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R-Parity Violating SUSY
• R-parity:

-– A multiplicative quantum number
-– Standard model (SM) particles: Rp = +1

-– SUSY partners: Rp = −1

• R-parity conservation (RPC):
-– Lightest SUSY particle (LSP) becomes stable.
-– Proton lifetime is protected.

• The SUSY Lagrangian can be expanded with the RPV terms†:

1

1 Introduction1

Supersymmetry (SUSY) is an attractive extension of the standard model (SM) because SUSY can2

solve the hierarchy problem and unify particle interactions [1, 2]. The majority of searches for3

SUSY focus on R-parity conserving (RPC) models, where the R-parity of a particle is defined4

by R = (�1)3B+L+2s, where B and L are its baryon and lepton numbers respectively, and s5

the particle spin [3]. In RPC SUSY, the lightest superpartner (LSP) is stable, which ensures6

proton stability and provides a dark-matter candidate. All SM particle fields have R = +1; all7

superpartner fields have R = �1.8

Supersymmetric models with R-parity violating (RPV) interactions violate either B or L [4, 5].
These models evade constraints imposed by proton stability measurements by limiting the
number of RPV couplings which are non-zero or by limiting the strength of these couplings.
The superpotential WRPV includes three trilinear terms parametrized by the Yukawa couplings
lijk, l0

ijk, and l00
ijk:

WRPV =
1
2

lijkLiLjEk + l0
ijkLiQjDk +

1
2

l00
ijkUiDjDk, (1)

where i, j, and k are generation indices; L and Q are the SU(2)L doublet superfields of the9

lepton and quark; and the E, D, and U are the SU(2)L singlet superfields of the charged lepton,10

down-type quark, and up-type quark. The third term violates baryon number conservation,11

while the first two terms violate lepton number conservation.12

It is possible to show that RPV couplings arise in the minimal supersymmetric model (MSSM)13

when the a priori assumptions of R-parity conservation and lepton universality are relaxed and14

instead the assumption of minimal flavor violation (MFV) is imposed [6]. Under this assump-15

tion, the only source of flavor violation are the SM Yukawa couplings, and the flavor-violating16

couplings are related to the components of the Cabibbo-Kobayashi-Maskawa matrix.17

In RPV models, the LSP is unstable, and consequently the missing transverse energy (Emiss
T ) of18

an event is no longer an effective discriminating variable. Instead, we have developed several19

different methods to search for various types of RPV decays. To search for hadronic RPV, which20

arises when any of the l00
ijk are non-zero, we search in events with zero and one leptons using21

the jet and b-tagged jet multiplicities of the event, and also a kinematic fit in dilepton events.22

To search for leptonic and semi-leptonic RPV, which arise when lijk and l0
ijk, respectively, are23

non-zero, we use a multi-dimensional binned approach using events with 3 or more leptons.24

In all searches considered in this paper, the LSP is assumed to decay promptly.25

Searches for multijet resonances, a prominent signal when hadronic RPV is present, have been26

carried out by CDF [7], ATLAS [8], and CMS [9–11]. Searches for RPV interactions in multilep-27

ton final states have been carried out at LEP [12–14], the Tevatron [15, 16], at HERA [17, 18],28

and at the Large Hadron Collider (LHC) [19–24].29

In this paper, we present the result of these searches with interpretations in a variety of different30

RPV models. The dataset we used corresponds to 19.5 fb�1, which was recorded in 2012 by the31

CMS detector at the LHC in proton-proton collisions at a center-of-mass energy of 8 TeV.32

2 CMS Detector33

The coordinate system in CMS is right-handed, with the origin at the nominal interaction point.34

Pseudorapidity is given by h ⌘ � ln[tan(q/2)], where the polar angle q is defined with respect35

– Any one of the λs doesn’t facilitate proton decay by itself.

• General approach is:
-– An underlying RPC SUSY scenario is responsible for the production.
-– Focus on a given λ > 0 at a time.
-– λs are large enough to cause prompt decays.

——- † R. Barbier et al., “R-Parity-violating supersymmetry”, Phys. Rept. 420 (2005) 1.
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CMS Searches
• At CMS, RPV(-like) signatures are searched for in two categories:

—-

Benchmark Model Final State CMS PAS(pair-production)

SUSY:
LSP RPV Decay†

g̃ → uds/udb/csb ≥ 6j EXO-12-049
g̃ → tbs ` + ≥ 6j SUS-12-015
b̃→ ts/td ≥ 2` + ≥ 2b + ≥ 2jb B2G-12-008
t̃→ tµtb/tτµν/tµeν ≥ 3` + ≥ 1b SUS-13-003
q̃ → q``ν / g̃ → qq̄``ν 4` SUS-13-010

Leptoquarks:
mBRW model

LQ1 → eq/νq eejj, eνjj EXO-12-041∗
LQ2 → µq/νq µµjj, µνjj EXO-12-042
LQ3 → τb / t̃→ qq̄τb `τhad + ≥ 2j EXO-12-032
LQ3 → τt µτhad + ≥ 2j EXO-13-010∗

All analyses presented here use the full
√
s = 8 TeV CMS dataset. *NEW

† A combined “RPV SUSY Searches at the CMS” paper will be available soon.

• Final states are characterized by an abundance of leptons and jets.

