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No sign of superpartners as of today from LHC

ATLAS SUSY bounds from SUSY 2013 Conference
Most involve missing ET, stable charged particle, or LFV



CMS SUSY bounds from SUSY 2013 Conference
Most involve missing ET, stable charged particle, or LFV

No sign of superpartners as of today from LHC
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Summary of CMS SUSY Results* in SMS framework

CMS Preliminary

m(mother)-m(LSP)=200 GeV m(LSP)=0 GeV
SUSY 2013

 = 7 TeVs

 = 8 TeVs

lspm'-(1-x)motherm' = xintermediatem
For decays with intermediate mass,

Only a selection of available mass limits
*Observed limits, theory uncertainties not included

Probe *up to* the quoted mass limit



•Bounds usually assume large MET, and/or leptons

•Bounds often assume almost degenerate squarks/gluino

Ways out
1. No MET due to RPV - focus of this talk

2. Spectrum not that degenerate - ``Natural SUSY” 
can be achieved via compositeness

3. Spectrum more degenerate/decays stealthy

4. Production more suppressed than in MSSM, eg. 
R-symmetric SUSY with Dirac gaugino masses 



•In my last talk here ~ 2 years ago showed an 
interesting scenario where 

• RPV related to Yukawa couplings. Use existing 
small couplings. Very simple and predictive 
frameworks possible: MFV SUSY

•This talk: RPV broken in hidden sector only. RPV 
operators automatically suppressed by F/M2 . 
Operators can originate from Kähler potential - some 
not even catalogued till now!

RPV in SUSY 

(C.C., Grossman, Heidenreich ’11-`13
+Berger)

(C.C., Kuflik, Volansky ’13
+Slone)



RPV in SUSY

•Usual MSSM assumptions:

 R-parity conservation to eliminate large B,L violating 
superpotential terms

•Original observation: 

        ``Matter parity” 

is a symmetry of wanted terms, but not of RPV terms

Usually impose this. 

WRPV = λLLē+ λ
�
QLd̄+ λ

��
ūd̄d̄+ µ

�
LHu

(Q, ū, d̄, L, ē) → −(Q, ū, d̄, L, ē)



•R-parity clearly NOT necessary in MSSM

•Can add very small RPV couplings and all 
experimental bounds satisfied, very different pheno

•Not very appealing: why would those very small 
numbers show up? Not natural...

•Also, many possibilities, not clear how to organize 
them...

•RPV usually not taken very seriously...

RPV in SUSY 



Recap of MFV SUSY
•Simple observation:

RPV terms are also not invariant under SU(3)5 flavor 
symmetries

•If not too many sources of flavor violation survive at 
low-energies: could expect that RPV related to Yukawas

•Simplest (though not unique) assumption: only source 
for flavor breaking are Yukawas (MFV assumption)
       
•Simplest model expect
single chiral invariant 

WRPV = λLLē+ λ
�
QLd̄+ λ

��
ūd̄d̄+ µ

�
LHu

(Yuū)(Ydd̄)(Ydd̄)

(C.C., Grossman, Heidenreich ’11-`13
+Berger)



LHC phenomenology of MFV SUSY

•Depends on who is LSP

•Simplest possibility: stop LSP

•Expected bounds
from LHC run 1
(Bai, Katz, 
Tweedie `13) 
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Figure 7: The leading diagrams for stop (left) and left-handed sbottom (right) LSP decay.

non-universal terms are suppressed by Yukawa couplings and/or CKM factors, the remain-

ing squarks are expected to be nearly degenerate. A similar argument applies to down-type

squarks, where the left-handed bottom squark can be made light. In the charged slepton

sector, the leading non-universal term comes from the yτ suppressed left/right mixing, im-

plying a nearly degenerate spectrum, except at very large tan β. The sneutrinos will be even
more degenerate, since this left/right term is absent, and the leading non-universality comes

from y2τ suppressed soft-mass corrections.

Thus, it is very natural for the stop or the (left-handed) sbottom to be the LSP. A

stau (or tau sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and

is somewhat less natural in this context. Other squarks or sleptons are not expected to be

the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting

scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in

detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths

Γ(t̃ → d̄id̄j) are given by

Γij ∼
mt̃

8π
sin

2 θt̃|λ��
3ij|2 , (7.2)

where θt̃ is the stop mixing angle. To estimate the lifetime numerically, we use the renor-

malized quark masses at a scale mt ∼ v ∼ 174 GeV, which are approximately [32,33]:

mu ∼ 1.2 MeV , mc ∼ 600 MeV , mt ∼ v ∼ 174 GeV ,

md ∼ 3 MeV , ms ∼ 50 MeV , mb ∼ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime

τt̃ ∼ (2 µm)

�
10

tan β

�4 �
300 GeV

mt̃

��
1

2 sin
2 θt̃

�
. (7.4)

Thus no displaced vertices are expected except for very small values of tanβ and a very light

LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,

nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange

quarks, about 8% to bottom plus down, and a few percent to down plus strange. These

branching ratios are fixed by the flavor structure. Thus, most of the events will contain

b-quarks, and a generic signal for supersymmetry will be an overall increase in the number

of events with b-jets, but with possible resonances in the jet spectrum at the squark masses.
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Figure 7: The leading diagrams for stop (left) and left-handed sbottom (right) LSP decay.

non-universal terms are suppressed by Yukawa couplings and/or CKM factors, the remain-

ing squarks are expected to be nearly degenerate. A similar argument applies to down-type

squarks, where the left-handed bottom squark can be made light. In the charged slepton

sector, the leading non-universal term comes from the yτ suppressed left/right mixing, im-

plying a nearly degenerate spectrum, except at very large tan β. The sneutrinos will be even
more degenerate, since this left/right term is absent, and the leading non-universality comes

from y2τ suppressed soft-mass corrections.

Thus, it is very natural for the stop or the (left-handed) sbottom to be the LSP. A

stau (or tau sneutrino) LSP, however, typically implies a nearly degenerate spectrum, and

is somewhat less natural in this context. Other squarks or sleptons are not expected to be

the LSP.

Since the largest R-parity violating operator is in the quark sector, the most interesting

scenario is when the LSP is the stop or the sbottom. We consider the stop LSP case in

detail. The direct decay of the stop is given by the diagram in Fig. 7. The partial widths

Γ(t̃ → d̄id̄j) are given by

Γij ∼
mt̃

8π
sin

2 θt̃|λ��
3ij|2 , (7.2)

where θt̃ is the stop mixing angle. To estimate the lifetime numerically, we use the renor-

malized quark masses at a scale mt ∼ v ∼ 174 GeV, which are approximately [32,33]:

mu ∼ 1.2 MeV , mc ∼ 600 MeV , mt ∼ v ∼ 174 GeV ,

md ∼ 3 MeV , ms ∼ 50 MeV , mb ∼ 2.8 GeV , (7.3)

Using these masses to compute the relevant Yukawa couplings, we find a lifetime
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10

tan β

�4 �
300 GeV

mt̃

��
1

2 sin
2 θt̃

�
. (7.4)

Thus no displaced vertices are expected except for very small values of tanβ and a very light

LSP. The decay length of the stop LSP is shown in Fig. 8.

Note that in this case one does not expect a large number of top quarks in the final state,

nor, of course, any missing energy. Roughly 90% of decays will go to bottom and strange

quarks, about 8% to bottom plus down, and a few percent to down plus strange. These

branching ratios are fixed by the flavor structure. Thus, most of the events will contain

b-quarks, and a generic signal for supersymmetry will be an overall increase in the number

of events with b-jets, but with possible resonances in the jet spectrum at the squark masses.
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Figure 8: The decay length (cτ) of a stop (left) or left-hand sbottom (right) LSP, in units

of µm. Displaced vertices are expected only for small tan β and a light LSP.
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Figure 9: Neutralino NLSP decay.

Since production of the superpartners would still be mainly through the R-parity conserving

couplings, most SUSY events would actually end up with at least four jets, two of which

are b-jets. Other superpartners will first decay to the stop. For example the neutralino is

expected to decay to a stop plus charm as in Fig. 9. The neutralino lifetime for the case of

a stop LSP is given by

ΓÑ ∼ mÑ

8π
g2λ4m

4
b

m4
t

tan
4 β , τÑ ∼ (10

−19
s)

�
10

tan β

�4 �
300 GeV

mÑ

�
. (7.5)

Thus, absent a nearly-degenerate spectrum, the other superpartners are expected to be

short-lived.

