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Supersymmetry and R-parity  

April 8, 2013 Phase 1 Upgrade :: MansPhase 1 Upgrade :: Mans 2

Ascending to a new level...

● A series of upgrades are underway to 
CMS which will help CMS physics 
prosper in this new environment

● Success depends on all of CMS 
contributing to the commissioning 
and integration of these detector 
improvements for physics

● The Upgrade groups are building the 
steps, but CMS as a whole will need to 
set them in place to build the stair...
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● Major advances and changes after 
LS1

● 13-14 TeV COM

● 25 ns operation

● Increasing luminosity (to > 1.5x 
nominal/design)
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Supersymmetry

• Weak scale supersymmetry (SUSY) is one of
the most extensively studied extensions of the
Standard Model (SM)

• SUSY postulates superpartners for all the SM
particles:

SM fermions , SUSY bosons
SM bosons , SUSY fermions

• New particles to be observed in experiments

• SUSY can solve the naturalness problem

• Unification of forces at a high energy scale

• If R-parity is conserved:
� The lightest supersymmetric particle (LSP) is

stable ! Dark matter candidate

� SUSY particles are produced in pairs

• SUSY must be a broken symmetry, e.g., through a hidden sector with a messenger
field: gravity (MSUGRA/CMSSM), gauge interactions (GMSB), etc.
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SUPERSYMMETRY 

! Standard Model (SM) describes known particles/
forces. Extremely successful at low energy, but 
several problems: 
!  Hierarchy problem 

!  Gauge coupling and non-unification 

!  Dark matter (DM): preferred explanation WIMP mass  

O(100 GeV) -> no SM candidate 

!  SUSY: popular extension to SM, introduces 
“super-partners” to each SM particle 
!  Solves many problems intrinsic to SM 

!  Lightest SUSY particle (LSP): stable, weakly-interacting 
particle EWSB scale~100 GeV -> natural DM candidate 

!  Implies DM may be produced at LHC. 
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low energy, but several problems:!
–  hierarchy problem!
–  gauge coupling non-unification!
–  dark matter (DM): preferred explanation 

WIMP with mass O(100 GeV) �                
no SM candidate!

•  SUSY: popular extension to SM, 
introduces “superpartners” to each SM 
particle !
–  Solves many problems intrinsic to SM!
–  Lightest SUSY particle (LSP): stable, 

weakly-interacting particle at EWSB scale 
~100 GeV � natural DM candidate!

–  Implies DM may be produced at LHC!!

August 10th, 2011! DPF2011! 3 

SM particles!

SUSY particles!
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2

o  Weak scale supersymmetry (SUSY) is one of the most 
studied extensions of the Standard Model (SM). �

o  SUSY postulates super-partners for all SM particles: �

�

Ø  Definition: R-parity à RP = (-1)
3B+L+2s �

      (B)aryon and (L)epton number and s for particle spin �
�
o  In case of a R-parity conserving theory �
    à SM particle fields  :  RP = +1 �
    à SUSY particle field :  RP = -1 �
    phenomenologically means: �
    à Superpartners produced in pairs�
    à Lightest Supersymmetric particle �
    à Proton stabilized  �

�
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SUSY PRODUCTION AT COLLIDERS 

! Many SUSY models postulate conserved quantum number: 

            “R-Parity” 

! SUSY particles produced in pairs (usually strongly produced squarks/gluinos) 

! LSP is stable 

! Squarks/gluinos decay via cascade, producing jets, (leptons), LSP’s  
spectacular events with several high pT jets + (leptons) + ET

miss! 

! Strategy: search for excess of events w/ large ET
miss, HT (sum of jet pT’s)! 

+1 for SM particles 
- 1 for SUSY particles 

SUSY Production at Colliders!
•  Many SUSY models postulate conserved quantum number:                              !

!
–  SUSY particles produced in pairs (usually strongly produced squarks/gluinos)!
–  LSP is stable!

•  Squarks/gluinos decay via cascade, producing jets, (leptons), 2 LSP’s� 
spectacular events with several high pT jets + (leptons) + MET!

•  Strategy: search for excess of events w/ large MET, HT (sum of jet pT’s)!

August 10th, 2011! DPF2011! 4 

hadronic jets! leptons!

LSP � WIMP!

+1 for SM particles!
 -1 for SUSY particles!“R-parity” =  !{!

jet!

jet!

muon!

electron!

!"##"$%&'()$#*+(#+&
+$+(%,&-./01&

234&

234&

R = (-1) 2S –L + 3B  
where S = spin, L = lepton #, B = baryon # 
 

Generic SUSY Searches: R-parity conserved scenario 
Details can be seen in the following talks:  
 
-   Direct stop search, Hongxuan Liu 
-  Search for multiple W and b quarks, Keith Ulmer 
-  Searches for Gauginos and Sleptons, L. Shchutska, 
-  Search for natural SUSY, S. Sekmen, 
-  Search for inclusive SUSY, C. Autermann 

If R-parity is not conserved? 



