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Abstract

In this document, a selection of ATLAS searches for supersymmetry (SUSY), mostly op-
timised for R-parity-conserving SUSY, are reinterpreted in new R-parity-violating SUSY
models where an unstable neutralino decays promptly to leptons and/or jets. All forms of
renormalisable R-parity-violating interactions with lepton-number violation are considered.
The production of squarks and gluinos is constrained for different neutralino masses and de-
cay modes. In most cases lower limits on the squark and gluino masses of m 2> 1 TeV are
obtained; exceptions to this rule are located and discussed. Additionally, bilinear R-parity
violation is considered in a model with a natural SUSY spectrum with light third-generation
squarks and higgsinos. Only a small portion of the explored parameter space remains unex-
cluded, where mg, , > 810 GeV.
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1. Introduction

The search for new particles and phenomena not described by the Standard Model of particle physics
(SM) is one of the primary objectives of the ATLAS experiment [1]. Weak-scale supersymmetry (SUSY)
is a well-motivated and well-studied example of a model used to guide many of these searches [2—10].
In this document, new constraints are set on SUSY models in the presence of lepton-number violating
interactions (L) that are present in generic SUSY models with minimal particle content. These inter-
actions, together with similar baryon-number-violating interactions (B), are described by the following
superpotential terms:

1 _— ’ —_
Wirpy = E/IijkLiLjEk + A, LiQjDy + €;LiHy, (Ta)

1 ” - = —
WBRPV = E/liijiDjDk' (lb)

In this notation, L; and Q; indicate the lepton and quark SU(2)-doublet superfields, respectively, while
E;, U; and D; are the corresponding singlet superfields. The indices i, j and k refer to quark and lepton
generations. The Higgs SU(2)-doublet superfield H, contains the Higgs field that couples to up-type
quarks. The A;jx, /l'ij cand /lU  barameters are new Yukawa couplings, while the €; parameters have
dimensions of mass. The terms in Eq. (1) are forbidden in many models of SUSY by the imposition of
R-parity conservation in order to prevent rapid proton decay [11-15]. However, proton decay can also
be prevented by suppressing only one of Wygrpy or Wpgrpy, in which case some R-parity-violating (RPV)
interactions remain in the theory.

Introducing non-zero RPV couplings into supersymmetric models can significantly weaken mass and
cross-section limits from collider experiments and also provide a rich phenomenology, see e.g. Refs. [16—
20]. Most relevant is the fact that the lightest supersymmetric particle (the LSP) is unstable and decays
to SM particles via the interactions in Eq. (1), rather than escaping unseen as predicted by models that
conserve R-parity. The LSP lifetime, 11 sp, is not predicted in general; we focus on prompt decays of
a neutralino LSP, meaning that the decay distance is not resolved from the point of production by the
considered ATLAS searches. The upper limit of what may be regarded as prompt is analysis-dependent,
but as a general guideline, channels requiring the explicit reconstruction of a lepton require 1 sp <
O(1 ps) to satisfy typical requirements on the lepton’s impact parameter, while channels with a lepton
veto have sensitivity up to lifetimes of approximately 1 ns [21]. A systematic phenomenological overview
of possible signatures specific to a particular RPV scenario is given in Ref. [20], which goes through all
possible mass orderings and the dominant decay signatures.

Existing searches for supersymmetry with L RPV are reviewed in Sect. 1.1. These include constraints
on decays via the first (LLE) operator in Eq. (1a), but only in the case where a single RPV coupling is
dominant, which limits the possible event signatures. In spite of the rich phenomenology, prompt decays
via the second (LQD) term of Eq. (1a) have so far been considered by ATLAS only for the specific case of
a top-squark LSP [22]. Limits have previously been set on decays via the third, bilinear, term of Eq. (1a),
but only in the case of the highly constrained mSUGRA model. In this note, the scope of constraints
set by ATLAS on lepton-number-violating SUSY decays is expanded by considering nearly all possible
decay patterns of a neutralino LSP allowed by Eq. (1a). The baryon-number-violating interactions of
Eqg. (1b) are not considered, as they have already been well-addressed by ATLAS searches [23], and are
strongly constrained if lepton-number-violating interactions are also allowed.



A total of four models are considered in this note. Three are simplified models, and allow the neutralino
LSP to decay via the LLE or LQD operators. We focus on the production of squarks and gluinos, which
will be produced more abundantly at the LHC than other SUSY particles if they are not too massive. The
new results obtained here can inform search strategies for Run-2 and indicate where specific optimisations
may be required. In addition, the existing ATLAS constraints on gluino production with LLE-mediated
LSP decays are strengthened by including results from other searches that did not previously consider this
scenario. In the case of bilinear R-parity-violation (P RPV), the connection between the bRPV couplings
and neutrino masses is used to require that all model parameters are consistent with neutrino data [24].
Generic squark and gluino production is already highly constrained in this case (see Sect. 1.1), therefore
a natural SUSY model is considered, with light top squarks and higgsino-like neutralino LSPs, within the
framework of the phenomenological minimal supersymmetric Standard Model (pMSSM) [25].

The searches used to constrain these models all use 20.3 fb~! of pp collision data with /s = 8 TeV
collected in 2012. Many of the searches used were optimised for R-parity-conserving (RPC) SUSY
models but nevertheless can tightly constrain RPV scenarios. A short overview of which analyses are
used to constrain which models is given in Sect. 2, after the current constraints on RPV SUSY production
at the LHC are reviewed. The models are described in more detail in the following sections, together with
the exclusion limits obtained from the ATLAS data. The LLE and LQD models are covered in Sect. 3,
while Sect. 4 concerns the DRPV model. Finally, the conclusions are presented in Sect. 5.

1.1. Existing constraints on L-violating RPV SUSY

In this section, constraints on SUSY production with RPV decays by the ATLAS [1] and CMS [26]
collaborations are described, focusing on the lepton-number-violating interactions of Eq. (1a).

The ATLAS search for events with four or more charged leptons [27] has constrained models with LLE
couplings. Strong constraints were placed when the A1) or A1y, terms dominate, while less stringent
limits were found for tau-rich events produced by the 433 or A»33 terms. Additionally, a search for
non-prompt signatures included channels with displaced charged lepton pairs, probing smaller values of
A121 and Ay couplings [28]. Multi-lepton searches for LLE-type scenarios have also been performed
by CMS [29, 30], including extensions into non-prompt decays [31]. Stop pair production was probed by
CMS using multi-lepton events with jets tagged as originating from b-quark decays (b-jets), constraining
signatures based on A2, and A,33 decays [32] and also A,3-related models [33]. Searches for LLE-
related signatures were also performed at the Tevatron’s DO and CDF experiments [34, 35] and by the
LEP collaborations [36, 37].

Searching for effects from LQD couplings, ATLAS has placed constraints on non-prompt decays leading
to a multi-track displaced vertex [28]. A search for 7;7; — b{b¢ events also constrained prompt decays
of the top squark via LQD couplings [22]. A similar model with non-prompt decays was investigated
by CMS [38]. The CMS search for events with multiple leptons and b-jets [32] has been interpreted to
constrain decays mediated by /1'233 while Ref. [33] also examined /1'23 | decays. Furthermore the search in
Ref. [39] constrained models with non-zero /1’333 and /1'3]. « (with j,k = 1,2), investigating signatures from

7-leptons and b-jets.

Assuming a bRPV extension of the mSUGRA model, limits on the underlying mSUGRA mass parameters
mo and mj,, were obtained in several ATLAS analyses. The most sensitive channels required jets in
addition to one or more charged leptons, where the charged leptons may be electrons and muons [40, 41],
or hadronically decaying taus [42].



Distinct signatures from resonant sparticle production with subsequent decay are possible for a combina-
tion of non-zero LQD and LLE couplings. The ATLAS collaboration performed a dedicated search [43]
for a heavy narrow resonance decaying to ey, eT, or ut assuming non-zero /1'311 in combination with
non-zero A3y, A133, or Ay33, respectively. The ey case was also considered by CMS [44], and both
searches significantly improve previous constraints from CDF [45] and DO [46]. Using the search chan-
nel for same-sign muons and at least two jets as motivated by resonant smuon production, the CMS

collaboration obtained limits on the coupling /1'2” in the mSUGRA framework [47].

2. Overview of reinterpreted analyses

This section summarises the most relevant aspects of the different analyses used for constraining the R-
parity violating models considered in this note. Since all the selection criteria used have been defined in
detail in the original analysis papers, only the most relevant selections are outlined in what follows. The
analyses make use of three types of event selection:

Signal regions (SRs) are used to search for signs of a SUSY signal.
Control regions (CRs) are used to determine the rate of SM background processes in the SRs.
Validation regions (VRs) are used to check the predictions made using the CRs.