It is also possible for the left-handed bottom squark to be the LSP, decaying as shown

in Fig. 7. The partial widths Γ(b̃L → ūid̄j) are

Γij ∼
mb̃

8π
y2b |λ��

ij3|2 , (7.6)
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FIG. 6: Results of our b-tagged search estimates for 20 fb−1 at LHC8, displaying median discovery

significance (left) and exclusion significance (right). The four curves correspond to four data-driven

QCD background estimation methods: shape fit (green), ABCD (purple), asymmetry-sideband

(blue), and single-jet template (red). In the exclusion significance plot, we also indicate the ±1σ

variation expected due to background statistical fluctuations.

slightly better than our 2012 estimate, though with approximately 2–3 times smaller S/B.

The discoverable range expands up to about 500 GeV, and masses of 200–300 GeV would

be visible at the 10σ-level. Exclusion should extend up to 650 GeV. This last finding is

comparable to that of the recent Snowmass 2013 report [32], which uses traditional jet re-

construction methods and a highly approximate background estimate. However, that search

assumes 2012-like jet pT cuts, and even then is limited to the mass range above 300 GeV.

By contrast, in our jet substructure version of the search there is practically no low-mass

cutoff on the search range, with masses from 100 GeV to O(TeV) covered by a single analysis

strategy.

IV. CONCLUSIONS

In this paper, we have addressed what has been believed to be one of the most difficult

supersymmetry signatures at hadron colliders, and demonstrated that it may nonetheless be

made highly visible using the tools of jet substructure. Besides serving as a crucial supple-

ment to the LHC’s broad-based program for testing naturalness, this result, if reproducible

in a realistic analysis on actual LHC data, will serve as a benchmark for fully jetty searches.

The implications extend well beyond just RPV supersymmetry. Thus far, multijet searches

15



Gluino bounds

•Same sign dilepton via gluino production
(Berger, Perelstein, Saelim, Tanedo)

•mgluino> 800 GeV, squarks could still be ~ 300 GeV

SR0 SR1 SR2 SR3 SR4 SR5 SR6 SR7 SR8

No. of jets ≥ 2 ≥ 2 ≥ 2 ≥ 4 ≥ 4 ≥ 4 ≥ 4 ≥ 3 ≥ 4
No. of b-tags ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 2 ≥ 3 ≥ 2
� charges + + /−− ++ /−− ++ ++ /−− ++ /−− ++ /−− ++ /−− ++ /−− ++ /−−
E

miss
T >0 GeV >30 GeV >30 GeV >120 GeV >50 GeV >50 GeV >120 GeV >50 GeV >0 GeV

HT >80 GeV >80 GeV >80 GeV >200 GeV >200 GeV >320 GeV >320 GeV >200 GeV >320 GeV

Table 1. Event characteristics required in the 9 signal regions (SRs) used in the CMS

SSDL+MET+b analysis [11]. Note that the number of jets on the first line of the table

includes both b-tagged and non-b-tagged jets. For the predicted background rates and the

observed rates in each region, see Table 2 of Ref. [11].
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95� c.l. exclusion limits: CMS SSDL�b jets�MET search
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s � 8 TeV�� � 10.5 fb�1

Figure 1. 95% CL exclusion of the RPV SUSY simplified model parameter space, based on

the 4 most sensitive search regions (SRs) from the CMS SSDL+MET+b search [11] with 10.5

fb
−1

of data collected at the 8 TeV LHC.

and 106 GeV, to avoid contamination from Z decays. For more details on the CMS
analysis, see Ref. [11].

In all nine signal regions, the data is consistent with the SM expectation, so an

– 5 –



Dynamical RPV ( C.C., Kuflik, Volansky, ’13)

•Idea: RP conserved in visible sector

•Only broken in hidden sector where SUSY is 
broken. Same dynamics could be responsible for 
SUSY breaking and RPV!

•RPV operators may naturally be induced via 
Kähler potential and may or may not be present in 
superpotential 

•Often
NOT leading source for RPV!

WRPV = λLLē+ λ
�
QLd̄+ λ

��
ūd̄d̄+ µ

�
LHu



Dynamical RPV ( C.C., Kuflik, Volansky, ’13)

•Assumptions:

1. Dynamical RPV: RPV is broken dynamically in 
hidden sector

2. RPV is related to SUSY breaking: novel non-
holomorphic operators may show up in the Kähler 
pot:
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INTRODUCTION

Supersymmetry (SUSY) has long been considered to

be the leading candidate for solving the hierarchy prob-

lem. However, searches in the first three years of the

LHC have failed to uncover evidence for the existence

of superpartners, thereby severely constraining the pa-

rameter space of the Minimal Supersymmetric Standard

Model (MSSM) and pushing the masses of some of the

superpartners to uncomfortably high scales. Thus, if su-

persymmetry is to remain natural, it must manifest itself

differently than in standard scenarios.

The vast majority of SUSY searches study events with

significant missing energy, as typically follows from the

implicit assumption of R-parity conservation. A way to

evade many of the bounds is thus to consider theories in

which R-parity is violated [1]. Traditionally RPV models

introduce the following holomorphic operators,

OhRPV =
1

2
λijkLiLj ēk +λ�

ijkLiQj d̄k +
1

2
λ��
ijkūid̄j d̄k (1)

typically written in a superpotential, W = OhRPV. The

above couplings, however, are strongly constrained as

they generically allow for rapid proton decay, di-nucleon

decays, neutron-anti-neutron oscillations, flavor chang-

ing processes and cosmological depletion of any baryon

asymmetries (for a review, see [2]). Thus existing RPV

theories must be accompanied with extremely small and

seemingly ad hoc couplings.

Recently, a proposal for an organizing principle that

could explain the smallness and hierarchical nature of the

RPV couplings was introduced [3] (see also [4]), whereby

the magnitude of the RPV couplings is related to the

small Yukawa couplings of the flavor sector, naturally

generating a hierarchy which leads to a realistic pattern

of RPV. Related models as well as recent studies on the

LHC phenomenology of baryonic RPV models can be

found in [5, 6].

The main goal of this paper is to present an alternative

to the traditional approach to RPV summarized in (1),

by postulating a dynamical origin to RPV. In particular,

the visible sector is assumed to be R-parity conserving

and its breaking which occurs in a hidden sector, is dy-

namically communicated to the visible sector, along with

SUSY breaking. An immediate consequence is that RPV
operators naturally appear in the Kahler potential while
they may or may not appear in the superpotential. As

a result, under quite general and natural circumstances,

the superpotential in Eq. (1) is not the leading set of

RPV operators and is insufficient to describe the low-

energy dynamics of the model. In particular, new types
of RPV operators with distinct phenomenology naturally
arise and must be considered in any search for RPV su-
persymmetry.
Since R-parity in the visible sector is equivalent to

(−1)
3(B−L)+2s

, where s is the spin of the particle, the

sector which triggers and mediates RPV must be charged

under that symmetry too. A natural possibility is there-

fore to postulate a joint mechanism for breaking both

supersymmetry and R-parity, and exploit flavor media-

tion in order to mediate the breaking of the two. Thus

in what follows we make the following assumptions:

I. Dynamical RPV (dRPV). RPV is broken dy-

namically in a hidden sector, similar to SUSY it-

self.

II. RPV is related to SUSY breaking.

The above then implies that novel non-holomorphic RPV

operators, [EK: can I remove these facts of 1/2, or should

i just change all the formula in Constraints section]

OnhRPV = ηijkūiēj d̄
†
k + η�ijkQiūjL

†
k +

1

2
η��ijkQiQj d̄

†
k (2)

show up in the Kähler potential, KdRPV =
1
X†OnhRPV.

Here X = M + θ2FX is a spurion that breaks both R-

parity and supersymmetry. If we further assume,

III. Dynamical solution to SM flavor hierarchy

which may naturally be embedded in a flavor mediation

scheme With the third assumption, one obtains a natural

organizing principle which generates a hierarchy in the

RPV couplings.

The main consequence of this scheme is that all RPV

operators will automatically be suppressed by, at least,

�X ≡ FX/M2
, explaining why all of these terms are very

small to start with, and one will also have additional

flavor-dependent suppression factors somewhat similar to

the case considered in [3]. We will show below that the

above three assumptions are sufficient to suppress any

flavor-violating transitions, and in particular proton de-

cay, without assuming lepton-number conservation.

The above RPV operators have never been studied be-

fore, and could give rise to novel and distinct LHC signa-

tures. In this paper we study the basic constraints and

2

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

2

II. RPV is related to SUSY breaking.

These assumptions then imply the appearance of novel
non-holomorphic RPV operators,
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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
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Note that the Kähler term 1
XOhRPV is removed by a
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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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INTRODUCTION

Supersymmetry (SUSY) has long been considered to

be the leading candidate for solving the hierarchy prob-

lem. However, searches in the first three years of the

LHC have failed to uncover evidence for the existence

of superpartners, thereby severely constraining the pa-

rameter space of the Minimal Supersymmetric Standard

Model (MSSM) and pushing the masses of some of the

superpartners to uncomfortably high scales. Thus, if su-

persymmetry is to remain natural, it must manifest itself

differently than in standard scenarios.