Altan Cakir  |  Searches for R-parity Supersymmetry at CMS |  EPS-HEP 2013 |  Page 3 

R-Parity Violation in Supersymmetry? 

o  Proton decay involves violating both lepton and baryon number simultaneously, no single 
renormalizable R-parity violating (RPV) coupling leads to proton decay. �

   �
ü   R-parity violation à one set of the R-parity violating couplings are non-zero! �

�
The most general superpotential à W = WMSSM + WRPV �

WMSSM = h
e
ijLiH1Ej + h

d
ijQiH1Dj + h

u
ijQiH2Uj + μH1H2 �

    WRPV = ½ λijkLiLjEk + λ`ijkLiQjDk + ½ λ``
ijkUiDjDk + κiLiH2 �

�

Li(Qj) are lepton(quark) SU(2)L doublet, Ej(Dj, Uj) are the electron (down- and up-quark) SU(2)L  singlet, λijk, λ`ijk, λ``ijk are 
Yukawa couplings, κ mass parameter. �

•  RPV couplings can violate lepton and baryon number conservation �
•  Can result in two, three and four body decays of supersymmetric particles to 

Standard Model particles�
•  Couplings chosen to have prompt decay, and to satisfy constraints from 

neutrino mass and proton decay. �
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Searches for R-parity violated Supersymmetry at CMS 

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS �

①  Search for stop in R-parity-violating supersymmetry with 
three or more leptons and b-tags à CMS-PAS-13-003 �

②  Search for RPV SUSY in the 4-lepton final state in pp 
collisions at 8 TeV à  CMS-PAS-13-010 �
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①  Stop in RPV Supersymmetry 

arXiv:hep-ph/1209.0764 

    WRPV = ½ λijkLiLjEk + λ`ijkLiQjDk + ½ λ``
ijkUiDjDk + κiLiH2 �

�
Leptonic � Mixed � Hadronic �

Ø  Focus on stop pair production, where stop mass changes between 300 GeV 
to 1250 GeV �

Ø  Search for RPV couplings that produce multi-lepton final states�

couplings LLE 122 LLE 233  LQD 233 

Decay products 
for stop 

llvt lTvt, TTvt Vbbt, lbtt 

Stop mass (GeV) 700 - 1250 700 - 1250 300 - 1000 

Bino mass (GeV) 100 - 1300 100 - 1300 200 - 850 

t̃

f1

f2

W+, H+

b̃R

t̃

t, b

f2

f3

f1

f̃

X̃

Figure 1: Left: Stop decays through an o↵-shell right-handed sbottom. Right: Four-body cascade decays

of the stop, where the intermediate particles (X̃ = �̃0, �̃+, or g̃, and f̃ = ⌫̃, ˜̀, or q̃) may or may not

be on-shell. For X̃ much heavier than the stop, diagrams with a helicity flip on the X̃ propagator will

dominate, as discussed in appendix A. The symbols f
1

, f
2

, f
3

denote Standard Model fermions.

Alternatively, if the Higgsino or one of the gauginos is lighter than the stop and/or the RPV

couplings that allow direct decays happen to be su�ciently small, the stop decay may proceed via

(on-shell or o↵-shell) superpartners. The possibilities are:

t̃ ! �̃0 t , �̃+ b , g̃ t , b̃R W+, b̃R H+ (3.3)

with the superpartners decaying as

�̃0 ! ``⌫ (LLE) or `jj, ⌫jj (LQD) or jjj (UDD) (3.4)

�̃+ ! ```, `⌫⌫ (LLE) or `jj, `tj, ⌫jj (LQD) or jjj (UDD) (3.5)

g̃ ! `jj, ⌫jj (LQD) or jjj (UDD) (3.6)

b̃R ! `j, ⌫j (LQD with �0

ij3) or jj (UDD with �00

ij3) (3.7)

Here, the sbottom decays directly through an RPV coupling (see figure 1, left),5 while the “inos”

(Higgsinos and gauginos), which are not present in any of the trilinear RPV terms, decay through

a sfermion, as illustrated in figure 1, right. As an example, with the �0

123

coupling (that is, first

generation lepton doublet, second generation quark doublet and a right handed b), one finds the

six competing final states of t̃ ! tW̃ 0(⇤) ! te�cb, te+cb, t⌫esb and t⌫esb for neutral wino mediated

decays and t̃ ! bW̃+(⇤) ! b⌫ecb and be+sb for charged wino mediated decays.

If the stop decays most of the time into an on-shell neutralino or chargino while the RPV

couplings involving the stop are non-negligible, these inos may preferentially decay back through

the original stop (i.e., f̃ in figure 1 is t̃). If only the neutralino is present (the predominantly bino

case), this allows for four-top final states

t̃ ! �̃0 t, �̃0 ! t`j (LQD with �0

i3k) or tjj (UDD with �00

3jk) (3.8)

5We only consider a right-handed sbottom, since RPV couplings through which a left-handed sbottom can decay
allow the stop (which we assume to be at least somewhat mixed) to decay directly.
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①  Event Classification and Results 
Ø  Using 19.5/fb, full data set from 2012 CMS data�
Ø  Light lepton pT must pass 20/10/10(/10) GeV threshold �
Ø  Require at least one tagged b-quark jet�
Ø  Remove events with OSSF* di-lepton mass on Z and below 12 GeV J/Ψ events�
Ø  Define search regions in different ST bins, 

�

4

Table 1: Observed yields for three- and four- lepton events from 19.5 fb�1 recorded in 2012. The
channels are broken down by the total number of leptons (NL), the number of th candidates
(Nt), and the ST. Expected yields are the sum of simulation and estimates of backgrounds from
data in each channel. SR1–SR4 require a b-tagged jet and veto events containing Z bosons.
SR5–SR8 contain events that either contain a Z boson or have no b-tagged jet. The channels are
mutually exclusive. The uncertainties include both statistical and systematic uncertainties. The
ST values are given in GeV.

