on the low energy effective theory that clarify these statements.

2.1 Suppression of RPV Effects

The interactions of the dRPV operators (1.2) are either chirally suppressed or suppressed
by SUSY-breaking, which can be easily seen by using the equations of motion. To illustrate
this we consider the qqd̄∗ operator. Since in the dRPV framework R-parity is broken
spontaneously by a field, S, and the breaking is mediated to the visible sector at a scale M ,
such an operator is proportional to S/M . First, the dRPV operator, which resides in the
Kähler potential, is expressed as an F-term according to (C.4). Then, using the equation
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The first term above induces chirally suppressed operators, while the second term is re-
sponsible for SUSY-breaking suppressed operators assuming S has a non-vanishing F -term
VEV. We will see in Sec. 4 that the contribution similar to the last term above will ap-
pear in the absence of FS , when supersymmetry breaking is secluded from the dynamics
inducing the spontaneous breaking of R-parity. Similar considerations show that if the
standard holomorphic operators of Eq. (1.1) originate from a Kähler term, they too will be
suppressed by either chiral symmetry or by supersymmetry breaking.

The above discussion suggests that in the limit of unbroken supersymmetry and vanish-
ing Yukawa couplings, the dRPV operators may not induce R-parity violating interactions.
To see this, we can consider the simple theory with canonical kinetic terms for q and d, and
the above dRPV operator,

K = |d̄|2 + |q|2 + S∗

|M |2 qqd̄
∗ + h.c. . (2.2)
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In the absence of the standard Yukawa coupling, hdqd̄, or an F -term for S, this transfor-
mation completely removes R-parity violating interactions from the theory. Conversely, for
FS �= 0, the terms in the brackets induce RPV terms suppressed by the SUSY-breaking FS

term, while in the presence of the Yukawa couplings, the above field redefinition results in
the additional term �S∗�hdqqq/|M |2 in the superpotential. This provides another simple
argument that all RPV interactions originating from the dRPV operators must be either
suppressed by SUSY-breaking or by the light fermion masses. This may also be verified by
a brute-force component expansion of a the dRPV operators, as shown in (C.2).
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B Froggatt-Nielsen Suppression Factors

Here we consider a specific set of Froggatt-Nielsen charges and flavor suppression factors of

the coefficients η, η�, η�� defined in Eq. (1.2), as well as the coefficient λ �B, �L
of the R-parity

invariant B and L violating, dimension 6 operator presented in Eq. (3.19). The lepton

and quark charges are taken from [47] and [48], respectively. In this case there are two

separate U(1)FN horizontal symmetries, corresponding to two spurions which introduce the

suppressions,

�1 ∼ � ∼ 0.2, �2 ∼ �2 ∼ 0.04 . (B.1)

The overall suppression factor will be the product from the two symmetries. The flavor

suppression factors from this symmetry are given in the left side of Tables 2 and 3. These

are sufficient to evade all bounds from baryon and lepton number violation even for � ∼ 0.1.

At the same time, the largest of them are sufficient to make a third generation LSP decay

inside the collider.

Since η�� is symmetric in the q’s, it has 18 independent components and we present the

suppression factors for all of them in the bottom panel of Table 2. However η and η� have

27 components, so for these we only present those that are relevant for proton decay in the

top and middle panels of Table 2. Finally, λ �B, �L
has 54 independent components and we

present only those that can contribute to the proton decay amplitude in Table 3.

C Useful Supersymmetric Identities

All superspace conventions follow Martin’s Supersymmetric Primer [56]. The Lagrangian

from a generic non-holomorphic dPRV operator is

�
d4θ(a+ bθ2 + cθ̄2 + dθ2θ̄2)ΦjΦkΦ

∗i
(C.1)

= a
�
i(φjψk + ψjφk)σ

µ∂µψ
†i − ψjψkF

∗i + φjφk∂µ∂
µφ∗i + (φkFj + φjFk)F

∗i�

+ b
�
φjφkF

∗i�+ c
�
ψjψkφ

∗i − φjFkφ
∗i + φkFjφ

∗i�+ d
�
φjφkφ

∗i� .

The supersymmetric tree-level equations of motion, with a canonical Kahler potential is

given by,

1

4
D2Φ =

δW ∗

δΦ∗ , (C.2)

where in components, the left hand side is,

− 1

4
D2Φ(y) = F (y)− i

√
2θ̄σ̄µ∂µψ(y) + θ̄2∂µ∂

µφ(y) , (C.3)

and yµ = xµ + iθ̄σ̄µθ. A D-term can be rewritten as an F-term using the identity,

�
d4θV =

�
d2θ

�
−1

4
D†2V

�
. (C.4)
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Eq. (1.2). Before introducing models of dynamical RPV, we make some general comments
on the low energy effective theory that clarify these statements.

2.1 Suppression of RPV Effects

The interactions of the dRPV operators (1.2) are either chirally suppressed or suppressed
by SUSY-breaking, which can be easily seen by using the equations of motion. To illustrate
this we consider the qqd̄∗ operator. Since in the dRPV framework R-parity is broken
spontaneously by a field, S, and the breaking is mediated to the visible sector at a scale M ,
such an operator is proportional to S/M . First, the dRPV operator, which resides in the
Kähler potential, is expressed as an F-term according to (C.4). Then, using the equation
of motion (C.2) for d̄ one finds,
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∗
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(2.1)
The first term above induces chirally suppressed operators, while the second term is re-
sponsible for SUSY-breaking suppressed operators assuming S has a non-vanishing F -term
VEV. We will see in Sec. 4 that the contribution similar to the last term above will ap-
pear in the absence of FS , when supersymmetry breaking is secluded from the dynamics
inducing the spontaneous breaking of R-parity. Similar considerations show that if the
standard holomorphic operators of Eq. (1.1) originate from a Kähler term, they too will be
suppressed by either chiral symmetry or by supersymmetry breaking.

The above discussion suggests that in the limit of unbroken supersymmetry and vanish-
ing Yukawa couplings, the dRPV operators may not induce R-parity violating interactions.
To see this, we can consider the simple theory with canonical kinetic terms for q and d, and
the above dRPV operator,

K = |d̄|2 + |q|2 + S∗

|M |2 qqd̄
∗ + h.c. . (2.2)

Under the non-linear field redefinition d̄ → d̄ − �S∗�qq/|M |2, the Kähler potential above
becomes

K = |d̄|2 + |q|2 +
�
S∗ − �S∗�

|M |2 qqd̄∗ + h.c.
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+

����
�S�
M2

����
2

|q|4 . (2.3)

In the absence of the standard Yukawa coupling, hdqd̄, or an F -term for S, this transfor-
mation completely removes R-parity violating interactions from the theory. Conversely, for
FS �= 0, the terms in the brackets induce RPV terms suppressed by the SUSY-breaking FS

term, while in the presence of the Yukawa couplings, the above field redefinition results in
the additional term �S∗�hdqqq/|M |2 in the superpotential. This provides another simple
argument that all RPV interactions originating from the dRPV operators must be either
suppressed by SUSY-breaking or by the light fermion masses. This may also be verified by
a brute-force component expansion of a the dRPV operators, as shown in (C.2).
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Eq. (1.2). Before introducing models of dynamical RPV, we make some general comments
on the low energy effective theory that clarify these statements.
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this we consider the qqd̄∗ operator. Since in the dRPV framework R-parity is broken
spontaneously by a field, S, and the breaking is mediated to the visible sector at a scale M ,
such an operator is proportional to S/M . First, the dRPV operator, which resides in the
Kähler potential, is expressed as an F-term according to (C.4). Then, using the equation
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The first term above induces chirally suppressed operators, while the second term is re-
sponsible for SUSY-breaking suppressed operators assuming S has a non-vanishing F -term
VEV. We will see in Sec. 4 that the contribution similar to the last term above will ap-
pear in the absence of FS , when supersymmetry breaking is secluded from the dynamics
inducing the spontaneous breaking of R-parity. Similar considerations show that if the
standard holomorphic operators of Eq. (1.1) originate from a Kähler term, they too will be
suppressed by either chiral symmetry or by supersymmetry breaking.

The above discussion suggests that in the limit of unbroken supersymmetry and vanish-
ing Yukawa couplings, the dRPV operators may not induce R-parity violating interactions.
To see this, we can consider the simple theory with canonical kinetic terms for q and d, and
the above dRPV operator,

K = |d̄|2 + |q|2 + S∗

|M |2 qqd̄
∗ + h.c. . (2.2)

Under the non-linear field redefinition d̄ → d̄ − �S∗�qq/|M |2, the Kähler potential above
becomes
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In the absence of the standard Yukawa coupling, hdqd̄, or an F -term for S, this transfor-
mation completely removes R-parity violating interactions from the theory. Conversely, for
FS �= 0, the terms in the brackets induce RPV terms suppressed by the SUSY-breaking FS

term, while in the presence of the Yukawa couplings, the above field redefinition results in
the additional term �S∗�hdqqq/|M |2 in the superpotential. This provides another simple
argument that all RPV interactions originating from the dRPV operators must be either
suppressed by SUSY-breaking or by the light fermion masses. This may also be verified by
a brute-force component expansion of a the dRPV operators, as shown in (C.2).
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Proton decay

•Assume non-holomorphic operators dominate

•Effective Lagrangian for B, L violation: 

•4-Fermi operator, coefficients determined by 
SUSY breaking, RPV, fermion masses etc.

the light fermion masses or the SUSY breaking scale to the scale of RPV mediation. In
addition we have argued that any theory which addresses the hierarchical flavor structure of
the SM will directly affect the structure of the RPV operators, leading to additional flavor
dependent suppressions. The overall result is that the dRPV operators can be sufficiently
suppressed to evade all experimental bounds including proton decay and neutrino masses,
and that the low energy theory exhibits novel LHC phenomenology.

We have studied the possibility of unifying the generation of both the SM flavor struc-
ture and the R-parity violating interactions within the framework of the Froggatt-Nielsen
mechanism. Other mechanisms, such as partial compositeness, are expected to be equally
compatible with the dRPV framework. We have also considered the possibility that the
breaking of supersymmetry is mediated in conjunction with the mediation of RPV. Finally,
we have shown how to extend these simple models such that the heavy fields which me-
diate RPV also mediate the SUSY-breaking effects and the flavor structure, resulting in a
flavor-mediation model which features the dynamical generation of dRPV, SUSY-breaking
and flavor structure of the low energy effective theory.
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A Phenomenological Aspects of a Complete Model

This section is devoted to summarizing the consequences of the main constraints on these
models arising from proton decay, neutrino masses and the LSP lifetime. For simplicity we
will use the minimal realization of dRPV based on the superpotential (3.18), introduced in
Section 3.4.

A.1 Proton Decay

Combinations of baryon and lepton violating operators will contribute to proton decay [50–
52]. The Kähler terms in Eq. (3.19) which are relevant, i.e. violate either B- or L-number
or both, are,

K �B, �L =
λ �B, �L
ijmn

2M2
qiqj ū

∗
mē∗n +

�S∗�
M2

�
ηijkūiēj d̄

∗
k + η�ijkqiūj�

∗
k +

1

2
η��ijkqiqj d̄

∗
k

�
+ h.c. (A.1)

One can take this to be the starting point for the phenomenology and use the coefficients
as free parameters. The simplest way to capture the effects of supersymmetry breaking in
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the low energy Lagrangian is to promote the η’s to superfields

ηijk → ηijk + ηθ̄
2

ijkθ̄
2 . (A.2)

To estimate the lifetime of the proton, one can integrate out the superpartners and find the

coefficients of the effective four-fermion operators that violate both B- and L-number,

L �B, �L =
�
|�S�|2
2M4

1
m2

d̃L,k

�
md

j (η
��
ikj + η��kij) +md

k(η
��
ijk + η��jik)

� �
md

kη
∗
mnk +me

nη
�∗
kmn

�

+ |�S�|2
2M4

1
m2

d̃R,i

(η�� θ̄
2

ijk + η�� θ̄
2

jik )ηθ̄
2∗

mnk +
1

2M2 (λ
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ijmn + λ �B, �L

jimn)
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uiLd

j
Lu

m
R enR + h.c.

≡ Λ̃−2
ijmnu

i
Ld

j
Lu

m
R enR + h.c.

(A.3)

with

η�� θ̄
2

ijk = η��ijk

�
∂ZD̄
∂X∗ −

∂Zd̄k
∂X∗

�
F ∗
X , ηθ̄

2

ijk = η∗ijk

�
∂ZD̄
∂X∗ −
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η� θ̄
2

ijk = η�ijk
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(A.4)

The first set of terms contains the chirally suppressed operators, the second set arises

from SUSY-breaking, while the third set contains the four-Fermi operators that conserve

R-parity. From these operators, the proton can decay via p → (π or K)(e+ or µ+).

The matrix element for the process is

Mijmn �
�
Λ̃QCD

Λ̃ijmn

�2

, (A.5)

where Λ̃QCD is a nuclear matrix element expected to be of the order of ΛQCD ∼ 200

MeV [53]. The resulting proton decay width is

Γijmn � mp

8π
|Mijmn|2 , (A.6)

corresponding to a lifetime of

τ � 1032yr

�
250 MeV

Λ̃QCD

�4�
Λ̃ijmn

1015GeV

�4

. (A.7)

We can then present estimates for the proton lifetime assuming one of the three contri-

butions in (A.3) dominates. Of course in the generic case all three terms contribute and

interfere with each other.

First we assume that the chirally suppressed operators dominate. The leading contri-

bution from these operators is expected to arise from the exchange of a sbottom squark,

because in this case the chiral suppression can be given by the bottom mass (instead of

the down or strange masses). Assuming this term indeed dominates, the proton lifetime is

estimated to be,

τp � 1032yr

�
7× 10−8

|η��ij3η∗mn3|

�2�
mb̃L

TeV

�4� M

108GeV

�4� 0.1

�S�/M

�4

. (A.8)
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Figure 3. Diagrams contributing to proton decay.

Next we consider the case where the leading contribution comes from the SUSY-

breaking terms. To simplify the discussion, we assume that the supersymmetry break-

ing effects are universal and flavor blind. In this case, we can parametrize the effects of

SUSY-breaking by introducing the parameter �X ,
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One of the strongest constraints on lepton-number violation arises from neutrino masses [54,

55]. In models of dRPV, neutrino masses can be generated at one- and two-loop from the

qū�∗ operator. Since Majorana neutrino masses violate lepton number by two units, two

insertions of the qū�∗ dRPV vertex will be required to generate neutrino masses.

