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Outline

1 Motivation
- Physics motivations
- The CMS detector

2 Narrow resonances
- Search for narrow resonances in dilepton mass spectra

3 Heavy neutrinos
- Search for heavy lepton partners of neutrinos in pp collisions at

√
s = 7 TeV, in the

context of the Type III seesaw mechanism.
- Search for heavy Majorana neutrinos in µ±µ±+jets and e±e±+jets in pp collisions at√
s = 7 TeV

- Heavy neutrino and right-handed W of the left-right symmetric model

4 Leptonic-RPV SUSY searches
- Search for RPV supersymmetry with three or more leptons and b-tags
- Search for stop in R-parity-violating supersymmetry with three or more leptons and
b-tags

Letizia Lusito (NWU) 2 / 40



Motivation CMS Narrow resonances Heavy neutrinos Leptonic-RPV SUSY searches Summary

Physics Motivations

I Lepton flavor numbers not conserved, as established by the discovery of the neutrino
masses and lepton mixing

I Charged-lepton flavor-violation (CLVF): non-zero rate in the context of New Physics
models that incorporate neutrino masses

I Very clear signature, not SM-contamined
I Ex. is the MSSM slepton-neutralino contribution to µ→ eγ.
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Data taking
Luminosity
L = 5.3 fb−1 at 7 TeV,L = 20.7 fb−1 at 8 TeV
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The PileUp challenge
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LHC already achieved the design level of
pileup
Event display of an event with around 20 pile-
up vertices:
(maximum number of vertices goes up to 40)
CMS copes with this high level of pile-up very
well
<NPU> = 21
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Muons
I Combined fit to measurements from inner tracker and muon detectors
I Minimal number of hits in the silicon tracker
I High-quality global fit (χ2/ndf <10)
I Transverse and longitudinal impact parameter of the muon track relative to the
Primary vertex

Electrons
I Tracks reconstructed in the inner tracker with energy compatible with ECAL deposits
I Transverse and longitudinal impact parameters cuts
I Photon conversion rejection

Isolation
I Relative isolation (∆R > 0.3):

I`Rel =
E`CH + E`NH + E`γ

p`T
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Particle Flow

I Event description in form of mutually exclusive
particles identification of all stable particles
produced in the event

I Optimal combination of capabilities of each
sub-detector→ most precise measurement of
the energy and direction for each particle

I individual measurements combined by a
geometrical linking algorithm, e.g. extrapolating
a charged-particle track into ECAL and HCAL
particle ID on blocks of linked elements
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Taus: Hadron Plus Strip (HPS) algorithm
I Complete final state reconstruction of the leptonic and hadronic τ decays
I τhad can have 1-prong or 3-prongs (charged tracks) with up to two ECAL strips for π0

reconstruction.

Jets & MET
I anti-kT algorithm jet reconstruction from Particle Flow particles, cone size = 0.5
I /ET from PF constituents
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Narrow resonances

CMS PAS EXO-12-061

Search for Narrow Resonances in
Dilepton Mass Spectra in pp Collisions
at

√
s = 8 TeV

√
s = 8 TeV,

L = 20.6 fb−1 (dimuon)
L = 19.6 fb−1 (dielectron)
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General strategy
I CLFV signature at LHC: different flavor, opposite-sign leptons (``′) with large
transverse momenta, compatible to sneutrinos decaying to ``′ in the context of
R-parity-violating (RPV) SUSY models.

I CMS does not have similar analysis but m``′ has been studied in searches for various
Z’ heavy gauge bosons.

I As a control check to demonstrate that Monte Carlo simulation is a good
representation of data, the eµ spectra in data is compared to MC
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The data are found to be consistent with SM predictions and no excess is observed
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Heavy neutrinos
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Theoretical motivations

I Origin of neutrino masses still unknown
I Seesaw mechanism

mν ≈ y2νv2/mN

where yν = Yukawa coupling of ν to the Higgs field
v = Higgs vacuum expectation value in the SM

I due to the Majorana nature, the heavy neutrino is also its own antiparticle
I lepton-number conservation violated by two units
I searches for heavy Majorana neutrinos important for LFV

Letizia Lusito (NWU) 13 / 40



Motivation CMS Narrow resonances Heavy neutrinos Leptonic-RPV SUSY searches Summary

CMS PAS EXO-11-073

Search for heavy lepton partners of
neutrinos in pp collisions at

√
s = 7 TeV,

in the context of the Type III seesaw
mechanism.