SR NL Nt 0 < ST < 300 300 < ST < 600 600 < ST < 1000 1000 < ST < 1500 ST > 1500
obs exp obs exp obs exp obs exp obs exp

SR1 3 0 116 123 ± 50 130 127 ± 54 13 18.9 ± 6.7 1 1.43 ± 0.51 0 0.208 ± 0.096
SR2 3 � 1 710 698 ± 287 746 837 ± 423 83 97 ± 48 3 6.9 ± 3.9 0 0.73 ± 0.49
SR3 4 0 0 0.186 ± 0.074 1 0.43 ± 0.22 0 0.19 ± 0.12 0 0.037 ± 0.039 0 0.000 ± 0.021
SR4 4 � 1 1 0.89 ± 0.42 0 1.31 ± 0.48 0 0.39 ± 0.19 0 0.019 ± 0.026 0 0.000 ± 0.021
SR5 3 0 — — — — 165 174 ± 53 16 21.4 ± 8.4 5 2.18 ± 0.99
SR6 3 � 1 — — — — 276 249 ± 80 17 19.9 ± 6.8 0 1.84 ± 0.83
SR7 4 0 — — — — 5 8.2 ± 2.6 2 0.96 ± 0.37 0 0.113 ± 0.056
SR8 4 � 1 — — — — 2 3.8 ± 1.3 0 0.34 ± 0.16 0 0.040 ± 0.033

We define eight signal regions (SRs) depending on the total number of leptons and the number
of th candidates in the event, which are defined in Table 1. Since our signal does not contain
any Z bosons and does contain two to four bottom quarks, in SR1–SR4 we veto events in which
any OSSF dilepton pair has an invariant mass consistent with that of the Z boson (75–105 GeV)
and require at least one b-tagged jet. Each of these eight SRs is subsequently divided into five
bins in ST: [0–300], [300–600], [600–1000], [1000–1500], and [>1500] GeV. We gain additional
sensitivity in regions with ST > 600 GeV by removing the b-tag and Z-veto requirements for
events, so the SR5–SR8 contain the events that fail one or both of these requirements.

The observed and expected yields for SR1–SR8 are shown in Table 1. We also show the ST
distribution for SR1 in Fig. 1 with the background expectations from different sources shown
separately. Data are in good agreement with the SM predictions in all signal regions.
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Figure 1: The ST distributions for SR1 including observed yields and background contributions.

To demonstrate how natural SUSY might manifest itself with RPV couplings, we examine a
stop RPV model where the light stop decays to a top quark and intermediate on- or off-shell
bino,et1 ! ec0⇤

1 + t. The bino then decays to two leptons and a neutrino through the leptonic R-
parity violating interactions, ec0⇤

1 ! `i + nj + `k and ni + `j + `k, or through the semileptonic
R-parity violating interactions, ec0⇤

1 ! `i + qj + qk and ni + qj + qk, where the indices i, j, k
refer to those appearing in Eq. 1. The stop is assumed to be right-handed and RPV couplings
are large enough that all decays are prompt.

We generate simulated samples to evaluate models with simplified mass spectra and the only
non-zero leptonic RPV couplings l122 or l233. The stop masses in these samples range from
700–1250 GeV in 50 GeV steps, and bino masses range from 100–1300 GeV in 100 GeV steps. In
a model with only the semi-leptonic RPV coupling l0

233 non-zero, we use stop masses 300–
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To demonstrate how natural SUSY might manifest itself with RPV couplings, we examine a
stop RPV model where the light stop decays to a top quark and intermediate on- or off-shell
bino,et1 ! ec0⇤

1 + t. The bino then decays to two leptons and a neutrino through the leptonic R-
parity violating interactions, ec0⇤

1 ! `i + nj + `k and ni + `j + `k, or through the semileptonic
R-parity violating interactions, ec0⇤

1 ! `i + qj + qk and ni + qj + qk, where the indices i, j, k
refer to those appearing in Eq. 1. The stop is assumed to be right-handed and RPV couplings
are large enough that all decays are prompt.