The one loop diagram in Fig. 4 contains the chirally suppressed part of the dRPV

operators. One can estimate the magnitude of this loop-induced neutrino mass by
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the low energy Lagrangian is to promote the η’s to superfields

ηijk → ηijk + ηθ̄
2

ijkθ̄
2 . (A.2)
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The first set of terms contains the chirally suppressed operators, the second set arises

from SUSY-breaking, while the third set contains the four-Fermi operators that conserve

R-parity. From these operators, the proton can decay via p → (π or K)(e+ or µ+).

The matrix element for the process is
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where Λ̃QCD is a nuclear matrix element expected to be of the order of ΛQCD ∼ 200
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We can then present estimates for the proton lifetime assuming one of the three contri-
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Low-energy constraints: ΔB=2

•n-nbar oscillation and dinucleon decay (only 
looked at SUSY breaking contribution)

•Dim 9 operator generated

•Suppression scale: 
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FIG. 1: Diagram for ∆B = 2 processes. Induces n − n̄
oscillations and dinucleon decay.

LOW ENERGY CONSTRAINTS

The operators in (2) violate baryon (B)- and/or lepton-

number (L), in addition to the non-abelian SU(3)5 flavor

symmetries of the SM. Consequently a carefully check is

required to ensure that the various low-energy bounds

are all satisfied. [EK: I need to check all these results,

and I hope someone else does too]

[EK: So we need to think about what we should be

taking for �X and M . One possibility is that �X =

10−5, M = 108 GeV, and FX = 1011 GeV
2
. Then

F/M = TeV. In our FN model, the tree-level con-

tribution to the soft masses is roughly −�2 F
M , which

will be small. We know that this will can dominate

over gauge-mediation if M is the messenger scale, and

there must be another source of mediation in our FN

model. Another possibility is �X = 10−3, M = 108 GeV,

and FX = 1011 GeV
2
. Then F/M = 102 TeV. This

would probably make sense for a model in which stan-

dard gauge-mediation is the only source of mediation.

Note that proton-lifetime via lepton-violation is propor-

tional to �−4
X , so is very sensitive to the value we choose.

]

∆B = 2 Processes

The η�� term in (2) violates baryon-number (B) by one

unit, thus one needs to check that the bounds on ∆B = 2

processes (n − n̄ oscillations and dinucleon decay) ob-

tained by two insertions of this of this vertex are obeyed.

The simplest way is to integrate out the squarks which

will generate the following dimension 9 operator (the

most general flavor index structure is allowed, though

we only display the subset necessary for the constraints):

1

Λ5
ijk

(QiQiQjQj d̄
†
kd̄

†
k) (7)

via the diagram in Fig. 1. The suppression scale is given

by
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This leads to n − n̄ oscillations and dinucleon decay

pp → π+π+ when i, j, k = 1 and pp → K+K+ when

i, j = 1; k = 2.

The n− n̄ oscillation time is approximately given by

τn−n̄ � Λ5
111

2πΛ̃6
QCD

(9)

where Λ̃QCD is the hadronic matrix element and can be

conservatively estimated around 200 MeV. For this value

of Λ̃QCD we find
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to be compared with the experimental bound

τn−n̄ > 2.44× 108 s [9].

The same operator also contributes to the dinucleon

decay process pp → π+π+(K+K+). The approximate

expression of the width is given by [8]

Γ � 8
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where ρN ∼ 0.25 fm
−3

is the nuclear matter density

(ρN/m2
N � 3 · 1021 s−1), and i = 1 or 2, depending if

the decay is to pions or kaons. The bound on the life-

time is 1.7 × 1032 years [10]. The lifetime in our model

is (again for Λ̃QCD = 200 MeV)

τpp � 2× 10
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i (right).

Within the Standard Model, flavor changing neutral

currents (FCNC) are absent at tree-level, and highly sup-

pressed by the GIM mechanism at one loop. Thus, FCNC

observables are extremely sensitive to new-physics. This

generically leads to the SUSY flavor problem: unless

squarks are very close to degenrate, or the squark masses

very closely aligned with the quark masses the the loop

induced FCNC’s will be too large as there is not, gener-

ically a GIM-like mechanism to suppress these contribu-

tions.
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that previous studies consider exclusively holomorphic
RPV, we will study below the case when only the non-
holomorphic RPV terms appear.

Before analyzing the constraints, let us briefly discuss
assumption (III). The inclusion of flavor dynamics im-
plies that the various operators discussed above are sup-
pressed according to their flavor structure. Numerous
models that introduce such suppressions exist, includ-
ing, for example, theories with horizontal symmetries as
in FN models [10], or ones with strong interactions [13–
15]. Consequently, the low energy parameters, η, η�, η��,
κ and κ�, are suppressed in a flavor-dependent manner.
For example, the η��ijk’s can take the form

η��ijk ∼ �|qQi+qQj−qdk | , (7)

where � = O(0.1) is a small parameter and qα are the
various charges of the SM fields under the FN symme-
try. Similar expressions hold when qα characterize the
partial compositeness in the case of an RS-type scenario.
While a comprehensive study is beyond the scope of this
paper, we stress that all the constraints discussed below
are easily satisfied with, for example, a simple choice of
FN charges. In particular, a straightforward extension
of the alignment model of [16] to the lepton sector al-
lows for a viable dRPV model, without any additional
assumption such as the typically needed lepton-number
conservation. A complete realization of this scenario will
be discussed in an upcoming publication [12].

Finally a remark is in order. Assumption (III) may
require introducing an additional spurion (such as the one
responsible for breaking the FN symmetry). A spurion of
this kind may modify the above discussion which is based
on the existence of just two scales, X and MPl, and as a
result the suppression of the holomorphic RPV operators
may naively be milder. Complete models, however, will
typically include additional symmetries which can forbid
the holomorphic operators altogether [12].

LOW ENERGY CONSTRAINTS

The operators in (2) violate baryon (B)- and/or lepton-
number (L), in addition to the non-abelian SU(3)5 flavor
symmetries of the SM. As a result, low energy bounds
exist, which we derive below. As mentioned above, all

these bounds are easily satisfied with the inclusion of a
simple flavor model.

∆B = 2 Processes

The η�� term in (2) violates baryon-number (B) by one
unit. Consequently it is important to check that the
bounds on ∆B = 2 processes, n−n̄ oscillations and dinu-
cleon decay, obtained by two insertions of this vertex, are
obeyed. The simplest way is to integrate out the squarks
which will generate a dimension-9 operator. While the
most general flavor index structure is allowed, we here
display the subset necessary for the constraints. Consid-
ering the left diagram of Fig. 1 one finds,

1

Λ5
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(QiQiQjQj d̄
†
kd̄
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k) , (8)

with the suppression scale,

1
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This leads to n− n̄ oscillations and dinucleon decay pp →
π+π+ for i, j, k = 1 and pp → K+K+ for i, j = 1; k = 2.
The n− n̄ oscillation time is approximately given by

τn−n̄ � Λ5
111

2πΛ̃6
QCD

, (10)

where Λ̃QCD is the hadronic matrix element which we
estimate at 200 MeV. We find,

τn−n̄ � 3×108 s
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to be compared with the experimental bound
τn−n̄ > 2.44× 108 s [17].
The same operator also contributes to the dinucleon

decay process pp → π+π+(K+K+). The approximate
expression for the width is given by [18],

Γ � 8

π
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LOW ENERGY CONSTRAINTS

The operators in (2) violate baryon (B)- and/or lepton-

number (L), in addition to the non-abelian SU(3)5 flavor

symmetries of the SM. Consequently a carefully check is

required to ensure that the various low-energy bounds

are all satisfied. [EK: I need to check all these results,

and I hope someone else does too]

[EK: So we need to think about what we should be

taking for �X and M . One possibility is that �X =

10−5, M = 108 GeV, and FX = 1011 GeV
2
. Then

F/M = TeV. In our FN model, the tree-level con-

tribution to the soft masses is roughly −�2 F
M , which

will be small. We know that this will can dominate

over gauge-mediation if M is the messenger scale, and

there must be another source of mediation in our FN

model. Another possibility is �X = 10−3, M = 108 GeV,

and FX = 1011 GeV
2
. Then F/M = 102 TeV. This

would probably make sense for a model in which stan-

dard gauge-mediation is the only source of mediation.

Note that proton-lifetime via lepton-violation is propor-

tional to �−4
X , so is very sensitive to the value we choose.

]

∆B = 2 Processes

The η�� term in (2) violates baryon-number (B) by one

unit, thus one needs to check that the bounds on ∆B = 2

processes (n − n̄ oscillations and dinucleon decay) ob-

tained by two insertions of this of this vertex are obeyed.

The simplest way is to integrate out the squarks which

will generate the following dimension 9 operator (the

most general flavor index structure is allowed, though

we only display the subset necessary for the constraints):
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via the diagram in Fig. 1. The suppression scale is given

by
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This leads to n − n̄ oscillations and dinucleon decay
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i, j = 1; k = 2.

The n− n̄ oscillation time is approximately given by
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111
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where Λ̃QCD is the hadronic matrix element and can be

conservatively estimated around 200 MeV. For this value

of Λ̃QCD we find
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to be compared with the experimental bound

τn−n̄ > 2.44× 108 s [9].

The same operator also contributes to the dinucleon

decay process pp → π+π+(K+K+). The approximate

expression of the width is given by [8]
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where ρN ∼ 0.25 fm
−3

is the nuclear matter density

(ρN/m2
N � 3 · 1021 s−1), and i = 1 or 2, depending if

the decay is to pions or kaons. The bound on the life-

time is 1.7 × 1032 years [10]. The lifetime in our model

is (again for Λ̃QCD = 200 MeV)
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4 ≡ ūα

j Q
α
i Q

β†
j ūβ†

i (right).

Within the Standard Model, flavor changing neutral

currents (FCNC) are absent at tree-level, and highly sup-

pressed by the GIM mechanism at one loop. Thus, FCNC

observables are extremely sensitive to new-physics. This

generically leads to the SUSY flavor problem: unless

squarks are very close to degenrate, or the squark masses

very closely aligned with the quark masses the the loop

induced FCNC’s will be too large as there is not, gener-

ically a GIM-like mechanism to suppress these contribu-

tions.
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The operators in (2) violate baryon (B)- and/or lepton-

number (L), in addition to the non-abelian SU(3)5 flavor

symmetries of the SM. Consequently a carefully check is

required to ensure that the various low-energy bounds

are all satisfied. [EK: I need to check all these results,

and I hope someone else does too]

[EK: So we need to think about what we should be

taking for �X and M . One possibility is that �X =

10−5, M = 108 GeV, and FX = 1011 GeV
2
. Then

F/M = TeV. In our FN model, the tree-level con-

tribution to the soft masses is roughly −�2 F
M , which

will be small. We know that this will can dominate

over gauge-mediation if M is the messenger scale, and

there must be another source of mediation in our FN

model. Another possibility is �X = 10−3, M = 108 GeV,

and FX = 1011 GeV
2
. Then F/M = 102 TeV. This

would probably make sense for a model in which stan-

dard gauge-mediation is the only source of mediation.

Note that proton-lifetime via lepton-violation is propor-

tional to �−4
X , so is very sensitive to the value we choose.

]

∆B = 2 Processes

The η�� term in (2) violates baryon-number (B) by one

unit, thus one needs to check that the bounds on ∆B = 2

processes (n − n̄ oscillations and dinucleon decay) ob-

tained by two insertions of this of this vertex are obeyed.

The simplest way is to integrate out the squarks which

will generate the following dimension 9 operator (the

most general flavor index structure is allowed, though

we only display the subset necessary for the constraints):
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by
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This leads to n − n̄ oscillations and dinucleon decay

pp → π+π+ when i, j, k = 1 and pp → K+K+ when

i, j = 1; k = 2.

The n− n̄ oscillation time is approximately given by
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111

2πΛ̃6
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(9)
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to be compared with the experimental bound

τn−n̄ > 2.44× 108 s [9].

The same operator also contributes to the dinucleon

decay process pp → π+π+(K+K+). The approximate

expression of the width is given by [8]
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where ρN ∼ 0.25 fm
−3

is the nuclear matter density

(ρN/m2
N � 3 · 1021 s−1), and i = 1 or 2, depending if

the decay is to pions or kaons. The bound on the life-

time is 1.7 × 1032 years [10]. The lifetime in our model

is (again for Λ̃QCD = 200 MeV)
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Within the Standard Model, flavor changing neutral

currents (FCNC) are absent at tree-level, and highly sup-

pressed by the GIM mechanism at one loop. Thus, FCNC

observables are extremely sensitive to new-physics. This

generically leads to the SUSY flavor problem: unless

squarks are very close to degenrate, or the squark masses

very closely aligned with the quark masses the the loop

induced FCNC’s will be too large as there is not, gener-

ically a GIM-like mechanism to suppress these contribu-

tions.
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FIG. 1: Left: An example diagram for ∆B = 2 processes. The diagram induces n − n̄ oscillations and dinucleon decay.
Right: RPV contributions to the ∆F = 2 operators Qqiqj

1 ≡ − 1
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i )(Q

α†
j Qβ†

j ) [left] and Qqiqj
4 ≡ ūα

j Q
α
i Q

β†
j ūβ†

i [right].

that previous studies consider exclusively holomorphic
RPV, we will study below the case when only the non-
holomorphic RPV terms appear.

Before analyzing the constraints, let us briefly discuss
assumption (III). The inclusion of flavor dynamics im-
plies that the various operators discussed above are sup-
pressed according to their flavor structure. Numerous
models that introduce such suppressions exist, includ-
ing, for example, theories with horizontal symmetries as
in FN models [10], or ones with strong interactions [13–
15]. Consequently, the low energy parameters, η, η�, η��,
κ and κ�, are suppressed in a flavor-dependent manner.
For example, the η��ijk’s can take the form

η��ijk ∼ �|qQi+qQj−qdk | , (7)

where � = O(0.1) is a small parameter and qα are the
various charges of the SM fields under the FN symme-
try. Similar expressions hold when qα characterize the
partial compositeness in the case of an RS-type scenario.
While a comprehensive study is beyond the scope of this
paper, we stress that all the constraints discussed below
are easily satisfied with, for example, a simple choice of
FN charges. In particular, a straightforward extension
of the alignment model of [16] to the lepton sector al-
lows for a viable dRPV model, without any additional
assumption such as the typically needed lepton-number
conservation. A complete realization of this scenario will
be discussed in an upcoming publication [12].

Finally a remark is in order. Assumption (III) may
require introducing an additional spurion (such as the one
responsible for breaking the FN symmetry). A spurion of
this kind may modify the above discussion which is based
on the existence of just two scales, X and MPl, and as a
result the suppression of the holomorphic RPV operators
may naively be milder. Complete models, however, will
typically include additional symmetries which can forbid
the holomorphic operators altogether [12].