When each analysis was designed, it was checked that the CRs and VRs were free of SUSY signal
events, for the particular models under consideration at the time. This may not be true when new models
are considered, so the CR and VR contamination must be checked anew. Increased contamination has
different potential consequences, depending on where it occurs. VR contamination will not directly affect
a reinterpretation of a search, but it potentially invalidates the original SM background prediction, and
should therefore be no larger than the associated uncertainty. As the CRs are used to estimate the rate
of SM processes, the estimated SR background will change if a significant fraction of CR events can be
attributed to signal. For this reason, the contribution of signal is accounted for in each CR and the SM
background recalculated when setting new limits. Relevant CRs and VRs are also listed in the analysis
descriptions below.

It has been found that many of the considered searches are sensitive to more than one model, and that most
models can be constrained by more than one search. To help guide the reader, Table 1 briefly summarises
which analyses are used to constrain which RPV SUSY models. The precise descriptions of the models
considered, and specific details of the associated CR and VR contamination, can be found in Sects. 3 and
4.

In the earlier descriptions of the analyses that are considered herein, the term “lepton” has several different
meanings depending on the nature of the paper. Here and in the following, it refers to any charged or
neutral lepton of any generation. The corresponding definitions of charged or neutral leptons also refer to
leptons of any generation. The term “light lepton” is used to indicate only electrons and muons.

2.1. Four-lepton analysis

The four-lepton (4L) analysis [27] was designed to be sensitive to SUSY models with non-zero LLE RPV
couplings, as well as RPC SUSY models that predict events with high numbers of charged leptons in the



Simplified models pMSSM
LLE LOD LOD bRPV
88 88 qq
Short name  Ref. | 4q,4¢,2v  8q,2(¢/v) 6q,2(€]v)
4L [27] v
SS/3L [40] v O v
1L [41] v v O
OL 2-6 jets [48] v v
OL 7-10jets [49] v

Table 1: Overview of analyses used to constrain the RPV models in this note. The signature descriptions are
indicative only, and the reader is referred to the analysis documentation for further details in each case. Filled cells
indicate where limits have been obtained by a particular analysis for a particular model. In cells with a lozenge
(0), the resulting limits are surpassed by other channels and there is no contribution to the final results from that
analysis. For the simplified models, an indication is given of the nominal event signature, where ¢, € and v refer to
quarks, charged leptons and neutrinos, respectively, of any generation.

SR name ‘ N(e/u) N(1) EaniSS [GeV] or meq [GeV]

SROnoZb >4 >0 >75 or =600
SR1noZb =3 >1 > 100 or >400
SR2noZb =2 >2 >100 or =600

Table 2: Definitions of the most relevant signal regions from the 4L analysis [27].

final-state. It requires at least four charged leptons in every signal event, at least two of which must be
light leptons. The events are separated into signal regions based on the number of light leptons observed,
and the presence or absence of a Z boson candidate among the pairs of light leptons. Final suppression of
the SM background is made using the missing transverse momentum (the magnitude of which is denoted
E%"iss) and the effective mass (mef), defined in this case as the scalar sum of the E{I‘iss, the pr of all
selected charged leptons and the pr of reconstructed jets with pr > 40 GeV.! No explicit requirement
is made on reconstructed jets, ensuring that the search is sensitive to both strong and electroweak SUSY
production processes.

Of the nine SRs used in the 4L analysis, only the three described in Table 2 are relevant to this note.
In all cases, events with a pair of light leptons forming a Z boson candidate are vetoed, and possible
Z — {("¢"yand Z — ¢*¢ ¢ candidates are also rejected. Additionally, either high E%“SS or high
meg is required — thus, a selected event may have one quantity below the threshold, but never both. The
resulting SM background is very low, between about 1.4 and 3 events for the SRs considered here. As
the three SRs used here have mutually exclusive selection criteria, they are statistically combined when
setting constraints on the specific SUSY models.

In the 4L analysis, CRs are used to estimate the background contribution from non-prompt and fake

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upward. Cylindrical coordinates (r,¢) are used in the transverse plane, ¢ being the azimuthal angle around the beam pipe.
The pseudorapidity is defined in terms of the polar angle 6 as n = —Intan(6/2). The transverse momentum of a particle is

denoted pt = ,lp)zc + p%.



SR ‘ Leptons ‘ Np_jets ‘ Other variables Meff

SR3b | SSor3L| >3 Niets 2 5 Meg > 350 GeV

SR1b SS > 1 Niets > 3, E™ > 150 GeV, megt > 700 GeV
mt > 100 GeV, SR3b veto

SR3Lhigh | 3L - | Njes > 4, E > 150 GeV, SR3b veto | me > 400 GeV

Table 3: Definitions of the most relevant signal regions from the SS/3L analysis [40].

leptons. They have the same kinematic requirements as the corresponding signal regions, but one or two
of the four charged leptons must fail the standard isolation or other identification criteria normally used.
Also, VRs are used to check the background estimates. In events with a Z boson veto, the VR events must
satisfy E%‘iss < 50 GeV and meg < 400 GeV. The possible contamination of these control and validation
regions by the LLE model considered in this note was already investigated in Ref. [27], and found to be
negligible.

2.2. SS/3L analysis

The SS/3L search [40] requires two light leptons with the same electric charge or three light leptons in
conjunction with requirements on the number of jets. It is aimed at SUSY models where pair-produced
Majorana particles (e.g. gluinos) can decay semileptonically with a large branching ratio. The effective
mass, Mg, is a key discriminating variable, defined in the SS/3L analysis as the sum of E‘TniSS and the
pr values of the leptons and jets (with pr > 40 GeV). The two leading light leptons have to fulfil
pr > 20 GeV and pt > 15 GeV, respectively. If the lepton contains a third light lepton with pt > 15 GeV
the event is regarded as three-lepton event, otherwise it is a two-lepton event.

Five different signal regions are defined, where all details are described in the corresponding paper. The
most relevant SRs for the results in this analysis are summarised in Table 3. SR3b and SR1b use leptons,
the presence of b-jets and large meg to suppress the SM background. There is no explicit E%niss require-
ment in SR3b, which means it does not depend on the assumption of a stable LSP escaping the detector
unseen. SR1b additionally uses the transverse mass, mr, to reject background events with W bosons,
defined as

mr = J2pLENS(1 - cos|AG(Z, pis), @

where p% is the larger of the pr values of the two charged leptons, and p?iss is the missing transverse mo-

mentum vector. The SR3Lhigh selection requires a third light lepton for additional background rejection,
in addition to requiring at least four high-pr jets. All SRs for the SS/3L search have been designed to be
statistically independent, and are combined to improve the overall sensitivity.

Several VRs are used to check the quality of the background estimates used in the SS/3L search. Of par-
ticular interest are those regions dedicated to rare processes, which have a relatively low number of events
and are potentially susceptible to contamination from a SUSY signal. Events with same-sign muons and
two b-jets are used to check the #W background, while events with three light leptons (including a Z
candidate) and at least one b-jet are used to validate the 7Z background component. Finally, events with
same-sign muons and no b-jets are used to check the W Z background.



3-jet 5-jet 6-jet

Niep =1 =1 =1
PP [GeV] > 25 > 25 > 25
piépz [GeV] <10 <10 <10
Niet >3 >5 >6
pjTet [GeV] > 80, 80, 30 > 80, 50, 40, 40 ,40 > 80, 50, 40, 40, 40 ,40
pro0iet <40 Gev  pp Ohiet < 40 GeV
ET' [GeV] > 300 > 300 > 250
mt [GeV] > 150 > 150 > 150
EmM/mexcl >0.3 _ _
mcl [GeV] > 800 > 800 > 600
shape fit variable mine! mine! Exmiss
binning: bin size 4 bins: 200 GeV 4 bins: 200 GeV 3 bins: 100 GeV

Table 4: Definitions of the most relevant signal regions from the 1L analysis [41].

2.3. Strong production with leptons analysis

The analysis in Ref. [41] is designed to be sensitive to a wide variety of SUSY models where light leptons
may be produced, for example via W — {v decays. It considers a variety of selections, requiring one
or two light leptons with opposite charge. In the context of the models considered in this note, only the
regions requiring one high-pr (> 25 GeV) lepton are considered, and for this reason it is referred to here
as the 1L analysis. A summary of the SR selection criteria can be found in Table 4. The transverse mass
mr is defined using Eq. (2) applied to the lepton to reject events containing a W boson. The inclusive
effective mass (mie%?l) is the scalar sum of the pr of the lepton, the jets (with pr > 25 GeV) and the E%“iss:

Nje[

1r;}cl — pT + Zﬁet, + Emls@ (3)

Furthermore the ratio Emiss/meXCl is computed, where the exclusive effective mass, megd, is defined in a

similar way to m‘“Cl but using only the three leading jets. The SRs are each binned in one variable and are
statistically 1ndependent They are statistically combined to give improved sensitivity when excluding a
particular SUSY model.

Control regions are used in the 1L analysis to constrain the dominant background processes, such as #7,
using events with lower values of E%"iss and mr. In order to test the extrapolation from the CRs to the
SRs, which is based on simulated events, two validation regions are also defined for each signal region.
One VR extends to high E%‘iss, while the other reaches towards higher mr, starting from the ¢7 and W +jets
control regions. The same m.g selections as in the SRs are applied in every case.