We generate simulated samples to evaluate models with simplified mass spectra and the only
non-zero leptonic RPV couplings l122 or l233. The stop masses in these samples range from
700–1250 GeV in 50 GeV steps, and bino masses range from 100–1300 GeV in 100 GeV steps. In
a model with only the semi-leptonic RPV coupling l0

233 non-zero, we use stop masses 300–

       ST = MET + HT + PT
leptons�

MET = Missing Transverse Energy�
HT = Scalar sum of all selected Jet PT�

PT
leptons = Selected leptons PT 

*OSSF: Opposite Sign Same Flavor 
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①  Interpretation for RPV Stop SUSY Search 

    WRPV = ½ λijkLiLjEk + λ`ijkLiQjDk + ½ λ``
ijkUiDjDk + κiLiH2 �
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Interpretation: LLE 122

● Stop RPV model with LLE 122 coupling non-zero

● Excluding stop masses below 1050–1100 GeV; approximately

independent of bino mass which decouples → little structure

leptonic

APP

February 28, 2013 Peter Thomassen, Rutgers University 26

Interpretation: LLE 233

● Stop RPV model with LLE 233 coupling non-zero

● Excluding stop masses below 850–900 GeV;

feature around diagonal due to kinematic transition

leptonic
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Figure 2: The 95% confidence level limits in the stop mass and bino mass plane for models with
RPV couplings l122, l233, and l0

233. For the couplings l122 and l233, the region to the left of the
curve is excluded. For l0

233, the region inside the curve is excluded. The different regions, A,
B, C, D, and E, for the l0

233 exclusion result from different stop decay products as explained in
Table 2.
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①  Interpretation for RPV Stop SUSY Search 
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Interpretation: LQD 233

● In each kinematic region,
the BR to leptons and the
cross-section change as
the stop mass increases
→ acceptance varies

λ`233 
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5

Table 2: Kinematically allowed stop decay modes with RPV coupling l0
233. The allowed neu-

tralino decay modes for mt < mec0
1
< met1

are ec0
1 ! µtb and nbb.

Label Kinematic region Decay mode
A mt < met1

< 2mt, mec0
1

et1 ! tnbb
B 2mt < met1

< mec0
1

et1 ! tµtb or tnbb
C mec0

1
< met1

< mW± + mec0
1

et1 ! `nbec0
1 or jjbec0

1
D mW± + mec0

1
< met1

< mt + mec0
1

et1 ! bW± ec0
1

E mt + mec0
1
< met1

et1 ! tec0
1

1000 GeV in 50 GeV steps and bino masses 200–850 GeV in 50 GeV steps. In both cases, slepton
and sneutrino masses are 200 GeV above the bino mass. Other particles are irrelevant to the
interpretation of our results in these models.

To calculate our limits, we divide the channels shown in Table 1 by lepton flavor and perform
a counting experiment using the observed event yields, the background expectations, and the
signal expectations as inputs. We combine the limits from the channels with the highest in-
dividual sensitivities, which we require in aggregate to contain at least 90% of the signal ac-
ceptance at the relevant model grid point [14]. We use the LHC-type CLs method in the limit
calculation, which uses the ratio of profiled likelihoods as the test statistic [38, 39]. We introduce
log-normal nuisance parameters to account for uncertainties on the signal and background es-
timates.

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 tau leptons.
We use all tau lepton decay channels. For the semileptonic coupling l0

233, we expect up to two
muons, as well as two top quarks and two bottom quarks.

In the models with leptonic couplings, we find that the limits are approximately independent
of the bino mass, and, using the conservative minus-one-standard-deviation result where the
bino mass is 200 GeV, we are able to exclude models with the stop mass below 1020 GeV when
l122 is non-zero, and below 820 GeV when l233 is non-zero. These limits are shown in Fig. 2.
There is a change in kinematics at the line mec0

1
= met1

� mt, below which the stop decay is two-
body, while above it is a four-body decay. 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 the l233 6= 0 case and causes the loss of observed sensitivity near the line at
mec0

1
= 800 GeV. This feature is enhanced in the observed limit because the data has a lower

number of events in the relevant signal regions than the simulated signal samples.

In the semileptonic RPV model, which has non-zero l0
233, the kinematics of the decay are more

complicated. These different kinematic regions are described in Table 2. 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 l0

233. The area inside the curve is excluded. The observed limit is stronger
than the expected one, which allows the observed exclusion region to reach into the regime
where the bino decouples.

We have performed a search for RPV supersymmetry in models with top-squark pair produc-
tion using a variety of multilepton final states. We see good agreement between observations
and SM expectations. We set stringent limits on the top-squark mass in models with leptonic

Simplified Model �
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②  RPV in Supersymmetry in 4-lepton Final State 

Ø  Selection of 4 isolated leptons in the event is already a strong requirement for SM processes�
Ø  4 leptons requirement needs high lepton identification and reconstruction efficiency! �
Ø  The lepton pT must pass 20/10/10/10 GeV threshold �
Ø  No MET, ST and b-quark jet requirement – decouple from generic SUSY (RPC) searches�
Ø  ZZ production is the dominant SM background. �2 3 Detector, trigger, and object selection

The lijk terms are by construction asymmetric in the first two indexes, thus there are 9 total
non-trivial l-terms each one leading to particular lepton flavors in the neutralino decay. Table
1 lists them all.

Table 1: Expected neutralino decay modes for non-zero lijk.

l-term neutralino LSP decay mode
l121 = �l211 eµne + eenµ

l122 = �l212 µµne + µenµ

l123 = �l231 tµne + tenµ

l131 = �l311 etne + eent

l132 = �l312 µtne + µent

l133 = �l331 ttne + tent

l231 = �l321 etnµ + eµnt

l232 = �l322 µtnµ + µµnt

l233 = �l323 ttnµ + tµnt

This study searches for neutralinos decaying promptly to electrons and muons. It has the best
sensitivity to l121 = �l211 and l122 = �l212.