LOW ENERGY CONSTRAINTS

The operators in (2) violate baryon (B)- and/or lepton-
number (L), in addition to the non-abelian SU(3)5 flavor
symmetries of the SM. As a result, low energy bounds
exist, which we derive below. As mentioned above, all

these bounds are easily satisfied with the inclusion of a
simple flavor model.

∆B = 2 Processes

The η�� term in (2) violates baryon-number (B) by one
unit. Consequently it is important to check that the
bounds on ∆B = 2 processes, n−n̄ oscillations and dinu-
cleon decay, obtained by two insertions of this vertex, are
obeyed. The simplest way is to integrate out the squarks
which will generate a dimension-9 operator. While the
most general flavor index structure is allowed, we here
display the subset necessary for the constraints. Consid-
ering the left diagram of Fig. 1 one finds,

1

Λ5
ijk

(QiQiQjQj d̄
†
kd̄

†
k) , (8)

with the suppression scale,

1

Λ5
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= παs
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jjk

mg̃m4
d̃.R,k

�2X . (9)

This leads to n− n̄ oscillations and dinucleon decay pp →
π+π+ for i, j, k = 1 and pp → K+K+ for i, j = 1; k = 2.
The n− n̄ oscillation time is approximately given by

τn−n̄ � Λ5
111

2πΛ̃6
QCD

, (10)

where Λ̃QCD is the hadronic matrix element which we
estimate at 200 MeV. We find,

τn−n̄ � 3×108 s
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TeV
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TeV
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(11)
to be compared with the experimental bound
τn−n̄ > 2.44× 108 s [17].
The same operator also contributes to the dinucleon

decay process pp → π+π+(K+K+). The approximate
expression for the width is given by [18],

Γ � 8
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QCD
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, (12)
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FIG. 1: Left: An example diagram for ∆B = 2 processes. The diagram induces n − n̄ oscillations and dinucleon decay.
Right: RPV contributions to the ∆F = 2 operators Qqiqj
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that previous studies consider exclusively holomorphic
RPV, we will study below the case when only the non-
holomorphic RPV terms appear.

Before analyzing the constraints, let us briefly discuss
assumption (III). The inclusion of flavor dynamics im-
plies that the various operators discussed above are sup-
pressed according to their flavor structure. Numerous
models that introduce such suppressions exist, includ-
ing, for example, theories with horizontal symmetries as
in FN models [10], or ones with strong interactions [13–
15]. Consequently, the low energy parameters, η, η�, η��,
κ and κ�, are suppressed in a flavor-dependent manner.
For example, the η��ijk’s can take the form

η��ijk ∼ �|qQi+qQj−qdk | , (7)

where � = O(0.1) is a small parameter and qα are the
various charges of the SM fields under the FN symme-
try. Similar expressions hold when qα characterize the
partial compositeness in the case of an RS-type scenario.
While a comprehensive study is beyond the scope of this
paper, we stress that all the constraints discussed below
are easily satisfied with, for example, a simple choice of
FN charges. In particular, a straightforward extension
of the alignment model of [16] to the lepton sector al-
lows for a viable dRPV model, without any additional
assumption such as the typically needed lepton-number
conservation. A complete realization of this scenario will
be discussed in an upcoming publication [12].

Finally a remark is in order. Assumption (III) may
require introducing an additional spurion (such as the one
responsible for breaking the FN symmetry). A spurion of
this kind may modify the above discussion which is based
on the existence of just two scales, X and MPl, and as a
result the suppression of the holomorphic RPV operators
may naively be milder. Complete models, however, will
typically include additional symmetries which can forbid
the holomorphic operators altogether [12].

LOW ENERGY CONSTRAINTS

The operators in (2) violate baryon (B)- and/or lepton-
number (L), in addition to the non-abelian SU(3)5 flavor
symmetries of the SM. As a result, low energy bounds
exist, which we derive below. As mentioned above, all

these bounds are easily satisfied with the inclusion of a
simple flavor model.

∆B = 2 Processes

The η�� term in (2) violates baryon-number (B) by one
unit. Consequently it is important to check that the
bounds on ∆B = 2 processes, n−n̄ oscillations and dinu-
cleon decay, obtained by two insertions of this vertex, are
obeyed. The simplest way is to integrate out the squarks
which will generate a dimension-9 operator. While the
most general flavor index structure is allowed, we here
display the subset necessary for the constraints. Consid-
ering the left diagram of Fig. 1 one finds,

1

Λ5
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(QiQiQjQj d̄
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†
k) , (8)

with the suppression scale,

1
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jjk
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This leads to n− n̄ oscillations and dinucleon decay pp →
π+π+ for i, j, k = 1 and pp → K+K+ for i, j = 1; k = 2.
The n− n̄ oscillation time is approximately given by

τn−n̄ � Λ5
111

2πΛ̃6
QCD

, (10)

where Λ̃QCD is the hadronic matrix element which we
estimate at 200 MeV. We find,

τn−n̄ � 3×108 s
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to be compared with the experimental bound
τn−n̄ > 2.44× 108 s [17].
The same operator also contributes to the dinucleon

decay process pp → π+π+(K+K+). The approximate
expression for the width is given by [18],

Γ � 8

π

ρN
m2

N

Λ̃10
QCD

Λ10
pp

, (12)

4

where ρN � 0.25 fm
−3

is the nuclear matter density and

Λpp ≡ min{Λ11k,Λ1k1} under the assumption that only

one operator dominates the process. Here k = 1 or 2,

depending on whether the decay is to pions or kaons.

The bound on the lifetime is τpp ≥ 1.7 × 10
32

years [19]

while in our model we find,

τpp � 5× 10
32

yr

�
m8

d̃R,k
m2

g̃

TeV
10

��
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−1

η��pp

�4 �
10

−5

�X

�4

.

(13)

where η��pp ≡ max{η��11k, η
��
1k1}.

∆F = 2 Processes

Within the Standard Model, flavor changing neutral

currents (FCNC) are absent at tree-level, and highly sup-

pressed by the GIM mechanism at one loop. Thus, FCNC

observables are extremely sensitive to new physics. In

models of RPV, FCNC operators are generated at tree-

level, with the strongest constraints obtained from the

∆F = 2 neutral meson-mixing processes. If either of

the operators, QiūjL∗
k or QiQj d̄∗k, are present, neutral

meson-mixing is generated once the squarks and sleptons

are integrated out. The diagrams are shown on the right

of Fig. 1 and the corresponding operators generated are,

Q
qiqj
1 ≡ − 1

2Λ2
1,ij

(Qα
i Q

β
i )(Q

α†
j Qβ†

j ) , (14)

Q
qiqj
4 ≡ 1

2Λ2
4,ij

ūα
j Q

α
i Q

β†
j ūβ†

i . (15)

Here the suppressions are given by,

1

Λ2
1,ij

=
η��iikη

��∗
jjk

m2
d̃R,k

�2X ,
1

Λ2
4,ij

=
|η�ijk|

2

m2
ν̃L,k

�2X . (16)

Takingmf̃ � TeV the bounds from neutral meson mix-

ing are [20],

∆mK : |η��11kη
��∗
22k�

2
X | � 10

−10,
∆mD : |η��11kη

��∗
22k�

2
X | � 10

−8, |η�12k�X |2 � 10
−9 ,

∆mBd : |η��11kη
��∗
33k�

2
X | � 10

−7,
∆mBs : |η��23kη

��∗
33k�

2
X | � 10

−7.
(17)

All of the dRPV operators are within the above limits

for �X = O(10
−5

), with or without additional flavor sup-

pressions. We note that the operator Q
d1d2
4 , which is

strongly constrained by K − K̄ mixing, is not generated

at tree-level in nonholomorphic RPV, while it is in the

standard holomorphic case.

Proton Decay

Perhaps the strongest constraint in RPV theories oc-

curs in the case where both B and L are violated (or

only B is violated but the gravitino is light), and as a

consequence, the proton becomes unstable. The lead-

ing contribution to proton decay comes from the dia-

gram on the left in Fig. 2 and gives the decays p+ →
(π0

or K
0
)(e

+
or µ+

). The matrix element for the pro-

cess is,

M � 2η∗m�kη
��
11k�

2
X

Λ̃2
QCD

m2
d̃R,k

, (18)

where m = 1(2) for a pion(kaon) and � = 1(2) for elec-

tron(muon). Taking, as before, Λ̃QCD = 200 MeV, one

finds a lifetime of order,

τp � 5× 10
33
yr
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The above should be compared to the relevant limit. The

strongest is found for the p → e+π0
decay mode, τp >

8.2× 10
33

years [21].

Another channel for proton decay can appear if the

gravitino is light, leading to the decays p → (π,K) + G̃
as shown in the center of Fig. 2. The matrix element is

estimated to be

|M|
2 ∼ 1

3
|η��11i|

2�2X
m4

pΛ̃
4
QCD

m4
d̃i
m2

3/2M
2
Pl

, (20)

and the corresponding lifetime is

τp ∼ 2×10
33
yr

�md̃i
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M
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.

(21)

Here F =
√
3m3/2Mpl, while FX denotes, as above, the

F-term for X. In the case of a single SUSY-breaking sec-

tor one has F = FX ; more generally, additional sources

of SUSY-breaking can exist and will relax the constraint.

In this case, the strongest constraint is obtained from a

search for p → νK which gives [21], τp > 2.3×10
33

years.

Finally, proton decay may also result from the lep-

ton number violating operators parameterized by κ,κ�
.

These will induce mass and kinetic mixing between the

charged leptons and the charginos (via their charged hig-

gsino components). The mixing will lead to proton decay

through the diagram shown on the right of Fig. 2. The

decay amplitude is given by,

M � η��11kκ
eff
k �X

Λ̃2
QCD

m2
d̃R,k

, (22)

where κeff
k = κk

vd
M + κk�X

mek
vu

mC̃
+ κ�

k
M

MPl
defines the

effective mixing between the electron and the chargino.

The resulting proton lifetime is

τp � 3× 10
33
yr

�md̃Rk

TeV

�4
�
3× 10

−20

|κeff
k η��11k|

�2 �
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−5

�X

�2

.

(23)

4

where ρN � 0.25 fm
−3

is the nuclear matter density and

Λpp ≡ min{Λ11k,Λ1k1} under the assumption that only

one operator dominates the process. Here k = 1 or 2,

depending on whether the decay is to pions or kaons.

The bound on the lifetime is τpp ≥ 1.7 × 10
32

years [19]

while in our model we find,

τpp � 5× 10
32

yr

�
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d̃R,k
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TeV
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��
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η��pp

�4 �
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−5

�X

�4

.

(13)

where η��pp ≡ max{η��11k, η
��
1k1}.

∆F = 2 Processes

Within the Standard Model, flavor changing neutral

currents (FCNC) are absent at tree-level, and highly sup-

pressed by the GIM mechanism at one loop. Thus, FCNC

observables are extremely sensitive to new physics. In

models of RPV, FCNC operators are generated at tree-

level, with the strongest constraints obtained from the

∆F = 2 neutral meson-mixing processes. If either of

the operators, QiūjL∗
k or QiQj d̄∗k, are present, neutral

meson-mixing is generated once the squarks and sleptons

are integrated out. The diagrams are shown on the right

of Fig. 1 and the corresponding operators generated are,

Q
qiqj
1 ≡ − 1

2Λ2
1,ij

(Qα
i Q

β
i )(Q

α†
j Qβ†

j ) , (14)

Q
qiqj
4 ≡ 1

2Λ2
4,ij

ūα
j Q

α
i Q

β†
j ūβ†

i . (15)

Here the suppressions are given by,

1

Λ2
1,ij

=
η��iikη

��∗
jjk

m2
d̃R,k

�2X ,
1

Λ2
4,ij

=
|η�ijk|

2

m2
ν̃L,k

�2X . (16)

Takingmf̃ � TeV the bounds from neutral meson mix-

ing are [20],

∆mK : |η��11kη
��∗
22k�

2
X | � 10

−10,
∆mD : |η��11kη

��∗
22k�

2
X | � 10

−8, |η�12k�X |2 � 10
−9 ,

∆mBd : |η��11kη
��∗
33k�

2
X | � 10

−7,
∆mBs : |η��23kη

��∗
33k�

2
X | � 10

−7.
(17)

All of the dRPV operators are within the above limits

for �X = O(10
−5

), with or without additional flavor sup-

pressions. We note that the operator Q
d1d2
4 , which is

strongly constrained by K − K̄ mixing, is not generated

at tree-level in nonholomorphic RPV, while it is in the

standard holomorphic case.

Proton Decay

Perhaps the strongest constraint in RPV theories oc-

curs in the case where both B and L are violated (or

only B is violated but the gravitino is light), and as a

consequence, the proton becomes unstable. The lead-

ing contribution to proton decay comes from the dia-

gram on the left in Fig. 2 and gives the decays p+ →
(π0

or K
0
)(e

+
or µ+

). The matrix element for the pro-

cess is,

M � 2η∗m�kη
��
11k�

2
X

Λ̃2
QCD

m2
d̃R,k

, (18)

where m = 1(2) for a pion(kaon) and � = 1(2) for elec-

tron(muon). Taking, as before, Λ̃QCD = 200 MeV, one
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The above should be compared to the relevant limit. The

strongest is found for the p → e+π0
decay mode, τp >

8.2× 10
33

years [21].

Another channel for proton decay can appear if the

gravitino is light, leading to the decays p → (π,K) + G̃
as shown in the center of Fig. 2. The matrix element is

estimated to be

|M|
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3
|η��11i|

2�2X
m4

pΛ̃
4
QCD

m4
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and the corresponding lifetime is
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(21)

Here F =
√
3m3/2Mpl, while FX denotes, as above, the

F-term for X. In the case of a single SUSY-breaking sec-

tor one has F = FX ; more generally, additional sources

of SUSY-breaking can exist and will relax the constraint.

In this case, the strongest constraint is obtained from a

search for p → νK which gives [21], τp > 2.3×10
33

years.

Finally, proton decay may also result from the lep-

ton number violating operators parameterized by κ,κ�
.

These will induce mass and kinetic mixing between the

charged leptons and the charginos (via their charged hig-

gsino components). The mixing will lead to proton decay

through the diagram shown on the right of Fig. 2. The

decay amplitude is given by,

M � η��11kκ
eff
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, (22)

where κeff
k = κk

vd
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defines the

effective mixing between the electron and the chargino.

The resulting proton lifetime is
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Low-energy constraints: ΔF=2

•FCNC’s generated at tree-level:

•Operators generated:

•Suppression scales:

3

d̃R

g̃ g̃

d̃R

d̄†

Qd

Qu

d̄†

Qd

Qu

FIG. 1: Diagram for ∆B = 2 processes. Induces n − n̄
oscillations and dinucleon decay.