The vast majority of SUSY searches study events with

significant missing energy, as typically follows from the

implicit assumption of R-parity conservation. A way to

evade many of the bounds is thus to consider theories in

which R-parity is violated [1]. Traditionally RPV models

introduce the following holomorphic operators,

OhRPV =
1

2
λijkLiLj ēk +λ�

ijkLiQj d̄k +
1

2
λ��
ijkūid̄j d̄k (1)

typically written in a superpotential, W = OhRPV. The

above couplings, however, are strongly constrained as

they generically allow for rapid proton decay, di-nucleon

decays, neutron-anti-neutron oscillations, flavor chang-

ing processes and cosmological depletion of any baryon

asymmetries (for a review, see [2]). Thus existing RPV

theories must be accompanied with extremely small and

seemingly ad hoc couplings.

Recently, a proposal for an organizing principle that

could explain the smallness and hierarchical nature of the

RPV couplings was introduced [3] (see also [4]), whereby

the magnitude of the RPV couplings is related to the

small Yukawa couplings of the flavor sector, naturally

generating a hierarchy which leads to a realistic pattern

of RPV. Related models as well as recent studies on the

LHC phenomenology of baryonic RPV models can be

found in [5, 6].

The main goal of this paper is to present an alternative

to the traditional approach to RPV summarized in (1),

by postulating a dynamical origin to RPV. In particular,

the visible sector is assumed to be R-parity conserving

and its breaking which occurs in a hidden sector, is dy-

namically communicated to the visible sector, along with

SUSY breaking. An immediate consequence is that RPV
operators naturally appear in the Kahler potential while
they may or may not appear in the superpotential. As

a result, under quite general and natural circumstances,

the superpotential in Eq. (1) is not the leading set of

RPV operators and is insufficient to describe the low-

energy dynamics of the model. In particular, new types
of RPV operators with distinct phenomenology naturally
arise and must be considered in any search for RPV su-
persymmetry.
Since R-parity in the visible sector is equivalent to

(−1)
3(B−L)+2s

, where s is the spin of the particle, the

sector which triggers and mediates RPV must be charged

under that symmetry too. A natural possibility is there-

fore to postulate a joint mechanism for breaking both

supersymmetry and R-parity, and exploit flavor media-

tion in order to mediate the breaking of the two. Thus

in what follows we make the following assumptions:

I. Dynamical RPV (dRPV). RPV is broken dy-

namically in a hidden sector, similar to SUSY it-

self.

II. RPV is related to SUSY breaking.

The above then implies that novel non-holomorphic RPV

operators, [EK: can I remove these facts of 1/2, or should

i just change all the formula in Constraints section]

OnhRPV = ηijkūiēj d̄
†
k + η�ijkQiūjL

†
k +

1

2
η��ijkQiQj d̄

†
k (2)

show up in the Kähler potential, KdRPV =
1
X†OnhRPV.

Here X = M + θ2FX is a spurion that breaks both R-

parity and supersymmetry. If we further assume,

III. Dynamical solution to SM flavor hierarchy

which may naturally be embedded in a flavor mediation

scheme With the third assumption, one obtains a natural

organizing principle which generates a hierarchy in the

RPV couplings.

The main consequence of this scheme is that all RPV

operators will automatically be suppressed by, at least,

�X ≡ FX/M2
, explaining why all of these terms are very

small to start with, and one will also have additional

flavor-dependent suppression factors somewhat similar to

the case considered in [3]. We will show below that the

above three assumptions are sufficient to suppress any

flavor-violating transitions, and in particular proton de-

cay, without assuming lepton-number conservation.

The above RPV operators have never been studied be-

fore, and could give rise to novel and distinct LHC signa-

tures. In this paper we study the basic constraints and

2

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

�
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�
(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

2

II. RPV is related to SUSY breaking.

These assumptions then imply the appearance of novel
non-holomorphic RPV operators,
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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:
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Note that the Kähler term 1
XOhRPV is removed by a

Kähler transformation, while the term XOnhRPV/M
2
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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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II. RPV is related to SUSY breaking.

These assumptions then imply the appearance of novel
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which can show up in the Kähler potential, coupled to a
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quence of these assumptions is that all RPV interactions
will automatically be suppressed by, at least,

�X ≡ FX/M
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, (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
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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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INTRODUCTION

Supersymmetry (SUSY) has long been considered to

be the leading candidate for solving the hierarchy prob-

lem. However, searches in the first three years of the

LHC have failed to uncover evidence for the existence

of superpartners, thereby severely constraining the pa-

rameter space of the Minimal Supersymmetric Standard

Model (MSSM) and pushing the masses of some of the

superpartners to uncomfortably high scales. Thus, if su-

persymmetry is to remain natural, it must manifest itself

differently than in standard scenarios.

The vast majority of SUSY searches study events with

significant missing energy, as typically follows from the

implicit assumption of R-parity conservation. A way to

evade many of the bounds is thus to consider theories in
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typically written in a superpotential, W = OhRPV. The

above couplings, however, are strongly constrained as

they generically allow for rapid proton decay, di-nucleon

decays, neutron-anti-neutron oscillations, flavor chang-

ing processes and cosmological depletion of any baryon

asymmetries (for a review, see [2]). Thus existing RPV

theories must be accompanied with extremely small and

seemingly ad hoc couplings.

Recently, a proposal for an organizing principle that

could explain the smallness and hierarchical nature of the

RPV couplings was introduced [3] (see also [4]), whereby

the magnitude of the RPV couplings is related to the

small Yukawa couplings of the flavor sector, naturally

generating a hierarchy which leads to a realistic pattern

of RPV. Related models as well as recent studies on the

LHC phenomenology of baryonic RPV models can be

found in [5, 6].

The main goal of this paper is to present an alternative

to the traditional approach to RPV summarized in (1),

by postulating a dynamical origin to RPV. In particular,

the visible sector is assumed to be R-parity conserving

and its breaking which occurs in a hidden sector, is dy-

namically communicated to the visible sector, along with

SUSY breaking. An immediate consequence is that RPV
operators naturally appear in the Kahler potential while
they may or may not appear in the superpotential. As

a result, under quite general and natural circumstances,

the superpotential in Eq. (1) is not the leading set of

RPV operators and is insufficient to describe the low-

energy dynamics of the model. In particular, new types
of RPV operators with distinct phenomenology naturally
arise and must be considered in any search for RPV su-
persymmetry.
Since R-parity in the visible sector is equivalent to

(−1)
3(B−L)+2s

, where s is the spin of the particle, the

sector which triggers and mediates RPV must be charged

under that symmetry too. A natural possibility is there-

fore to postulate a joint mechanism for breaking both

supersymmetry and R-parity, and exploit flavor media-

tion in order to mediate the breaking of the two. Thus

in what follows we make the following assumptions:

I. Dynamical RPV (dRPV). RPV is broken dy-

namically in a hidden sector, similar to SUSY it-

self.

II. RPV is related to SUSY breaking.

The above then implies that novel non-holomorphic RPV

operators, [EK: can I remove these facts of 1/2, or should

i just change all the formula in Constraints section]

OnhRPV = ηijkūiēj d̄
†
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†
k +
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η��ijkQiQj d̄

†
k (2)

show up in the Kähler potential, KdRPV =
1
X†OnhRPV.

Here X = M + θ2FX is a spurion that breaks both R-

parity and supersymmetry. If we further assume,

III. Dynamical solution to SM flavor hierarchy

which may naturally be embedded in a flavor mediation

scheme With the third assumption, one obtains a natural

organizing principle which generates a hierarchy in the

RPV couplings.

The main consequence of this scheme is that all RPV

operators will automatically be suppressed by, at least,

�X ≡ FX/M2
, explaining why all of these terms are very

small to start with, and one will also have additional

flavor-dependent suppression factors somewhat similar to

the case considered in [3]. We will show below that the

above three assumptions are sufficient to suppress any

flavor-violating transitions, and in particular proton de-

cay, without assuming lepton-number conservation.

The above RPV operators have never been studied be-

fore, and could give rise to novel and distinct LHC signa-

tures. In this paper we study the basic constraints and
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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

OhRPV +OhBL



Holomorphic or non-holomorphic?
•If B-L charge of X -1 

•Non-holomorphic will dominate!                
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II. RPV is related to SUSY breaking.

These assumptions then imply the appearance of novel
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†
k +

1

2
η��ijkQiQj d̄

†
k

+ κiēiHdH
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u , (2)
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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-
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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 +
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MPl
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+
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(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



Holomorphic or non-holomorphic?

•For B-L charge +1:                   vs. 

•Naively same order, but for non-holo need F-term 
from d+∝ md. Likely more suppressed...