3 Detector, trigger, and object selection
The central feature of the CMS apparatus is a superconducting solenoid, 6 m in internal diam-
eter, providing a magnetic field of 3.8 T. Within the field volume there are a silicon pixel and
strip tracker, a crystal electromagnetic calorimeter, and a brass-scintillator hadron calorimeter.
Muons are measured in gas-ionization detectors embedded in the steel return yoke. Extensive
forward calorimetry complements the coverage provided by the barrel and endcap detectors.
A more detailed description of the CMS detector can be found in Ref. [7].

CMS uses a right-handed coordinate system, with the origin at the nominal interaction point,
the x axis pointing to the center of the LHC, the y axis pointing upwards (perpendicular to the
plane of the LHC ring), and the z axis along the counterclockwise-beam direction. The polar
angle q is measured from the positive z axis, and the azimuthal angle f is measured in the x-y
plane. The pseudorapidity h is defined by h = � ln[tan(q/2)].

Events from pp interactions must satisfy the requirements of a two-level trigger system. The
first level performs a fast selection for physics objects (jets, muons, electrons, and photons)
above certain thresholds. The second level performs a full event reconstruction. The principal
trigger used for this analysis requires at least one electron or muon with transverse momentum
pT > 17 GeV, and another electron or muon with pT > 8 GeV.

Events are reconstructed offline using the particle-flow (PF) algorithm [8], which provides a
self-consistent global assignment of momenta and energies to the physics objects. Details of
the reconstruction and identification procedures are given in Refs. [9, 10] for electrons and
muons. We require that the highest pT electron or muon in each event has pT > 20 GeV. Other
electrons and muons must have pT > 10 GeV and all of them must have |h| < 2.4.

Lepton (e, µ) candidates are required to share a common primary event vertex. Events with an
opposite-sign ee or µµ pair with an invariant mass below 12 GeV are rejected in order to ex-
clude quarkonia resonances, photon conversions, and low-mass continuum events. To reduce
contamination due to leptons from heavy-flavor decay or misidentified hadrons in jets, leptons

    WRPV = ½ λijkLiLjEk + λ`ijkLiQjDk + ½ λ``
ijkUiDjDk + κiLiH2 �

�
Leptonic � Mixed � Hadronic �

àSelect OSSF pairs and find closest to MZ�
àAnother OS (OF or SF) pair �
�
Define 2D plot (M1 vs M2) for different OS regions�
�

                     0 – 75 – 105 – Infinity�
�
 à 9 analyses regions (�
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Figure 1: Expected shapes of the M1 : M2 distribution for ZZ background (top left), tt̄Z back-
ground (top right), tt̄WW background (bottom left), as well as for the T2+LRPV model, ex-
plained in Sec. 7.2.1, with mq̃ = 425 GeV, m

c̃0
1
= 225 GeV (bottom right)

The contribution of non-prompt leptons is estimated using the fake rate technique. We use jets
as a reference object, and the isolated leptons as target objects. The left plot in Fig. 2 presents
the di-lepton mass distribution in events with two isolated opposite sign same flavor leptons
and one jet with pT > 30 GeV. Requiring missing transverse energy Emiss

T < 30 GeV, selects
Drell-Yan production accompanied by one jet. The right plot presents the OSSF di-lepton mass
distribution for events with three isolated leptons and Emiss

T < 30 GeV. By comparing events
in the Z peak in the left plot with events in the Z peak minus the expected prompt lepton
contribution in the right plot, we obtain a jet-to-lepton fake rate of ⇠ 10�3.

Figure 3 shows the contribution of events with 3 isolated leptons and one jet to the different
regions of this search. These numbers are used as a reference for evaluating the contribution of
fake leptons to the 4-lepton selection. The jet momentum is used to calculate M2 and classify
events in Fig. 3. This overestimates the momentum for leptons originating from decays of the
corresponding heavy-flavor jets and therefore also the contribution to the signal “above Z”
regions. We assign 100% systematic uncertainty to this contribution to account for this bias.

6 Observations
Table 2 shows the observed number of events in different regions together with expectations
from SM processes. The observations are consistent with the SM background expectations.
Based on these observations in the search region, “M1 above Z”, or “M1 below Z and M2 above
Z”, the 95% C.L. CLs [13] upper limit on cross section times integrated luminosity times effi-
ciency (s ⇥ L⇥ #) for any physics process beyond the SM contributing to this search region is
3.4 events. The expected upper limit for this observation is 4.7 events.

SUSY 

SM SM 

SM 

②  Backgrounds and SUSY Signal 
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②  Backgrounds and SUSY Signal 
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Figure 1: Expected shapes of the M1 : M2 distribution for ZZ background (top left), tt̄Z back-
ground (top right), tt̄WW background (bottom left), as well as for the T2+LRPV model, ex-
plained in Sec. 7.2.1, with mq̃ = 425 GeV, m

c̃0
1
= 225 GeV (bottom right)

The contribution of non-prompt leptons is estimated using the fake rate technique. We use jets
as a reference object, and the isolated leptons as target objects. The left plot in Fig. 2 presents
the di-lepton mass distribution in events with two isolated opposite sign same flavor leptons
and one jet with pT > 30 GeV. Requiring missing transverse energy Emiss

T < 30 GeV, selects
Drell-Yan production accompanied by one jet. The right plot presents the OSSF di-lepton mass
distribution for events with three isolated leptons and Emiss

T < 30 GeV. By comparing events
in the Z peak in the left plot with events in the Z peak minus the expected prompt lepton
contribution in the right plot, we obtain a jet-to-lepton fake rate of ⇠ 10�3.