LOW ENERGY CONSTRAINTS

The operators in (2) violate baryon (B)- and/or lepton-

number (L), in addition to the non-abelian SU(3)5 flavor

symmetries of the SM. Consequently a carefully check is

required to ensure that the various low-energy bounds

are all satisfied. [EK: I need to check all these results,

and I hope someone else does too]

[EK: So we need to think about what we should be

taking for �X and M . One possibility is that �X =

10−5, M = 108 GeV, and FX = 1011 GeV
2
. Then

F/M = TeV. In our FN model, the tree-level con-

tribution to the soft masses is roughly −�2 F
M , which

will be small. We know that this will can dominate

over gauge-mediation if M is the messenger scale, and

there must be another source of mediation in our FN

model. Another possibility is �X = 10−3, M = 108 GeV,

and FX = 1011 GeV
2
. Then F/M = 102 TeV. This

would probably make sense for a model in which stan-

dard gauge-mediation is the only source of mediation.

Note that proton-lifetime via lepton-violation is propor-

tional to �−4
X , so is very sensitive to the value we choose.

]

∆B = 2 Processes

The η�� term in (2) violates baryon-number (B) by one

unit, thus one needs to check that the bounds on ∆B = 2

processes (n − n̄ oscillations and dinucleon decay) ob-

tained by two insertions of this of this vertex are obeyed.

The simplest way is to integrate out the squarks which

will generate the following dimension 9 operator (the

most general flavor index structure is allowed, though

we only display the subset necessary for the constraints):

1

Λ5
ijk

(QiQiQjQj d̄
†
kd̄

†
k) (7)

via the diagram in Fig. 1. The suppression scale is given

by

1

Λ5
ijk

= 4παs

η��iikη
��
jjk

mg̃m4
d̃.R,k

�2X (8)

This leads to n − n̄ oscillations and dinucleon decay

pp → π+π+ when i, j, k = 1 and pp → K+K+ when

i, j = 1; k = 2.

The n− n̄ oscillation time is approximately given by

τn−n̄ � Λ5
111

2πΛ̃6
QCD

(9)

where Λ̃QCD is the hadronic matrix element and can be

conservatively estimated around 200 MeV. For this value

of Λ̃QCD we find

τn−n̄ � 3×10
8
s

�md̃R1

TeV

�4 � mg̃

TeV

��
2 · 10−4

η��111

�2 �
10−3

�X

�2

.

(10)

to be compared with the experimental bound

τn−n̄ > 2.44× 108 s [9].

The same operator also contributes to the dinucleon

decay process pp → π+π+(K+K+). The approximate

expression of the width is given by [8]

Γ � 8

π

ρN
m2

N

Λ̃10
QCD

Λ10
11k

(11)

where ρN ∼ 0.25 fm
−3

is the nuclear matter density

(ρN/m2
N � 3 · 1021 s−1), and i = 1 or 2, depending if

the decay is to pions or kaons. The bound on the life-

time is 1.7 × 1032 years [10]. The lifetime in our model

is (again for Λ̃QCD = 200 MeV)

τpp � 2× 10
34

yr

�
m8

d̃R,k
m2

g̃

TeV
10

��
2 · 10−4

η��11k

�4 �
10−3

�X

�4

.

(12)

∆F = 2 Processes

d̃k

Qα
i

Qβ
i

Qβ†
j

Qα†
j

L̃k

Qα
i

ūα
j

Qβ†
j

uβ†
i

FIG. 2: RPV contributions to ∆F = 2 operators Qqiqj
1 ≡

− 1
2 (Q

α
i Q

β
i )(Q

α†
j Qβ†

j ) (left) and Qqiqj
4 ≡ ūα

j Q
α
i Q

β†
j ūβ†

i (right).

Within the Standard Model, flavor changing neutral

currents (FCNC) are absent at tree-level, and highly sup-

pressed by the GIM mechanism at one loop. Thus, FCNC

observables are extremely sensitive to new-physics. This

generically leads to the SUSY flavor problem: unless

squarks are very close to degenrate, or the squark masses

very closely aligned with the quark masses the the loop

induced FCNC’s will be too large as there is not, gener-

ically a GIM-like mechanism to suppress these contribu-

tions.
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FIG. 3: Diagrams for proton decay: left with L violation,
right via gravitino.

In models of RPV, FCNC operators are generated at
tree-level, with the strongest constraints obtained from
the ∆F = 2 neutral meson-mixing processes. If either
of the operators, QiūjL∗

k or QiQj d̄∗k, are present, neutral
meson-mixing is generated at tree-level when integrating
out the squarks via the diagrams in Fig. 2. The operators
generated are

Qqiqj
1 ≡ − 1

2 (Q
α
i Q

β
i )(Q

α†
j Qβ†

j )

Qqiqj
4 ≡ ūα

j Q
α
i Q

β†
j ūβ†

i

(13)

with suppressions

1

Λ2
1,ij

=
η��iikη

��∗
jjk

m2
d̃R,k

�2X ,
1

Λ2
4,ij

=
|η�ijk|2

m2
ν̃L,k

�2X . (14)

For mf̃ � TeV the bounds from neutral meson mixing
are [? ]

∆mK : |η��11kη��∗22k�2X | � 10−10,
∆mD : |η��11kη��∗22k�2X | � 10−8, |η�12k�X |2 � 10−9

∆mBd : |η��11kη��∗33k�2X | � 10−7,
∆mBs : |η��23kη��∗33k�2X | � 10−7.

(15)
Note, that the most constrained operator, giving K − K̄
mixing, is Qd1d2

4 , and is not generated at tree-level here
(only involving up-type RH quarks), while it is gener-
ated at tree-level in standard RPV. Choosing �X ∼ 10−3

and reasonable FN charges all of these constraints can be
easily satisfied.

∆F = 1 Processes (B → Xs�
+�−)

[EK: do we want this section, i think not]

Proton Decay

If B and L violating couplings are present, the pro-
ton can decay. The leading contribution to proton decay
comes from the diagram on the left in Fig. 3 and gives
the decays p → (π or K)(e− or µ+). The matrix element

for the process is

M � 2η∗m�kη
��
11k�

2
X

Λ̃2
QCD

m2
d̃R,k

(16)

where m = 1(2) for a pion(kaon) and � = 1(2) for
electron(muon), and a hadronic matrix element appears
again, leading to a lifetime of order (for Λ̃QCD = 200
MeV)

τ � 5·1033yr
�md̃Rk

TeV

�4
�

6 · 10−19

|ηm�kη��11k|

�2 �
10−3

�X

�4

. (17)

Another channel for proton decay can appear if the
gravitino is light leading to the decays p → (π,K) + G̃
as shown on the right in Fig. 3. The matrix element is
estimated to be

|M|2 ∼ 1

3
|α��

11i|2�2X
m4

pΛ̃
4
QCD

m4
d̃i
m2

3/2M
2
Pl

. (18)

and the corresponding lifetime is

τ ∼ 5 · 1032yr
�md̃i

TeV

�4
�

M

105TeV

�4 � 10−8

|η��11i|

�2 �
F

FX

�2

(19)
where F =

√
3m3/2Mpl. In the case where ψX is aligned

in the golstino direction, i.e., FX is the only source of
SUSY breaking, the lifetime will be minimized, but if
there are additional sources of SUSY-breaking the life-
time will be enhanced, relaxing the constraints.

LHC PHENOMENOLOGY

The phenomenology of the models with dRPV can be
very different from those with R-parity conservation and
even from those with traditional RPV described by (1).
The details of the resulting phenomenology will greatly
depend on what particle is the LSP. Here we focus on
the most interesting possibility for higgs naturalness: the
case when the LSP is a third generation squark, in which
case only the η�� term is relevant for the LSP decay. Other
interesting possibilities will be considered in [? ].
For the case of a stop LSP the derivation of the LSP

lifetime is somewhat subtle. The reason is that if one
picks out the F †

X term from
�
d4θ 1

X†QiQj d̄∗k then one

gets a d̃†kQiQj-type vertex. For a sbottom LSP this will

result directly in the decay b̃ → t̄+ b̄ with a lifetime given
by

τ−1
b̃

=
|η��333|2

8π
�2Xmb̃ (20)

in which case the decay is expected to be prompt.
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FIG. 3: Diagrams for proton decay: left with L violation,
right via gravitino.

In models of RPV, FCNC operators are generated at
tree-level, with the strongest constraints obtained from
the ∆F = 2 neutral meson-mixing processes. If either
of the operators, QiūjL∗

k or QiQj d̄∗k, are present, neutral
meson-mixing is generated at tree-level when integrating
out the squarks via the diagrams in Fig. 2. The operators
generated are

Qqiqj
1 ≡ − 1

2 (Q
α
i Q

β
i )(Q

α†
j Qβ†

j )

Qqiqj
4 ≡ ūα

j Q
α
i Q

β†
j ūβ†

i

(13)

with suppressions

1

Λ2
1,ij

=
η��iikη

��∗
jjk

m2
d̃R,k

�2X ,
1

Λ2
4,ij

=
|η�ijk|2

m2
ν̃L,k

�2X . (14)

For mf̃ � TeV the bounds from neutral meson mixing
are [? ]

∆mK : |η��11kη��∗22k�2X | � 10−10,
∆mD : |η��11kη��∗22k�2X | � 10−8, |η�12k�X |2 � 10−9

∆mBd : |η��11kη��∗33k�2X | � 10−7,
∆mBs : |η��23kη��∗33k�2X | � 10−7.

(15)
Note, that the most constrained operator, giving K − K̄
mixing, is Qd1d2

4 , and is not generated at tree-level here
(only involving up-type RH quarks), while it is gener-
ated at tree-level in standard RPV. Choosing �X ∼ 10−3

and reasonable FN charges all of these constraints can be
easily satisfied.

∆F = 1 Processes (B → Xs�
+�−)

[EK: do we want this section, i think not]

Proton Decay

If B and L violating couplings are present, the pro-
ton can decay. The leading contribution to proton decay
comes from the diagram on the left in Fig. 3 and gives
the decays p → (π or K)(e− or µ+). The matrix element

for the process is

M � 2η∗m�kη
��
11k�

2
X

Λ̃2
QCD

m2
d̃R,k

(16)

where m = 1(2) for a pion(kaon) and � = 1(2) for
electron(muon), and a hadronic matrix element appears
again, leading to a lifetime of order (for Λ̃QCD = 200
MeV)

τ � 5·1033yr
�md̃Rk

TeV

�4
�

6 · 10−19

|ηm�kη��11k|

�2 �
10−3

�X

�4

. (17)

Another channel for proton decay can appear if the
gravitino is light leading to the decays p → (π,K) + G̃
as shown on the right in Fig. 3. The matrix element is
estimated to be

|M|2 ∼ 1

3
|α��

11i|2�2X
m4

pΛ̃
4
QCD

m4
d̃i
m2

3/2M
2
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. (18)

and the corresponding lifetime is

τ ∼ 5 · 1032yr
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F
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(19)
where F =

√
3m3/2Mpl. In the case where ψX is aligned

in the golstino direction, i.e., FX is the only source of
SUSY breaking, the lifetime will be minimized, but if
there are additional sources of SUSY-breaking the life-
time will be enhanced, relaxing the constraints.

LHC PHENOMENOLOGY

The phenomenology of the models with dRPV can be
very different from those with R-parity conservation and
even from those with traditional RPV described by (1).
The details of the resulting phenomenology will greatly
depend on what particle is the LSP. Here we focus on
the most interesting possibility for higgs naturalness: the
case when the LSP is a third generation squark, in which
case only the η�� term is relevant for the LSP decay. Other
interesting possibilities will be considered in [? ].
For the case of a stop LSP the derivation of the LSP

lifetime is somewhat subtle. The reason is that if one
picks out the F †

X term from
�
d4θ 1

X†QiQj d̄∗k then one

gets a d̃†kQiQj-type vertex. For a sbottom LSP this will

result directly in the decay b̃ → t̄+ b̄ with a lifetime given
by

τ−1
b̃

=
|η��333|2

8π
�2Xmb̃ (20)

in which case the decay is expected to be prompt.



Low-energy constraints: ΔF=2

•Bounds from neutral meson mixings:

•If                           no additional flavor suppression 
needed to satisfy FCNC bounds! 
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FIG. 3: Diagrams for proton decay: left with L violation,
right via gravitino.

In models of RPV, FCNC operators are generated at
tree-level, with the strongest constraints obtained from
the ∆F = 2 neutral meson-mixing processes. If either
of the operators, QiūjL∗

k or QiQj d̄∗k, are present, neutral
meson-mixing is generated at tree-level when integrating
out the squarks via the diagrams in Fig. 2. The operators
generated are

Qqiqj
1 ≡ − 1

2 (Q
α
i Q

β
i )(Q

α†
j Qβ†

j )

Qqiqj
4 ≡ ūα

j Q
α
i Q

β†
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i

(13)

with suppressions

1

Λ2
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=
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jjk
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d̃R,k

�2X ,
1

Λ2
4,ij

=
|η�ijk|2
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ν̃L,k

�2X . (14)

For mf̃ � TeV the bounds from neutral meson mixing
are [? ]

∆mK : |η��11kη��∗22k�2X | � 10−10,
∆mD : |η��11kη��∗22k�2X | � 10−8, |η�12k�X |2 � 10−9

∆mBd : |η��11kη��∗33k�2X | � 10−7,
∆mBs : |η��23kη��∗33k�2X | � 10−7.

(15)
Note, that the most constrained operator, giving K − K̄
mixing, is Qd1d2

4 , and is not generated at tree-level here
(only involving up-type RH quarks), while it is gener-
ated at tree-level in standard RPV. Choosing �X ∼ 10−3

and reasonable FN charges all of these constraints can be
easily satisfied.

∆F = 1 Processes (B → Xs�
+�−)

[EK: do we want this section, i think not]

Proton Decay

If B and L violating couplings are present, the pro-
ton can decay. The leading contribution to proton decay
comes from the diagram on the left in Fig. 3 and gives
the decays p → (π or K)(e− or µ+). The matrix element

for the process is

M � 2η∗m�kη
��
11k�

2
X

Λ̃2
QCD

m2
d̃R,k

(16)

where m = 1(2) for a pion(kaon) and � = 1(2) for
electron(muon), and a hadronic matrix element appears
again, leading to a lifetime of order (for Λ̃QCD = 200
MeV)

τ � 5·1033yr
�md̃Rk

TeV

�4
�

6 · 10−19

|ηm�kη��11k|

�2 �
10−3
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Another channel for proton decay can appear if the
gravitino is light leading to the decays p → (π,K) + G̃
as shown on the right in Fig. 3. The matrix element is
estimated to be

|M|2 ∼ 1

3
|α��

11i|2�2X
m4

pΛ̃
4
QCD

m4
d̃i
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2
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and the corresponding lifetime is

τ ∼ 5 · 1032yr
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where F =

√
3m3/2Mpl. In the case where ψX is aligned

in the golstino direction, i.e., FX is the only source of
SUSY breaking, the lifetime will be minimized, but if
there are additional sources of SUSY-breaking the life-
time will be enhanced, relaxing the constraints.