•Fractional charge: assuming no fractional powers 
of fields, only B-LX=1/n can generate RPV terms. 

•For n even:                              vs.
equally suppressed

•For n odd: depending on sign of n holo or non-
holo will dominate  
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phenomenology of the above new operators, demonstrat-

ing their distinct and interesting features, as well as the

viability of this scheme. A more detailed LHC study and

a UV complete model of flavored RPV and Supersymme-

try mediation will appear in upcoming publications [7].

FRAMEWORK

In accordance to the assumptions (I) and (II) discussed

above, we consider a two-scale scenario in which a single

spurion, X = M + θ2FX , breaks both R-parity and su-

persymmetry in a hidden sector, while providing the mes-

senger mass scale. We will see below that FX/M2 � 1 is

preferable, following constraints on RPV operators. We

further assume that M � MPl for the mediator scale.

To derive constraints on dRPV, its low energy de-

scription must be understood. As is customary when

studying supersymmetry breaking, the low energy SM

Lagrangian is assumed to be accompanied with the above

spurion X. Depending on the UV completion, X may

be charged under various continuous and discrete sym-

metries which will constrain its low-energy effective cou-

plings. Nonetheless, a low-energy analysis suffices to re-

strict the form of the RPV operators which may show

up. Indeed, one may assume that B − L is preserved at

low energy, as is typically the case. In order to break

R-parity X must be then charged under B−L, while we
will also consider the possibility that it is additionally

charged under an unbroken U(1)R symmetry.

As a consequence, since OnhRPV and OhRPV are

charged ± under B−L, respectively, they are strictly dis-

tinguishable at low energy. If, for example, X is charged

+1 under B−L, the Kahler potential and superpotential

take the following form at leading order,

KdRPV =
1

X†OnhRPV +
X†

M2
Pl

OhRPV + h.c. , (3)

WdRPV =
X

M2
Pl

κijkHdQiQjQk . (4)

Note, that the Kähler term
1
XOhRPV is removed by a

Kähler transformation, while the term XOnhRPV /M2
Pl

is subleading. We thus find that in this case the holo-

morphic RPV operators, when generated dynamically,

are highly suppressed in comparison to the new non-

holomorphic ones.

If instead X has charge −1 under B − L, then the

leading allowed 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, hower the non-holomorphic term might still be

suppressed since one will need to pick out an F †
term

from OnhRPV , for example for the QQd̄† case it will be

proportional to Fd ∝ md, and one obtains a suppression

of order md/M , which may be less than the FX/M , the

suppression of OhRPV .

Assuming that no fractional powers of X appears in

the Lagrangian, one can easily see that the RPV opera-

tors can be generated perturbitively only when the charge

of X is ±
1
n where n is an integer. In the special case

when n is even, the leading allowed operators will be

(X/X†
)
nOhRPV /MPl and (X†/X)

nOnhRPV /MPl, the

two terms will have the same suppression; otherwise, the

dominant RPV operator will depend on the sign of the

charge.

If X is further charged under a U(1)R symmetry

(assuming flavor-independent charges), it is impossible

to generate both the holomorphic and non-holomorphic

RPV operators at the same time, without further as-

suming lepton-number conservation [EK: I don’t get this

sentence]. Thus, depending on the X R-charge, only one

type 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 opera-

tors dominate while the superpotential term of Eq. (4) is

less suppressed,

WdRPV =
1

X
κijkHdQiQjQk . (5)

We therefore conclude that in dRPV either the holo-

morphic or non-holomorphic RPV operators dominate,

but the non-holomorphic ones should typically not be
neglected. Given that previous studies only focus on

holomorphic RPV, we therefore study below the non-

holomorphic case alone.

Before analyzing the constraints, let us briefly discuss

assumption (III). Its main consequence is that the vari-

ous operators discussed above are suppressed according

to their flavor structure. This, for example, is the case

in Froggatt-Nielsen (FN) models [? ], or models with

some strong dynamics [? ? ? ]. Assuming that the

spurions responsible for the flavor structure do not intro-

duce additional breaking of the above symmetries, their

introduction at low energy maps onto flavor-dependent

suppressions of the η, η� and η�� operators. For example,

η��ijk take the form

η��ijk ∼ �|qQi+qQj−qdk | , (6)

where � is a small parameter and qα are, for example, the

various charges of the SM fields under the FN symmetry,

or characterize the partial compositeness in the case of an

RS-type scenario. A complete FN model of this kind will

be discussed in an upcoming publication [7]. For now

we just note that it is straightforward to find charges

that easily comply with the constraints discussed below,

without assuming additional small parameters. Below we

will assume � = 0.2 and explicitly write the constraints

on the various charges. We will be writing most bounds

by explicitly separating the �X factor arising from the

fact that the breaking happens in the hidden sector
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phenomenology of the above new operators, demonstrat-

ing their distinct and interesting features, as well as the

viability of this scheme. A more detailed LHC study and

a UV complete model of flavored RPV and Supersymme-

try mediation will appear in upcoming publications [7].

FRAMEWORK

In accordance to the assumptions (I) and (II) discussed

above, we consider a two-scale scenario in which a single

spurion, X = M + θ2FX , breaks both R-parity and su-

persymmetry in a hidden sector, while providing the mes-

senger mass scale. We will see below that FX/M2 � 1 is

preferable, following constraints on RPV operators. We

further assume that M � MPl for the mediator scale.

To derive constraints on dRPV, its low energy de-

scription must be understood. As is customary when

studying supersymmetry breaking, the low energy SM

Lagrangian is assumed to be accompanied with the above

spurion X. Depending on the UV completion, X may

be charged under various continuous and discrete sym-

metries which will constrain its low-energy effective cou-

plings. Nonetheless, a low-energy analysis suffices to re-

strict the form of the RPV operators which may show

up. Indeed, one may assume that B − L is preserved at

low energy, as is typically the case. In order to break

R-parity X must be then charged under B−L, while we
will also consider the possibility that it is additionally

charged under an unbroken U(1)R symmetry.

As a consequence, since OnhRPV and OhRPV are

charged ± under B−L, respectively, they are strictly dis-
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Note, that the Kähler term
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is subleading. We thus find that in this case the holo-

morphic RPV operators, when generated dynamically,
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from OnhRPV , for example for the QQd̄† case it will be

proportional to Fd ∝ md, and one obtains a suppression

of order md/M , which may be less than the FX/M , the
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nOnhRPV /MPl, the
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charge.

If X is further charged under a U(1)R symmetry

(assuming flavor-independent charges), it is impossible

to generate both the holomorphic and non-holomorphic

RPV operators at the same time, without further as-

suming lepton-number conservation [EK: I don’t get this

sentence]. Thus, depending on the X R-charge, only one

type 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 opera-

tors dominate while the superpotential term of Eq. (4) is

less suppressed,
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We therefore conclude that in dRPV either the holo-

morphic or non-holomorphic RPV operators dominate,

but the non-holomorphic ones should typically not be
neglected. Given that previous studies only focus on

holomorphic RPV, we therefore study below the non-

holomorphic case alone.

Before analyzing the constraints, let us briefly discuss

assumption (III). Its main consequence is that the vari-

ous operators discussed above are suppressed according

to their flavor structure. This, for example, is the case

in Froggatt-Nielsen (FN) models [? ], or models with

some strong dynamics [? ? ? ]. Assuming that the

spurions responsible for the flavor structure do not intro-

duce additional breaking of the above symmetries, their

introduction at low energy maps onto flavor-dependent

suppressions of the η, η� and η�� operators. For example,

η��ijk take the form

η��ijk ∼ �|qQi+qQj−qdk | , (6)

where � is a small parameter and qα are, for example, the

various charges of the SM fields under the FN symmetry,

or characterize the partial compositeness in the case of an

RS-type scenario. A complete FN model of this kind will

be discussed in an upcoming publication [7]. For now

we just note that it is straightforward to find charges

that easily comply with the constraints discussed below,

without assuming additional small parameters. Below we

will assume � = 0.2 and explicitly write the constraints

on the various charges. We will be writing most bounds

by explicitly separating the �X factor arising from the

fact that the breaking happens in the hidden sector
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phenomenology of the above new operators, demonstrat-

ing their distinct and interesting features, as well as the

viability of this scheme. A more detailed LHC study and

a UV complete model of flavored RPV and Supersymme-

try mediation will appear in upcoming publications [7].
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In accordance to the assumptions (I) and (II) discussed

above, we consider a two-scale scenario in which a single

spurion, X = M + θ2FX , breaks both R-parity and su-

persymmetry in a hidden sector, while providing the mes-

senger mass scale. We will see below that FX/M2 � 1 is

preferable, following constraints on RPV operators. We

further assume that M � MPl for the mediator scale.