• All CMS results presented here are publicly available at:
-– https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS (Supersymmetry)
-– https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO (Exotica)
-– https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsB2G (Beyond-two-generations)
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EXO-12-049: g̃ → uds/udb/csb
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6 4 Event selection

following tensor [22]:

Sab =
Â
i

pa
i pb

i

Â
i
|pi|2 , (3)

where a and b label separate jets, and the sphericity S is calculated using all jets in each event. A
comparison of the sphericity variable for data, simulated SM multijet events, and three different
simulated gluino masses can be seen in Fig. 3. For the inclusive search and the high-mass,
heavy-flavour search, selected events are required to have S � 0.4, which is based on the
optimisation of the number of expected signal events divided by the square root of the number
of signal-plus-background events. No sphericity requirement is used for the low-mass, heavy-
flavour selection because low-mass signal events do not have a significant shape difference
from background events.
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Figure 3: The sphericity variable for events from data, simulated background from SM multi-
jet processes (shaded area), and simulated gluino signal masses of 300 (open diamonds), 750
(open triangles), and 1250 GeV (open squares), where the gluinos decay to light-flavour jets.
Event-level selection requirements for the inclusive, low-mass search are applied, except for
the triplet-level diagonal selection (Eq. (1)). All distributions are normalised to unit area. The
simulated SM multijet events are generated by MADGRAPH [27] with showering performed by
PYTHIA.

To conclude, we define three different search regions for this analysis with specific selection
criteria applied as previously discussed and summarised in Table 1.

Table 1: Selection requirements for the three search regions in the analysis.

Selection Inclusive Heavy-flavour search
criteria search low mass high mass

Mass range 400–1500 GeV 200–600 GeV 600–1500 GeV
D 110 GeV 110 GeV 110 GeV

Min. fourth-jet pT 110 GeV 80 GeV 110 GeV
Min. sixth-jet pT 110 GeV 60 GeV 110 GeV
Min. sphericity 0.4 — 0.4
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Figure 2: The Mjjj distribution for pair-produced 400 GeV gluinos with light-flavour RPV de-
cay into three jets is shown in the main plot. Triplets are selected that pass the D = 110 GeV
requirement from Eq. (1). The Gaussian signal peak of correctly reconstructed gluino triplets is
represented by the gold shaded area, with its Gaussian fit shown by the blue dot-dashed line
below it. The distribution of incorrectly combined triplets, shown in black, is described by a
similar functional form as that used to estimate the background in data. The inset shows the
signal and background estimates used in the optimisation procedure, with the expected back-
ground from SM multijet processes in red, and the signal-plus-background indicated by a blue
dashed line.

tion to identify b jets. The tagging efficiency for b jets changes with the pT of the jet, ranging
from 70% for jets with 100  pT  200 GeV to 55% for jets with pT � 500 GeV. We study differ-
ent b-tagging requirements for signal events with simulated gluinos that have heavy-flavour
decays and use the same definition of the signal significance as for the sixth-jet pT optimisa-
tion to determine the best choice. The CSV medium operating point, with a mistagging rate
of about 1% for light-flavour jets, is found to be the optimal choice for detecting a potential
signal in this analysis. The requirement that each event contain at least one b-tagged jet (b tag)
increases the signal significance, and the additional requirement that all selected triplets have
a b tag removes a large portion of the incorrectly combined signal triplets.

For the heavy-flavour analysis, we distinguish between a low-mass region covering gluino
masses between 200 and 600 GeV and a high-mass region covering larger gluino masses. For
the low-mass region, we maximise signal acceptance by using jet-pT requirements of �80 GeV
for the fourth jet and �60 GeV for the sixth jet. For the high-mass region, the sixth jet is required
to have pT �110 GeV. For both the low- and high-mass regions, the value D = 110 GeV is used.
All-hadronic tt event production is a significant background in the low-mass region. We use tt
events that produce triplets with masses in this region to help validate our analysis technique,
as described below.

High-mass signal events, for both the light- and heavy-flavour signal models, have a more
spherical shape than background events, which typically contain back-to-back jets and thus
have a more linear shape. To significantly reduce the background in the high-mass searches,
we use a sphericity variable, S = 3

2 (l2 + l3), where the li variables are eigenvalues of the
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15.2.1 Sphericity

The sphericity tensor is defined as [Bjo70]

Sαβ =

∑

i

pαi pβi

∑

i

|pi|2
, (15.1)

where α,β = 1, 2, 3 corresponds to the x, y and z components. By standard diagonalization

of Sαβ one may find three eigenvalues λ1 ≥ λ2 ≥ λ3, with λ1 +λ2 +λ3 = 1. The sphericity

of the event is then defined as

S =
3

2
(λ2 + λ3) , (15.2)

so that 0 ≤ S ≤ 1. Sphericity is essentially a measure of the summed p2
⊥ with respect to

the event axis; a 2-jet event corresponds to S ≈ 0 and an isotropic event to S ≈ 1.

The aplanarity A, with definition A = 3
2λ3, is constrained to the range 0 ≤ A ≤ 1

2 . It

measures the transverse momentum component out of the event plane: a planar event has

A ≈ 0 and an isotropic one A ≈ 1
2 .

Eigenvectors vj can be found that correspond to the three eigenvalues λj of the spheric-

ity tensor. The v1 one is called the sphericity axis (or event axis, if it is clear from the

context that sphericity has been used), while the sphericity event plane is spanned by v1

and v2.
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• g̃ → qq̃ → qqq via λ′′112,113,223 RPV couplings.
• An all-hadronic search, where a 3-jet invariant

mass peak is sought after over QCD and t̄t+jets
backgrounds.