LHC PHENOMENOLOGY

The phenomenology of the models with dRPV can be
very different from those with R-parity conservation and
even from those with traditional RPV described by (1).
The details of the resulting phenomenology will greatly
depend on what particle is the LSP. Here we focus on
the most interesting possibility for higgs naturalness: the
case when the LSP is a third generation squark, in which
case only the η�� term is relevant for the LSP decay. Other
interesting possibilities will be considered in [? ].
For the case of a stop LSP the derivation of the LSP

lifetime is somewhat subtle. The reason is that if one
picks out the F †

X term from
�
d4θ 1

X†QiQj d̄∗k then one

gets a d̃†kQiQj-type vertex. For a sbottom LSP this will

result directly in the decay b̃ → t̄+ b̄ with a lifetime given
by

τ−1
b̃

=
|η��333|2

8π
�2Xmb̃ (20)

in which case the decay is expected to be prompt.

�X ∼ O(10−5)



dRPV from integrating out heavy fields

•Integrate out heavy messengers of RPV

•S responsible for RPV, D heavy vectorlike quark 

•Integrating out D effective Kahler potential

•Contains dRPV terms

3.1 A Toy Model

Consider a theory in which R-parity is preserved in the UV and spontaneously broken by
the VEV of the field S. The low energy effective theory will contain R-parity violating
operators. As a first illustration, let us study the superpotential,

W = MDD̄ + SDd̄+ λqqD . (3.1)

Here D̄ and D are vector-like fields which carry the SM quantum numbers of the d̄ and
its complex conjugate, respectively. For now, we deliberately ignore the effects of super-
symmetry breaking and assume a canonical Kähler potential. Above, and throughout the
paper, we denote heavy fields by upper-case letters, while lower-case letters denote the light
MSSM degrees of freedom.

The fields q, d̄ and S are R-parity odd, while D and D̄ are R-parity even. Upon
integration out of the heavy R-parity neutral fields, the entire effective superpotential is
set to zero (which can be straightforwardly seen from the D equation of motion (EOM)).
Meanwhile, the effective low energy Kähler potential is non-trivial and takes the form

Keff = |q|2 + |d̄|2 +
1

|M |2

��Sd̄+ λqq
��2 +O

�
1

M4

�
, (3.2)

where the cross-term contains the non-holomorphic dRPV coupling,

KdRPV =
λS∗

|M |2
qqd̄∗ + h.c. (3.3)

The above simple model dynamically induces R-parity violation, once the heavy fields are
integrated out and S obtains a VEV.

The origin of R-parity violation in this model is the mixing among the heavy and
the light fields; there is an order �S�/M mixing between d̄ and D̄, and a sub-leading
mixing between the heavy D and the light multiplet d̄∗. The latter mixing can be seen by
considering the sub-leading term of the D̄ EOM, MD = −1

4D
† 2
α D̄∗, which together with

the leading D EOM implies a small mixing between D and d̄∗ of the form,

D ∼ −1

4

�S�∗

|M |2
D

†2d̄∗ . (3.4)

This atypical mixing is between the fermion of D and a derivative of the fermion of d̄∗,
as well as between the F-terms and derivatives of the scalars, (see Eq. C.3). Due to the
derivatives, one finds that (3.4) is chirally suppressed. Substituting the mixing above in
the last term of Eq. (3.1), the dRPV Kähler potential, Eq. (3.3), is restored,

�
d2θ λqqD −→

�
d2θ λqq

�
− �S�∗

4|M |2
D

†2d̄∗
�

=

�
d4θ

λ�S�∗

|M |2
qqd̄∗ . (3.5)

3.2 dRPV from a Hidden Sector

The toy model in the previous section has an immediate disadvantage; it provides no ex-
planation as to why the non-holomorphic RPV is dominant at low energy. For instance,
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D̄ = − S

M
d̄

dRPV from integrating out heavy fields

•Origin of this term: small unusual mixing

•From sub-leading term in EOM
together with  D EOM                 gives above mixing

•This way we see the dRPV term

•Nice instructive toy model, but not hidden sector
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dRPV from hidden sector

•Previous toy model also allows holomorphic RPV

•Can also add

•Will give you                               leading RPV

•Also follows from spurion counting: charges of S

•U(1) B-L: +1, U(1) R: 1/2, exactly the choice that 
allows hRPV.

•Also S couples directly to visible sector 
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the term ūd̄D̄ is invariant under U(1)B−L and U(1)R, and could have been added to the

Lagrangian. In the presence of such a term, once D and D̄ are integrated out, an effective

holomorphic RPV term is generated,

Weff = − S

M
ūd̄d̄ . (3.6)

Since this term does not exhibit any further chiral suppressions, the effect of this operator

will generically dominate over the effect of the non-holomorphic operator. Indeed, a vertex

from the non-holomorphic term will be additionally suppressed by md/M compared to

the holomorphic vertex (where md is the down-type fermion mass). The presence of a

leading holomorphic RPV term is in accordance with our expectations from the symmetry

considerations discussed in Section 2.2: the charges of the RPV field S are 1 and 1/2 under

U(1)B−L and U(1)R, and thus large holomorphic RPV terms are allowed.

In the above toy model, S directly couples to the visible sector and its VEV induces

a mixing between the heavy and light fields. It is interesting to consider a deformation

of this model, in which the sector responsible for the spontaneous breaking of R-parity is

secluded from the visible one and the heavy fields act as messengers which communicate

the breaking. A dynamical hidden sector model with suppressed holomorphic couplings

can be easily realized, with a mild modification of the previous toy model. We introduce a

second set of heavy messengers, D−, D̄−, which carry negative R-parity charge, while the

original (positively charged) messengers are denoted D+, D̄+. The RPV field S triggers a

mixing between the two types of messengers, but does not interact with the visible fields

at the renormalizable level. The superpotential of the model is,

W = M(D+D̄+ +D−D̄−) + SD̄+D− +mD−d̄+ qqD+ . (3.7)

Integrating out the heavy messenger sector does not generate an effective superpotential

term at the leading order, and the leading RPV Kähler term is given by

�S�m∗

|M |2M qqd̄∗ + h.c. (3.8)

The above is simple to understand. The dRPV operator must be proportional to the VEV

of the RPV-breaking field, and to m, since it controls the mixing which connects the heavy

and light sectors.

Just as in the original toy model of the previous section, the U(1)B−L and U(1)R sym-

metries allows for the additional superpotential term ūd̄D̄+. The effective superpotential

will no longer vanish in the presence of this term,

Weff =
1

M
ūd̄qq . (3.9)

However, this term does not violate R-parity. This is again in accordance with our general

expectation from the spurion analysis: now the charges of S are −1 and −1/2 under

U(1)B−L and U(1)R, which implies a suppression in the holomorphic RPV terms. By
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ūd̄d̄ . (3.6)

Since this term does not exhibit any further chiral suppressions, the effect of this operator

will generically dominate over the effect of the non-holomorphic operator. Indeed, a vertex

from the non-holomorphic term will be additionally suppressed by md/M compared to

the holomorphic vertex (where md is the down-type fermion mass). The presence of a

leading holomorphic RPV term is in accordance with our expectations from the symmetry

considerations discussed in Section 2.2: the charges of the RPV field S are 1 and 1/2 under

U(1)B−L and U(1)R, and thus large holomorphic RPV terms are allowed.

In the above toy model, S directly couples to the visible sector and its VEV induces

a mixing between the heavy and light fields. It is interesting to consider a deformation

of this model, in which the sector responsible for the spontaneous breaking of R-parity is

secluded from the visible one and the heavy fields act as messengers which communicate

the breaking. A dynamical hidden sector model with suppressed holomorphic couplings

can be easily realized, with a mild modification of the previous toy model. We introduce a

second set of heavy messengers, D−, D̄−, which carry negative R-parity charge, while the

original (positively charged) messengers are denoted D+, D̄+. The RPV field S triggers a

mixing between the two types of messengers, but does not interact with the visible fields

at the renormalizable level. The superpotential of the model is,

W = M(D+D̄+ +D−D̄−) + SD̄+D− +mD−d̄+ qqD+ . (3.7)

Integrating out the heavy messenger sector does not generate an effective superpotential

term at the leading order, and the leading RPV Kähler term is given by

�S�m∗

|M |2M qqd̄∗ + h.c. (3.8)

The above is simple to understand. The dRPV operator must be proportional to the VEV

of the RPV-breaking field, and to m, since it controls the mixing which connects the heavy

and light sectors.

Just as in the original toy model of the previous section, the U(1)B−L and U(1)R sym-

metries allows for the additional superpotential term ūd̄D̄+. The effective superpotential
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dRPV from hidden sector
•Two sets of messengers with opposite R-parity

•Low energy Kähler term generated:

•Allowed additional term

•Now does not generate hRPV

•Spurion charges U(1) B-L: -1, R: -1/2. 

•Leading holomorphic RPV small  
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carefully taking into account the effect of the ūd̄D̄+ operator on the Kähler potential, one

finds that the leading holomorphic RPV operator is given by

m

|M |4
�S∗�(D2

αd̄)ūd̄ , (3.10)

which is indeed allowed by the symmetries, but is more strongly suppressed than the non-

holomorphic term in (3.8).

3.3 More Toy Models

Let us now briefly study additional variations of dRPV models. In the first example, S

carries charges (1/2, 1/2) under U(1)B−L×U(1)R, leading to the dominant RPV term given

by the dimension 6 superpotential operator
1
Shdqqq. In the second model, S has charges

(3/4,−1/2) which leads to the dominant RPV term given by dimension-7 Kähler operators

of the form S2D2
αOnhRPV . The resulting operators are suppressed by either two powers

of light fermion masses, one power of fermion mass and supersymmetry breaking, or two

powers of the supersymmetry breaking scale. As with the previous examples, both of the

toy models below can be extended to include the full MSSM by following the steps described

in Sec. 3.4.

3.3.1. Superpotential dRPV

Consider the superpotential,

W = SDD̄ + hdqD̄ + qqD̄. (3.11)

Above, D̄ and d̄ have the same quantum numbers and the model differs from the previous

examples in that the mixing between the heavy and light fields is induced by electroweak

symmetry breaking. This model also has the virtue of being a hidden-sector model, as there

is no direct coupling between S and the MSSM fields. Integrating out the heavy fields leads

to the low energy superpotential,

Weff =
1

S
hdqqq. (3.12)

As explained in Sec. 2.1, the phenomenological effects of this operator are similar to those

of the dRPV term qqd̄∗ in the absence of supersymmetry breaking.

3.3.2. Doubly Suppressed dRPV

Here we consider a model analogous to the original toy model, but instead of having

heavy D’s that mix with light fields, heavy doublet Q’s are introduced together with the

superpotential,

W = MQQ̄+ SQ̄q + λQ̄Q̄d̄ . (3.13)

The heavy field Q̄ mixes with the light one via,

Q̄ ∼ −1

4

1

|M |2
D

†2S∗q̄∗ . (3.14)
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Since two mixings of this form are needed in Eq. (3.14) in order to induce the low energy

Lagrangian, the resulting dRPV couplings are doubly suppressed by chiral symmetry break-

ing (or by the supersymmetry breaking scale). Indeed integrating out the fields results in

a vanishing superpotential, W = 0, and Kähler potential,

K = |d̄|2 + |q|2
�
1 +

|S|2

|M |2

�
− 1

4

λ∗S

|M |4 (D
2Sq)qd̄∗ + h.c. . (3.15)

The dRPV term can be simplified by using the EOM,

− 1

4

λ∗S

|M |4 (D
2Sq)qd̄∗ → λ∗�S�

|M |4

�
�FS�qqd̄∗ − �S�∂W

∗

∂q∗
qd̄∗

�
. (3.16)

The first of the resulting two terms is the standard non-holomorphic dRPV term with

additional supersymmetry breaking suppression, while the second term can lead to operators

suppressed by two fermion masses or one fermion mass and supersymmetry breaking. Thus,

the RPV couplings are hierarchical and highly suppressed.

The case where the supersymmetry breaking effects are subdominant, offers an inter-

esting possibility where the 3rd generation RPV couplings are much larger than the other

couplings. Using the EOMs, the second term can be written as an F-term,

�
d2θ

λ�S∗�2

|M |2
�huhd�
M2

ydyuūd̄d̄ . (3.17)

One can see that the effect is equivalent to a traditional ūd̄d̄ RPV operator, except that it

arises from a dimension-5 superpotential term with a very strong flavor suppression, similar

to [11]. The main difference between this model and that of [11] is that here there are two

powers of the Yukawa suppressions instead of three powers, however the model at hand

enjoys additional overall suppressions due to the mediation scale, M . Also, the large flavor

hierarchy here is independent of any assumptions about the flavor dynamics.

3.4 A Complete Model

The ingredients presented above can be incorporated into a complete model including both

quarks and leptons. To illustrate this, consider the toy example given in Eq. (3.1). A

minimal extension which includes the full set of dRPV operators given in Eq. (1.2) requires

the introduction of at least one more vector-like pair of heavy messenger fields, L and L̄,

which carry the SM quantum numbers of the lepton doublet � and its complex conjugate,

respectively. The superpotential that generates the full dPRV MSSM is

W = MDiDiD̄i +MLiLiL̄i + λd
ijSDid̄j + λ�

ijSL̄i�j
+γijkūiējDk + γ�ijkqiūjL̄k +

1
2γ

��
ijkqiqjDk

+WMSSM ,

(3.18)
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a vanishing superpotential, W = 0, and Kähler potential,

K = |d̄|2 + |q|2
�
1 +

|S|2

|M |2

�
− 1

4

λ∗S

|M |4 (D
2Sq)qd̄∗ + h.c. . (3.15)

The dRPV term can be simplified by using the EOM,

− 1

4

λ∗S

|M |4 (D
2Sq)qd̄∗ → λ∗�S�

|M |4

�
�FS�qqd̄∗ − �S�∂W

∗

∂q∗
qd̄∗

�
. (3.16)

The first of the resulting two terms is the standard non-holomorphic dRPV term with

additional supersymmetry breaking suppression, while the second term can lead to operators

suppressed by two fermion masses or one fermion mass and supersymmetry breaking. Thus,

the RPV couplings are hierarchical and highly suppressed.