2.4. Zero-lepton, 7-10 jets analysis

The OL 7-10 jets analysis [49] was designed to be sensitive to SUSY events with high jet multiplicities
and no isolated light leptons. Compared to many SUSY searches, only a relatively loose requirement is



j50 i80
8§50 9j50  >10j50 | 7j80 > 8j80
Jet || <2.0 <2.0
Jet pr > 50 GeV > 80 GeV
Niet =8 =9 > 10 =7 > 8
bjets | 0,1,22 0,1,22 — [0,1,22 0,1,22
EP™/«Hr > 4 Gev'/? > 4 GeV'/?

Table 5: Definitions of the 13 signal regions of the multi-jet + flavour stream of the OL 7-10 jet analysis [49]. The
signal regions are separated into two groups, labeled j5S0 and j80. Signal regions within each group are statistically
combined, and the most sensitive SR group is used to set model-dependent limits.

Requirement ‘ 5j 6j1 6jm O6jt+

Niet 2 5 6 6 6
EF /meg(Njer) > | 02 02 0.2 0.15
meg(incl.) [GeV] > | 1200 900 1200 1700

Table 6: Final kinematic selections for the most relevant signal regions from the OL 2-6 jets analysis [48]. Selection
criteria common to these four signal regions are described in the text.

made on the E%niss. Example SUSY models targeted by this analysis include gluino pair production where

each gluino decays to t7X (1), and RPV SUSY with decays via the baryon-number-violating operator in
Eq. (1b).

The signal regions of this analysis are split into two streams, denoted “multi-jet + flavour” and “multi-jet
+ MJZ”. The multi-jet + MJZ stream makes use of large-radius (R = 1) jets reclustered from smaller
R = 0.4 anti-k, jets. It is not used in this note because preliminary studies indicated that the multi-jet +
flavour stream is expected to be at least as powerful in all of the models considered. The signal regions
of the multi-jet + flavour stream are listed in Table 5. There are two groups of disjoint selections, which
differ in the minimum jet pr requirement, either pr > 50 or 80 GeV. To constrain a specific model, all
SRs within each group are statistically combined, and the group with the best expected limit is used.

As with the other analyses, control regions are used to estimate the main background sources. In partic-
ular, events with five or six jets are used to estimate the multi-jet background by extrapolating from low
to high values of ETIniSS / \Hrt, where Hr is the scalar sum of the pr of all jets with pr > 40 GeV and
7| < 2.8. Validation regions with one isolated light lepton are also defined to check the accuracy of the
background estimates for ¢7, W+jets and Z+jets events.

2.5. Zero-lepton, 2—-6 jets analysis

The last analysis used in this note is a generic search for squark and gluino production in events with large
E%‘iss, no isolated electrons or muons and at least 2-6 jets [48]. It is designed primarily to be sensitive
to the RPC decays of squarks and gluinos, in cases where isolated light leptons are not produced, e.g.
88 — qqqaXx (1))? (1). A total of fifteen signal regions are defined, which vary in the minimum jet multiplicity
requirement and other kinematic criteria. Of these SRs, only four are relevant for the signals considered
here. These four all require at least five jets with pr > 60 GeV (all but one require at least six jets), and



at least one jet with pr > 130 GeV. Additionally, the magnitude of the missing transverse momentum
must be greater than 160 GeV, and it must not be aligned in the transverse plane with any jet that has
pr > 40 GeV to reduce the effect of mismeasured jet momenta. Further selections applied to individual
SRs are listed in Table 6, which include two variations on the effective mass:

Nie
merr(Nieo) = EF™* + 3" pi', @)
j=1
and meg(incl.) = EFS + Z e, )
pT>40 GeV

where Nje, refers to the number of jets required by the region, i.e. in this case five or six. The SRs are not
statistically independent, and so constraints on any given SUSY model are obtained only with the region
that has the best expected sensitivity.

For each SR, four control regions are used to estimate the contributions from different SM background
processes. The multi-jet contribution is estimated using events where the E%‘iss vector is aligned with
one of the jets, and also the ET"**/meg(Njer) selection is inverted (the control region with this selection is
called CRQ in Ref. [48]). The contributions of events with W and ¢f production are estimated in events
with one isolated light lepton and a b-jet veto or tag, respectively (CRW and CRT). Finally, Z(— vv)+jets
events are estimated using events with a single isolated photon (CRy).

3. LLE and LQD simplified models

3.1. Introduction

The simplified models with R-parity-violating SUSY decays are based on those used in the 4L SUSY
search described in Sect. 2.1 [27]. Equivalently, they are similar to the simplified models with RPC
squark and gluino production with a neutralino LSP used in, for example, the OL 2-6 jets search [48],
except that the addition of the RPV couplings now allow the LSP to decay. The models are classified by
their SUSY production mechanisms and the decay modes of the X (1) LSP. The key difference with respect
to the models used by the 4L search is that a far wider range of RPV decays is considered, including
prompt LQOD decays that have never before been considered by ATLAS searches.

Gluino and squark production modes are considered, with direct decays to the neutralino LSP via § —
qgXx (1) and § — gX (1), respectively. Squark production yields fewer jets than gluino production, which has
important consequences for sensitivity in the LQD models. Only (s)quarks of the first two generations
are considered, both for simplicity and because the introduction of top quarks into the decay chains would
further increase the jet and lepton multiplicities and improve sensitivity in most cases. The masses of the
LSP and next-to-lightest supersymmetric particle (NLSP, i.e. either § or &) are free parameters; all other
SUSY particles are decoupled with masses set to 4.5 TeV.

The samples are generated using HErwic++ [50], using the CTEQ6L1 PDF set [51] and the UEEE3
tune of the underlying event [52]. The detector simulation uses a parametrisation of the calorimeter re-
sponse [53], together with a detailed description based on Geant4 for the other detector components [54,
55]. Additional corrections are applied to the energy and momentum scales, resolutions and efficiencies
of reconstructed charged leptons, jets and the EIT“iSS, based on detailed comparisons between simulated
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Figure 1: Diagrams illustrating the LLE and LQD simplified models.

events and the ATLAS data. Signal cross-sections are calculated to next-to-leading order in the strong
coupling constant, adding the resummation of soft gluon emission at next-to-leading-logarithmic accuracy
(NLO+NLL) [56-60]. Both right- and left-handed squarks are taken into account in the squark produc-
tion cross-section calculation. The nominal cross-section and the uncertainty are taken from an envelope
of cross-section predictions using different PDF sets and factorisation and renormalisation scales, as de-
scribed in Ref. [61].

The production and decay processes for the three simplified models are illustrated in Fig. 1, which also
introduces the names used for the three models: “LLE”, “LQD gluino” and “LQD squark”. These
models are described further in the following.

3.1.1. LLE model

In the LLE model, the X ? LSP decays into two charged leptons and a neutrino. All possible combinations
of charged leptons, including taus, are simulated in each sample; arbitrary branching fractions are tested
by reweighting the events in each sample to match the desired hypothesis. The weight applied to each
LSP decay is the ratio of the desired branching fraction and the simulated branching fraction for the
appropriate decay mode, and the event weight is the product of the weights from both LSPs. To reduce
the number of final states to a manageable number, no distinction is made between electrons and muons
when this reweighting is performed — it has already been seen that the 4L search sensitivity is comparable
in the two cases [27]. Thus, there are effectively three LSP decay modes: £€v, £Tv and t7v, where ¢
(without a subscript) refers to a light lepton. If a single LLE coupling dominates, the allowed decay
modes are fixed as follows (i, j, k € {1,2} in the following):

Aiji: 100% Ctv,

Ak = —Azik: 50% €€v and 50% €tv;
/lijgi 100% fTV;

A3 = =A3i3: 50% Ctv and 50% tTV.

The interpretations in this document span the LSP decay space between these extremes, using two axes
to differentiate between left-handed (L;,;) and right-handed (Ey) superfields, as shown in Fig. 2a. At the
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Figure 2: (a) Sketch of the LLE coupling plane, showing the limiting cases of “pure” X (]) decays at the corners.
(b) Mean number of light leptons per event, including those from 7 decays (35.2% leptonic branching fraction
assumed).

origin, the LSP decays only to light leptons, X (1) — {lv. Along the x axis, the branching fraction to taus
increases linearly until the LSP decays entirely to {7v. This corresponds to a transition from a regime
where LLE couplings with first- and second-generation right-handed superfields dominate to one where
the third generation dominates. The associated axis is marked BR(7r). Along the y axis an analogous
transition is made, this time involving the left-handed superfields, marked BR(7.). As noted above, a
maximum branching fraction of 50% to {7v is assumed in this case (for BR(7r) = 0), corresponding to
a pure A;3; coupling with i,k # 3. Away from the x and y axes, a mixture of all nine possible LLE
couplings exists, with BR(7r) and BR(7.) assumed to be independent of each other. At every point in
the plane, the sum BR(7;.) + BR(7r) corresponds directly to the mean number of taus produced per LSP
decay, which has a maximum value of 1.5 in the upper-right corner of the plane. Figure 2b shows the
mean number of light leptons per event, assuming two X (1) decays and accounting for fully leptonic tau
decays. By construction this is greatest at the origin, where there must be four light leptons per event, but
even in the most extreme case there are more than two light leptons per event on average, which helps to
provide good signal/background discrimination in this model.