• 3 signal regions are defined with at least 6 jets:

6 4 Event selection

following tensor [22]:

Sab =
Â
i

pa
i pb

i

Â
i
|pi|2 , (3)

where a and b label separate jets, and the sphericity S is calculated using all jets in each event. A
comparison of the sphericity variable for data, simulated SM multijet events, and three different
simulated gluino masses can be seen in Fig. 3. For the inclusive search and the high-mass,
heavy-flavour search, selected events are required to have S � 0.4, which is based on the
optimisation of the number of expected signal events divided by the square root of the number
of signal-plus-background events. No sphericity requirement is used for the low-mass, heavy-
flavour selection because low-mass signal events do not have a significant shape difference
from background events.
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Figure 3: The sphericity variable for events from data, simulated background from SM multi-
jet processes (shaded area), and simulated gluino signal masses of 300 (open diamonds), 750
(open triangles), and 1250 GeV (open squares), where the gluinos decay to light-flavour jets.
Event-level selection requirements for the inclusive, low-mass search are applied, except for
the triplet-level diagonal selection (Eq. (1)). All distributions are normalised to unit area. The
simulated SM multijet events are generated by MADGRAPH [27] with showering performed by
PYTHIA.

To conclude, we define three different search regions for this analysis with specific selection
criteria applied as previously discussed and summarised in Table 1.

Table 1: Selection requirements for the three search regions in the analysis.

Selection Inclusive Heavy-flavour search
criteria search low mass high mass

Mass range 400–1500 GeV 200–600 GeV 600–1500 GeV
D 110 GeV 110 GeV 110 GeV

Min. fourth-jet pT 110 GeV 80 GeV 110 GeV
Min. sixth-jet pT 110 GeV 60 GeV 110 GeV
Min. sphericity 0.4 — 0.4
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EXO-12-049: g̃ → uds/udb/csb
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• Decays into light-flavor jets are
excluded at 95% CL for Mg̃ < 650

GeV.

• Decays into heavy-flavor
containing jets are excluded
at 95% CL for 200<Mg̃<835 GeV.
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SUS-12-015: g̃ → tbs
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• g̃ → tt̃→ tbs

via λ′′332 RPV coupling.

• 6 search regions:
e/µ+ 6, 7,≥ 8 jets (with ≥1 b-jet).

• Dominant backgrounds are t̄t+jets, and t̄tZ/W for high b-jet multiplicities.

• B-tagging/mistagging scale factors and MC b-tag multiplicity modeling are verified in
signal depleted regions (Njet < 6).
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SUS-12-015: g̃ → tbs

• B-tag multiplicity distributions are used
to discriminate signal vs. background.

• 95% CL exclusion for Mg̃ < 1036 GeV,
β(g̃ → tbs) = 1.
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B2G-12-008: b̃→ ts/td

muon pT > 20 GeV |⌘| < 2.4
electron pT > 20 GeV |⌘| < 2.5

jet pT > 30 GeV |⌘| < 2.4

1

1 Introduction
The origin of elementary particle masses in the standard model (SM) of particle physics is as-
cribed to spontaneous breaking of the electroweak symmetry [1–3]. It has long been suspected
that the top quark plays a special role in this mechanism and that its coupling to hypothetical
new particles anticipated in theories beyond the standard model (BSM) could potentially be
large. We search for pair produced BSM resonances that couple to a top quark and another
parton. Two specific models are studied in detail:

• a spin-3/2 top excitation (denoted as t⇤) that decays to a top quark and a gluon [4–9].

• the R-parity violating minimal supersymmetric model (RPV MSSM) constrained to
have minimal flavor violation [10], which allows the bottom squark (b̃) to be the
lightest supersymmetric particle and restricts its decays to a top quark and a down-
type quark. In this model, the dominant decay mode is to a top quark and a strange
quark. This search is sensitive to the l00

tbs and l00
tbd parameters of the RPV Lagrangian

described in Ref. [10].

These two models predict similar kinematics for the final state, but differ in production cross
sections, e.g., the excited top model predicts cross sections of order 100 pb for a t⇤ with a mass
of 300 GeV and the RPV MSSM model predicts a cross section of order 1 pb for a b̃ of the same
mass. When considering the RPV MSSM model, we assume that the b̃ decays promptly. For
some parameters in this particular model, e.g., a 100% left-handed b̃ with decay width highly
suppressed by mass insertion as discussed by Csaki, Grossman, and Heidenreich [10], the b̃
may have a lifetime that is too large to be covered by this search. The t⇤ model has previ-
ously been studied at CMS in the single lepton channel [11] where it has been excluded at 95%
confidence level (C.L.) between 450 GeV and 790 GeV.

We restrict this search to dilepton final states, where each top quark decays to W± bosons
which in turn decay leptonically. Feynman diagrams of these processes are shown in Fig. 1.
To discriminate signal from background events, we analyze the reconstructed resonance mass
and the transverse momenta of jets identified as coming from light quarks or gluons.

t⇤

t̄⇤

t W+

t̄ W�
p

p

g

g

b

b̄

`+

⌫

⌫̄

`�

b̃

¯̃
b

t W+

t̄ W�
p

p

s

s̄

b

b̄

`+

⌫

⌫̄

`�

Figure 1: Leading order Feynman diagrams for pair production of (left) excited top quarks and
(right) R-parity violating bottom squarks.

2 Event reconstruction, selection, and simulation
Signal events are characterized by the presence of two isolated leptons (e or µ), missing trans-
verse energy (Emiss

T ), at least two jets originating from b quarks, and at least two jets originating
from light flavor quarks or gluons (denoted in the text as light jets). The Emiss

T is assumed to be
due to the undetected neutrinos from the W± decays.
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• Analysis requires fully leptonic decays of top quarks:
≥ 2` + ≥ 2b + ≥ 2jb .

• Sensitive to decays via RPV couplings λ′′332 and λ′′331.

• Dominant background is fully leptonic t̄t+jets process.