The case where the supersymmetry breaking effects are subdominant, offers an inter-

esting possibility where the 3rd generation RPV couplings are much larger than the other

couplings. Using the EOMs, the second term can be written as an F-term,

�
d2θ

λ�S∗�2

|M |2
�huhd�
M2

ydyuūd̄d̄ . (3.17)

One can see that the effect is equivalent to a traditional ūd̄d̄ RPV operator, except that it

arises from a dimension-5 superpotential term with a very strong flavor suppression, similar

to [11]. The main difference between this model and that of [11] is that here there are two

powers of the Yukawa suppressions instead of three powers, however the model at hand

enjoys additional overall suppressions due to the mediation scale, M . Also, the large flavor

hierarchy here is independent of any assumptions about the flavor dynamics.

3.4 A Complete Model

The ingredients presented above can be incorporated into a complete model including both

quarks and leptons. To illustrate this, consider the toy example given in Eq. (3.1). A

minimal extension which includes the full set of dRPV operators given in Eq. (1.2) requires

the introduction of at least one more vector-like pair of heavy messenger fields, L and L̄,

which carry the SM quantum numbers of the lepton doublet � and its complex conjugate,

respectively. The superpotential that generates the full dPRV MSSM is

W = MDiDiD̄i +MLiLiL̄i + λd
ijSDid̄j + λ�

ijSL̄i�j
+γijkūiējDk + γ�ijkqiūjL̄k +

1
2γ

��
ijkqiqjDk

+WMSSM ,

(3.18)
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1
2γ

��
ijkqiqjDk

+WMSSM ,

(3.18)

– 9 –

where in general there can be an arbitrary number of heavy messengers.1 Working with the
low energy effective theory and including the flavor indices and effects of SUSY-breaking,
the superpotential (3.18) results in the effective Lagrangian

Weff = WMSSM

Keff = |qi|
2 + |ūi|

2 + |ēi|
2 +

�
δij + αd

ij
|S|2

M2

�
d̄∗j d̄i +

�
δij + α�

ij
|S|2

M2

�
�∗j�i

+ηijk
S∗

M2
ūiēj d̄

∗
k + η�ijk

S∗

M2
qiūj�

∗
k +

1

2
η��ijk

S∗

M2
qiqj d̄

∗
k + h.c.

+
1

M2

�
1

4
λ��
ijmnqiqjq

∗
mq∗n + λ�

ijmnqiūjq
∗
mū∗n + λijmnūiēj ū

∗
mē∗n

+
1

2
λ �B, �L
ijmnqiqj ū

∗
mē∗n + h.c.

�
+O(M−4) , (3.19)

where the low energy coupling constants depend on the UV couplings of Eq. (3.18) and are
given by

αd
ij =

M2

M2
Dk

λd
kiλ

d∗
kj , α�

ij =
M2

M2
Lk

λ�
kiλ

�∗
kj ,

ηijk =
M2

M2
Dm

γijmλd∗
mk, η�ijk =

M2

M2
Lm

γ�ijmλ�∗
mk, η��ijk =

M2

M2
Dm

γ��ijmλd∗
mk ,

λ��
ijmn =

M2

M2
Dk

γ��ijkγ
��∗
lmk, λijmn =

M2

M2
Dk

γijkγ
∗
lmk ,

λ �B, �L
ijmn =

M2

M2
Dk

γ��ijkγ
∗
lmk, λ�

ijmn =
M2

M2
Lk

γ�ijkγ
�∗
lmk .

(3.20)

As will be discussed in Sec. 5, several generations of the messenger fields can be mo-
tivated if each carry different charges under a horizontal flavor symmetry and mediate the
flavor structure to the SM. A detailed exploration of the model in Eq. (3.18) is presented
in App. A where we derive constraints arising from proton decay, neutrino masses and the
LSP lifetime.

4 SUSY breaking Effects

So far, our analysis has ignored any effects of supersymmetry breaking. In this section, we
analyze effects of SUSY-breaking on the low energy effective RPV terms. We distinguish
between two separate cases. (1) SUSY-breaking occurs in a secluded sector, different from
that which breaks R-parity. If the scale of SUSY-breaking is higher than the scale of

1Note that the heavy messengers furnish a 5H + 5̄H pair under an SU(5) GUT group. The superpotential
of Eq. (3.18) can be summarized in the SU(5) language (assuming a single coupling) simply as

W = M5H5̄H + S5H5̄L + 10L10L5H +WMSSM .

The other models presented above can be similarly generalized.
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Effect of SUSY breaking
•Could be external to RPV sector or have same 
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Figure 1. An illustration of the two SUSY-breaking scenarios considered. Left: The SUSY-
breaking sector is secluded from both the visible sector and the R-parity breaking sector. SUSY-
breaking effects are then communicated to both sectors and show up as soft masses in the Käh-
ler potential. Right: Both SUSY and R-parity breaking occur jointly in a single sector and are
mediated to the visible sector at the scale M .

RPV mediation, one may treat its effects by considering the expected soft breaking terms.
(2) SUSY-breaking and R-parity are broken in a single sector and both effects are mediated
to the visible sector by the same mediator fields. These two scenarios are illustrated in
Fig. 1.

4.1 Secluded SUSY breaking Sector

First we consider the scenario where SUSY breaking is external to the RPV sector. Fol-
lowing the discussion in [35], this situation can be described by incorporating the SUSY
breaking spurion, X = �X� + θ2FX , into a wave-function renormalization factor of the
RPV-messenger and visible sector fields,

�
d4θZi(X,X∗)ΦiΦ

i∗ . (4.1)

Here Φi is a generic field with i running over the RPV-messenger and visible sector fields.
Expanding Zi(X,X∗) in (4.1) in superspace gives,

�
d4θ

�
Zi +

∂Zi

∂X
FXθ2 +

∂Zi

∂X∗F
∗
X θ̄2 +

∂2Zi

∂X∂X∗ |FX |2θ2θ̄2
�
ΦiΦ

i∗ , (4.2)

where Zi = Zi(�X�, �X∗�). One can remove the terms linear in FX and canonically nor-
malize the kinetic terms using the holomorphic field redefinition,

Φi → Z−1/2
i

�
1− 1

Zi

∂Zi

∂X
FXθ2

�
Φi ≡ ziΦi . (4.3)

Under this transformation the original Kähler term (4.1) becomes a canonical kinetic term
along with standard soft breaking scalar masses,

�
d4θ

�
1 +

∂2 logZi

∂X∂X∗ |FX |2θ2θ̄2
�
ΦiΦ

i∗ . (4.4)
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At the same time, every operator in the theory must be transformed according to Eq. (4.3).

Applying this transformation to the toy model of Sec. 3.1, the effects of SUSY-breaking

can be captured by transforming M , S and λ as

M → MzDzD̄, S → SzDzd̄, λ → λz2qzD . (4.5)

The effects of SUSY-breaking on the dRPV coupling (3.3) are summarized in the operator

KdRPV =
z∗
d̄

z∗
D̄

z2q
z
D̄

λS∗

|M |2 qqd̄
∗ + h.c. . (4.6)

In addition to generating the chirally suppressed operators, SUSY-breaking RPV operators

are also generated due to the F-components of the z-factors. In fact, when integrating over

superspace, the F ∗
-term contributions from z∗

d̄
/z∗

D̄
can dominate the RPV effects over the

SUSY conserving ones.

Let us estimate the magnitude of the SUSY-breaking dRPV operators. In many models

of supersymmetry breaking and mediation, the wave-function renormalization factors, Zi,

can be approximated by the form,

Z(X,X∗) ∼ 1− |X|2

Λ2
. (4.7)

In gauge-mediated SUSY-breaking, �X� is the mass of the messengers and Λ ∼ 4π�X�/α,

where α is the corresponding gauge coupling. In gravity mediation and anomaly mediation,

Λ ∼ MPl and Λ ∼ 4πMPl/α respectively and, while �X� is in principle free, it is expected

that �X� � MPl in gravity mediation and �X� � MPl in anomaly mediation. From (4.4),

the soft-masses are

m2
φi

= −∂2 logZi

∂X∂X∗ |FX |2 ∼ m2
0 ≡

|FX |2

Λ2
, (4.8)

while supersymmetry breaking suppressed dRPV operators will be proportional to

Fz∗i

M
∼ �X∗�F ∗

X

Λ2M
∼ �X∗�

Λ

m0

M
, (4.9)

which should be compared with the fermion mass, mf/M , for chirally suppressed couplings.

Therefore, in models of gravity mediation the SUSY-breaking terms are typically negligible,

but in gauge and anomaly mediation, the SUSY-breaking terms could be much larger than

the SUSY preserving (chirally suppressed) operators.

If the scale of SUSY-breaking is below the scale of RPV mediation, M , then zD̄ → 1

and the suppression due to SUSY-breaking is m0/16π2M . This suppression is expected to

be less than the chiral suppression, with the exception of perhaps the operator containing

the bottom quark. However, there can also be additional suppression to the SUSY-breaking

couplings. For instance, in the case where the scale of gauge mediation is above the scale

of the dRPV messengers, one finds at one-loop that zd̄ ∼ zD̄, since they have the same SM

gauge quantum numbers. This implies that the effects of SUSY-breaking will be two-loop

suppressed in the RPV couplings.
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can dominate the RPV effects over the

SUSY conserving ones.

Let us estimate the magnitude of the SUSY-breaking dRPV operators. In many models

of supersymmetry breaking and mediation, the wave-function renormalization factors, Zi,

can be approximated by the form,

Z(X,X∗) ∼ 1− |X|2

Λ2
. (4.7)

In gauge-mediated SUSY-breaking, �X� is the mass of the messengers and Λ ∼ 4π�X�/α,

where α is the corresponding gauge coupling. In gravity mediation and anomaly mediation,

Λ ∼ MPl and Λ ∼ 4πMPl/α respectively and, while �X� is in principle free, it is expected

that �X� � MPl in gravity mediation and �X� � MPl in anomaly mediation. From (4.4),

the soft-masses are
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while supersymmetry breaking suppressed dRPV operators will be proportional to
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X

Λ2M
∼ �X∗�

Λ
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M
, (4.9)

which should be compared with the fermion mass, mf/M , for chirally suppressed couplings.

Therefore, in models of gravity mediation the SUSY-breaking terms are typically negligible,

but in gauge and anomaly mediation, the SUSY-breaking terms could be much larger than

the SUSY preserving (chirally suppressed) operators.

If the scale of SUSY-breaking is below the scale of RPV mediation, M , then zD̄ → 1

and the suppression due to SUSY-breaking is m0/16π2M . This suppression is expected to

be less than the chiral suppression, with the exception of perhaps the operator containing

the bottom quark. However, there can also be additional suppression to the SUSY-breaking

couplings. For instance, in the case where the scale of gauge mediation is above the scale

of the dRPV messengers, one finds at one-loop that zd̄ ∼ zD̄, since they have the same SM

gauge quantum numbers. This implies that the effects of SUSY-breaking will be two-loop

suppressed in the RPV couplings.
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Figure 1. An illustration of the two SUSY-breaking scenarios considered. Left: The SUSY-
breaking sector is secluded from both the visible sector and the R-parity breaking sector. SUSY-
breaking effects are then communicated to both sectors and show up as soft masses in the Käh-
ler potential. Right: Both SUSY and R-parity breaking occur jointly in a single sector and are
mediated to the visible sector at the scale M .

RPV mediation, one may treat its effects by considering the expected soft breaking terms.
(2) SUSY-breaking and R-parity are broken in a single sector and both effects are mediated
to the visible sector by the same mediator fields. These two scenarios are illustrated in
Fig. 1.

4.1 Secluded SUSY breaking Sector

First we consider the scenario where SUSY breaking is external to the RPV sector. Fol-
lowing the discussion in [35], this situation can be described by incorporating the SUSY
breaking spurion, X = �X� + θ2FX , into a wave-function renormalization factor of the
RPV-messenger and visible sector fields,

�
d4θZi(X,X∗)ΦiΦ

i∗ . (4.1)

Here Φi is a generic field with i running over the RPV-messenger and visible sector fields.
Expanding Zi(X,X∗) in (4.1) in superspace gives,

�
d4θ

�
Zi +

∂Zi

∂X
FXθ2 +

∂Zi

∂X∗F
∗
X θ̄2 +

∂2Zi

∂X∂X∗ |FX |2θ2θ̄2
�
ΦiΦ

i∗ , (4.2)

where Zi = Zi(�X�, �X∗�). One can remove the terms linear in FX and canonically nor-
malize the kinetic terms using the holomorphic field redefinition,

Φi → Z−1/2
i

�
1− 1

Zi

∂Zi

∂X
FXθ2

�
Φi ≡ ziΦi . (4.3)

Under this transformation the original Kähler term (4.1) becomes a canonical kinetic term
along with standard soft breaking scalar masses,

�
d4θ

�
1 +

∂2 logZi

∂X∂X∗ |FX |2θ2θ̄2
�
ΦiΦ

i∗ . (4.4)
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4.2 Unifying dRPV and SUSY breaking

A second possibility is that the messengers of dRPV couple directly to the SUSY-breaking

sector. In this case, they also become the messengers of SUSY-breaking. This scenario can

easily be understood in the toy model of Sec. 3.1 by replacing M → X = M + θ2FX , where

X is the SUSY-breaking spurion, so that the effective low energy Kähler potential becomes,

Keff = |q|2 + |d̄|2 + |S|2

|X|2 |d̄|
2 +

λS∗

|X|2 qqd̄
∗ + h.c.+ . . . (4.10)

The last term will contain SUSY-suppressed dRPV, which is larger than in the case where

SUSY is broken in a different sector. However, the third term above can be problematic, as

it introduces a negative tree-level mass for the down-squarks (and the sleptons in a complete

model). The magnitude of these negative scalar mass squares are of order

m2
�̃, ˜̄d

� −�S�2

M2

F 2
X

M2
. (4.11)

Meanwhile, all the superpartners receive the usual positive mass squares from the corre-

sponding mediation scheme. For instance, in gauge mediation

m2
1/2,m

2
0 �

� α

4π

�2 F 2
X

M2
. (4.12)

All squared scalar masses will be positive as long as �S� is not too large, namely �S�/M �
α2/4π ∼ 10−3

. In this scenario there is at least a factor of 10−3
overall suppression of

all RPV couplings in addition to the chiral or SUSY-breaking suppression. There can be

additional flavor suppression which will be discussed in Sec. 5.

Negative soft masses may be avoided in models where R-parity is violated in a hidden

sector. Considering the hidden sector toy model of Sec. 3.2, but taking separate mass scales

for the D+, D̄+ and D−, D̄− fields,

W = M+D+D̄+ +M−D−D̄− + SD̄+D− +mD−d̄+ qqD+ , (4.13)

the effective low energy Kähler potential takes the form,

Keff = |q|2 + |d̄|2 + 1

|M−|2

�
|m|2|d̄|2 + |S|2

|M+|2
|q|4 − m∗S

M+
qqd̄∗ + h.c.