Figure 3 shows the contribution of events with 3 isolated leptons and one jet to the different
regions of this search. These numbers are used as a reference for evaluating the contribution of
fake leptons to the 4-lepton selection. The jet momentum is used to calculate M2 and classify
events in Fig. 3. This overestimates the momentum for leptons originating from decays of the
corresponding heavy-flavor jets and therefore also the contribution to the signal “above Z”
regions. We assign 100% systematic uncertainty to this contribution to account for this bias.

6 Observations
Table 2 shows the observed number of events in different regions together with expectations
from SM processes. The observations are consistent with the SM background expectations.
Based on these observations in the search region, “M1 above Z”, or “M1 below Z and M2 above
Z”, the 95% C.L. CLs [13] upper limit on cross section times integrated luminosity times effi-
ciency (s ⇥ L⇥ #) for any physics process beyond the SM contributing to this search region is
3.4 events. The expected upper limit for this observation is 4.7 events.

SUSY 

SM SM 

SM 

SR1 

SR2 

SR3 

SR4 
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②  Results 

Ø  Expected background contributions from different SM sources and experimentally observed 
events in all analysis regions. �

�

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

Ø  Irreducible SM background à estimated from MC �
Ø  Fake leptons à data driven estimation method  �
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②  4-lepton efficiency for neutralino dynamics 7.2 Effect of Neutralino Spectra 7

Figure 4: LRPV extensions to Simplified Models [14]. Left: T2+LRPV model. The T2 RPC
simplified model is squark pair production, with q̃ ! qc̃0

1, and m(g̃) � m(q̃). Right: T1+LRPV
model. The T1 RPC simplified model is gluino pair production, with g̃ ! qq̄c̃0

1, and m(q̃) �
m(g̃). In both models the neutralinos decay to two charged leptons and a neutrino via an LRPV
term.

we start with a baseline T2 model description. Figure 4 (left) shows the extension to the baseline
model, which forces neutralinos to decay into (e+, e�, n) or (µ+, µ�, n). Figure 5 presents the
efficiency as a function of the T2 model parameters: squark mass and neutralino mass. These
distributions illustrate that the total efficiency of this analysis is mostly driven by the neutralino
mass, while the squark mass determines the neutralino spectrum, and affects the efficiency only
marginally. To illustrate this further Fig. 6 shows the distribution of the efficiency for different
squark masses. This distribution demonstrates, that the variations even over a wide range of
squark masses, are within ±10%.
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Figure 5: Efficiency for the T2+LRPV model. Left: c̃0
1 ! e+e�n, right: c̃0

1 ! µ+µ�n.

7.2.2 T1+LRPV

In the model, presented in Fig. 4 (right), a pair of gluinos is produced, and a neutralino is then
generated in the three-body decay g̃ ! qq̄c0

1. Figure 7 presents the efficiency as a function of T1
model parameters, as well as the projection of the efficiency to the neutralino mass axis overlaid
with a similar distribution for the T2+LRPV model in Fig. 6. The T1+LRPV efficiency is only
slightly smaller than T2+LRPV efficiency. The difference is due to a higher occupancy in the
event because of the three-body nature of the gluino decay. For future interpretations we con-
sider this difference to be negligible, and use the T2+LRPV model efficiency as a representation
for both T1+LRPV and T2+LRPV models.
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Figure 6: Projection of distributions of Fig. 5 on the squark mass axis. For every neutralino mass
the efficiency value is filled corresponding to the different squark masses. Left: c̃0

1 ! µ+µ�n.
Middle: c̃0

1 ! e+e�n. Right: efficiency profiles corresponding to distributions on the left and
in the middle.

  (GeV)g~m
200 400 600 800 1000 1200

  (
G

eV
)

0 1χ
m

0

200

400

600

800

1000

1200

4-
le

pt
on

 e
ffi

ci
en

cy

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7
 = 8 TeVsCMS Simulation                 

1
0
χ∼q q

1
0
χ∼q q→ g~g~ →pp 
ν-µ+µ → 

1
0
χ∼

nu
m

be
r o

f s
ca

n 
m

od
el

s

0

2

4

6

8

10

12

14

  (GeV)0
1
χm

0 200 400 600 800 1000 1200

4-
le

pt
on

 e
ffi

ci
en

cy

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8  = 8 TeVsCMS Simulation                 

1
0
χ∼q q

1
0
χ∼q q→ g~g~ →pp 
ν-µ+µ → 

1
0
χ∼

  (GeV)
1
0
χ∼

m
0 200 400 600 800 1000 1200

4-
le

pt
on

 e
ffi

ci
en

cy
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

1
0
χ∼q q

1
0
χ∼q q→ g~g~ →pp 

1
0
χ∼q 

1
0
χ∼q → q~q~ →pp 

 = 8 TeVsCMS Simulation                 

ν-µ+µ → 
1
0χ

Figure 7: Efficiency for the T1+LRPV model, c̃0
1 ! µ+µ�n. Left: full T1 parameter space,

middle: projection of the efficiency on the neutralino mass axis, right: profile of the T1+LRPV
efficiency distribution c̃0

1 ! µ+µ�n (blue) overlaid with corresponding distribution for the
T2+LRPV model.