√
s = 7 TeV, L = 4.9 fb−1
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Experimental strategy (type III)

u
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ν
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νℓ

I Search for type III most promising channel: qq̄′ → Σ0Σ+, where Σ0 → `∓W± and
Σ+ → W+ν

I Final state: three charged isolated leptons (total charge +1) + /ET from the fermionic
weak-isospin triplets

I /ET > 30 GeV
I p`T > 18, 15, 10 GeV for the lepton of highest, second highest and lowest pT
I HT < 100 GeV (of jets with ET >30 GeV and |η| <2.4)
I veto for events containing a Z boson, or a low mass m`+`−

I Backgrounds: dibosons (PYTHIA), 3 EWK bosons (MADGRAPH), photons and jets
misidentified as leptons, conversions of virtual radiated photons (γ*) in Z → `+`−γ*
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Results
Expected number of seesaw signal events, of SM backgrounds and number of observed
events

7

Table 2: Uncertainties on signal efficiency for each event category.

Source of uncertainty Uncertainty for each event category (%)
µ�e+e+ µ�e+µ+ µ�µ+µ+ e�µ+µ+ e�e+µ+ e�e+e+

Trigger 1 % 1 % 1 % 1 % 1 % 1 %
Signal efficiency (Fullsim) 6.3% 4.5% 3.9% 4.5% 6.3% 7.6%
(Full/Fast) systematics 2.9% 6.8% 11% 8.5% 4.1% 2.8%
Total systematics in quadrature 7.0% 8.2% 12% 9.7% 7.6% 8.0%
(Full/Fast) statistics 3.0% 2.3% 3.3% 2.9% 2.4% 4.2%
Total syst.+stat. in quadrature 7.6% 8.5% 12% 10% 7.9% 9.1%
Luminosity 2.2% 2.2% 2.2% 2.2% 2.2% 2.2%

Table 3: Systematic uncertainties for different significant sources of background.
Background source Uncertainty on normalization
WZ 16%
ZZ 7.5%
Vg 13%
WWW 50%
Misidentified jets 50%
g⇤ ! µ(µ) 50%

7 Results
In Table 4, we provide the expected number of seesaw signal events, the expected number of
events from SM background, and the number of observed events in each of the six categories,
assuming equal branching ratios (be = bµ = bt = 1/3) case.

Table 4: Summary of the expected number of events for signal, as a function of MS, and SM
background, and the observed number of events in data, after implementing all analysis selec-
tions. Equal ratios be = bµ = bt = 1/3 are assumed for the signal.

Expected signal for MS (GeV) Expected SM background Data
Channel 100 120 130 140 180
µ�e+e+ 12.32 7.91 6.02 4.49 1.73 0.75±0.44 2
µ�e+µ+ 20.74 12.31 8.95 6.97 2.97 7.1±2.1 9
µ�µ+µ+ 13.57 7.80 5.16 3.59 1.41 11.1±3.6 7
e�µ+µ+ 13.68 8.25 6.24 4.75 1.75 1.11±0.67 0
e�e+µ+ 21.83 13.20 9.49 6.85 2.73 8.2±2.1 7
e�e+e+ 6.47 3.90 2.80 2.00 0.96 4.8±1.4 4

Since no significant excess of events is observed relative to SM expectations in the three-lepton
channels, we set 95% confidence level (CL) limits on the product of the cross section and the
branching ratio (BR) of S+S0 to three lepton final states for all of the six channels combined.
Hereafter BR refers to final states including electrons, muons or tau leptons. Limits on the mass
of the seesaw-mediator mass are inferred from the limits on the cross sections. We extrapolate
yields for signal to MS > 180 GeV using the results given in Ref.[16].

The cross section limits as function of the mass of the fermionic triplet S are shown in Fig. 3 for
be = bµ = bt = 1/3, in Fig. 4 for bµ = 1, be = bt = 0, and in Fig. 5 for be = 1 and bµ = bt = 0.
The solid blue line corresponds to the seesaw-triplet production cross section multiplied by BR.
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no significant excess of events observed relative to SM expectations
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Expected limits

95% CL limits on the σ × BR of Σ0Σ+ → 3` (for different mixing scenarios) and lower
exclusion limits for the triplet Σ mass
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Table 5: Expected and observed lower limits at 95% CL for the triplet S mass and in corre-
sponding upper limits on s⇥BR for different assumptions on the mixing ratios values.

Branching ratio cases 95% on MS GeV 95% on s ⇥ BR (fb)
Exp. Obs. Exp. Obs.

be = bµ = bt = 1/3 177 179 22 20
bµ = 1, be = bt = 0 201 211 13 11
be = 1, bµ = bt = 0 202 204 13 13

8 Conclusions
A search for Type III seesaw contributions in `�`+`+ + Emiss

T final states in pp interactions atp
s = 7 TeV using data recorded in 2011 by the CMS experiment at the CERN LHC, corre-

sponding to an integrated luminosity of 4.9 fb�1 is presented.