To derive constraints on dRPV, its low energy de-

scription must be understood. As is customary when

studying supersymmetry breaking, the low energy SM

Lagrangian is assumed to be accompanied with the above

spurion X. Depending on the UV completion, X may

be charged under various continuous and discrete sym-

metries which will constrain its low-energy effective cou-

plings. Nonetheless, a low-energy analysis suffices to re-

strict the form of the RPV operators which may show

up. Indeed, one may assume that B − L is preserved at

low energy, as is typically the case. In order to break

R-parity X must be then charged under B−L, while we
will also consider the possibility that it is additionally

charged under an unbroken U(1)R symmetry.

As a consequence, since OnhRPV and OhRPV are

charged ± under B−L, respectively, they are strictly dis-

tinguishable at low energy. If, for example, X is charged

+1 under B−L, the Kahler potential and superpotential

take the following form at leading order,

KdRPV =
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Note, that the Kähler term
1
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Kähler transformation, while the term XOnhRPV /M2
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is subleading. We thus find that in this case the holo-

morphic RPV operators, when generated dynamically,

are highly suppressed in comparison to the new non-

holomorphic ones.

If instead X has charge −1 under B − L, then the

leading allowed 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, hower the non-holomorphic term might still be

suppressed since one will need to pick out an F †
term

from OnhRPV , for example for the QQd̄† case it will be

proportional to Fd ∝ md, and one obtains a suppression

of order md/M , which may be less than the FX/M , the

suppression of OhRPV .

Assuming that no fractional powers of X appears in

the Lagrangian, one can easily see that the RPV opera-

tors can be generated perturbitively only when the charge

of X is ±
1
n where n is an integer. In the special case

when n is even, the leading allowed operators will be

(X/X†
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nOhRPV /MPl and (X†/X)

nOnhRPV /MPl, the

two terms will have the same suppression; otherwise, the

dominant RPV operator will depend on the sign of the

charge.

If X is further charged under a U(1)R symmetry

(assuming flavor-independent charges), it is impossible

to generate both the holomorphic and non-holomorphic

RPV operators at the same time, without further as-

suming lepton-number conservation [EK: I don’t get this

sentence]. Thus, depending on the X R-charge, only one

type 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 opera-

tors dominate while the superpotential term of Eq. (4) is

less suppressed,

WdRPV =
1

X
κijkHdQiQjQk . (5)

We therefore conclude that in dRPV either the holo-

morphic or non-holomorphic RPV operators dominate,

but the non-holomorphic ones should typically not be
neglected. Given that previous studies only focus on

holomorphic RPV, we therefore study below the non-

holomorphic case alone.

Before analyzing the constraints, let us briefly discuss

assumption (III). Its main consequence is that the vari-

ous operators discussed above are suppressed according

to their flavor structure. This, for example, is the case

in Froggatt-Nielsen (FN) models [? ], or models with

some strong dynamics [? ? ? ]. Assuming that the

spurions responsible for the flavor structure do not intro-

duce additional breaking of the above symmetries, their

introduction at low energy maps onto flavor-dependent

suppressions of the η, η� and η�� operators. For example,

η��ijk take the form

η��ijk ∼ �|qQi+qQj−qdk | , (6)

where � is a small parameter and qα are, for example, the

various charges of the SM fields under the FN symmetry,

or characterize the partial compositeness in the case of an

RS-type scenario. A complete FN model of this kind will

be discussed in an upcoming publication [7]. For now

we just note that it is straightforward to find charges

that easily comply with the constraints discussed below,

without assuming additional small parameters. Below we

will assume � = 0.2 and explicitly write the constraints

on the various charges. We will be writing most bounds

by explicitly separating the �X factor arising from the

fact that the breaking happens in the hidden sector
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phenomenology of the above new operators, demonstrat-

ing their distinct and interesting features, as well as the

viability of this scheme. A more detailed LHC study and

a UV complete model of flavored RPV and Supersymme-

try mediation will appear in upcoming publications [7].

FRAMEWORK

In accordance to the assumptions (I) and (II) discussed

above, we consider a two-scale scenario in which a single

spurion, X = M + θ2FX , breaks both R-parity and su-

persymmetry in a hidden sector, while providing the mes-

senger mass scale. We will see below that FX/M2 � 1 is

preferable, following constraints on RPV operators. We

further assume that M � MPl for the mediator scale.

To derive constraints on dRPV, its low energy de-

scription must be understood. As is customary when

studying supersymmetry breaking, the low energy SM

Lagrangian is assumed to be accompanied with the above

spurion X. Depending on the UV completion, X may

be charged under various continuous and discrete sym-

metries which will constrain its low-energy effective cou-

plings. Nonetheless, a low-energy analysis suffices to re-

strict the form of the RPV operators which may show

up. Indeed, one may assume that B − L is preserved at

low energy, as is typically the case. In order to break

R-parity X must be then charged under B−L, while we
will also consider the possibility that it is additionally

charged under an unbroken U(1)R symmetry.

As a consequence, since OnhRPV and OhRPV are

charged ± under B−L, respectively, they are strictly dis-

tinguishable at low energy. If, for example, X is charged

+1 under B−L, the Kahler potential and superpotential

take the following form at leading order,

KdRPV =
1

X†OnhRPV +
X†

M2
Pl

OhRPV + h.c. , (3)

WdRPV =
X

M2
Pl

κijkHdQiQjQk . (4)

Note, that the Kähler term
1
XOhRPV is removed by a

Kähler transformation, while the term XOnhRPV /M2
Pl

is subleading. We thus find that in this case the holo-

morphic RPV operators, when generated dynamically,

are highly suppressed in comparison to the new non-

holomorphic ones.

If instead X has charge −1 under B − L, then the

leading allowed 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, hower the non-holomorphic term might still be

suppressed since one will need to pick out an F †
term

from OnhRPV , for example for the QQd̄† case it will be

proportional to Fd ∝ md, and one obtains a suppression

of order md/M , which may be less than the FX/M , the

suppression of OhRPV .

Assuming that no fractional powers of X appears in

the Lagrangian, one can easily see that the RPV opera-

tors can be generated perturbitively only when the charge

of X is ±
1
n where n is an integer. In the special case

when n is even, the leading allowed operators will be

(X/X†
)
nOhRPV /MPl and (X†/X)

nOnhRPV /MPl, the

two terms will have the same suppression; otherwise, the

dominant RPV operator will depend on the sign of the

charge.

If X is further charged under a U(1)R symmetry

(assuming flavor-independent charges), it is impossible

to generate both the holomorphic and non-holomorphic

RPV operators at the same time, without further as-

suming lepton-number conservation [EK: I don’t get this

sentence]. Thus, depending on the X R-charge, only one

type 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 opera-

tors dominate while the superpotential term of Eq. (4) is

less suppressed,

WdRPV =
1

X
κijkHdQiQjQk . (5)

We therefore conclude that in dRPV either the holo-

morphic or non-holomorphic RPV operators dominate,

but the non-holomorphic ones should typically not be
neglected. Given that previous studies only focus on

holomorphic RPV, we therefore study below the non-

holomorphic case alone.

Before analyzing the constraints, let us briefly discuss

assumption (III). Its main consequence is that the vari-

ous operators discussed above are suppressed according

to their flavor structure. This, for example, is the case

in Froggatt-Nielsen (FN) models [? ], or models with

some strong dynamics [? ? ? ]. Assuming that the

spurions responsible for the flavor structure do not intro-

duce additional breaking of the above symmetries, their

introduction at low energy maps onto flavor-dependent

suppressions of the η, η� and η�� operators. For example,

η��ijk take the form

η��ijk ∼ �|qQi+qQj−qdk | , (6)

where � is a small parameter and qα are, for example, the

various charges of the SM fields under the FN symmetry,

or characterize the partial compositeness in the case of an

RS-type scenario. A complete FN model of this kind will

be discussed in an upcoming publication [7]. For now

we just note that it is straightforward to find charges

that easily comply with the constraints discussed below,

without assuming additional small parameters. Below we

will assume � = 0.2 and explicitly write the constraints

on the various charges. We will be writing most bounds

by explicitly separating the �X factor arising from the

fact that the breaking happens in the hidden sector
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phenomenology of the above new operators, demonstrat-

ing their distinct and interesting features, as well as the

viability of this scheme. A more detailed LHC study and

a UV complete model of flavored RPV and Supersymme-

try mediation will appear in upcoming publications [7].

FRAMEWORK

In accordance to the assumptions (I) and (II) discussed

above, we consider a two-scale scenario in which a single

spurion, X = M + θ2FX , breaks both R-parity and su-

persymmetry in a hidden sector, while providing the mes-

senger mass scale. We will see below that FX/M2 � 1 is

preferable, following constraints on RPV operators. We

further assume that M � MPl for the mediator scale.