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

Ø  Two extreme cases are taken into account: �
�

1.  Neutralino is produced in 2-body decay of a directly produced 
squark à The most energetic neutralino �

2.  Neutralino produced at rest à The most soft neutralino �

Ø  No significant difference in efficiency for both cases�

ü  Efficiency is driven by neutralino mass via signal region selection �
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1 ! e+e�n. Right: efficiency profiles corresponding to distributions on the left and
in the middle.
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Figure 7: Efficiency for the T1+LRPV model, c̃0
1 ! µ+µ�n. Left: full T1 parameter space,

middle: projection of the efficiency on the neutralino mass axis, right: profile of the T1+LRPV
efficiency distribution c̃0

1 ! µ+µ�n (blue) overlaid with corresponding distribution for the
T2+LRPV model.

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

7.2 Effect of Neutralino Spectra 7

Figure 4: LRPV extensions to Simplified Models [14]. Left: T2+LRPV model. The T2 RPC
simplified model is squark pair production, with q̃ ! qc̃0

1, and m(g̃) � m(q̃). Right: T1+LRPV
model. The T1 RPC simplified model is gluino pair production, with g̃ ! qq̄c̃0

1, and m(q̃) �
m(g̃). In both models the neutralinos decay to two charged leptons and a neutrino via an LRPV
term.

we start with a baseline T2 model description. Figure 4 (left) shows the extension to the baseline
model, which forces neutralinos to decay into (e+, e�, n) or (µ+, µ�, n). Figure 5 presents the
efficiency as a function of the T2 model parameters: squark mass and neutralino mass. These
distributions illustrate that the total efficiency of this analysis is mostly driven by the neutralino
mass, while the squark mass determines the neutralino spectrum, and affects the efficiency only
marginally. To illustrate this further Fig. 6 shows the distribution of the efficiency for different
squark masses. This distribution demonstrates, that the variations even over a wide range of
squark masses, are within ±10%.
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Figure 5: Efficiency for the T2+LRPV model. Left: c̃0
1 ! e+e�n, right: c̃0

1 ! µ+µ�n.

7.2.2 T1+LRPV

In the model, presented in Fig. 4 (right), a pair of gluinos is produced, and a neutralino is then
generated in the three-body decay g̃ ! qq̄c0

1. Figure 7 presents the efficiency as a function of T1
model parameters, as well as the projection of the efficiency to the neutralino mass axis overlaid
with a similar distribution for the T2+LRPV model in Fig. 6. The T1+LRPV efficiency is only
slightly smaller than T2+LRPV efficiency. The difference is due to a higher occupancy in the
event because of the three-body nature of the gluino decay. For future interpretations we con-
sider this difference to be negligible, and use the T2+LRPV model efficiency as a representation
for both T1+LRPV and T2+LRPV models.
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Figure 9: Isolation efficiency for 4 leptons for the set of pMSSM models described in the text, as
a function of the neutralino mass in the model. The green and yellow bands include 68% and
95% of the model points in the efficiency distribution respectively.

cases into account.

The experimental observations described in Sec. 6 together with the pMSSM based efficiency
estimation as described in Sec. 7.2.4 drive the exclusion for the cross section of total RPV SUSY
production, which is presented in Fig. 11. The bands correspond to the 4 lepton isolation vari-
ations between 50% and 100%. Note that this is a very generic result as this band covers RPV
models with a wide range of underlying RPC SUSY models.

To further convert the cross section limit into a mass exclusion we consider several SUSY pro-
duction mechanisms: gluino pair production, squark pair production, stop-quark pair produc-
tion. The cross sections for gluino and stop-quark pair production as functions of the corre-
sponding masses are NLO+NLL calculation results of the corresponding decoupled scenarios
[17, 18]. The squark pair production cross section is obtained from [19], and is calculated for
running squark mass and a fixed gluino mass of 2.4 TeV. We include the gluino mass here
because the gluino decouples from squark production only at masses above 50 TeV in case of
production of squarks with a mass of ⇠1 TeV.

The theoretical uncertainties on the NLO+NLL SUSY production cross section calculations for
masses ⇠1 TeV are about 30%, and are accounted for in the result. For the generic result pre-
sented in the right plot we combine the cross section uncertainty in quadrature with the 30%
isolation efficiency, obtained in Sec. 7.2.4.

Using these total cross sections as a function of the mass of the corresponding SUSY particle,
we convert the cross section limit bands in Fig. 11 into mass exclusion bands as a function of
the LSP mass. This result is presented in Fig. 12.