No evidence for pair production of fermionic triplet S+S0 states is found, and 95% CL lower
limits on the product of cross section times branching fraction of S+S0 to final states with three
leptons are set. By comparing the results with the predicted cross sections at LO, lower bounds
at 95% CL on the mass of the triplet states are derived. Limits, valid for mixing values larger
than ⇡ 10�6, are reported for three choices of mixing between the S states and the three lepton
generations. These are the first limits on the production of seesaw Type III fermionic triplet
reported by an experiment at the LHC.

First limits on the production of
seesaw Type III fermionic triplet
reported by LHC
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CMS PAS EXO-11-076 / Phys. Lett. B 717
(2012) 109

Search for heavy Majorana neutrinos in
µ±µ±+jets and e±e±+jets in pp
collisions at

√
s = 7 TeV

√
s = 7 TeV, L = 4.98 fb−1
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Experimental strategy

q

q'

N

W +
 +

 +

W 
q'
q

I mN and V`N free parameters
I Heavy Majorana neutrino N can decay to ` with positive or negative charge→
leptons can be SS or OS

I SS events have no background from SM→ search for events with two isolated
leptons of same sign and same flavor (plus at least two jets)

I Systematic uncertainties:
• Estimation of the misidentified lepton background: 35%
• Mismeasurement of the electron charge: 25%
• Normalization of irreducible SM backgrounds (up to 50%)
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Results

112 CMS Collaboration / Physics Letters B 717 (2012) 109–128

Table 1
Observed event yields and estimated backgrounds in the muon and electron chan-
nel. Also shown are the expected number of signal events for two heavy Majorana-
neutrino masses of 130 and 210 GeV/c2, for a mixing parameter |V!N|2 = 0.1. The
sets of first and second uncertainties on the background and signal estimates cor-
respond, respectively, to statistical and systematic contributions. For the irreducible
SM backgrounds and the expected signals, the first uncertainty is due to the statis-
tical error associated with the finite size of the Monte Carlo event samples used.

Source µ±µ± e±e±

Irreducible SM backgrounds:
WZ 3.2 ± 0.3 ± 0.2 4.9 ± 0.3 ± 0.3
ZZ 1.0 ± 0.1 ± 0.1 2.1 ± 0.1 ± 0.1
Wγ 0.75 ± 0.27 ± 0.07 1.7 ± 0.4 ± 0.2
tt̄W 1.06 ± 0.05 ± 0.53 0.62 ± 0.04 ± 0.31
W+W+qq 0.76 ± 0.06 ± 0.38 0.73 ± 0.07 ± 0.37
W−W−qq 0.45 ± 0.03 ± 0.23 0.27 ± 0.02 ± 0.13
Double-parton W±W± 0.07 ± 0.02 ± 0.04 0.19 ± 0.03 ± 0.10
Total irreducible SM background 7.3 ± 0.4 ± 0.7 10.6 ± 0.6 ± 0.6
Charge mismeasurement background 0+0.2

−0 31.9 ± 2.7 ± 8.0
Misidentified lepton background 63.1 ± 4.2 ± 22.1 176.8 ± 4.7 ± 61.9

Total background 70 ± 4 ± 22 219 ± 6 ± 62
Data 65 201

Expected signal:
mN = 130 GeV/c2, |V!N|2 = 0.1 58 ± 1 ± 4 39 ± 1 ± 3
mN = 210 GeV/c2, |V!N|2 = 0.1 12.0 ± 0.1 ± 0.8 8.5 ± 0.1 ± 0.6

Fig. 2. Invariant mass of the second leading pT lepton and the two leading
jets for events passing the signal selection. The plots show the data, standard
model backgrounds, and three choices for the heavy Majorana-neutrino signal:
mN = 80 GeV/c2, |V!N|2 = 0.025, mN = 130 GeV/c2, |V!N|2 = 0.025, and mN =
210 GeV/c2, |V!N|2 = 0.25. (a) Distributions for µ±µ± events; (b) distributions for
e±e± events.

Fig. 2 shows the distributions of invariant mass of the sec-
ond highest pT lepton and the two leading jets in the event for
data, standard model backgrounds, and three choices for the Ma-
jorana neutrino signal: mN = 80 GeV/c2, |V!N|2 = 0.025, mN =
130 GeV/c2, |V!N|2 = 0.025, and mN = 210 GeV/c2, |V!N|2 = 0.25.
From Monte Carlo studies, the choice of second highest pT lep-
ton is found to give better performance for reconstruction of the
Majorana neutrino mass compared with taking either the leading
pT lepton or randomly picking one of the leptons.