The relative rates of the different LSP decay modes are related to the squares of the appropriate LLE
couplings, however the correct mapping of the RPV coupling values to the axes of Fig. 2 would need
to be evaluated separately for any particular SUSY model. The reason is that the partial widths of each
decay mode depend on the masses of virtual SUSY particles (in this case sleptons) that are not specified
in the simplified model, and on the composition of the LSP. For the same reason, the lifetime of the
LSP depends on the underlying RPV coupling values in a model-dependent way. However, for slepton

and squark masses O(1 TeV), RPV coupling values of \/ > /lfjk + ,1'ij k2 > 10~* might reasonably be

expected to yield a promptly decaying neutralino.
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Figure 3: Sketch of the LQD coupling plane, showing the limiting cases of “pure” )?(1) decays at the corners.

3.1.2. LOD models

In the two LQD models, the neutralino LSP decays into two quarks and a lepton. As with LLE couplings,
the precise decay modes depend on which /l;.j . couplings are active. A specific non-zero coupling /1;.]. k
allows the following decays:

/\7(1) — Cujdy and )?(1) — vidjdy, (6)

where u and d denote up-type and down-type quarks, respectively. Equal branching fractions for the
decay modes in Eq. (6) are assumed throughout.

As for the LLE model, no distinction is made in this analysis between fermions of the first and second
generations. A neutralino LSP can decay to third-generation fermions via any or all of the superfields
involved in the LQD superpotential term. Taus can be produced with /l;j , couplings, via left-handed
slepton fields, with a maximum branching ratio of 50% (the other 50% produce tau neutrinos). Similarly,
/l'l.j3 couplings involve third-generation right-handed down-type squarks and allow decays with b quarks

with branching ratios up to unity. Couplings with third-generation left-handed squarks (/1;3 ;) are more
complicated due to the large top-quark mass affecting the relative rates of {tg vs vbq decays, which
will not be discussed further here. Only the first two variations described will be considered. Again, a
two-dimensional coupling plane is constructed, illustrated in Fig. 3, with the branching ratio to taus and
b-quarks as independent free parameters. In the same way as for the LLE model, the LSP lifetime and
the branching fractions used here relate to the underlying /l'l.j x couplings in a model-dependent way.

3.1.3. Sparticle masses and kinematics

Each simulated sample is generated with a fixed ratio R between the LSP and NLSP masses, which take
the values ”
m(Xy)

m(NLSP) 0.1,0.50r0.9 (7

The 4L analysis has already demonstrated sensitivity to a wide range of X (1) masses (10 to mypsp—10 GeV)
in the case of LLE decays. The sensitivity to prompt LQD decays has not previously been explored by
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NLSP RPV decays m(NLSP) R

LLE 800-1600 GeV 0.1
LLE 1000-1600 GeV 0.5
LLE 1000-1600 GeV 0.9
LOD 600-1400 GeV 0.1
LOD 800-1400 GevV 0.5
LOD 800-1400 GevV 0.9
LOD 600-1000 GeV 0.1
LOD 600-1200 GeV 0.5
LOD 800-1400 Gev 0.9

QM Q|00 O O [0 e O

Table 7: Simulated signal samples for the LLE and LQD simplified models. The samples are defined by the choice

of NLSP (g or §) and its mass, the mass ratio R = m(X (1)) /m(NLSP) and the RPV decay pattern of the )?(1). In every
case, the NLSP mass is incremented by 200 GeV between samples.

any ATLAS search, except in the case of direct decays of third-generation squarks [22]. More details on
the sparticle masses used in each model are given in Table 7.

Fixing R at particular values keeps the speed of the LSP in the rest frame of the NLSP approximately
constant as the NLSP mass increases. Some consequences of this are shown in the kinematic distributions
of Figs. 4 and 5, which are made for illustration without any detector simulation. The decay products
of the LSP become softer and/or more collimated as R decreases, an effect which can be seen in both
Figs. 4a and 5, where the relevant particles (charged leptons and neutrinos, respectively) arise only from
the LSP decays. In contrast, the particles from the NLSP cascade decays become more energetic and
well-separated. This is illustrated for jets in the LLE model in Fig. 4b, which arise from the gluino
decays and also the underlying event, which is the same in all three cases. Thus, the value of R effectively
determines how the available energy is shared between the final-state objects, and may affect the optimal
choice of search strategy for a given model. In particular, the case of low values of R is expected to
challenge existing analyses due to the reduced E‘TniSS from neutralino decays, and ultimately may require
special techniques to detect [62].

3.2. Analysis strategy

Recalling Table 1, it is expected that a variety of existing ATLAS analyses have the potential to be sensit-
ive to the LLE and LQD simplified models described above. In the case of the LLE model, there are four
charged leptons in every event, and at least half of these are light leptons (see Fig. 2b). Thus, we consider
analyses that require high charged-lepton multiplicities, as the additional background rejection from this
requirement allows looser requirements on other criteria such as ETmiss. The 4L analysis was specifically
designed with LLE RPV decays in mind, and includes selections with hadronically decaying taus as well
as light leptons. Here, for the first time, the SS/3L analysis is also considered. The requirement of a
high jet multiplicity (see Table 3) is easily fulfilled for the gluino model considered here, while the lower
lepton multiplicity requirement leads to gains in the signal efficiency with respect to the 4L analysis.

All of the search channels in Table 1 requiring zero or one light lepton are potentially sensitive to one
or more of the LQ D models, although the analysis sensitivity is expected to be reduced with respect to
RPC SUSY models, as the only source of E?iss is from neutrinos produced in decays of the X (1) LSP.
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While in principle events with two light leptons are also produced, the SS/3L analysis is found to be
insensitive, due to the lack of hard neutrinos from the X (1) decays in this case. The OL 7-10 jets search
is only considered for the model with gluino pair production, as too few jets are produced in the squark
model to satisfy the selection criteria.

In all three models, the method for setting the best limit on SUSY production is the same. Each point
in the parameter space is fully described by the model type, the LSP/NLSP mass ratio R, the NLSP
mass mg,g, and the (x,y) position in the coupling plane. At each of these points, each channel uses
its own selection and statistical analysis procedure to set a 95% confidence level (CL) exclusion limit
on the signal strength, u,. By convention, limits are set with respect to the theoretical signal cross-
section reduced by one standard deviation, and gy, = 1 corresponds exactly to exclusion of this cross-
section. The expected ujiy, value, assuming no signal in the data, is also calculated at each point by each
channel. Channels within a single search are statistically combined where possible, as described in the
corresponding analysis papers.? Channels from different searches are not combined, and sometimes it is
also not possible to combine channels within a single search. Where multiple sensitive channels cannot
be combined, the channel with the best expected limit is chosen to constrain each point in the parameter
space. The corresponding observed pjiy, values are used directly to extract limits on the production cross-
section at each point (with results in Apps. A, B and C). Lower bounds on the NLSP mass are obtained
by linear interpolation of In(uyi,) between points with different NLSP masses. The limit is placed at the
mass where Uiy, = 1.

Experimental systematic uncertainties on the signal modelling are estimated using the procedures de-
scribed within each analysis paper. Model-dependent theoretical uncertainties on the analysis acceptance
are also accounted for. These are calculated by varying the renormalisation and factorisation scales, as
well as the amount of initial- and final-state radiation. Events are generated for each variation using
MaDpGRraAPH 5 v1.5.12 [63], with showering performed by PytHia 6.427 [64]. No detector simulation is
performed; instead, kinematic selections are applied to the generated particles, as described in Ref. [65].
For the 4L and SS/3L analyses, the corresponding uncertainties are of order a few percent, and small
compared to other sources of uncertainty. In the 1L search these uncertainties are neglected as they are
estimated to be negligible. For the OL 2-6 jets and OL 7-10 jets analyses, these uncertainties can reach as
high as ~ 30% for R = 0.1, with a statistical precision of about 5%. Compared to the other searches, these
two analyses use higher jet pt thresholds, and are therefore more reliant on QCD radiation in order to
satisfy the SR selection criteria. In such cases, this is often the dominant source of systematic uncertainty
on the model’s acceptance.