• 3 signal (and 1 control) regions are defined using the
-pT of the second leading light-jet:
-– [30-50] GeV, [50-80] GeV,

— [80-110] GeV, >110 GeV.
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B2G-12-008: b̃→ ts/td
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Figure 4: Reconstructed invariant mass distributions in the signal (SR1–3) and control (CR)
regions. The line corresponds to the result of the likelihood function maximization with signal
cross section set to zero. The points represent the data. The ratio of the data to the fitted
function is also shown. Top left: second leading light jet pT between 30 and 50 GeV (CR). Top
right: second leading light jet pT between 50 and 80 GeV (SR1). Bottom left: second leading
light jet pT between 80 and 110 GeV (SR2). Bottom right: second leading light jet pT greater
than 110 GeV (SR3).
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24 8 Two lepton search for RPV SUSY
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Figure 13: Reconstructed invariant mass distributions in the signal (SR1–3) and control (CR)
regions. The line corresponds to the result of the likelihood function maximization with signal
cross section set to zero. The points represent the data. The ratio of the data to the fitted
function is also shown. Top left: second leading light jet pT between 30 and 50 GeV (CR). Top
right: second leading light jet pT between 50 and 80 GeV (SR1). Bottom left: second leading
light jet pT between 80 and 110 GeV (SR2). Bottom right: second leading light jet pT greater
than 110 GeV (SR3).
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• Search is conducted over the 3D
distribution of p1

T(jb), p2
T(jb)

and M(treco, jb).
-– Forms of background fit functions are guided by MC.

-– Signal shapes are extracted using MC entirely.

• 95% CL exclusion for Mb̃ < 307 GeV,
β(b̃→ tj) = 1.
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SUS-13-003: t̃→ tµtb/tτµν/tµeν
• t̃→ tχ̃0∗ → t`± ˜̀∓ → t`±`∓ν (tb)

• 4 signal regions:
-– 3(4)` including 0(1)τhad + ≥ 1b

-– Veto opposite-sign same-flavor (OSSF)
— pairs compatible with MZ .
-– Each signal region is split to 5 ST bins.

• Dominant prompt lepton background contributions are estimated using MC:
-– WZ, ZZ t̄tZ, t̄tW.

• Misidentified lepton contributions are estimated via data-driven methods (except tt̄):
-– jet→e/µ/τhad (fake-rate method), γ∗→e/µ (asymmetric conversions)

electron pT > 20(10)† GeV |⌘| < 2.4
muon pT > 20(10)† GeV |⌘| < 2.4

tau pT > 20 GeV |⌘| < 2.3
jet pT > 30 GeV |⌘| < 2.5

† subleading lepton
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Figure 1: ST distributions for each of the four categories of multilepton events including ob-
served yields and background contributions. The top row contains the distributions for events
with three leptons and the bottom row contains the distributions for events with four leptons.
The left plots corresponds to events with no hadronically-decaying taus and the right plots con-
tain events with taus. In these figures, the data-driven component of the background estimate
refers to the result we get from applying our procedure to determine how many misidentified
leptons enter our signal regions.
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Figure 1: ST distributions for each of the four categories of multilepton events including ob-
served yields and background contributions. The top row contains the distributions for events
with three leptons and the bottom row contains the distributions for events with four leptons.
The left plots corresponds to events with no hadronically-decaying taus and the right plots con-
tain events with taus. In these figures, the data-driven component of the background estimate
refers to the result we get from applying our procedure to determine how many misidentified
leptons enter our signal regions.
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SUS-13-003: t̃→ tµtb/tτµν/tµeν

• 95% CL exclusion for:
-– Mt̃ < 1100 GeV, λ122 > 0

-– Mt̃ < 900 GeV, λ233 > 0

• Results in the λ′233 > 0 scenario
depend on the t̃ vs. χ̃0 mass hierarchy.
-– If Mt̃ ∼Mt +Mχ̃0 , soft leptons
— are produced (reduces sensitivity).
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Figure 3: 95% CL limits for stop mass in models with RPV couplings l122, l233, and l
0
233 with

diagrams of the relevant RPV decays. For the couplings l122 and l233, the region to the left of
the curve is excluded. For l

0
233, the region inside the curve is excluded. The different regions

on the l
0
233 exclusion correspond to regions where the stop decays to different products and are

explained in Table 3.
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SUS-13-010: q̃ → q``ν / g̃ → qq̄``ν

electron pT > 20(10)† GeV |⌘| < 2.4
muon pT > 20(10)† GeV |⌘| < 2.4

† subleading lepton
6 7 Efficiency

Table 2: Expected background contributions from different SM sources and experimentally
observed events in all analysis regions.

M1 < 75 GeV 75 < M1 < 105 GeV M1 > 105 GeV
ZZ 0.76±0.18 15±4 0.30±0.07
rare 0.28±0.13 2.7±1.0 0.12±0.05

M2 > 105 GeV fakes 0.4±0.4 0.7±0.7 0.05±0.05
all backgrounds 1.4±0.5 18±4 0.47±0.10
observed 0 20 0
ZZ 0.10±0.03 150⇤ 0.05±0.01
rare 0.12±0.05 2.5±1.2 0.06±0.03

75 < M2 < 105 GeV fakes 0.3±0.3 0.6±0.6 0.05±0.05
all backgrounds 0.52±0.34 153⇤ 0.16±0.06
observed 0 160 0
ZZ 9.8±2.0 32±8 0.98±0.20
rare 0.31±0.14 2.5±1.2 0.011±0.005

M2 < 75 GeV fakes 0.3±0.3 0.8±0.8 0.06±0.06
all backgrounds 10.4±2.0 35±8 1.0±0.2
observed 14 30 1

⇤ The ZZ prediction in the “in Z”:“in Z” region is based on MC normalized to CMS ZZ pro-
duction cross section measurement, and is therefore correlated with the observation in this
analysis.

served prompt leptons.