Fig. 3. Exclusion region at 95% CL in the square of the heavy Majorana-neutrino
mixing parameter as a function of the heavy Majorana-neutrino mass: (a) |VµN|2
vs. mN; (b) |V eN|2 vs. mN. The long-dashed black line is the expected upper limit,
with one and two standard-deviation bands shown in dark green and light yellow,
respectively. The solid red line is the observed upper limit, and is very close to the
expected limit such that the two curves almost overlap. Also shown are the upper
limits from L3 [14] and DELPHI [15]. The regions above the exclusion lines are ruled
out at 95% CL. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this Letter.)

We see no evidence for a significant excess in the data beyond
the backgrounds predicted from the SM and set 95% CL exclusion
limits on the square of the heavy Majorana-neutrino mixing pa-
rameter as a function of mN, using the CLs method [36–38] based
on the event yields shown in Table 1. In the muon channel anal-
ysis we set limits on |VµN|2 as a function of mN, under the as-
sumption |V eN|2 = |VτN|2 = 0. In the electron channel analysis we
set limits on |V eN|2 as a function of mN under the assumption
|VµN|2 = |VτN|2 = 0. Fig. 3(a) shows the resulting upper limits in
the muon channel (|VµN|2 vs. mN), while Fig. 3(b) shows the up-
per limits in the electron channel (|V eN|2 vs. mN). These are the
first direct upper limits on the heavy Majorana-neutrino mixing
for mN > 90 GeV.

For low mN the limits in both channels are less stringent
than the existing limits from DELPHI and L3 shown in Figs. 3(a)
and 3(b), due to the higher backgrounds at the LHC. However,
the DELPHI and L3 limits are derived from Z → ν!N and are re-
stricted to masses below approximately 90 GeV. The limits re-
ported here extend well beyond this mass. For mN = 90 GeV we
find |VµN|2 < 0.07 and |V eN|2 < 0.22. At mN = 210 GeV we find
|VµN|2 < 0.43, while for |V eN|2 the limit reaches 1.0 at a mass of
203 GeV.

6. Summary

A search for heavy Majorana neutrinos in µ±µ± and e±e±

events has been performed using a set of data corresponding to
5.0 fb−1 of pp collisions at a centre-of-mass energy of 7 TeV. No
excess of events beyond the standard model background prediction

Observed event yields, estimated back-
grounds and expected number of signal
events for two heavy Majorana neutrino mass
hypotheses

Invariant masses of the second leading pT
lepton and the two leading jets

No evidence for a significant excess in data
beyond the backgrounds predicted by the SM
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Exclusion limits

95% CL exclusion limits on the square of the heavy Majorana-neutrino mixing parameter
as function of mN
Muon channel: |VeN|2 = |VτN|2 = 0
Electron channel: |VµN|2 = |VτN|2 = 0
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Letizia Lusito (NWU) 21 / 40



Motivation CMS Narrow resonances Heavy neutrinos Leptonic-RPV SUSY searches Summary

CMS PAS EXO-12-017

Search for heavy neutrino and
right-handed W of the left-right
symmetric model in pp collisions at√
s = 8 TeV

√
s = 8 TeV, L = 3.6 fb−1
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Theoretical motivations

q

q'

N

W +
 +

 +

W 
q'
q

I Extension of the SM (LRSM) to explain parity non-conservation in weak interactions:

SUC(3)⊗ SUL(2)⊗ SUR(2)⊗U(1)

I spontaneous breaking of SUR(2) symmetry group→ heavy right-handed neutrino
states N`, and three additional gauge bosons W

±
R and Z’

I Two-dimensional resonance structure: M``jj and M`2 jj have narrow peaks
(corresponding to WR and N`)

I lepton leading (subleading) pT > 60 (40) GeV
I jet ET > 40 GeV
I M`` > 200 GeV, M``jj> 600 GeV
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Results

4

Table 1: Observed events from data and the expected contribution from signal and background
samples after different stages of the selection requirements are applied. The specific back-
ground contributions from tt, Z+jets and QCD multijet processes are included, with all other
SM backgrounds collected in the final column. For comparison, the ”Signal” column indicates
the expected contribution for MWR = 1800 GeV, with MNµ = 900 GeV. The systematic un-
certainties for the background expectation given in Table 2 are derived for the final stage of
selection. Earlier selection stages are likely to have greater uncertainty.