As described in Sect. 2, it is important to also consider the potential contamination of signal events in
control and validation regions used by these searches. Upon examination, it is found that the contamina-
tion is almost always significant only for low squark and gluino masses that are very well excluded (often
by more than one search). For example, there is significant contamination in the SS/3L validation regions
in the LLE model with m(g) = 800 GeV and R = 0.1, but this scenario has already been conclusively
ruled out by the 4L search [27]. Similarly, the contamination of CRW in the OL 2-6 jets search can reach
as high as 55% of the observed events in data for the LQD gluino model with m(g) = 1.0 TeV, but when
the 1L results are taken into account this too is far from the observed mass limit. The main exception
to this trend occurs for CRQ in the OL 2-6 jets analysis and in the control regions used to control the 17
and W+jets backgrounds in the OL 7-10 jets analysis. In both cases, the SUSY signal can saturate the
observed data in the control regions. For the OL 2-6 jets analysis, this is important only when the LSP

2 For the purposes of this discussion, a “search” corresponds to a single row of Table 1.
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is relatively light (R = 0.1), while for the OL 7-10 jets analysis it is important for m(g) < 1 TeV. In
both cases, the control region contamination is taken into account when setting limits, which can weaken
them relative to hypothetical scenarios where this effect could be neglected. This indicates that to fully
optimise these searches for RPV SUSY scenarios, alternative background estimation techniques would
need to be explored.

3.3. Results

The lower limits on the gluino mass for the LLE simplified models are shown in Figs. 6 and 7, for
the three values of R that are considered. The observed and expected limits are evaluated based on the
nominal signal cross-section reduced by its 1o theoretical uncertainty. For R = 0.1 and 0.5, the best
constraints come from the SS/3L search. The 4L analysis provides weaker constraints, despite targeting
RPV SUSY, as it was not optimised explicitly for squark and gluino production. In the SS/3L analysis,
different signal regions are statistically combined, however the constraints are driven by the SR3Lhigh
signal region defined in Table 3. This region requires at least three light leptons, and as a result the
strongest constraints are set when the LSP decays entirely to light leptons in the lower left corner of the
plane. Comparing with Fig. 2, it can be seen that the limits weaken as the average number of light leptons
per event decreases. In the case of R = 0.9, the jets from the gluino decays are less energetic and the
4L analysis can constrain the model more strongly in the region indicated in Fig. 7c, where the average
light lepton multiplicity is greater than approximately 3.4. The constraint in this case is dominated by
the SROnoZb region, which requires at least four light leptons, and the signal regions with taus do not
contribute significantly to the final results. Overall, the strongest constraints are obtained for R = 0.5
where the available energy can be distributed more or less evenly between all of the leptons and jets,
and the weakest constraints for tau-rich scenarios are obtained for R = 0.1 where the light leptons from
leptonic tau decays are more likely to be soft or collimated with other leptons.

A selection of upper cross-section limits for the LLE model are shown in Fig. 8, corresponding to the
pure LLE couplings at the four corners of the coupling plane, for which explicit decay patterns were
given in Fig. 2a. The observed and expected limits show a strong dependence on the average light lepton
multiplicity in the LSP decays. By comparison, the dependence of the limits on the gluino mass is
relatively weak. The complete set of upper limits on the production cross-section for this model and more
details on which analysis results are used at each point in the parameter space are given in App. A.

Corresponding lower limits on the gluino mass for the LQD gluino model are shown in Figs. 9 and 10.
The signal model nominally produces eight jets (in addition to jets from hadronically decaying taus),
and for R = 0.1 and 0.5 the OL 7-10 jets analysis produces the strongest constraints. The statistical
combination of signal regions requiring a b-jet and those with a b-jet veto (see Table 5) leads to a non-
trivial dependence on BR()), with values of 0 and 1 being preferred. The limits also have a strong
dependence on BR(7), as a veto on light leptons is applied. As for the LLE model, the mass limits are
weaker for R = 0.1 than R = 0.5, with the higher pr thresholds for jets compared to leptons significantly
amplifying the observed effect. For R = 0.9 the SUSY spectrum is compressed and the OL 7-10 jets
analysis no longer produces the best results, as it is highly dependent on reconstructing the jets from the
gluino cascade. The 1L and OL 2-6 jets analyses set powerful constraints in the regions BR(7) < 0.1
and > 0.3, respectively. The final expected limits depend only weakly upon BR(7) and BR(b), due to the
excellent complementarity between the two searches.
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Figure 6: Observed and expected 95% lower limits on the gluino mass for the LLE simplified model with R = 0.1

Observed Mass Exclusion [GeV]

Expected Mass Exclusion [GeV]

pp - 3 - agag. X - v (5=8TeV,20.3fb*
Alllimits at 95% CL - m(X) / m(@) = 0.5

0 02 04
ATLAS Preliminary

06 0.8 1
BR(ty)

(b) Observed, R = 0.5.

pp - 33 - qaXadk’ ¥ - ITv {s=8Tev, 203"
Alllimits at 95% CL - m(X)) / m(@) = 0.5

0
ATLAS Preliminary

02 04 06 08 1

BR(tg)

(d) Expected, R = 0.5.

and 0.5. These limits are obtained using the SS/3L search results.
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Figure 7: Observed and expected 95% lower limits on the gluino mass for the LLE simplified model with R = 0.9.
Figure (c) indicates which search was used to obtain the observed limits, or where results from two searches were
interpolated to produce the final limit. See Figs. 26 and 27 for further details.
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Figure 8: Observed and expected cross-section limits for the LLE simplified model with decays corresponding to
the corners of the parameter space in Figs. 6 and 7. The shaded bands show the effect on the expected limits of
varying the experimental systematic uncertainties by +10 for two of the four hypotheses, corresponding to the best
(BR(1r) = BR(1.) = 0) and worst (BR(7r) = 1, BR(7.) = 0.5) expected limits. The theoretical cross-section for
gluino pair production is also shown, together with its uncertainty. For details of which analyses contribute in each
case, see App. A.
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Figure 9: Observed and expected 95% lower limits on the gluino mass for the LQD gluino simplified model with
R = 0.1 and 0.5. Figures (e) and (f) indicate which search was used to obtain the observed limits, or where results
from two searches were interpolated to produce the final limit. See Figs. 28-32 for further details.
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Figure 10: Observed and expected 95% lower limits on the gluino mass for the LQD gluino simplified model with
R = 0.9. Figure (c) indicates which search was used to obtain the observed limits, or where results from two
searches were interpolated to produce the final limit. See Figs. 33 and 34 for further details.
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Figure 11: Observed and expected cross-section limits for the LQD gluino simplified model with decays corres-
ponding to the corners of the parameter space in Figs. 9 and 10. The shaded bands show the effect on the expected
limits of varying the experimental systematic uncertainties by +10 for two of the four hypotheses, corresponding
to scenarios with few (BR(7) = 0.5, BR(b) = 0) and many (BR(7) = 0, BR(b) = 1) light leptons. The theoretical
cross-section for gluino pair production is also shown, together with its uncertainty. For details of which analyses
contribute in each case, see App. B.
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Figure 12: Observed and expected 95% lower limits on the squark mass for the LQ D squark simplified model with
R = 0.5 and 0.9. Figures (e) and (f) indicate which search was used to obtain the observed limits, or where results
from two searches were interpolated to produce the final limit. See Figs. 37—40 for further details.
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Figure 13: Observed and expected cross-section limits for the LQD simplified model with squark production in the
case of pure couplings, corresponding to the corners of the parameter space in Fig. 12. The lines and bands shown
are the same as for Fig. 11. For details of which analyses contribute in each case, see App. C. In (a), the 1L search
is not considered for m(§) = 600 and 800 GeV, as described in the text.
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The upper cross-section limits for the LQ D gluino model for the four points on the corners of the coupling
space considered are shown in Fig. 11. Both observed and expected limits show a strong dependence on
the gluino mass, indicating in each case that the analysis acceptance is greater for more massive SUSY
particles. This dependence is less for R = 0.5 than for the other values of R, where it is expected that all
jets (i.e. from the LSP decay and the cascade) are easier to reconstruct. The complete set of upper limits
on the production cross-section for this model and more details on which analysis results are used at each
point in the parameter space are given in App. B.

Lower limits on the squark mass for the LQD squark simplified model with R = 0.5 and 0.9 are shown
in Fig. 12, assuming that the left- and right-handed squarks of the first two generations are degenerate.
Due to the lower number of jets from squark decays compared to gluino decays (see Fig. 1), the limits
on this model are set only by the OL 2-6 jets and 1L analyses. The dependence of the expected limits
on BR(7) is more marked than in the case of Fig. 10b, which is consistent with a greater reliance on jets
from hadronic tau decays due to the reduced number of jets from quarks. As neither analysis specifically
requires or rejects b-jets, the dependence of the expected limits on BR(b) is weak.