7.1 Effect of Extra Lepton

The presence of an extra lepton in the SUSY event, in addition to the 4 leptons produced from
neutralino decays, could veto the event. We observe no events containing 5 isolated leptons.
Thus, the potential presence of additional leptons in fact does not significantly affect the mea-
surement.

7.2 Effect of Neutralino Spectra

The lepton reconstruction efficiency depends on lepton pT and h. The distributions of the
values for the leptons from LRPV neutralino decays depend on the spectrum of the neutralinos.
The neutralino spectrum affects the M2 : M1 distribution too, although the neutralino mass has
the biggest impact on the latter. To evaluate the influence of these effects, we consider two
extreme cases of LRPV neutralino production:

• a T2+LRPV SMS model, as presented in Fig. 4;
• a pair of neutralinos produced with zero momentum in the center of the CMS detec-

tor.

7.2.1 T2+LRPV

In the T2 simplified model [14] SUSY particles are produced via a squark-anti-squark pair,
with the neutralino coming from a two-body decay q̃ ! qc̃0

1. This creates the most energetic
neutralinos possible, constrained by the relevant squark and neutralino masses. For this study
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• q̃(g̃)→ q(qq̄)χ̃0 → q(qq̄)`± ˜̀∓ → q(qq̄)`±`∓ν

• Exactly 4-lepton requirement
(e/µ) with an OSSF pair.

• 9 signal regions:
-– M1: mass of the OSSF pair closest to the Z mass.
-– M2: mass of the remaining pair.

• Backgrounds are:-
-– ≥4-prompt (ZZ,t̄tZ,ttWW) MC –
-– 3-prompt (WZ,t̄tW) Fake-rate Method-
-– 2-prompt (DY) Fake-rate Method

• Sensitive to the following
RPV couplings:
-– Esp. λ121, λ122

-– Also λ131, λ132, λ231, and λ232.

Halil Saka | RPV Searches with the CMS Detector 12/23



SUS-13-010: q̃ → q``ν / g̃ → qq̄``ν

11
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Figure 10: 95% C.L. upper limit on the total cross section of the T2+LRPV SUSY models. The
band corresponds to the efficiency profiles in Fig. 6. Left: result for neutralino decaying ex-
clusively to electrons or muons, right: result for the lepton flavors mixture corresponding to
l121 6= 0 and l122 6= 0 LRPV scenarios.
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Figure 11: 95% C.L. upper limit on total cross sections for generic SUSY models. The band
corresponds to the efficiency uncertainty described in Sec. 7.2.4. Left: result for neutralinos
decaying exclusively to electrons or muons, right: result for the lepton flavors mixture corre-
sponding to l121 6= 0 and l122 6= 0 LRPV scenarios.
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7.2.3 Stopped Neutralino

If the LSP is produced at the end of a long cascade of decays of SUSY particles, the LSP pT spec-
tra will be significantly softer than for LSPs produced in two-body decays of the T2 scenario.
To study the effect of soft spectra we consider another extreme case: neutralino pairs produced
in rest in the detector frame. We generate the corresponding dataset by letting the neutralino
decay into (e+, e�, n) or (µ+, µ�, n). Figure 8 shows the efficiency as a function of neutralino
mass overlaid with the efficiency band obtained from the T2+LRPV model presented in Fig. 6.
It demonstrates that the difference between the T2+LRPV case and the stopped neutralino case
is within ±10%.

7.2.4 Variations of Isolation Efficiency

The isolation efficiency for isolated leptons from RPV decays depends on the occupancy of
the event, which in turn depends on the content of the underlying SUSY event. To study
how strong the influence of different underlying SUSY models and different SUSY production
mechanisms is, we re-use the data samples produced in a previous CMS analysis [15]. These
are MC samples for about 7300 different RPC phenomenological MSSM (pMSSM) [16] model
points, each one containing 10000 events, selected to fulfill different pre-CMS observations.
The pMSSM model is an excellent proxy for the full MSSM with a sufficiently small number
of parameters [15]. The available datasets for this set of pMSSM models is to date the biggest
sample of varying SUSY models available to us. To evaluate the effect of different occupancies
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Figure 26: Mass exclusions for different SUSY production mechanisms. Left: for T2+LRPV
models. Right: using a generic total RPV SUSY cross section limit in Fig. 25. A 30% theoretical
uncertainty for NLO+NLL calculations of SUSY production cross sections is included in the
uncertainty band.

For the cases l121 > 0 or l122 > 0, and l sufficiently large to lead to prompt neutralino decays,875

the gluino mass is generally excluded below about 1.4 TeV for a neutralino mass higher then876

400 GeV. The stop-quark mass is generally excluded below about 950 GeV. The squark mass877

exclusion is model dependent to a higher degree. For the benchmark point considered with a878

2.4 TeV gluino, squarks with a mass below about 1.6 TeV are excluded.879

10 Summary880

This paper explores a variety of final states where R-parity violating supersymmetry could881

appear. In 19.5 fb�1 of CMS data collected in 2012 at
p

s=8 TeV, we find no discrepancies882

relative to standard-model expectations. As a result, we set limits in several models that exhibit883

different RPV couplings and contain different LSPs.884

In a model that explores the consequences of minimal flavor violation, we use the b-tagged and885

total jet multiplicity distributions to set limits on the mass of a gluino that decays via l00
tbs to886

a top, bottom, and strange quark. We exclude gluinos with masses less than 1.01 TeV. Using887

a search region characterized by one lepton and high b-tagged and total jet multiplicity, we888

exclude gluinos with masses less than 1.04 TeV in a similar model.889

Another model that makes use of MFV can have a bottom-squark LSP that decays via l00
tbs or890

l00
tbd. Using the reconstructed resonance mass distribution in the dilepton final state, we exclude891

bottom squark production for masses less than 326 GeV.892

Multilepton final states are sensitive to models with a variety of different lepton or semi-893

leptonic RPV couplings. In models that feature leptonic couplings with wino- or higgsino-894

like gaugino LSPs, we are able to set limits that range from 300 GeV to 900 GeV. In models with895

semi-leptonic couplings, there are a variety of scenarios. Where we have the highest sensitivity,896

we can exclude higgsino-like gaugino production for masses between 200 and 600 GeV.897