To derive constraints on dRPV, its low energy de-

scription must be understood. As is customary when

studying supersymmetry breaking, the low energy SM

Lagrangian is assumed to be accompanied with the above

spurion X. Depending on the UV completion, X may

be charged under various continuous and discrete sym-

metries which will constrain its low-energy effective cou-

plings. Nonetheless, a low-energy analysis suffices to re-

strict the form of the RPV operators which may show

up. Indeed, one may assume that B − L is preserved at

low energy, as is typically the case. In order to break

R-parity X must be then charged under B−L, while we
will also consider the possibility that it is additionally

charged under an unbroken U(1)R symmetry.

As a consequence, since OnhRPV and OhRPV are

charged ± under B−L, respectively, they are strictly dis-

tinguishable at low energy. If, for example, X is charged

+1 under B−L, the Kahler potential and superpotential

take the following form at leading order,

KdRPV =
1

X†OnhRPV +
X†

M2
Pl

OhRPV + h.c. , (3)

WdRPV =
X

M2
Pl

κijkHdQiQjQk . (4)

Note, that the Kähler term
1
XOhRPV is removed by a

Kähler transformation, while the term XOnhRPV /M2
Pl

is subleading. We thus find that in this case the holo-

morphic RPV operators, when generated dynamically,

are highly suppressed in comparison to the new non-

holomorphic ones.

If instead X has charge −1 under B − L, then the

leading allowed 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, hower the non-holomorphic term might still be

suppressed since one will need to pick out an F †
term

from OnhRPV , for example for the QQd̄† case it will be

proportional to Fd ∝ md, and one obtains a suppression

of order md/M , which may be less than the FX/M , the

suppression of OhRPV .

Assuming that no fractional powers of X appears in

the Lagrangian, one can easily see that the RPV opera-

tors can be generated perturbitively only when the charge

of X is ±
1
n where n is an integer. In the special case

when n is even, the leading allowed operators will be

(X/X†
)
nOhRPV /MPl and (X†/X)

nOnhRPV /MPl, the

two terms will have the same suppression; otherwise, the

dominant RPV operator will depend on the sign of the

charge.

If X is further charged under a U(1)R symmetry

(assuming flavor-independent charges), it is impossible

to generate both the holomorphic and non-holomorphic

RPV operators at the same time, without further as-

suming lepton-number conservation [EK: I don’t get this

sentence]. Thus, depending on the X R-charge, only one

type 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 opera-

tors dominate while the superpotential term of Eq. (4) is

less suppressed,

WdRPV =
1

X
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We therefore conclude that in dRPV either the holo-

morphic or non-holomorphic RPV operators dominate,

but the non-holomorphic ones should typically not be
neglected. Given that previous studies only focus on

holomorphic RPV, we therefore study below the non-

holomorphic case alone.

Before analyzing the constraints, let us briefly discuss

assumption (III). Its main consequence is that the vari-

ous operators discussed above are suppressed according

to their flavor structure. This, for example, is the case

in Froggatt-Nielsen (FN) models [? ], or models with

some strong dynamics [? ? ? ]. Assuming that the

spurions responsible for the flavor structure do not intro-

duce additional breaking of the above symmetries, their

introduction at low energy maps onto flavor-dependent

suppressions of the η, η� and η�� operators. For example,

η��ijk take the form

η��ijk ∼ �|qQi+qQj−qdk | , (6)

where � is a small parameter and qα are, for example, the

various charges of the SM fields under the FN symmetry,

or characterize the partial compositeness in the case of an

RS-type scenario. A complete FN model of this kind will

be discussed in an upcoming publication [7]. For now

we just note that it is straightforward to find charges

that easily comply with the constraints discussed below,

without assuming additional small parameters. Below we

will assume � = 0.2 and explicitly write the constraints

on the various charges. We will be writing most bounds

by explicitly separating the �X factor arising from the

fact that the breaking happens in the hidden sector
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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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• From EOM proportional to Yukawas:
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�X ≡ FX

M2
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Flavor structure
•Expectation in a F-N-type model:

•q’s are F-N charges of the various SM fields

•                small flavor parameter

•Or q’s can correspond to parameters describing 
partial compositeness...

•Will give additional suppression in addition to 

2

phenomenology of the above new operators, demonstrat-

ing their distinct and interesting features, as well as the

viability of this scheme. A more detailed LHC study and

a UV complete model of flavored RPV and Supersymme-

try mediation will appear in upcoming publications [7].

FRAMEWORK

In accordance to the assumptions (I) and (II) discussed

above, we consider a two-scale scenario in which a single

spurion, X = M + θ2FX , breaks both R-parity and su-

persymmetry in a hidden sector, while providing the mes-

senger mass scale. We will see below that FX/M2 � 1 is

preferable, following constraints on RPV operators. We

further assume that M � MPl for the mediator scale.

To derive constraints on dRPV, its low energy de-

scription must be understood. As is customary when

studying supersymmetry breaking, the low energy SM

Lagrangian is assumed to be accompanied with the above

spurion X. Depending on the UV completion, X may

be charged under various continuous and discrete sym-

metries which will constrain its low-energy effective cou-

plings. Nonetheless, a low-energy analysis suffices to re-

strict the form of the RPV operators which may show

up. Indeed, one may assume that B − L is preserved at

low energy, as is typically the case. In order to break

R-parity X must be then charged under B−L, while we
will also consider the possibility that it is additionally

charged under an unbroken U(1)R symmetry.

As a consequence, since OnhRPV and OhRPV are

charged ± under B−L, respectively, they are strictly dis-

tinguishable at low energy. If, for example, X is charged

+1 under B−L, the Kahler potential and superpotential

take the following form at leading order,

KdRPV =
1

X†OnhRPV +
X†

M2
Pl

OhRPV + h.c. , (3)

WdRPV =
X

M2
Pl

κijkHdQiQjQk . (4)

Note, that the Kähler term
1
XOhRPV is removed by a

Kähler transformation, while the term XOnhRPV /M2
Pl

is subleading. We thus find that in this case the holo-

morphic RPV operators, when generated dynamically,

are highly suppressed in comparison to the new non-

holomorphic ones.

If instead X has charge −1 under B − L, then the

leading allowed 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, hower the non-holomorphic term might still be

suppressed since one will need to pick out an F †
term

from OnhRPV , for example for the QQd̄† case it will be

proportional to Fd ∝ md, and one obtains a suppression

of order md/M , which may be less than the FX/M , the

suppression of OhRPV .

Assuming that no fractional powers of X appears in

the Lagrangian, one can easily see that the RPV opera-

tors can be generated perturbitively only when the charge

of X is ±
1
n where n is an integer. In the special case

when n is even, the leading allowed operators will be

(X/X†
)
nOhRPV /MPl and (X†/X)

nOnhRPV /MPl, the

two terms will have the same suppression; otherwise, the

dominant RPV operator will depend on the sign of the

charge.

If X is further charged under a U(1)R symmetry

(assuming flavor-independent charges), it is impossible

to generate both the holomorphic and non-holomorphic

RPV operators at the same time, without further as-

suming lepton-number conservation [EK: I don’t get this

sentence]. Thus, depending on the X R-charge, only one

type 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 opera-

tors dominate while the superpotential term of Eq. (4) is

less suppressed,

WdRPV =
1

X
κijkHdQiQjQk . (5)

We therefore conclude that in dRPV either the holo-

morphic or non-holomorphic RPV operators dominate,

but the non-holomorphic ones should typically not be
neglected. Given that previous studies only focus on

holomorphic RPV, we therefore study below the non-

holomorphic case alone.

Before analyzing the constraints, let us briefly discuss

assumption (III). Its main consequence is that the vari-

ous operators discussed above are suppressed according

to their flavor structure. This, for example, is the case

in Froggatt-Nielsen (FN) models [? ], or models with

some strong dynamics [? ? ? ]. Assuming that the

spurions responsible for the flavor structure do not intro-

duce additional breaking of the above symmetries, their

introduction at low energy maps onto flavor-dependent

suppressions of the η, η� and η�� operators. For example,

η��ijk take the form

η��ijk ∼ �|qQi+qQj−qdk | , (6)

where � is a small parameter and qα are, for example, the

various charges of the SM fields under the FN symmetry,

or characterize the partial compositeness in the case of an

RS-type scenario. A complete FN model of this kind will

be discussed in an upcoming publication [7]. For now

we just note that it is straightforward to find charges

that easily comply with the constraints discussed below,

without assuming additional small parameters. Below we

will assume � = 0.2 and explicitly write the constraints

on the various charges. We will be writing most bounds

by explicitly separating the �X factor arising from the

fact that the breaking happens in the hidden sector

� ∼ 0.2



Low-energy constraints: ΔB=2

•n-nbar oscillation and dinucleon decay

•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

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

.
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∆F = 2 Processes
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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.