Electron Channel
Selection Stage Data Signal Total Bkgd tt Z+jets QCD Other
Two electron, two jets 8807 61 8943 968 7821 8 146
e1 pT > 60 GeV 6054 61 5905 767 5014 3 121
Mee > 200 GeV 310 59 296 199 75 3 20
Meejj > 600 GeV 144 59 ± 12 135 ± 30 83 ± 18 43 ± 23 2 ± 1 9 ± 3

Muon Channel

Selection Stage Data Signal Total Bkgd tt Z+jets QCD Other
Two muons, two jets 10333 75 10016 968 8830 3 215
µ1 pT > 60 GeV 7058 75 6873 767 5933 2 171
Mµµ > 200 GeV 352 72 294 199 71 0.7 23
Mµµjj > 600 GeV 144 72 ± 13 130 ± 24 83 ± 17 35 ± 17 0.7 ± 0.4 11 ± 4

We summarize the observed and expected number of events surviving our selection require-
ments in Table 1, highlighting the specific contributions from tt, Z+jets, multijet, and all other
SM background processes, and present the M``jj distribution for events passing all selection
criteria in Fig. 1. The data are in good agreement with expectations from the standard model.
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Figure 1: Four-object mass distribution for eejj (left) and µµjj (right) events surviving event
selection criteria, neglecting the M`` requirement, using the collision data collected in 2012.
The QCD and other minor SM backgrounds (e.g. diboson) are combined into a single “Other”
category, and the signal mass point MWR = 1800 GeV, MN`

= 900 GeV, is included for com-
parison. The uncertainty in the data/MC ratio includes the statistical uncertainty on both the
reconstructed events in data as well as the background expectation.

Observed event yields, estimated back-
grounds and expected number of signal
(MWR=1800 GeV, MNµ = 900 GeV) events

Four object mass distributions for eejj and
µµjj after the selection

No evidence for a significant excess in data
beyond the backgrounds predicted by the SM
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Exclusion limits
M``jj-based shape analysis
95% CL exclusion region as a function of cross section of WR production multiplied by BR of the ``jj decay
Limits indicate N` masses excluded as a function of WR assuming that only one heavy neutrino flavor (e or µ) is
accessible at 8 TeV collisions (the other being too heavy to be produced)
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Leptonic-RPV SUSY searches
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Theoretical motivations
I R-parity Rp = (-1)3B+L+2s (Rp = +1 for SM, Rp = -1 for superparticles)
I Rp conserved: superpartners can only be produced in pairs, and the lightest
superpartner (LSP) is stable and a candidate for a dark matter particle.

I in RPV the LSP is unstable,

ST = /ET + HT + LT
HT = scalar sum of jet pT LT = scalar sum of lepton pT

(since /ET cannot be used)
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Experimental strategy

�P1

P2

t̃R

t̃R

t

t

µ
τ

ν
W

b

b

W

ν

τ
µ

1

I multilepton events (3 or 4)
I opposite-sign, same-flavor (OSSF) pair of isolated leptons
I topological cuts: leading lepton pT >20 GeV, other leptons pT >10 GeV, all leptons
in |η| <2.4

I m`` >12 GeV to remove low-mass γ*→ `+`−

I if 75 < m`` <105 GeV event leptons are considered as coming from Z boson
I ∆R(jet, `)>0.3
I b-tagging: combined secondary vertex algorithm (track impact parameter+secondary
vertex information)

I Events categorised based on the number leptons: 3/4 leptons (e or µ) + 0/1
reconstructed τhad (lepton flavors are sensitive to different RPV couplings)

I Events binned based on ST
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Backgrounds and systematics

I #1: Real multi lepton events (WZ , ZZ , and rare t̄tW and t̄tZ
I #2: Misidentified hadrons, leptons from hadron decay or other fakes, further
classified in:
• (a) misidentified light leptons, measured in a Z-dominated control region

• (0.65± 0.16)% (for µ) and (0.6± 0.15)% (for e)
• (b) misidentified τhad , measured in jet-dominated data in an inverted-isolation sideband

• The ratio of the number of τhad in the two regions is (15± 3)%
• (c) light leptons from asymmetric internal conversions

• conversion factor measured to be 0.35%± 0.1% (1.1%± 0.2%) for muons (electrons)

• (d) External conversions suppressed with electron ID

I Main systematics come from t̄t cross section and fake rate (50 %)
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CMS PAS SUS-12-027

Search for RPV supersymmetry with
three or more leptons and b-tags

√
s = 8 TeV, L = 9.2 fb−1
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Background estimation
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I TL: Irel of muons from jets
(dxy > 0.02 cm) in a data sample
enriched in t̄t → `νbbjj

I TR: ST for events with an OS e-µ pair
I BL: MT in a WZ-enriched data sample
(OSSF pair, m`` in the Z-window,
50 < /ET < 100 GeV