The upper cross-section limits for the LQ D squark model are shown in Fig. 13. These limits vary strongly
as a function of m(§), meaning that changes in the model would have a significant impact on the mass
limits shown in Fig. 12. In particular, it is assumed here that left- and right-handed squarks of the first
two generations are degenerate. Reducing the number of active squarks would significantly reduce the
constraints on their masses, or eliminate them altogether. Even with this assumption, the cross-section
limits for R = 0.1 are mostly a factor of 3—5 worse than the theoretical cross-section, nearly independently
of m(§), and a lower limit on the squark mass cannot be set.3 This loss of sensitivity is due to a number
of factors, mainly the low acceptance due to the reduced E%‘iss in this scenario (similar to that observed in
Fig. 5). The signal contamination in the OL 2-6 jets multi-jet control region CRQ mentioned in Sect. 3.2
also plays a role in this result. Lowering the E%‘iss requirements of these searches could in principle
strengthen this result, although estimation of the multi-jet background would be a significant challenge.
The complete set of upper limits on the production cross-section for this model and more details on which
analysis results are used at each point in the parameter space are given in App. C.

4. Bilinear R-parity violation

As outlined in Sect. 1.1, ATLAS searches have already placed constraints on bilinear R-parity-violating
scenarios with mSUGRA assumptions [40, 41]. Overall, the constraints are equivalent to m(g) =
1.35 TeV, comparable to or even beyond those obtained for the equivalent mSUGRA model with R-
parity conservation. Strong limits on RPC scenarios like mSUGRA have motivated the study of so-called
natural SUSY, which requires that those SUSY particles most essential for naturalness (top squarks
and higgsinos) have masses of less than about 1 TeV, while putting less stringent constraints on the
other sparticle masses [66—68]. Here, the phenomenological minimal supersymmetric Standard Model
(pMSSM) [25] is used to study a natural SUSY scenario with bilinear R-parity violation for the first time.
In the definition of the the pMSSM parameters all model points are, by design, fully compatible with both
the observed Higgs boson mass and measurements of neutrino oscillations.

3 The 1L search is not considered for the points with m(g) = 600 and 800 GeV in Fig. 13a, due to statistical fluctuations caused
by the very low event acceptance for this model. Uniquely among the considered searches, the 1L analysis uses a fit to the
shape of mie%fl and Efl.“iss, which increases its susceptibility to this effect. This choice leads to slightly weaker but more robust
limits for BR(7) < 0.2.
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The description of this study is split into five parts. Section 4.1 introduces the conceptual aspects of
the model, together with the main constraints placed on the SUSY parameters. The phenomenology of
the model is discussed in Sect. 4.2, which informs the choice of analyses used to constrain this model,
described in Sect. 4.3. The specific model parameters used to make simulated event samples are described
in Sect. 4.4, and finally the results are shown in Sect. 4.5.

4.1. Introduction

The terms in Eq. (1a) with coefficients €; (i = 1,2,3) lead to lepton-number violating mixing between the
lepton and Higgs superfields. An additional soft SUSY-breaking term, —B;€; L; Hy, also arises, leading
to three extra parameters B;. In general, there is no basis where both sets of bilinear RPV terms €;L; H,
and B;€;L; H, can be eliminated at the same time, although they may be suppressed with respect to other
RPV terms as they are constrained by neutrino oscillation data. In DRPV SUSY models, it is assumed that
the bilinear terms are phenomenologically most relevant and trilinear RPV couplings are set to zero.

The theory of bDRPV SUSY is predictive, due to its connections to other phenomena. For example,
the electroweak symmetry is broken in bDRPV theories when mixtures of the scalar Higgs and sneutrino
fields acquire vacuum expectation values. Also, neutrino masses are generated via neutralino-neutrino
mixing [69]. These two connections help to determine the experimental signatures of hRPV SUSY, in
particular the decay modes of the LSP can be predicted from measurements of neutrino oscillations [70].
These constraints on the bRPV couplings, spectra and decays are calculated using the SPheno code [71,
72].

The bRPV couplings that are consistent with the above constraints are small enough to not substantially
alter most sparticle production and decay processes predicted by equivalent RPC SUSY models. The most
important difference in collider phenomenology arises from decays of the LSP. A complete overview of
the possible LSP candidates and their corresponding bJRPV decay modes is given in Ref. [73]. Here, we
focus on a neutralino LSP that decays promptly, typically into a gauge boson and a lepton.

In natural SUSY, gluinos and first- and second-generation squarks may be massive enough to have escaped
current searches, while simultaneously being consistent with the idea of naturalness and a Higgs boson
mass of 125 GeV [66, 74, 75]. The pMSSM is used to explore this scenario. The LSP is assumed to
be a higgsino-like neutralino, with associated X7 and ¥ 2 states that are nearly degenerate with the LSP.
The masses of these particles are controlled by the higgsino mass parameter u [66]. The third generation
squarks, essential for naturalness, are also light (m < 1 TeV), while other SUSY particles are assumed
to be more massive. Here, mg, 5, the mass parameter for left-handed top and bottom squarks, is taken
as the free parameter of the third-generation squark sector. The characteristics of this two-dimensional
u — mg, , parameter space are discussed in Sect. 4.2, and precise details of the simulated samples are
given in Sect. 4.4. The remaining pMSSM and bRPV parameters are assigned values as follows:

e The wino and bino mass parameters are assigned values of M, = 3u and M; = 3000 GeV, respect-
ively. The relatively low wino mass parameter ensures that the light higgsino states are separated
by a few GeV in mass, while the associated wino-like X5 and ¥ (3) states are sufficiently decoupled
that their direct production is suppressed, leading to a maximum wino production cross-section of
order 1073 of the total cross-section.

e The mass parameter for right-handed top squarks m;, and the trilinear stop mixing parameter A,
are adjusted to give a Higgs boson mass in the range 125 + 2 GeV assuming maximal stop mixing.

26



p
F 74
-’ ~+ €
~_ X .
t
D b
t b
@) b

Figure 14: Example diagrams illustrating the natural DBRPV pMSSM model. They illustrate third generation squark
production (a) and electroweak production (b), with subsequent PRPV decays in each case.

As discussed e.g. in Refs. [74, 76, 77], this assumption leads to relatively light stop masses. The
net effect of this constraint is that mg, is anti-correlated with mg, 5, the effect of which is further
explored in Sect. 4.2.

e The gluino mass my is set to 1700 GeV, sufficiently high that gluino pair production is suppressed
by at least a factor of a thousand with respect to third-generation squarks, neutralinos, and chargi-
nos. A less massive gluino would increase the total SUSY cross-section and likely strengthen any
limits set by this analysis.

o All other SUSY particles are decoupled, having masses of 3 TeV.

e A moderate value of tan 8 = 30 is used, where tan § is the ratio of the expectation values of the
two Higgs fields. It is not expected that the results should depend strongly upon this choice. When
varying tan 8 by +10, changes in the sparticle masses are negligible, while changes of up to 20%
in the branching ratios of the dominant LSP decay modes are observed. This could lead to small
changes in the sensitivity as tan 3 is varied, although the fact that no optimisation for specific bRPV
decay modes has been performed should mitigate this effect.

e The bRPV parameters are determined from fitting to neutrino oscillation data and electroweak
symmetry breaking, using SPheno version 3.3.2 [71, 72].

The dominant production processes are based on pair production of the kinematically accessible stops,
sbottoms, charginos and neutralinos. Two diagrams illustrating relevant production and decay processes
are shown in Fig. 14.

The signal samples are generated using PytHia 6.423 [64] with CTEQGLI1 [51] parton distribution func-
tions. Signal cross-sections for third-generation squark production are calculated to next-to-leading order
(NLO) in the strong coupling constant, adding the resummation of soft gluon emission at next-to-leading-
logarithmic accuracy (NLO+NLL) [60, 78, 79]. The cross-sections for electroweak production of chargi-
nos and neutralinos are calculated to NLO in the strong coupling constant using prospiN02 [56]. They are
in agreement with NLO+NLL calculations within ~ 2% [80, 81]. In all cases, the nominal cross-section
and the uncertainty are taken from an envelope of cross-section predictions using different PDF sets and

27



1600

'S‘ T T T T T T I T T T I T T T I T T T I T T T T T
8 ATLAS Preliminary
— 1400
£
1200 - mass(Bl)
- mass(fl)
1000 mass(?z)

800

600

400F
I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
200 400 600 800 1000 1200

1 I 1 1 I
1400 1600
m; [GeV]

Figure 15: Masses of 7}, 7 and by as a function of mg, 5 in the natural DRPV pMSSM model for a fixed value of
p =560 GeV.

factorisation and renormalisation scales, as described in Ref. [61]. The detector simulation is the one de-
scribed in Sect. 3, combining a parametrisation of the calorimeter response [53] and a detailed description
based on Geant4 for the other detector components [54, 55].

4.2. Exploration of the natural pMSSM parameter space

In this section, the characteristics of the two-dimensional u—mg, , parameter space are described in more
detail, since this specific model has not been discussed in the literature yet.