In a targeted multilepton analysis for the leptonic couplings l121 and l122 we develop a method898

to establish limits on the inclusion of these couplings to any generic R-parity conserving mod-899

els. In an example model containing squark pair production with a neutralino LSP, we set limits900

• ε(T1) ∼ ε(T2) :
Hence, only T2 interpretations are presented.

• Results can be interpreted in a variety of pMSSM
models (4-lepton efficiencies are provided).

• 95% CL exclusion for Mg̃ < 1.4 TeV,
assuming λ121 > 0 or λ122 > 0, and Mχ̃0 > 400 GeV.
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Leptoquarks

• LQs are bosons, carry both baryon and lepton number, and have fractional electric charge.

• Phenomenology is described by the effective mBRW† model:
-– Expand the SM to allow all terms respecting the gauge invariance.
-– Group LQs into 3 generations (one for each fermion family).
-– Require chiral couplings, and only to a given generation of SM fermions.
-– Pair-production cross-section at the LHC is calculable (gg → LQLQ, qq̄ → LQLQ).

• Unknown parameters are:
-– MLQ and spin (CMS 8 TeV searches are for scalar leptoquarks).
-– lepton-quark-leptoquark Yukawa couplings, λ.
-– Branching fraction, β, for LQ→ `q.
— The complementary LQ→ νq′ channel is given as 1− β.

• LQs ↔ RPV LSPs with λ′ijk > 0:
-– Final states may slightly differ due to lower jet & lepton multiplicites.

——- † W. Buchmuller, R. Ruckl, and D. Wyler, “Leptoquarks in lepton-quark collisions”, Phys. Lett. B 191 (1987).
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EXO-12-041: LQ1 → eq/νq

electron pT > 45 GeV |⌘| < 2.5(2.1)‡

jet pT > 125(45)† GeV |⌘| < 2.4
muon⇤ pT > 10 GeV |⌘| < 2.4

⇤ muon veto † subleading jets ‡ e⌫jj channel

9

7 Comparison with data
7.1 Comparison with data in the eejj channel

Good agreement is observed when comparing data to background estimates at preselection
level in the eejj analysis, as shown in Figure 3. Data and background estimates at the final
selections optimized for a leptoquark with a mass of 450 GeV and a mass of 650 GeV are shown
in Figures 4 and 5, respectively. Numerical comparisons between the number of background
events and signal events predicted and number of events observed in data are shown in Table
4.
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Figure 3: The ST (top-left), mee (top-right), and maverage
ej (bottom) distributions for events pass-

ing the eejj preselection. The grey bands represent the statistical uncertainty on the background
prediction only.

In the final selection plots in Figures 4 and 5 and in Table 4, a broad excess is clearly visi-
ble for all selections optimized for a leptoquark of mass greater than 300 GeV. This excess is
most significant in the selection optimized for a leptoquark of mass 650 GeV, where 20.49 ±
2.14 (stat) ± 2.45 (syst) events are expected and 36 events are observed. The significance of the
observed data with respect to the background estimate at this selection is 2.4. Unlike predicted
leptoquark signal, the excess does not peak sharply in the mmin

ej distribution.

7.2 Comparison with data in the enjj channel

Good agreement is observed when comparing data to background estimates at preselection
level in the enjj analysis, as shown in Figure 6. Data and background estimates at the final
selections optimized for a leptoquark with a mass of 450 GeV and a mass of 650 GeV are shown
in Figures 7 and 8, respectively. Numerical comparisons between the number of background
events and signal events predicted and number of events observed in data are shown in Table
5.

7.2 Comparison with data in the enjj channel 11

Table 4: Number of events after final eejj selection. Only statistical errors are reported, except
in the “Total Background” column, where systematic uncertainties are also reported. The “Sig-
nificance” column provides the significance of the excess observed in data with respect to the
background prediction after accounting for the correlations of the systematic uncertainties; no
signal hypothesis is included in the calculation.