Letizia Lusito (NWU) 31 / 40



Motivation CMS Narrow resonances Heavy neutrinos Leptonic-RPV SUSY searches Summary

Results interpretation in stop RPV
The observations and SM expectations agree within uncertainties for most channels→
limits are set on the stop mass
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λ122 → at least four leptons (electrons or
muons)
λ123 → two tau-leptons and two leptons
λ233 → four tau-leptons
All events have two b-jets from the
top quark decays
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Results interpretation in leptonic RPV
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CMS PAS SUS-13-003

Search for stop in R-parity-violating
supersymmetry with three or more
leptons and b-tags

√
s = 8 TeV, L = 19.5 fb−1
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ST control plots
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Additional control plots
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3-leptons + OSSF1 + high-Z + 1-tau + no b-jets

 (GeV)TS
0-300 300-600 600-1000 1000-1500 1500-2000 >2000

E
ve

nt
s

-110

1

10

210

310

Example of background breakdown vs ST ( 3-leptons + OSSF1 +
above-Z + Tau1 + no b-jets)

Letizia Lusito (NWU) 36 / 40



Motivation CMS Narrow resonances Heavy neutrinos Leptonic-RPV SUSY searches Summary

Event yields

Expected yields are the sum of simulation and data-driven estimates of backgrounds in
each channel. The channels are exclusive.

Additional sensitivity gained in regions where the top quark is off-shell, selected by
relaxing the b-tag and on/off-Z requirements for events with ST > 600 GeV

Agreement with standard model predictions in our signal regions is very good
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Exclusion limits
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Conclusions

CLVF and the LHC searches
I LHC discovered no new degrees of freedom other than the SM Higgs boson→ New
Physics Beyond the Standard Model is heavier that the TeV scale

I gauge hierarchy problem is a poor indicator for the new physics scale
I answers can come only from indirect new physics probes ("intensity frontier"):
precision studies of neutrinos and their properties, anomalous magnetic moment of
muon and searches for forbidden or suppressed process like CLVF

I in fact the only direct evidence for new physics is the non-zero neutrino masses:
their tiny values can be due to heavy new physics and the large lepton mixing seems
to indicate that flavor numbers are not conserved in the neutrino sector

I CLVF searches are of key importance in giving an answer to the open questions in
Particle Physics

I Presented studies performed by the CMS collaboration at the LHC
I Unfortunately no sign of Physics Beyond Standard Model (yet)
I Stay tuned for more results to come...
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CMS Public Results

Exotica results

Susy results

Beyond Second Generation results
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Table 3: Kinematically allowed stop decay modes with RPV coupling l0
233. The allowed neu-

tralino decay modes for mt < mec0
1
< met are ec0

1 ! µtb̄ + nbb̄.
region label kinematic region stop decay mode(s)

A mt < met < 2mt, mec0
1

et ! tnbb̄
B 2mt < met < mec0

1
et ! tµtb̄ + tnbb̄

C mec0
1
< met < mW + mec0

1
et ! `nbec0

1 + jjbec0
1

D mW + mec0
1
< met < mt + mec0

1
et ! Wbec0

1

E mt + mec0
1
< met et ! tec0

1

find the limits are more fine-grained than those shown in Tables 1 and 2.

For all of the couplings, we expect two bottom-quark jets and up to two leptons from the two
top quarks. For the leptonic RPV coupling l122, we also expect four electrons or muons. For
leptonic coupling l233, we expect four leptons with up to two muons and the rest taus. The
taus can decay leptonically or hadronically. For the semi-leptonic coupling l

0
233, we expect up

to two muons, as well as two top quarks and two bottom quarks.

In the LLE models, we find that the limits are approximately independent of the bino mass,
and we are able to exclude models with stop mass below approximately 1100 GeV when l122
is non-zero and below 900 GeV when l233 is non-zero. These limits are shown in the first two
rows of Fig. 3, respectively. There is a change in kinematics at the line met = mec0

1
+ mt, below

which the stop decay is two-body and above which the stop decay is four-body. Near this
line, the ec0

1 and top are produced almost at rest, which results in soft leptons, reducing our
acceptance. This loss of acceptance is more pronounced in l233 and causes the loss of observed
sensitivity in that model near that line.

In the LQD model, which has non-zero l
0
233, the kinematics of the decay are more complicated.

These different kinematic regions are described in Table 3. The most significant effect is when
the decay c0

1 ! µ + t + b is kinematically disfavored, which reduces the number of available
leptons. The different regions where this effect is pronounced drive the shape of the exclusion
for l

0
233. The region inside the curve is excluded.