The stop and sbottom masses vary as a function of mg, 5, and are almost independent of . As mentioned
above, the right-handed stop mass parameter m;;, is anti-correlated with mg, ;. Mixing between the two
top squark states means that the mass of the lightest top squarks (71) never rises above 600 GeV. The mass
of the lightest bottom squark (b;) is not limited in this way, because the right-handed sbottom parameter
mg, is set to 3 TeV. This is illustrated in Fig. 15, where the masses of the 7, 7, and by particles are
shown as a function of mg, ,, holding u = 560 GeV fixed. The upper bound on m(7) can be broken by
relaxing the assumption of maximal stop mixing, at the cost of additional fine tuning. The masses of the
higgsino-like X (1), X7 and ¥ 8 rise monotonically with u, and for values of u larger than about 570 GeV
the 7; is the LSP. In this case, the phenomenology changes substantially, and the leptoquark-like decay
f1 — bt dominates. This signature is the target of a recent ATLAS search [22], which reports a lower
limit on the 7; mass well in excess of 600 GeV for the mixture of decay modes relevant to this model. For
this reason, the case of a 7; LSP is not considered further. The parameter space with a neutralino LSP is
therefore naturally bounded in g, and this analysis explores the range u < 560 GeV.
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Figure 16: Bilinear RPV couplings €;, i = 1,2,3, in the natural PRPV pMSSM model. The dashed boxes indicate
the primary search region, see Sect. 4.4 for details.

The sparticle decay processes and their relative rates are determined by the bBRPV model parameters. The
values of the bRPV couplings €; for the natural PRPV pMSSM model are shown in Fig. 16. They are
ultimately determined by mass differences and mixing angles of the neutrino sector and associated rela-
tionships between the Higgs field and right-handed sneutrino vacuum expectation values, as investigated
in Refs. [24, 70]. The magnitudes of the bDRPV couplings under the imposed constraints increase with g,
consistent with the observations of Refs. [69, 70]. They depend relatively weakly on mg, ,, which is less
closely related to the associated phenomena than u. The negative sign of €, (with respect to €3) decouples
solar and atmospheric neutrino mixing, and allows for a more precise determination of the relationship
between the PRPV couplings and the neutrino sector [82]. With this assumption, the values of €, and
€3 are related, and forced to take very similar absolute values, by the large value of sin” 26,3, which de-
scribes atmospheric neutrino mixing [83]. The size of € is related to €;, although not in a straightforward
manner, by the solar mixing angle 61,.

The branching ratios for the dominant decay modes of the 7; across the y — mg, , plane are shown in

Fig. 17. When kinematically accessible, the decay 7, — t)?(l)’z is typically favoured. At a value of u
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Figure 17: Branching fractions for selected decay modes of 7; in the natural DRPV pMSSM model. The dashed
boxes indicate the primary search region, see Sect. 4.4 for details.

between above about 200 and 400 GeV (depending on myg;, ), this decay channel is no longer kinematic-
ally allowed, and the branching ratio for f; — bX 1 approaches 100%. Decays to the wino-like X 2 and
X5 are negligible, below 2% even for u = 160 GeV. The boundary at which the 7; becomes the LSP is
clearly visible in Fig. 17b, where the branching ratio of 7; — bX 1 drops abruptly to zero, for u values
between about 400 and 570 GeV (again, depending on myg, ,).

Unlike the 7, the b; mass continues to rise as mg, , increases. The effect of this can be seen in Fig. 18,
which shows branching ratios for the primary decay modes of the b;. Decays to the higgsino-like char-
ginos and neutralinos are favoured for mg, ; < 700 GeV, while decays to the 7| are favoured for larger
values of myg, ,, although b; — tX T remains an important decay channel across the entire mg, ; range
explored. The decays by — bX (3) and b; — tX35 (not shown) can have a combined branching ratio of up
to ~ 15% when u = 160 GeV, but these modes are inaccessible for u 2, 350 GeV for the range of mg, ,

shown in Fig. 18.

The dominant RPV decay modes of the X (1) are shown in Fig. 19. Decays to a charged lepton and a W
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boson dominate across much of the parameter space. At low mg, , and/or high u, other decay modes

such as £tb and vbb become important as indicated in Figs. 19c and 19d. RPC decay modes of the X (1)
dominate at high values of i where it is no longer the LSP.

As seen above, in many regions of the parameter space, the top and bottom squarks frequently decay to
the X7 Branching ratios for the primary decay modes of the X 1 are shown in Fig. 20. At very low values
of u, below about 400 GeV, the chargino decays mainly via RPC interactions to the neutralino LSP. For
high values of u, where the 7| is the LSP, the branching ratio for X T — by approaches 100%. In between
these extremes, the X7 decays via RPV interactions into many different channels.

Of particular interest to this study is the region around u = 550 GeV and mg, ; = 800 GeV, where the

71, Xt and X! have similar masses. Here, the 7 decays only to bX7 (see Fig. 17b), and the X7 often
produces leptons and b-jets but little E%ﬁss, as BR(XT — (*bb) reaches as high as 60% (Fig. 20b).

For very small values of u, the bRPV decays of the X (1) may become non-prompt if the decays to W and
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Z bosons become kinematically suppressed. Values of u as low as u = 160 GeV have been explored, at
which value the proper decay length of the LSP is 0.2-0.4 mm and of the same order as typical impact
parameter requirements placed on light leptons reconstructed in ATLAS. The efficiency of such require-
ments is expected to degrade rapidly for lower values of p.

4.3. Analysis strategy

Search channels requiring at least one lepton are used to constrain the natural PRPV model just described.
The lepton requirement is motivated by the high branching ratios of the X (1) and X7 to leptons, together
with the possibility of additional leptons from RPC SUSY cascades.

The ATLAS 1L search of Ref [41], described above in section 2.3, was, however found to be insensitive
to this pMSSM model, despite setting strong constraints (equivalent to m(g) > 1 TeV) in the mSUGRA
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model space. In the pMSSM case it was found that the production cross-section for higgsinos and third-
generation squarks is too small to produce sufficient events above the required E%“iss thresholds of 250-
300 GeV (see Table 4).

The SS/3L search [40] sets limits on the mSUGRA HRPV model comparable to the 1L analysis, excluding
gluino masses below 1.2 TeV. This sensitivity is possible because the neutralino LSP is a Majorana
particle. The lepton charges are uncorrelated if both LSPs decay leptonically, and therefore events with
same-sign leptons are common. SR3b of this analysis was found to be the most sensitive signal region to
the mSUGRA HRPV model (see Table 3), as the LSP decays are rich in b-jets.

4.4. Simulated model points

As discussed in section 4.3, this natural pMSSM model with bilinear R-parity violation has a complex
phenomenology. For this initial exploration, we focus primarily on the region 650 < mg, , < 950 GeV,
where the 7| takes the largest mass available within the context of the maximally natural pMSSM scenario
(550 < m(7y) < 580 GeV, with some dependence on w). This gives the maximum possible mass differ-
ence between the 71 and the LSP, for any given u. For values of mg, , outside of this range, the spectrum
is more compressed, which reduces the momentum of particles from the 7; and by decays and increases
the likelihood of signal contaminating the validation regions of the SS/3L analysis, as discussed below. In
other words, the search was not designed with these scenarios in mind, and it is likely that a more targeted
search would be needed to properly explore the full parameter space. Furthermore, we require that the
decay b, — tX| is kinematically accessible. This avoids discontinuities in the sparticle decay patterns
over the scanned parameter space (c.f. Fig. 18a), and allows this initial investigation to be performed with
arelatively sparse array of model points. The points in the parameter space that were simulated are shown
in Table 8 in App. D, which includes a few test points outside the primary mg, , range.

As with the simplified models, the potential contamination of control and validation regions with the
bRPV SUSY signal was investigated. Some contamination in the validation regions of the SS/3L analysis
is seen for p S 310 GeV, especially when mg, , < 650 GeV. The most significant contamination occurs
for the selection designed to test the 17 W background estimate, which has few events and tests a process
with similar characteristics to a SUSY signal. For example, with ¢ = 310 GeV and mg, ; = 450 GeV,
6.2 events are expected in the ¢f W validation region from signal processes, compared with nine observed
in data (the SM background prediction was 5.8 + 2.5 events). The contamination is smaller within the
primary mg, , range, becoming negligible near the exclusion limit. Theoretical uncertainties on the signal
acceptance (described in Sect. 3.2) were also investigated but found to be negligible with respect to other
experimental uncertainties. They are not included in the results presented here.

4.5. Results

The 95% CL lower limits obtained on the u and mg, , parameters in natural SUSY with bRPV are shown
in Fig. 21.

The region below and to the left of the solid line - almost all of the allowed region explored - is excluded,
with lower limits of p > 455 GeV and mg, ; > 810 GeV within that region. All model points listed in
Table 8 but outside the plotted range of Fig. 21 were also excluded. The SR3b signal region of the SS/3L
search dominates over the entire plane, although the expected exclusion reach is slightly extended by the
inclusion of SR1b. This result is illustrated in App. D, where limits for individual signal regions of the
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Natural bRPV pMSSM: tanf = 30, M, = 3y, m =1.7TeV
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Figure 21: Observed (solid) and expected (dashed) 95% CL exclusion limit contours for the natural PRPV model,
obtained using the SS/3L analysis [40]. The region below and to the left of the solid line is excluded. The shaded
band around the expected limit shows the effect of varying the experimental systematic uncertainties by +10-, while
the dotted lines either side of the observed limit show the effect of the theoretical cross-section uncertainty. The
other shaded areas at high u are not explored in this analysis, see text for details.