�
+ ... (4.14)

In this case, only D− couples directly to the MSSM and to the RPV spurion. Promoting

M+ → X to be the SUSY-breaking spurion induces a mediation of SUSY-breaking through

the D+, D̄+ fields, but negative tree-level scalar masses are not generated. Similarly, one

may promote S to the SUSY-breaking spurion, i.e. S → S + θ2FS , obtaining a similar

result. The possibility in which the same messenger fields mediate SUSY-breaking, flavor

breaking and RPV, will be discussed in Sec. 6.

5 Flavor and Dynamical R-Parity Violation

So far we have focused on the dynamics responsible for generating the low energy non-

holomorphic RPV operators, largely ignoring their flavor structure. However, flavor should
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Meanwhile, all the superpartners receive the usual positive mass squares from the corre-

sponding mediation scheme. For instance, in gauge mediation
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All squared scalar masses will be positive as long as �S� is not too large, namely �S�/M �
α2/4π ∼ 10−3

. In this scenario there is at least a factor of 10−3
overall suppression of

all RPV couplings in addition to the chiral or SUSY-breaking suppression. There can be

additional flavor suppression which will be discussed in Sec. 5.

Negative soft masses may be avoided in models where R-parity is violated in a hidden

sector. Considering the hidden sector toy model of Sec. 3.2, but taking separate mass scales

for the D+, D̄+ and D−, D̄− fields,
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the effective low energy Kähler potential takes the form,
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In this case, only D− couples directly to the MSSM and to the RPV spurion. Promoting

M+ → X to be the SUSY-breaking spurion induces a mediation of SUSY-breaking through

the D+, D̄+ fields, but negative tree-level scalar masses are not generated. Similarly, one

may promote S to the SUSY-breaking spurion, i.e. S → S + θ2FS , obtaining a similar

result. The possibility in which the same messenger fields mediate SUSY-breaking, flavor

breaking and RPV, will be discussed in Sec. 6.

5 Flavor and Dynamical R-Parity Violation

So far we have focused on the dynamics responsible for generating the low energy non-

holomorphic RPV operators, largely ignoring their flavor structure. However, flavor should
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Flavor and dRPV
•RPV terms also break            SM flavor symmetries 

•Expect that they have non-trivial flavor structure 

•(Flavor on its own might be enough to suppress B, 
L violation  - see MFV SUSY approach)

•Typical proton decay lifetime

•If we suppress by S/M - all RPV very suppressed, 
LSP will turn out collider stable - like usual SUSY

•Expect flavor dependent suppression significant

not be ignored. The reason is that the R-parity violating interactions break the approx-
imate U(3)5 non-abelian global flavor symmetries of the SM and may therefore induce
flavor-violating interactions [36, 37]. For example, the model presented in (3.18) leads to
dimension-6 four-fermi operators that may or may not respect the R-parity and that violate
baryon and lepton number. Consequently, such operators may, for instance, induce proton
decay. The chirally suppressed contribution predicts the proton lifetime to be,

τp � 1032yr

�
7× 10−8

|η��ij3η∗k�3|

�2�
mb̃L

TeV

�4� M

108GeV

�4� 0.1

�S�/M

�4

. (5.1)

The full set of constraints is presented in Appendix A. If the scale of dRPV mediation is
sufficiently high, it may suppress such interactions without additional flavor suppression.
However, as a consequence, the LSP is predicted to be collider-stable and the theory suffers
from stringent collider constraints, pushing the superpartner’s mass scale to be at around
the TeV scale.

One way out is to introduce a non-trivial flavor structure in the RPV operators. The
main consequence of including flavor suppression is that they are not uniform, i.e. operators
involving light fields will generically be more strongly suppressed than those involving the
third generation, strongly improving bounds from baryon- and lepton-number violating
processes, while at the same time allowing faster decays of the LSP (assuming it is a
third generation superpartner). Interestingly, the SM flavor puzzle hints at the presence
of a dynamical origin to the SM flavor parameters and any such dynamics is expected to
provide a correlated structure in the dRPV operators. As presented below, known solutions
to this puzzle easily provide the necessary flavor protection to dRPV operators. Moreover,
since the fields that mediate RPV interact with the quark and leptons, assuming a flavor
structure in the mediation scheme is a natural extension that may solve the SM flavor
puzzle in conjunction with the dynamical generation of RPV operators.

In accordance with the above, we consider two possible approaches. First, we simply
extend the dRPV model to include flavor suppression factors, assuming that the flavor
physics occurs externally to the sector responsible for RPV (or at a higher scale). We then
consider the case where the dRPV mediation sector itself is responsible for the generation
of the SM flavor hierarchies. In principle, any solution to the SM flavor puzzle may be
considered for these approaches. For concreteness, we consider the specific mechanism sug-
gested by Froggatt and Nielsen [24], demonstrating the general principles. Other solutions
may be straightforwardly applied.

5.1 An External Flavor Sector

There are numerous models that attempt to solve the Standard Model flavor puzzle [38–
46]. Some of these solutions induce hierarchical structure within the RPV operators. One
well studied and motivated setup is known as the Froggatt-Nielsen (FN) mechanism which
assumes that the hierarchy in the fermion masses and mixing angles are the result of the
spontaneous breaking of horizontal (flavor dependent) U(1)FN symmetries. The symmetry
breaking is communicated to the low energy theory at a scale MFN in a flavor-dependent
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Flavor breaking external
•Pick simplest flavor mechanism Froggatt-Nielsen

•Horizontal U(1) symmetries, broken by FN spurion

•Expect flavor dependent suppression of dRPV terms

•For example assuming heavy fields not charged get

manner, dictated by the charges of the various SM fields. The corresponding low energy

operators are suppressed by different powers of the small parameter,

� ≡ �φ�
MFN

, (5.2)

where φ is the Froggatt-Nielsen field(s) responsible for the breaking of the horizontal sym-

metry. In particular, the low energy RPV couplings of (3.19) will be suppressed in a flavor

dependent manner,

α, η,λ ∝ �Q , (5.3)

where Q is the U(1)FN charge of the operator. The FN charges of the SM fields are

determined such that the correct fermion masses and mixing angles are reproduced, typically

implying that the lighter generations have a larger FN charge. Therefore, the RPV couplings

of operators containing first generation fields will be more suppressed than the couplings of

the heavier generations. The actual suppression factors may also depend on the FN charges

of the heavy fields D, D̄, L, L̄.

Assuming that the heavy fields are uncharged under the FN symmetry, the flavor

suppression of the dRPV operators of the model in Eq. (3.19) are,

ηijk ∝ �|Qui+Qēj |+|Qd̄k
| , η�ijk ∝ �|Qqi+Qūj |+|Q�k

| , η��ijk ∝ �|Qqi+Qqj |+|Qd̄k
| ,

λ �B, �L
ijmn ∝ �|Qqi+Qqj |+|Qūm+Qēn | . (5.4)

A particularly successful example of FN charges from [47, 48] is presented in Table 1, along

with the coupling suppression factors in Tables 2 and 3 of Appendix B.

5.2 Unifying dRPV and Flavor Models

Next, we consider the possibility that both the RPV and the breaking of the flavor symmetry

occur in a single sector and are mediated by the same set of messengers. In this scenario,

the RPV spurion, S, may also identified with the Froggat-Nielsen spurion. To illustrate

this, consider adding the operator hdqD̄ to the toy model superpotential (3.1)

W = XDD̄ + SDd̄+ λqqD + hdqD̄ , (5.5)

where M has now been promoted to an R-parity odd spurion X with �X� = M , since in

this case the D̄ field is now R-parity odd as opposed to the original toy model (3.1). There

is now a horizontal symmetry, with QS = −1 and Qd̄ = +1, that forbids the standard

Yukawa coupling hdqd̄. However, when integrating out the heavy fields, the low energy

effective superpotential now contains the term,

S

X
hdqd̄, (5.6)

and the Yukawa coupling is generated with the suppression,

� ≡ �S�
X

. (5.7)
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| , η�ijk ∝ �|Qqi+Qūj |+|Q�k
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Flavor breaking external
•A particularly successful scenario Leurer, Nir, Seiberg

•Two U(1)’s with suprions

•Suppression factors large...

q1 q2 q3 ū1 ū2 ū3 d̄1 d̄2 d̄3 L1 L2 L3 ē1 ē2 ē3

U(1)1 -5 -2 0 11 3 0 7 6 2 1 1 0 0 0 0
U(1)2 4 2 0 -4 -1 0 -2 -2 0 1 0 0 1 1 1

Table 1. FN charges for a model with two horizontal U(1) symmetries and flavor breaking spurions.
The lepton and quark charges are taken from [47] and [48], respectively.

η ū1ē1 ū1ē2 ū2ē1 ū2ē2

d̄1 �6 �6 �8 �8

d̄2 �7 �7 �7 �7

d̄3 �15 �15 � �

η ū1ē1 ū1ē2 ū2ē1 ū2ē2

d̄1 �28 �28 �14 �14

d̄2 �27 �27 �13 �13

d̄3 �19 �19 �5 �5

η� ū1�∗1 ū1�∗2 ū2�∗1 ū2�∗2

q1 �7 �5 �7 �9

q2 �14 �12 1 �2

q3 �20 �18 �6 �4

η� ū1�∗1 ū1�∗2 ū2�∗1 ū2�∗2

q1 �9 �7 �11 �9

q2 �16 �14 �6 �4

q3 �22 �20 �8 �6

η�� q1q1 q1q2 q2q2 q1q3 q2q3 q3q3

d̄1 �37 �30 �23 �24 �17 �11

d̄2 �36 �29 �22 �23 �16 �10

d̄3 �28 �21 �14 �15 �8 �2

η�� q1q1 q1q2 q2q2 q1q3 q2q3 q3q3

d̄1 �37 �30 �23 �32 �17 �11

d̄2 �36 �29 �22 �24 �16 �10

d̄3 �28 �21 �14 �15 �8 �2

Table 2. FN suppression of ηijk, η�ijk, η��ijk for the charges given in Table 1 applied to the case of
flavor breaking external to the dRPV sector (left) and for the case of flavor breaking and dRPV
mediation sectors unified (right).

λ �B, �L ū1ē1 ū1ē2 ū2ē1 ū2ē2

q1q1 �43 �43 �29 �29

q1q2 �36 �36 �22 �22

q2q2 �29 �29 �15 �15

λ �B, �L ū1ē1 ū1ē2 ū2ē1 ū2ē2

q1q1 �23 �23 �23 �23

q1q2 �22 �22 �16 �16

q2q2 �21 �21 �9 �9

Table 3. FN suppression of λ �B, �L
ijmn for the charges given in Table 1 applied to the case of flavor

breaking external to the dRPV sector (left) and for the case of flavor breaking and dRPV mediation
sectors unified (right).
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B Froggatt-Nielsen Suppression Factors

Here we consider a specific set of Froggatt-Nielsen charges and flavor suppression factors of

the coefficients η, η�, η�� defined in Eq. (1.2), as well as the coefficient λ �B, �L
of the R-parity

invariant B and L violating, dimension 6 operator presented in Eq. (3.19). The lepton

and quark charges are taken from [47] and [48], respectively. In this case there are two

separate U(1)FN horizontal symmetries, corresponding to two spurions which introduce the

suppressions,

�1 ∼ � ∼ 0.2, �2 ∼ �2 ∼ 0.04 . (B.1)

The overall suppression factor will be the product from the two symmetries. The flavor

suppression factors from this symmetry are given in the left side of Tables 2 and 3. These

are sufficient to evade all bounds from baryon and lepton number violation even for � ∼ 0.1.

At the same time, the largest of them are sufficient to make a third generation LSP decay

inside the collider.

Since η�� is symmetric in the q’s, it has 18 independent components and we present the

suppression factors for all of them in the bottom panel of Table 2. However η and η� have

27 components, so for these we only present those that are relevant for proton decay in the

top and middle panels of Table 2. Finally, λ �B, �L
has 54 independent components and we

present only those that can contribute to the proton decay amplitude in Table 3.

C Useful Supersymmetric Identities

All superspace conventions follow Martin’s Supersymmetric Primer [56]. The Lagrangian

from a generic non-holomorphic dPRV operator is

�
d4θ(a+ bθ2 + cθ̄2 + dθ2θ̄2)ΦjΦkΦ

∗i
(C.1)

= a
�
i(φjψk + ψjφk)σ

µ∂µψ
†i − ψjψkF

∗i + φjφk∂µ∂
µφ∗i + (φkFj + φjFk)F

∗i�

+ b
�
φjφkF

∗i�+ c
�
ψjψkφ

∗i − φjFkφ
∗i + φkFjφ

∗i�+ d
�
φjφkφ

∗i� .

The supersymmetric tree-level equations of motion, with a canonical Kahler potential is

given by,

1

4
D2Φ =

δW ∗

δΦ∗ , (C.2)

where in components, the left hand side is,

− 1

4
D2Φ(y) = F (y)− i

√
2θ̄σ̄µ∂µψ(y) + θ̄2∂µ∂

µφ(y) , (C.3)

and yµ = xµ + iθ̄σ̄µθ. A D-term can be rewritten as an F-term using the identity,

�
d4θV =

�
d2θ

�
−1

4
D†2V

�
. (C.4)
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q1q1 �23 �23 �23 �23

q1q2 �22 �22 �16 �16

q2q2 �21 �21 �9 �9

Table 3. FN suppression of λ �B, �L
ijmn for the charges given in Table 1 applied to the case of flavor

breaking external to the dRPV sector (left) and for the case of flavor breaking and dRPV mediation
sectors unified (right).

– 24 –
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Unifying flavor and RPV mediation

•FN messengers and RPV messengers same

•Can also use same spurion S for breaking RPV, FN

•Effective Yukawa (as expected in FN) 

•Now FN suppression

manner, dictated by the charges of the various SM fields. The corresponding low energy

operators are suppressed by different powers of the small parameter,

� ≡ �φ�
MFN

, (5.2)

where φ is the Froggatt-Nielsen field(s) responsible for the breaking of the horizontal sym-

metry. In particular, the low energy RPV couplings of (3.19) will be suppressed in a flavor

dependent manner,

α, η,λ ∝ �Q , (5.3)

where Q is the U(1)FN charge of the operator. The FN charges of the SM fields are

determined such that the correct fermion masses and mixing angles are reproduced, typically

implying that the lighter generations have a larger FN charge. Therefore, the RPV couplings

of operators containing first generation fields will be more suppressed than the couplings of

the heavier generations. The actual suppression factors may also depend on the FN charges

of the heavy fields D, D̄, L, L̄.