8 Conclusions
We have performed a search for RPV supersymmetry using a variety of multilepton final states
using data corresponding to 19.5 fb�1 recorded in 2012 with the CMS detector at the LHC
producing proton-proton collisions at 8 TeV center-of-mass energy. We see good agreement
between observations and SM expectations. We show limits on the stop mass for models with
LLE RPV couplings l122 and l233 and for LQD RPV coupling l

0
233.
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CMS PAS B2G-12-002

Baryon number violating top quark
decays

√
s = 7 TeV, L = 5.0 fb−1
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CLVF and New Physics at the TeV scale

I New degrees of freedom at the TeV scale expected to mediate CLVF
I Expectations are model-dependent but if they have masses around 1 TeV they could
be observed at the LHC

I Some of these models can induce for example flavor-violating magnetic-moment
type effective interactions at the one-loop level

I NP induces flavor-violating magnetic-moment type effective interactions at the
one-loop level

I Ex. is the MSSM slepton-neutralino contribution to µ→ eγ.

I important to seeach for CLFV at the LHC

Letizia Lusito (NWU) 44



Baryon number violation (BNV) in top quark decays

t → b̄c̄µ+ (same with e) + cc

I Search in t̄t events where one top quark experiences SM decay (in 3 jets), the other
BNV decay

I Final state: isolated lepton, five jets, no neutrinos
Dataset Cross section (pb) Basic - Yield Basic - Corrected yield Tight - Yield

tt̄ 157.5 ± 24.4 7816 ± 1960 7715 ± 1940 584 ± 81
W+jets 31310 ± 1560 1288 ± 770 1288 ± 770 76 ± 42
Z+jets 3048 ± 132 182 ± 109 182 ± 109 36 ± 20
WW 43.0 ± 1.5 9.9 ± 6.0 9.9 ± 6.0 0.97 ± 0.53
WZ 18.2 ± 0.7 6.7 ± 4.0 6.7 ± 4.0 0.92 ± 0.51
ZZ 5.9 ± 0.1 1.24 ± 0.75 1.24 ± 0.75 0.32 ± 0.18
tW 15.7 ± 0.8 233 ± 61 230 ± 61 12.8 ± 1.8
t-ch 64.6 ± 3.4 45 ± 27 45 ± 27 2.3 ± 1.3
s-ch 4.63 ± 0.19 4.8 ± 2.9 4.8 ± 2.9 0.26 ± 0.14
ttW 0.16 ± 0.02 26 ± 16 26 ± 16 2.0 ± 1.1
QCD - 35 ± 35 35 ± 35 9.0 ± 9.0
Total Exp. - 9647 ± 2180 9544 ± 98 724 ± 39
Data - 9544 ± 98 9544 ± 98 796 ± 28

Dataset Cross section (pb) Basic - Yield Basic - Corrected yield Tight - Yield

tt̄ 157.5 ± 24.4 6769 ± 1700 6387 ± 1600 497 ± 72
W+jets 31310 ± 1560 1130 ± 510 1130 ± 510 88 ± 35
Z+jets 3048 ± 132 275 ± 120 275 ± 120 82 ± 33
WW 43.0 ± 1.5 8.4 ± 3.8 8.4 ± 3.8 0.80 ± 0.32
WZ 18.2 ± 0.7 6.8 ± 3.1 6.8 ± 3.1 1.10 ± 0.44
ZZ 5.9 ± 0.1 1.67 ± 0.75 1.67 ± 0.75 0.37 ± 0.15
tW 15.7 ± 0.8 188 ± 50 178 ± 47 14.6 ± 2.1
t-ch 64.6 ± 3.4 38 ± 17 38 ± 17 3.2 ± 1.3
s-ch 4.63 ± 0.19 3.9 ± 1.8 3.9 ± 1.8 0.30 ± 0.12
ttW 0.16 ± 0.02 23 ± 10 23 ± 10 1.77 ± 0.71
QCD - 374 ± 190 374 ± 190 109 ± 54
Total Exp. - 8817 ± 1890 8425 ± 92 798 ± 66
Data - 8425 ± 92 8425 ± 92 843 ± 29

95% CL Upp. lim. Exp. lim. 68% exp. lim. range

Muon ch. 0.0076 0.0044 [0.0028, 0.0057]
Electron ch. 0.0072 0.0054 [0.0035, 0.0087]
Combined 0.0067 0.0041 [0.0027, 0.0060]
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Data and general strategy

I CMS does not have similar analysis but m``′ has been studied in searches for various
Z’ heavy gauge bosons.