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
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2 · 10−4
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10−3
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(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
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∆F = 2 Processes
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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. 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
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].

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
ijk

= παs

η��iikη
��
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
�md̃R1

TeV

�4 � mg̃

TeV

��
4× 10−2

η��111

�2 �
10−5

�X

�2

,

(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

π

ρN
m2

N

Λ̃10
QCD

Λ10
pp

, (12)



Low-energy constraints: ΔB=2

•n-nbar oscillation bound:

•Dinucleon decay (τ>1032 yr): 
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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

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
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TeV
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TeV
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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)

τpp � 2× 10
34

yr
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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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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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Λ5
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= 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
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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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m2

N

Λ̃10
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Λ10
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(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)
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∆F = 2 Processes
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FIG. 2: RPV contributions to ∆F = 2 operators Qqiqj
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− 1
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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. 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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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
ijk

= παs

η��iikη
��
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
�md̃R1

TeV

�4 � mg̃

TeV
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η��111

�2 �
10−5

�X

�2

,

(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

π

ρN
m2

N

Λ̃10
QCD

Λ10
pp

, (12)
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ūα
j

Qβ†
j

uβ†
i

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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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
ijk

= παs

η��iikη
��
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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4× 10−2

η��111

�2 �
10−5

�X
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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

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
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g̃

TeV
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��
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η��pp
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�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
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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
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∆mD : |η��11kη

��∗
22k�

2
X | � 10

−8, |η�12k�X |2 � 10
−9 ,

∆mBd : |η��11kη
��∗
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2
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33k�

2
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−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
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�4
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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
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m4
d̃i
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3/2M
2
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, (20)

and the corresponding lifetime is

τp ∼ 2×10
33
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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,
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eff
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Λ̃2
QCD

m2
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, (22)

where κeff
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vd
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vu
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+ κ�

k
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MPl
defines the

effective mixing between the electron and the chargino.

The resulting proton lifetime is
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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
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years [19]

while in our model we find,
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where η��pp ≡ max{η��11k, η
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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,
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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-
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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
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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
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Low-energy constraints: ΔF=2

•FCNC’s generated at tree-level:

•Operators generated:

•Suppression scales:
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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

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
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i

Qβ
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Qβ†
j

Qα†
j

L̃k
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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
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.



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†
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.

�X ∼ O(10−5)



Proton decay to leptons

•If both B and L violated:

•Lifetime:

•Strong bound on η η’’ but can be easily satisfied 
with FN charges
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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

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

��
10

−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

�md̃Rk

TeV

�4
�
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−14

|ηm�kη��11k|

�2 �
10

−5

�X

�4

.

(19)

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
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�2 �
F

FX
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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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�2

.

(23)



Proton decay to light gravitino

•Don’t need L violation

•Lifetime:

•If FX the only source of SUSY breaking F drops 
out from expression, depends only on M and 
couplings. Can be reduced by FX<F.
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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

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
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g̃

TeV
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�4 �
10

−5

�X

�4

.
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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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�4

.
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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
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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
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Proton decay via BL RPV

•BL RPV term generate
electron/chargino mixing

•Lifetime:

where 
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ū

Q





π0

K0

p






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

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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TeV
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.
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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
��∗
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2
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−10,
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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
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d̃i
m2

3/2M
2
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, (20)

and the corresponding lifetime is

τp ∼ 2×10
33
yr
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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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MPl
defines the

effective mixing between the electron and the chargino.

The resulting proton lifetime is

τp � 3× 10
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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
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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
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i )(Q

α†
j Qβ†

j ) , (14)

Q
qiqj
4 ≡ 1
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Here the suppressions are given by,
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Takingmf̃ � TeV the bounds from neutral meson mix-

ing are [20],
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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,
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, (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

�md̃Rk
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�4
�
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|ηm�kη��11k|
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�X

�4
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(19)

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
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TeV
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|η��11i|

�2 �
F

FX

�2
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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
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yr
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TeV

�4
�
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|κeff
k η��11k|
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�X

�2

.

(23)



LHC phenomenology

•Depends crucially on who the LSP is

•LHC searches have to be modified!

1. Sbottom LSP

Can decay                       unusual mode, not there 
in usual RPV. 

•These sbottom decays 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|
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�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
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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
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TeV
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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
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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.
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LHC phenomenology

2. Stop LSP

•More subtle: decay amplitude chirally suppressed

•Resulting decay:                 again special to dRPV

•Might be displaced 

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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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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LHC phenomenology

•Stop signal: 4 displaced bottom quarks
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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
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3. Sneutrino LSP

•Decay through η’ coupling
which contains 

•Leading decay: 

•Could give 4 displaced tops

2

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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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
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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
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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~
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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
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•Decays off-shell: 

•If displaced, could be less constrained than 
prompt

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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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,
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(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].

Acknowledgments: We thank Yonit Hochberg and
Abner Soffer for useful discussions. We especially thank
Ben Heidenreich for many useful comments on the
manuscript. C.C. is supported in part by the NSF grant
PHY-0757868. E.K. and T.V. are supported in part by a
grant from the Israel Science Foundation. T.V. is further
supported by the US-Israel Binational Science Founda-
tion, the EU-FP7 Marie Curie, CIG fellowship and by
the I-CORE Program of the Planning and Budgeting
Committee and The Israel Science Foundation (grant NO
1937/12). C.C. thanks the particle theory group at Tel
Aviv University, the Galileo Galilei Institute for Theoret-
ical Physics/INFN and the Aspen Center for Physics for
their hospitality while part of this work was completed.

[1] L. J. Hall and M. Suzuki, Nucl. Phys. B 231, 419 (1984);
G. G. Ross and J. W. F. Valle, Phys. Lett. B 151, 375
(1985); V. D. Barger, G. F. Giudice and T. Han, Phys.
Rev. D 40, 2987 (1989); H. K. Dreiner, In *Kane, G.L.
(ed.): Perspectives on supersymmetry II* 565-583 [hep-
ph/9707435]; G. Bhattacharyya, In *Tegernsee 1997, Be-
yond the desert 1997* 194-201 [hep-ph/9709395].

[2] R. Barbier, C. Berat, M. Besancon, M. Chemtob, A. De-
andrea, E. Dudas, P. Fayet and S. Lavignac et al., Phys.
Rept. 420, 1 (2005) [hep-ph/0406039].

[3] C. Csaki, Y. Grossman and B. Heidenreich, Phys. Rev.
D 85, 095009 (2012) [arXiv:1111.1239 [hep-ph]].

[4] E. Nikolidakis and C. Smith, Phys. Rev. D 77, 015021
(2008) [arXiv:0710.3129 [hep-ph]].

[5] H. K. Dreiner and M. Thormeier, Phys. Rev. D 69,
053002 (2004) [hep-ph/0305270]. A. Monteux, Phys. Rev.
D 88, 045029 (2013) [Phys. Rev. D 88, 045029 (2013)]
[arXiv:1305.2921 [hep-ph]].

[6] B. Keren-Zur, P. Lodone, M. Nardecchia, D. Pappadop-
ulo, R. Rattazzi and L. Vecchi, Nucl. Phys. B 867, 429
(2013) [arXiv:1205.5803 [hep-ph]]; G. Krnjaic and D. Sto-
larski, arXiv:1212.4860 [hep-ph]; R. Franceschini and
R. N. Mohapatra, arXiv:1301.3637 [hep-ph]; C. Csaki
and B. Heidenreich, arXiv:1302.0004 [hep-ph];

[7] G. Krnjaic and Y. Tsai, arXiv:1304.7004 [hep-ph].
B. S. Acharya, G. Kane, E. Kuflik and R. Lu, JHEP
1105, 033 (2011) [arXiv:1102.0556 [hep-ph]].

[8] C. Brust, A. Katz and R. Sundrum, JHEP 1208,
059 (2012) [arXiv:1206.2353 [hep-ph]]; P. W. Gra-
ham, D. E. Kaplan, S. Rajendran and P. Saraswat,
JHEP 1207, 149 (2012) [arXiv:1204.6038 [hep-ph]].

P. Fileviez Perez and S. Spinner, JHEP 1204, 118
(2012) [arXiv:1201.5923 [hep-ph]]; J. A. Evans and
Y. Kats, arXiv:1209.0764 [hep-ph]; Z. Han, A. Katz,
M. Son and B. Tweedie, arXiv:1211.4025 [hep-ph];
J. Berger, C. Csaki, Y. Grossman and B. Heidenreich,
arXiv:1209.4645 [hep-ph]; R. Franceschini and R. Torre,
arXiv:1212.3622 [hep-ph].