SS/3L analysis are shown. For mg, , = 800 GeV, the entire range of y is excluded, up to where the 7|
becomes the LSP. This limit weakens as myg, , increases, primarily due to the increasing b; mass, and the
corresponding decrease in the b;b; production cross-section. SR1b and, to a lesser extent, SR3b, require
events with large meg, which is difficult to produce from 7; decays when the 7| and X T are nearly degen-
erate, as they are in this region. Thus, the contribution from b; pair production is critical to producing a
strong limit in this case.

5. Conclusions

Despite a wide and varied collection of searches for weak-scale supersymmetry at the LHC, it is diffi-
cult to ensure with complete confidence that all plausible scenarios would be discovered. One possible
cause of non-discovery is R-parity violation, in which case the LSP, usually assumed to be stable, decays.
In this note, a variety of RPV scenarios are systematically explored and tested against previously pub-
lished searches performed by the ATLAS collaboration. The resulting constraints are generally strong,
and the features that make particular search channels successful or unsuccessful in these scenarios are
discussed.

In the case of RPV decays mediated by the superpotential terms %/l,- ik Li L jEk and /l;.jkLiQ jDk, sim-
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plified models of squark and gluino pair production are considered, with a neutralino LSP. Limits on
the production cross-section and sparticle masses are obtained for different LSP mass hypotheses as a
function of the LSP branching fraction to bottom quarks and tau leptons. This parametrisation is more
convenient than using the RPV couplings directly, as the branching fractions are more experimentally
accessible and their relationship to the couplings is model-dependent. For simplicity, models with simul-
taneous LLE- and LQ D-mediated decays were not considered, but the approach used could be extended
to this case.

In the case of LLE RPV, previously published results are strengthened by the inclusion of a search for
events with two or three light leptons in association with jets. A lower 95% CL bound is set on the gluino
mass of 1040 GeV in the worst case considered, an improvement of about 100 GeV over previous ATLAS
results. For LOD RPV with gluino production, analysis channels requiring zero or one light lepton set
lower limits on the gluino mass between about 910 and about 1220 GeV. The production of first- and
second-generation squarks is also examined, with non-zero LQD RPV couplings. If the LSP is light,
with m()?(l)) /m(g) = 0.1, no limit can be set by these searches on the squark mass. In cases with larger
values of m(X (1))/ m(§), squark masses below about 910 GeV are excluded, under the assumption that all
first- and second-generation squarks are degenerate.

Bilinear R-parity violation is investigated in the context of a natural pMSSM model, where only third-
generation squarks and higgsino-like particles are assumed to be relevant for LHC phenomenology. A
restricted region of the available subspace is explored for this initial investigation, where the 7; has a
mass of about 550-580 GeV, and the higgsino-like X (1) is the LSP. Within these constraints, values of u
between 160 and 455 GeV are excluded at 95% CL. When mg, , = 800 GeV, the model is excluded up to
1 = 560 GeV, where the 71 can no longer decay via RPC interactions. These strong limits in a model of
natural supersymmetry with bilinear R-parity violation and maximal stop mixing complement previous
studies of an mSUGRA model dominated by squark and gluino production.

Between this study and other published results, the ATLAS collaboration has constrained significant
portions of the TeV-scale parameter space of R-parity-violating supersymmetry. The systematic approach
to constraining RPV signatures used here can also be used to inform and improve future searches for
supersymmetry at the LHC. In particular, it is shown that inclusive searches, mostly optimised for RPC
scenarios with squark and gluino production, can also have excellent sensitivity to supersymmetry with
R-parity violation. Even with their wide range of applicability, gaps in their coverage have been found.
Most notable is the case, mentioned above, of a light LSP decaying via LQD interactions when the gluino
is decoupled, where the reduced missing transverse momentum compared to the analogous RPC model
makes current searches insensitive. The case of natural supersymmetry with bilinear R-parity violation
and a compressed mass spectrum also presents a challenge to existing searches due to the relatively
low momenta of the produced Standard Model particles. A broader consideration of R-parity violating
models, uncovering challenging scenarios such as these, can help to improve the design of future searches
for supersymmetry, and enhance their discovery potential in the upcoming +/s = 13 TeV run of the
LHC.
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Figure 22: Observed and expected 95% CL upper cross-section limits for the LLE model points with R = 0.1 and
m(g) < 1000 GeV. In all cases the constraints are taken from the SS/3L analysis.
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Figure 23: Observed and expected 95% CL upper cross-section limits for the LLE model points with R = 0.1 and
m(g) > 1200 GeV. In all cases the constraints are taken from the SS/3L analysis.
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Figure 24: Observed and expected 95% CL upper cross-section limits for the LLE model points with R = 0.5 and
m(g) < 1200 GeV. In all cases the constraints are taken from the SS/3L analysis.
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Figure 25: Observed and expected 95% CL upper cross-section limits for the LLE model points with R = 0.5 and
m(g) > 1400 GeV. In all cases the constraints are taken from the SS/3L analysis.
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Figure 26: Observed and expected 95% CL upper cross-section limits and the best expected analysis for the LLE
model points with R = 0.9 and m(g) < 1200 GeV.
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Figure 27: Observed and expected 95% CL upper cross-section limits and the best expected analysis for the LLE

model points with R = 0.9 and m(g) > 1400 GeV.
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B. Further results relating to the combined LQD gluino model results
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Figure 28: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for
the LOD model points with gluino production, R = 0.1 and m(g) < 800 GeV. In (a), (c) and (e), conservative

constraints from the pr > 50 GeV regions are quoted where reliable results for the pr > 80 GeV signal regions
could not be obtained.
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Figure 29: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQOD model points with gluino production, R = 0.1 and 1000 < m(g) < 1200 GeV.
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Figure 30: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQD model point with gluino production, R = 0.1 and m(g) = 1400 GeV.
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Figure 31: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQOD model points with gluino production, R = 0.5 and m(g) < 1000 GeV.
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Figure 32: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQOD model points with gluino production, R = 0.5 and m(g) > 1200 GeV.
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Figure 33: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQOD model points with gluino production, R = 0.9 and m(g) < 1000 GeV.
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Figure 34: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQD model points with gluino production, R = 0.9 and m(g) > 1200 GeV.
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C. Further results relating to the combined LOD squark model results
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Figure 35: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQD model points with squark production, R = 0.1 and m(§) < 800 GeV. The 1L search is not considered for
these squark masses, as described in Sect. 3.3.
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Figure 36: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQD model points with squark production, R = 0.1 and m(g) = 1000 GeV.
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Figure 37: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQOD model points with squark production, R = 0.5 and m(§) < 800 GeV.
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Figure 38: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQOD model points with squark production, R = 0.5 and m(§) > 1000 GeV.
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Figure 39: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQOD model points with squark production, R = 0.9 and m(§) < 1000 GeV.
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Figure 40: Observed and expected 95% CL upper cross-section limits and the best expected signal regions for the
LQD model points with squark production, R = 0.9 and m(§) > 1200 GeV.
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D. Further results relating to the bRPV model results

K| mg s m(X) | m(¥D) | m@) | o [pb] | oewk [pb]
160 | 350 156 160 355 1.304 1.036
160 | 650 154 158 534 0.073 1.094
160 | 950 154 158 533 0.057 1.095
210 | 950 207 210 535 0.056 0.347
310 | 450 311 313 415 0.447 0.063
310 | 650 311 313 541 0.067 0.063
310 | 950 311 313 539 0.052 0.063
460 | 650 464 465 540 0.067 0.009
460 | 800 464 465 582 0.034 0.009
460 | 850 464 465 579 0.034 0.009
460 | 950 464 465 545 0.049 0.009
510 | 850 515 516 580 0.034 0.005
510 | 900 515 516 567 0.038 0.005
510 | 950 515 516 549 0.046 0.005
560 | 800 565 566 584 0.034 0.003
560 | 850 565 566 580 0.034 0.003

Table 8: Overview of bRPV signal points with input parameters u and mg, ,. These parameters and all sparticle
masses are quoted in GeV. Cross-sections corresponding to production of lightest stop or sbottom pairs 03,q and
electroweak production ogwg are also displayed.
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Natural bRPV pMSSM: tanf = 30, M, = 3y, Ming = 1.7 TeV Natural bRPV pMSSM: tanf = 30, M, = 3y, Ming = 1.7 TeV
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Figure 41: Observed (solid) and expected (dashed) 95% CL exclusion limit contours for the natural hPRPV model,
obtained using individual signal regions of the SS/3L analysis [40].
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