MLQ LQ Signal Z+Jets tt̄ (from data) QCD (from data) Other Data Total Background Significance
Presel - 10538.4 ± 35.8 1566.6 ± 29.2 10.87 ± 0.10 303.8 ± 7.4 12442 12419.6 ± 46.8 NA
300 13560.2 ± 80.1 462.2 ± 7.4 724.3 ± 19.8 5.282 ± 0.052 62.1 ± 4.6 1244 1253.94 ± 21.67 ± 30.08 (syst) 0.0
350 6473.9 ± 33.3 332.1 ± 6.2 352.0 ± 13.8 3.215 ± 0.036 37.7 ± 3.6 736 725.10 ± 15.57 ± 24.99 (syst) 0.0
400 3089.3 ± 15.0 203.2 ± 4.8 153.7 ± 9.1 1.696 ± 0.023 23.8 ± 2.9 389 382.40 ± 10.72 ± 15.00 (syst) 0.0
450 1508.1 ± 7.2 112.9 ± 3.5 86.9 ± 6.9 0.890 ± 0.016 11.8 ± 2.0 233 212.44 ± 7.99 ± 13.33 (syst) 0.0
500 767.4 ± 3.6 66.5 ± 2.7 47.2 ± 5.1 0.485 ± 0.011 7.4 ± 1.6 148 121.61 ± 5.96 ± 6.03 (syst) 1.8
550 410.5 ± 1.9 37.4 ± 2.1 25.8 ± 3.7 0.2758 ± 0.0084 3.7 ± 1.1 81 67.24 ± 4.40 ± 3.39 (syst) 0.7
600 225.7 ± 1.0 22.2 ± 1.6 14.2 ± 2.8 0.1527 ± 0.0065 3.12 ± 1.00 57 39.66 ± 3.35 ± 2.42 (syst) 2.1
650 125.85 ± 0.58 14.0 ± 1.2 5.4 ± 1.7 0.0760 ± 0.0040 1.05 ± 0.47 36 20.49 ± 2.14 ± 2.45 (syst) 2.4
700 72.88 ± 0.33 8.16 ± 0.93 4.3 ± 1.5 0.0448 ± 0.0029 0.21 ± 0.12 17 12.74 ± 1.80 ± 2.15 (syst) 0.9
750 43.10 ± 0.20 4.88 ± 0.69 1.55 ± 0.90 0.0258 ± 0.0023 0.078 ± 0.038 12 6.53 ± 1.13 ± 1.09 (syst) 1.6
800 26.17 ± 0.12 2.93 ± 0.52 1.04 ± 0.73 0.0193 ± 0.0022 0.078 ± 0.038 7 4.06 ± 0.90 ± 0.89 (syst) 1.1
850 15.978 ± 0.072 2.34 ± 0.48 0.52 ± 0.52 0.0111 ± 0.0015 0.042 ± 0.028 5 2.91 ± 0.71 ± 0.71 (syst) 0.0
900 9.813 ± 0.044 1.23 ± 0.36 0.52 ± 0.52 0.0069 ± 0.0012 0.022 ± 0.020 3 1.77 ± 0.63 ± 0.37 (syst) 0.0
950 6.086 ± 0.028 0.89 ± 0.29 0.00+1.14

�0.00 0.00451 ± 0.00085 0.022 ± 0.020 1 0.912+1.178
�0.295 ± 0.27 (syst) 0.0

1000 3.860 ± 0.018 0.56 ± 0.22 0.00+1.14
�0.00 0.00374 ± 0.00082 0.0025 ± 0.0025 1 0.567+1.162

�0.223 ± 0.17 (syst) 0.0
1050 2.576 ± 0.011 0.56 ± 0.22 0.00+1.14

�0.00 0.00374 ± 0.00082 0.0025 ± 0.0025 1 0.567+1.162
�0.223 ± 0.17 (syst) 0.0

1100 1.6936 ± 0.0072 0.56 ± 0.22 0.00+1.14
�0.00 0.00374 ± 0.00082 0.0025 ± 0.0025 1 0.567+1.162

�0.223 ± 0.17 (syst) 0.0
1150 1.1272 ± 0.0047 0.56 ± 0.22 0.00+1.14

�0.00 0.00374 ± 0.00082 0.0025 ± 0.0025 1 0.567+1.162
�0.223 ± 0.17 (syst) 0.0

1200 0.7498 ± 0.0030 0.56 ± 0.22 0.00+1.14
�0.00 0.00374 ± 0.00082 0.0025 ± 0.0025 1 0.567+1.162

�0.223 ± 0.17 (syst) 0.0
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Figure 6: The ST (top-left), mT, en (top-right), and mej distributions for events passing the
enjj preselection. The grey bands represent the statistical uncertainty on the background pre-
diction only.

eejj eνjj

• 2 search regions:
-– β = 1.0 [eejj] : ee + ≥ 2j

-– β = 0.5 [eνjj] : ee + ≥ 2j + EmissT >55 GeV
• β = 1 results are also applicable to pair-produced stop decays via RPV λ′131.

• Dominant backgrounds:

——— ——-
eejj Channel eνjj Channel

Z+jets (MC, norm. to data) t̄t+jets (MC, norm. to data)
t̄t+jets (Data, “eµ” method) W+jets (MC, norm. to data)
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EXO-12-041: LQ1 → eq/νq
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• Selection optimization for each MLQ hypothesis:
-– β = 1.0 [eejj] : ST, Mmin(e, j), M(e, e)

-– β = 0.5 [eνjj] : ST, M(e, j), EmissT , MT(e, ν)

• A broad excess is observed:
-– Excess is background-like in eejj channel.
-– MLQ = 650 GeV, β < 0.15 can’t be excluded.

• 95% CL exclusion for MLQ < 1005(845) GeV,
β = 1(0.5).
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EXO-12-042: LQ2 → µq/νq

muon pT > 45 GeV |⌘| < 2.1
jet pT > 125(45)† GeV |⌘| < 2.4

electron⇤ pT > 45 GeV |⌘| < 2.1
⇤ electron veto for � = 0.5 † subleading jets

10 6 Systematic Uncertainties
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Figure 6: Distributions of ST, MT
µn, and of M(µ, jet) at preselection level in the µnjj channel.

”Other Background” include diboson, Z+Jets, and single-top contributions.
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Figure 7: Distributions of ST and M(µ, jet) reconstruction at final selection level for a LQ mass
of 500 GeV in the µnjj channel. The gray shaded region indicates the statistical and systematic
uncertainty on the background prediction. ”Other Background” include diboson, Z+Jets, and
single-top contributions.