I Focus of the two isolated, same-flavor leptons that pass lepton ID
I Main backgrounds: Z/γ*, prompt lepton pairs, misisdentified and non-prompt leptons
I Prompt lepton pairs originating from t̄t, tW and diboson product are lepton flavor
symmetric

I As a control check to demonstrate that Monte Carlo simulation is a good
representation of data, the eµ spectra in data is compared to MC

I t̄t, tW generated with POWHEG, dibosons with PYTHIA 6.4
I multi-jet events (both leptons are misidentified jets) estimated from data by using
the same-sign eµ

I The simulated backgrounds are normalised so that in the dielectron channel, the
observed data and the prediction from simulation agree in the region 60< mee <
120 GeV.
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Systematic uncertainties RPV SUSY

9

Source of Uncertainty Uncertainty
Luminosity 4.5% [27]

PDF 14% [28]
Renormalization Scale 10% [28]

Emiss
T Res (Emiss

T ): 0-50 GeV, 50-100 GeV, > 100 GeV (-3%, +4%, +4%)
Jet Energy Scale W±Z 0.5% (WZ)

B-Tag Veto (CSVM) 0.1% (WZ), 6% (tt̄)
Muon ID/Isolation at 10 (100) GeV/c 11% (0.2%)

Electron ID/Isolation at 10 (100) GeV/c 14 % (0.6%)
tt̄ xsec/fake rate 50%

WZ xsec 6%
ZZ xsec 12%

Table 2: We give the systematic uncertainties for several effects taken into account in this anal-
ysis. The stated values are the variation on the relevant parameters needed to cover system-
atic effects. Luminosity, PDF, and scale uncertainties apply to the calculated signal efficiencies
only. The specific cross section uncertainties only apply to the normalization of the applicable
simulated background. The remaining uncertainties apply to both signal and background ef-
ficiencies taken from simulation. The Emiss

T resolution systematic is given for WZ background
on Z for different cuts on Emiss

T and for different cuts on MT given a cut of Emiss
T > 50 GeV.

SUSY topologies with a light stop have received special attention since the discovery of a boson
with a mass near 125 GeV[29, 30]. If this boson is the Higgs, a light stop (with mass less than
500 GeV) would be one way to keep its mass so low. However, recent searches have excluded
squark and gluino masses up to between 600 and 1000 GeV[31–34]. A recent work [35] pro-
vided a comprehensive review of ways topologies with RPV could result in light stop masses
that would not yet be excluded.

Using simulations provided by the authors of [35], we interpret our search in the context of
models with light stop quark pair production and RPV LLE couplings l122, l123, and l233. The
topology used here contains binos, sleptons, and sneutrinos with masses 100 GeV above the
stop quark mass. Other particles are turned off.

Simulations for the three separate L-RPV models, four LQD̄ models, and the one H-RPV model
are generated in a grid in the squark–gluino mass plane in steps of 100 GeV, and used to cal-
culate the signal strengths in different channels. In the Stop RPV scenario, we generate a grid
for the four LLE couplings as a function of stop mass from 250 to 1500 GeV in steps of 50 GeV.
Next-to-leading order, next-to-leading log cross sections are provided, in part, by the LHC cross
sections group [28].

This section describes methods for setting statistical limits for various models with multiple
channels. We use the LandS tool to compute limits with LHC-type CLs with 3000 toys as
recommended for CMS analyses [36]. This computation yields the observed limit as well as the
expected limit with one- and two-sigma uncertainty bands.

For each channel, nuisance parameters are defined to describe the systematic signal uncertainty,
the systematic background uncertainty as well as the statistical uncertainties in background
and signal. While systematic uncertainties in many cases are correlated across channels, sta-
tistical uncertainties are not. The datacard is produced in a way such that these correlations
are taken into account properly. In order to speed up the limit computation, channels with no
expected signal are removed. The channels are then ordered according to the expected single-
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Results interpretation in LQD̄ RPV
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The 95% exclusion limit contours in the parameter space of mg̃ versus mq̃ and the
expected limits in the absence of observed signal.
Masses to the left of the curves are excluded.
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Results interpretation in Hadronic and CMSSM RPV
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Experimentally....

I WR → `N` simulated by PYTHIA + CTEQ6L1
I Backgrounds (two real leptons, multi jet) simulated with PYTHIA+MADGRAPH
I lepton leading (subleading) pT > 60 (40) GeV
I jet ET > 40 GeV
I M`` > 200 GeV, M``jj> 600 GeV
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Summary

I In leptonic RPV models, limits approximately independent of the bino mass
I If only muons and electrons in the final state, models with stop mass below
approximately 1100 GeV EXCLUDED

I If τhad in the final state, models with stop mass below approximately 900 GeV
EXCLUDED

I In semi leptonic RPV models, decay kinematics more complicated (see Backup),
region inside the curve EXCLUDED
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