[9] J. T. Ruderman, T. R. Slatyer and N. Weiner,
arXiv:1207.5787 [hep-ph];

[10] C. D. Froggatt and H. B. Nielsen, Nucl. Phys. B 147,
277 (1979).

[11] D. E. Kaplan, F. Lepeintre, A. Masiero, A. E. Nelson
and A. Riotto, Phys. Rev. D 60, 055003 (1999) [hep-
ph/9806430]; D. E. Kaplan and G. D. Kribs, Phys. Rev.
D 61, 075011 (2000) [hep-ph/9906341].

[12] C. Csaki, E. Kuflik and T. Volansky, to appear.
[13] L. Randall and R. Sundrum, Phys. Rev. Lett. 83, 3370

(1999) [hep-ph/9905221]; S. J. Huber and Q. Shafi, Phys.
Lett. B 498, 256 (2001) [hep-ph/0010195]. K. Agashe,
G. Perez and A. Soni, Phys. Rev. D 71, 016002 (2005)
[hep-ph/0408134]; C. Csaki, A. Falkowski and A. Weiler,
JHEP 0809, 008 (2008) [arXiv:0804.1954 [hep-ph]].
/9310320;

[14] A. E. Nelson and M. J. Strassler, JHEP 0009, 030 (2000)
[hep-ph/0006251].

[15] R. Rattazzi and A. Zaffaroni, JHEP 0104, 021 (2001)
[hep-th/0012248].

[16] M. Leurer, Y. Nir and N. Seiberg, “Mass Matrix Mod-
els: the Sequel,” Nucl. Phys. B 420 (1994) 468 [hep-
ph/9310320].

[17] K. Abe et al. [Super-Kamiokande Collaboration],
arXiv:1109.4227 [hep-ex].

[18] J. L. Goity and M. Sher, Phys. Lett. B 346, 69 (1995)
[Erratum-ibid. B 385, 500 (1996)] [hep-ph/9412208]. E
as of 02 Jul 2013

[19] M. D. Litos, “A search for dinucleon decay into kaons
using the Super-Kamiokande water Cherenkov detector,”

[20] M. Bona et al. [UTfit Collaboration], JHEP 0803, 049
(2008) [arXiv:0707.0636 [hep-ph]].

[21] J. Beringer et al. [Particle Data Group Collaboration],
“Review of Particle Physics (Rpp),” Phys. Rev. D 86
(2012) 010001.

[22] B. A. Campbell, S. Davidson, J. R. Ellis and K. A. Olive,
Astropart. Phys. 1, 77 (1992).

[23] M. Endo, K. Hamaguchi and S. Iwamoto, “Lepton Flavor
Violation and Cosmological Constraints on R-Parity Vi-
olation,” JCAP 1002 (2010) 032 [arXiv:0912.0585 [hep-
ph]].



Potentially relevant searches
•Muon+displaced vertex ATLAS-CONF-2013-092

•Displaced vertex to dijets CMS EXO-12-028

t̄ν̃

t

b̃ t̄

b̄

t~
t~

b
b

b

b



Leptons Jets (b-jets) Missing ET

CMS SUS-13-008

CMS SUS-13-010

ATLAS-CONF-2012-153

CMS SUS-13-013

ATLAS-CONF-2013-007

ATLAS-CONF-2013-051

ATLAS-CONF-2013-091

≥ 3 ≥ 2 (1) ≥ 50 GeV

≥ 4

≥ 4 ≥ 50 GeV

SSDL ≥ 2 (0 or 2)

SSDL ≥ 4 (3) ≤ 150 GeV

SSDL ≥ 3 (3) ≥ 40 GeV

≥ 6-7 (0-2)

ν̃ ν̃ → ( tt̄ )( tt̄ )

b̃ b̃ → ( t̄ b̄ )( t̄ b̄ )

g̃ g̃ → ( tbb )( tbb )

•Prompt searches



φ

M
HdQd̄

Towards a realistic model

Introduce Froggatt-Nielsen-type model

•Heavy fields            (like messengers, but also 
generate flavor hierarchy), + FN field  

•Ordinary Yukawas suppressed by FN VEV

•And need SUSY breaking field 

( In progress with Kuflik, Slone, 
Volansky)

D, D̄
φ

X



W ⊃ XDD̄ + φDd̄+HdQD̄ +QQD

The essential parts of a FN model

•The couplings needed:



W ⊃ XDD̄ + φDd̄+HdQD̄ +QQD

X = M + θ2FX

The essential parts of a FN model

•The couplings needed:

•Will give rise to messenger masses and usual 
gauge mediation

B̃, W̃ , g̃

〈FX〉

〈M〉

D D̄

D D̄

1



W ⊃ XDD̄ + φDd̄+HdQD̄ +QQD

φ

M
HdQd̄

The essential parts of a FN model

•The couplings needed:

•Will give rise via usual FN mixing to ordinary 
Yukawas

D̄ D

M φ

Q

Hd

d̄



•The couplings needed:

•      assumed RP odd, QQD is needed for RPV

W ⊃ XDD̄ + φDd̄+HdQD̄ +QQD

The essential parts of a FN model

X

D D̄

FX

Q

Q

M φ

d̄

φ

X2
QQd̄†



W ⊃ XDD̄ + φDd̄+HdQD̄ +QQD

∂W

∂D
⇒ D̄ ∝ − 1

X

�
φd̄+HdQ+QQ

�

�
d4θ

φ†

|X|2QQd̄† ⊃
�

d2θ
φ∗FX

M3
QQd̄†

The essential parts of a FN model

•The EOM’s from

•Expression for

•Cross term in Kähler term             will contain non-
holomorphic term   

D̄

D̄†D̄



W = X(DD̄ + ll̄) + φ(Dd̄+ l̄L)

+ūēD +QQD +Qūl̄

K ⊃ φ†

|X|2
�
QQd̄† + ēūd̄† +QūL†�

10 · 10 · 5̄†

The full set of couplings needed

•The full superpotential:

•After integrating out messengers get all dRPV 
ops: 

•In SU(5) language all would come from



Wflavor = X(T iTi + F iFi) + Φ(T iTj + F iFj) + S(T itj + f iFj)

WYukawa = hu(Ti + ti)(Tj + tj) + hd(Ti + ti)(F j + f j)

WdRPV = (Ti + ti)(Tj + tj)Fk

Fields in a full model

•The most general couplings needed:  

SU(5)

(Q, ū, ē) ∈ ti 10

(d̄, L) ∈ f̄i 5̄

hu 5

hd 5̄

SU(5)

X 1

Φ 1

S 1

SU(5)

Ti 10

T i 10

Fi 5

F i 5̄



Generation of Yukawa terms

Q(k)

D̄(−k) D̄(−k+1)

d̄(j)

D(k) D(k) hdQ
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F
(−k) F (k)

F
(−k+1) F (−j)

X Φ(−1) X X
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∝ S

X

�
Φ

X

�k+j

hdt
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W = �qi+qj S

X
hdtf̄ + �qi+qj S

X
hutitj + �qi+qj+qk S

X2
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|X|2 titj f̄
∗
k

The full low-energy Lagrangian



W = �qi+qj S

X
hdtf̄ + �qi+qj S

X
hutitj + �qi+qj+qk S

X2
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2
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|X|2 titj f̄
∗
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The full low-energy Lagrangian

•The FN-suppressed Yukawa couplings 



W = �qi+qj S

X
hdtf̄ + �qi+qj S

X
hutitj + �qi+qj+qk S

X2
HdQiQjQk + �qi+qj+qk S

X2
HdQiūj ēk
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S
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2
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|X|2 titj f̄
∗
k

The full low-energy Lagrangian

•The dRPV terms (both K and W)



W = �qi+qj S

X
hdtf̄ + �qi+qj S

X
hutitj + �qi+qj+qk S

X2
HdQiQjQk + �qi+qj+qk S

X2
HdQiūj ēk
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The full low-energy Lagrangian

•Soft scalar masses with wrong sign & flavor 
violating

•Can not be leading term, need other sources.

1. GM off U(1)FN with largish coupling
2. More messengers with smaller mass 



F

M2
�qi+qj+qk

Summary

•No hint for SUSY from LHC yet, no MET events 

•RPV provides a potential way out (and keep SUSY natural)

•Why is RPV so small?

•RPV from the hidden sector. Expect couplings suppressed 

•Different operators could be leading RPV
�

d2θ
FX

M2

�
ηijkūiēj d̄

†
k + η�ijkQiūjL

†
k +

1

2
η��ijkQiQj d̄

†
k

�



Summary
•Satisfies low-energy constraints (n-nbar, dinucleon, ...)

•Gives distinct LHC phenomenology

•LHC searches have to be modified to take into account 
these possibilities

•Not so hard to build (almost) complete models

•Main sticking point negative contributions to scalar masses 
need to be overcome by additional contributions
  