6 5 Background Estimation in the µnjj channel
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Figure 1: Distributions of the muon and the jet pT’s at preselection level in the µµjj channel.
”Other Background” include diboson, W+Jets, and single-top contributions.
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Figure 2: Distributions of ST, Mµµ, and of Mmin(µ, jet) at preselection level in the µµjj channel.
”Other Background” include diboson, W+Jets, and single-top contributions.

µµjj µνjj

• 2 search regions:
-– β = 1.0 [µµjj] : ≥ µµ + ≥ 2j

-– β = 0.5 [µνjj] : µ + ≥ 2j + EmissT >55 GeV
• β = 1 results are also applicable to pair-produced stop decays via RPV λ′232.

• Dominant backgrounds:

– ——;—–
µµjj Channel µνjj Channel

Z+jets (MC, normalized to data) W+jets (MC, normalized to data)
t̄t+jets (Data, “eµ” method) t̄t+jets (MC, normalized to data)
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EXO-12-042: LQ2 → µq/νq
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• Selection optimization for each MLQ hypothesis:
-– β = 1.0 [µµjj] : ST, Mmin(µ, j), M(µ, µ)

-– β = 0.5 [µνjj] : ST, M(µ, j), MT(µ, ν)

• 95% CL exclusion for MLQ < 1070(785) GeV,
β = 1(0.5).
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EXO-12-032: LQ3 → τb / t̃→ qq̄τb

tau pT > 50 GeV |⌘| < 2.3
muon pT > 30 GeV |⌘| < 2.1

electron pT > 30 GeV |⌘| < 2.1
jet pT > 30 GeV |⌘| < 2.4

• LQ3 → τb search:
-– eτhad/µτhad + ≥2j (with ≥1 b-tag)
-– M(τhad, j) > 250 GeV

• t̃→ qq̄τb search: (t̃→ χ̃+b→ ν̃τ+b→ qq̄τ+b via λ′3jk for j, k < 3)
-– eτhad/µτhad + ≥5j (with ≥1 b-tag)

• LQ3 → τb results are also applicable to pair-produced stop decays via RPV λ′333.

• Dominant Backgrounds:

———-
Irreducible t̄t+jets Data-driven “eµ” method (ST shape from MC)
Fake τhad Data-driven fake-rate method (ST shape from MC)
QCD (for eτhad channel) Data-driven “SS OS” method
Other prompt-prompt MC

• ST distribution is used to discriminate signal vs. background.
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EXO-12-032: LQ3 → τb / t̃→ qq̄τb
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• 95% CL exclusion for
-– MLQ < 740 GeV, β = 1.
-– Mt̃ < 576 GeV, λ′3jk>0.

• LQ3→tν limits follow from
SUS-13-011 (t̃→ tχ̃0).
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EXO-13-010: LQ3 → τt

⌫µ

• 2 categories:

-– Cat. A: Same-sign µτhad + ≥2j
— Split into 2 channels of average leptonic |η|: |η̃| < 0.9 (central), |η̃| ≥ 0.9 (forward)
— Tau pT, ST cuts are optimized for each MLQ hypothesis.

-– Cat. B: µτhad + ≥3j + EmissT > 50 GeV
— Cat. B uses a looser tau ID, and Cat. A is vetoed.
— Split into 4 tau pT bins. ST, jet1,2,3 pT cuts are
— optimized for the best expected limit.

• Results are also applicable to pair-produced sbottom decays via RPV λ′333.

• Backgrounds:

————-

Cat. A Cat. B
Single/Double Fakes (Matrix Method) τhad fakes (fake-rate corrected MC)
t̄t+jets, W+jets t̄t+jets, W+jets, DY+jets

Prompt-prompt (MC) τhad prompts (MC)
Diboson, t̄tW, t̄tZ, etc. Diboson, t̄tW, t̄tZ, etc.

tau pT > 20 GeV |⌘| < 2.1
muon pT > 25(30)† GeV |⌘| < 2.1

electron pT > 15(30)† GeV |⌘| < 2.5(2.1)†

jet pT > 40(30)† GeV |⌘| < 2.5
† Category B
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EXO-13-010: LQ3 → τt
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480 GeV

• 95% CL exclusion for
MLQ < 634 GeV, β = 1.

• LQ3→bν limits follow
from SUS-13-018 (b̃→ bχ̃0).
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Conclusions

• CMS efforts are varied, cover a variety of multi-lepton, multi-jet final states.
-– A systematic approach to all possible scenarios.
-– Limited subset of model interpretations are presented here today.

————-

RPV SUSY Leptoquarks
Benchmark Limit Coupling β(LQ→ `q) : 1 0.5 0
g̃ → udb 200-835 λ′′113 LQ1 → eq 1005 845 N/A
g̃ → uds 650 λ′′112 LQ2 → µq 1070 785 N/A
g̃ → tbs 1036 λ′′332 LQ3 → τb 740 510∗ 660†
g̃ → q``ν 1400 λ121,122 LQ3 → τt 634 495∗ 724‡
b̃→ ts/td 307 λ′′332,331

t̃→ t``ν 1100 λ122

t̃→ t``ν 900 λ233

† Obtained by reinterpreting SUS-13-011.
‡ Obtained by reinterpreting SUS-13-018.
∗ No statistical combination of β = 1, 0.

All mass limits are in units of GeV.

• No discoveries yet, but the journey continues to 13 TeV and beyond.

Halil Saka | RPV Searches with the CMS Detector 23/23



Backup
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EXO-12-041: LQ1 → eq/νq
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10 7 Comparison with data
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Figure 4: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 450 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.
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Figure 5: The ST (left) and mmin
ej (right) distributions for events passing the full eejj selection

optimized for MLQ = 650 GeV. The grey bands represent the statistical and systematic uncer-
tainty on the background prediction.
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