Assuming that the heavy fields are uncharged under the FN symmetry, the flavor

suppression of the dRPV operators of the model in Eq. (3.19) are,

ηijk ∝ �|Qui+Qēj |+|Qd̄k
| , η�ijk ∝ �|Qqi+Qūj |+|Q�k

| , η��ijk ∝ �|Qqi+Qqj |+|Qd̄k
| ,

λ �B, �L
ijmn ∝ �|Qqi+Qqj |+|Qūm+Qēn | . (5.4)

A particularly successful example of FN charges from [47, 48] is presented in Table 1, along

with the coupling suppression factors in Tables 2 and 3 of Appendix B.

5.2 Unifying dRPV and Flavor Models

Next, we consider the possibility that both the RPV and the breaking of the flavor symmetry

occur in a single sector and are mediated by the same set of messengers. In this scenario,

the RPV spurion, S, may also identified with the Froggat-Nielsen spurion. To illustrate

this, consider adding the operator hdqD̄ to the toy model superpotential (3.1)

W = XDD̄ + SDd̄+ λqqD + hdqD̄ , (5.5)

where M has now been promoted to an R-parity odd spurion X with �X� = M , since in

this case the D̄ field is now R-parity odd as opposed to the original toy model (3.1). There

is now a horizontal symmetry, with QS = −1 and Qd̄ = +1, that forbids the standard

Yukawa coupling hdqd̄. However, when integrating out the heavy fields, the low energy

effective superpotential now contains the term,

S

X
hdqd̄, (5.6)

and the Yukawa coupling is generated with the suppression,

� ≡ �S�
X

. (5.7)
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Figure 2. Generation of down-type Yukawa couplings in FN models via integrating out heavy
vector-like fields. Superscripts denote the U(1)FN charge.

In addition, the dRPV Kähler terms as in (3.3) are generated, with the appropriate power
of flavor suppression.

In a similar fashion,the hidden sector model of (3.7) can be extended to mediate flavor,
by considering the Lagrangian,

W = M(D+D̄+ +D−D̄−) + SD̄+D− +mD−d̄+ qqD+ + hdqD̄−, (5.8)

and promoting the D−, D̄− to the FN messenger fields. The main advantage of this scenario
is that no additional source for R-parity violation needs be introduced. We return to this
model in Sec. 6 when we discuss the flavor mediation scenario.

The above models can easily be extended to generate the full down-quark Yukawa
matrix, with elements suppressed as

Y d
ij = �Qd̄i

+Qqj ×O(1), (5.9)

by including the full generation of quarks, and multiple D, D̄ (or D−, D̄−) messengers
that carry different FN charges. A generic diagram corresponding to the generation of the
down-type Yukawa couplings is shown in Fig. 2. In the diagram, D(i) and D̄(i) correspond
to vector-like messengers with FN charge i. Upon integrating out the heavy fields, in
addition to the appropriate suppression of the Yukawa matrices, the dRPV terms will also
be suppressed by powers of �. An advantage of this unified scheme is that, unlike the case
where the flavor dynamics is external, the scale of the RPV spurion is set by flavor physics
�S�/X ∼ O(0.2).

In order to generate masses for the up-type quarks, additional heavy up-quark singlets
(U, Ū) or doublets (Q, Q̄) must be included. For simplicity, whole heavy vector-like gener-
ations (Qi, Ūi, D̄i, Li, Ēi) can be introduced. This could be motivated by the preservation
of gauge coupling unification. Generalizing the previous model (3.18) to include these new
fields one finds,

W = X
�
QQ̄+DD̄ + UŪ + LL̄+ EĒ

�
+ S

�
QQ̄+DD̄ + UŪ + LL̄+ EĒ

�

+S
�
qQ̄+Dd̄+ Uū+ �L̄+ Eē

�
+ huQŪ + hdQD̄ + hdLĒ

+ūēD +QuL̄+ qqD

+µhuhd ,

(5.10)
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Unifying flavor and RPV mediation

•Best version again hidden sector model

•FN messengers                   , no additional RPV 
source like X needed

•All RPV terms suppressed by Yukawa factors

•Slightly different since now messengers carry FN 
charge
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ations (Qi, Ūi, D̄i, Li, Ēi) can be introduced. This could be motivated by the preservation
of gauge coupling unification. Generalizing the previous model (3.18) to include these new
fields one finds,

W = X
�
QQ̄+DD̄ + UŪ + LL̄+ EĒ
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D−, D̄−
where we have suppressed all (O(1)) flavor indices and coupling constants.2 The form
of suppression of the dRPV operators is slightly different from the case where the FN
mechanism is external to the RPV sector, since the heavy fields are now charged under the
FN symmetry. The flavor suppression is now,

ηijk ∝ �|Qui+Qēj−Qd̄k
| , η�ijk ∝ �|Qqi+Qūj−Q�k

| , η��ijk ∝ �|Qqi+Qqj−Qd̄k
| ,

λ �B, �L
ijmn ∝ �|Qqi+Qqj−QūmQēn | . (5.11)

The same set of FN charges given in Table 1 is also consistent with this scenario.

6 Towards dRPV Flavor Mediation

We close the paper by discussing a scenario in which the breaking of supersymmetry, R-
parity and FN horizontal symmetry is mediated jointly by the same sets of heavy mes-
sengers. This framework is a deformation of the well-studied flavor mediation scenario in
which supersymmetry breaking is mediated in a flavor-dependent manner [25–34]. Below
we describe the main features and problems of such a scenario, postponing a detailed study
to a future publication.

Let us begin by considering the toy model (5.5) or its extension (5.10), described in
Sec. 5.2. Following the discussion in Sec. 4.2, we promote the field, X, to be the SUSY-
breaking spurion, X ≡ M + θ2F . In order to account for the fermion masses, � = �S�/M is
typically chosen to be of order O(0.2) although smaller values may be considered. As shown
in Sec. 4.2, two contributions to the soft masses in the visible sector are obtained once the
mediators are integrated out. The first are the usual (positive) gauge-mediated contribu-
tions. The second type arising at tree-level from the direct flavor-dependent couplings, are
negative and of order m̃2 � (�S�/M)2F 2

X/M2, see Eq. (4.11). Unless � is sufficiently small,
the resulting spectrum is not viable.

There are several possible avenues to eliminate the tension described above. One possi-
bility is to promote one of the global U(1) symmetries, such as B−L, to a local U(1) gauge
symmetry. In this scenario, all scalars receive an additional contribution to their mass of
order

m2
0 �

�αB−L

4π

�2 F 2
X

M2
. (6.1)

For αB−L � 1, the above may dominate over the negative contributions of Eq. (4.11).
However, since the gauginos still acquire mass only from the SM gauge mediation, this
scenario predicts a hierarchy between the scalars and the gauginos,

m0 �
αB−L

αi
mχi , (6.2)

2Note that the above superpotential is most easily discussed in SU(5) language:

W = X(10H10H + 5H5̄H) + S(10H10H + 5H5̄H) + S(10H10L + 5H5̄L)

+hu10H,L10H,L + hd10H,L5̄H,L + 10L10L5L + µhuhd .
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Unifying flavor and RPV mediation

•The suppression factors in the Leurer, Nir, Seiberg 
model now 

q1 q2 q3 ū1 ū2 ū3 d̄1 d̄2 d̄3 L1 L2 L3 ē1 ē2 ē3

U(1)1 -5 -2 0 11 3 0 7 6 2 1 1 0 0 0 0
U(1)2 4 2 0 -4 -1 0 -2 -2 0 1 0 0 1 1 1

Table 1. FN charges for a model with two horizontal U(1) symmetries and flavor breaking spurions.
The lepton and quark charges are taken from [47] and [48], respectively.

η ū1ē1 ū1ē2 ū2ē1 ū2ē2

d̄1 �6 �6 �8 �8

d̄2 �7 �7 �7 �7

d̄3 �15 �15 � �

η ū1ē1 ū1ē2 ū2ē1 ū2ē2

d̄1 �28 �28 �14 �14

d̄2 �27 �27 �13 �13

d̄3 �19 �19 �5 �5

η� ū1�∗1 ū1�∗2 ū2�∗1 ū2�∗2

q1 �7 �5 �7 �9

q2 �14 �12 1 �2

q3 �20 �18 �6 �4
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Table 2. FN suppression of ηijk, η�ijk, η��ijk for the charges given in Table 1 applied to the case of
flavor breaking external to the dRPV sector (left) and for the case of flavor breaking and dRPV
mediation sectors unified (right).
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q1 q2 q3 ū1 ū2 ū3 d̄1 d̄2 d̄3 L1 L2 L3 ē1 ē2 ē3

U(1)1 -5 -2 0 11 3 0 7 6 2 1 1 0 0 0 0
U(1)2 4 2 0 -4 -1 0 -2 -2 0 1 0 0 1 1 1

Table 1. FN charges for a model with two horizontal U(1) symmetries and flavor breaking spurions.
The lepton and quark charges are taken from [47] and [48], respectively.
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Unifying flavor, SUSY and RPV mediation?

•All mediated by same messengers

•Tension: negative mass square suppression now 
determined by FN spurion (not too small!)

•Ways out: need additional sfermion masses either 
new gauge interactions or more messengers

•Hidden sector model does not have problem

•    breaks SUSY and RP,      FN spurion, no negative 
mass squares

where we have suppressed all (O(1)) flavor indices and coupling constants.2 The form
of suppression of the dRPV operators is slightly different from the case where the FN
mechanism is external to the RPV sector, since the heavy fields are now charged under the
FN symmetry. The flavor suppression is now,

ηijk ∝ �|Qui+Qēj−Qd̄k
| , η�ijk ∝ �|Qqi+Qūj−Q�k

| , η��ijk ∝ �|Qqi+Qqj−Qd̄k
| ,

λ �B, �L
ijmn ∝ �|Qqi+Qqj−QūmQēn | . (5.11)

The same set of FN charges given in Table 1 is also consistent with this scenario.

6 Towards dRPV Flavor Mediation

We close the paper by discussing a scenario in which the breaking of supersymmetry, R-
parity and FN horizontal symmetry is mediated jointly by the same sets of heavy mes-
sengers. This framework is a deformation of the well-studied flavor mediation scenario in
which supersymmetry breaking is mediated in a flavor-dependent manner [25–34]. Below
we describe the main features and problems of such a scenario, postponing a detailed study
to a future publication.

Let us begin by considering the toy model (5.5) or its extension (5.10), described in
Sec. 5.2. Following the discussion in Sec. 4.2, we promote the field, X, to be the SUSY-
breaking spurion, X ≡ M + θ2F . In order to account for the fermion masses, � = �S�/M is
typically chosen to be of order O(0.2) although smaller values may be considered. As shown
in Sec. 4.2, two contributions to the soft masses in the visible sector are obtained once the
mediators are integrated out. The first are the usual (positive) gauge-mediated contribu-
tions. The second type arising at tree-level from the direct flavor-dependent couplings, are
negative and of order m̃2 � (�S�/M)2F 2

X/M2, see Eq. (4.11). Unless � is sufficiently small,
the resulting spectrum is not viable.

There are several possible avenues to eliminate the tension described above. One possi-
bility is to promote one of the global U(1) symmetries, such as B−L, to a local U(1) gauge
symmetry. In this scenario, all scalars receive an additional contribution to their mass of
order

m2
0 �

�αB−L

4π

�2 F 2
X

M2
. (6.1)

For αB−L � 1, the above may dominate over the negative contributions of Eq. (4.11).
However, since the gauginos still acquire mass only from the SM gauge mediation, this
scenario predicts a hierarchy between the scalars and the gauginos,

m0 �
αB−L

αi
mχi , (6.2)

2Note that the above superpotential is most easily discussed in SU(5) language:

W = X(10H10H + 5H5̄H) + S(10H10H + 5H5̄H) + S(10H10L + 5H5̄L)

+hu10H,L10H,L + hd10H,L5̄H,L + 10L10L5L + µhuhd .

– 17 –

for i = 1, 2, 3. In particular, one finds that the stop mass is significantly larger than the

bino mass, with mt̃ � 10 ·mB̃. Since mB̃ ≥ 100 GeV, we find mt̃ ≥ 1 TeV, which introduces

sizable (of order percent) tuning into the model.

Another possibility is to introduce additional messengers between the visible and dRPV

sector at a scale M∗, which is below the dRPV messenger scale M . This will induce positive

masses of order

m2
0 �

� α

4π

�2 F 2
X

M2
∗
, (6.3)

so provided that M∗/M � α2/4π
� � 10−2

, the scalar masses will remain positive.

The above discussion is relevant for an extension of the original toy model (3.1) pre-

sented in Sec. 3.1. A more appealing framework for dRPV flavor mediation is that based

on the hidden sector model (3.7) presented in Sec. 3.2. Indeed, as discussed in Sec. 4.2, the

simple extension of the hidden sector model given in Eq. (4.13) allows for the introduction

of supersymmetry breaking without inducing any negative masses. The FN mediation and

the corresponding generation of the SM Yukawa couplings follows by promoting m → φ to

be the FN breaking spurion (as opposed to the previous case in which S was responsible for

the horizontal breaking) and adding the corresponding terms which generate the Yukawa

interactions. Explicitly, the hidden sector toy model takes the form,

W = M+D+D̄+ +M−D−D̄− + SD̄+D− + φD−d̄+ qqD+ + hdqD̄− , (6.4)

where S = �S�+ θ2FS is responsible for breaking both SUSY and R-parity. Following the

discussion in Sec. 5.2, extending this model to a complete one, including all SM baryons and

leptons, is straightforward and follows from the introduction of family of D−, D̄− mediators

which carry different FN charges. The D+, D̄+ mediators do not play a direct role in the

Yukawa structure of the effective low energy theory. Finally, the spectrum of the visible

sector superpartners is the usual gauge mediated spectrum. A more thorough study of this

model and its phenomenology is beyond the scope of this work.

7 Conclusions

In this work we have explored theories of dynamical R-parity violation, in which the break-

ing of R-parity is communicated to the visible sector by heavy mediator fields. These models

address the origin of R-parity violation and naturally explain the smallness of the RPV ef-

fects. As was originally shown in [23], dynamical RPV predicts novel, non-holomorphic

RPV operators, Eq. (1.2), that often dominate over the standard holomorphic interactions

typically considered in the literature. The operators exhibit phenomenology distinct from

the standard scenario and may have unique signatures at experiments such as the LHC.

A future publication [49] will present the phenomenology expected from these models and

suggest explicit search strategies for the
√
s = 14 TeV run.

The models presented here exhibit an R-parity symmetry which is spontaneously broken

in the UV and is communicated to the visible sector via a set of heavy messenger fields.

The effects of the non-holomorphic dRPV operators are suppressed by the ratio of either
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No sign of superpartners as of today from LHC

ATLAS SUSY bounds from Feb. 2015
Most involve missing ET, stable charged particle, or LFV



CMS SUSY bounds from summer 2014 ICHEP
Most involve missing ET, stable charged particle, or LFV

No sign of superpartners as of today from LHC