Ø  pMSSM model points (~7300), which represents properties of generic MSSM, chosen with 
flat parameter priors at Electro-weak scale �

4-lepton isolation efficiency fits very well between 0.5 and 1. �
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②  Upper limit on Cross Section of Simplified and 
Generic SUSY Models 
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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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Figure 12: Mass exclusions for different SUSY production mechanisms. Left: for T2+LRPV
models. Right: using a generic total RPV SUSY cross section limit in Fig. 11. A 30% theoretical
uncertainty for NLO+NLL calculations of SUSY production cross sections is included in the
uncertainty band.
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Figure 4: LRPV extensions to Simplified Models [14]. Left: T2+LRPV model. The T2 RPC
simplified model is squark pair production, with q̃ ! qc̃0

1, and m(g̃) � m(q̃). Right: T1+LRPV
model. The T1 RPC simplified model is gluino pair production, with g̃ ! qq̄c̃0

1, and m(q̃) �
m(g̃). In both models the neutralinos decay to two charged leptons and a neutrino via an LRPV
term.

we start with a baseline T2 model description. Figure 4 (left) shows the extension to the baseline
model, which forces neutralinos to decay into (e+, e�, n) or (µ+, µ�, n). Figure 5 presents the
efficiency as a function of the T2 model parameters: squark mass and neutralino mass. These
distributions illustrate that the total efficiency of this analysis is mostly driven by the neutralino
mass, while the squark mass determines the neutralino spectrum, and affects the efficiency only
marginally. To illustrate this further Fig. 6 shows the distribution of the efficiency for different
squark masses. This distribution demonstrates, that the variations even over a wide range of
squark masses, are within ±10%.
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Figure 5: Efficiency for the T2+LRPV model. Left: c̃0
1 ! e+e�n, right: c̃0

1 ! µ+µ�n.

7.2.2 T1+LRPV

In the model, presented in Fig. 4 (right), a pair of gluinos is produced, and a neutralino is then
generated in the three-body decay g̃ ! qq̄c0

1. Figure 7 presents the efficiency as a function of T1
model parameters, as well as the projection of the efficiency to the neutralino mass axis overlaid
with a similar distribution for the T2+LRPV model in Fig. 6. The T1+LRPV efficiency is only
slightly smaller than T2+LRPV efficiency. The difference is due to a higher occupancy in the
event because of the three-body nature of the gluino decay. For future interpretations we con-
sider this difference to be negligible, and use the T2+LRPV model efficiency as a representation
for both T1+LRPV and T2+LRPV models.

Generic RPV SUSY cross section limit�
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Conclusions 

o CMS has an active program searching for R-parity violated SUSY. �

o No significant excess observed over Standard Model expectations for 
multi-lepton final states �

à  Both analyses are used to exclude regions of SUSY parameters 
space, where RPV couplings are non-zero. RPV Stop search puts limits 
on the stop and bino masses. �

o pMSSM model are used to study the impact of generic component on R-
parity violated term signatures �

à Results are applicable to generic set of MSSM SUSY models  and 
simplified models. �
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②  Fake Rate Techniques 
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Figure 2: Left: invariant mass of OSSF lepton pairs in events with Emiss
T < 30 GeV, two isolated

leptons and one jet with pT > 30 GeV. Right: invariant mass of the two OSSF isolated leptons
closest to 91 GeV in events with Emiss

T < 30 GeV, and with 3 isolated leptons. Data are overlaid
with contributions from different sources, predicted by MC.
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Figure 3: Contribution of events with 3 isolated leptons and one jet to different M1 : M2 regions.
Data are overlaid with predicted contributions from different sources.

7 Efficiency
The leptonic decay of the pair of LRPV neutralinos leads to 4 prompt leptons. The kinematics of
these leptons are in general driven by the momentum distribution of the decaying neutralinos
and their mass. In most scenarios the lepton momentum is well above threshold, which results
in high efficiency. However the following effects could reduce the total efficiency:

• the presence of other leptons in the event, which affects the efficiency through the
4-lepton requirement, as well as the calculation of the M1 and M2 quantities;

• the electron and/or muon objects reconstruction efficiency, dependent on h and pT;
• the isolation efficiency, which is correlated with the occupancies around the ob-
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The leptonic decay of the pair of LRPV neutralinos leads to 4 prompt leptons. The kinematics of
these leptons are in general driven by the momentum distribution of the decaying neutralinos
and their mass. In most scenarios the lepton momentum is well above threshold, which results
in high efficiency. However the following effects could reduce the total efficiency:

• the presence of other leptons in the event, which affects the efficiency through the
4-lepton requirement, as well as the calculation of the M1 and M2 quantities;

• the electron and/or muon objects reconstruction efficiency, dependent on h and pT;
• the isolation efficiency, which is correlated with the occupancies around the ob-
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②  Ratio of Average Reconstructed Level Isolation 
Efficiency of all Charged 4-leptons from χ Decays  16 A Efficiency model
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Figure 14: Left: ratio of average reconstructed level isolation efficiency of all 4 charged leptons
from two neutralino decays to the same average isolation efficiency, calculated at the generator
level for different pMSSM models. Right: ratio of reconstructed to generator level efficiencies
for different SUSY production mechanisms.

For technical purposes we parametrize the curves of T2+LRPV ID efficiencies presented in
Fig. 13 with cubic polynomial of 1/pT, which is presented in the left plot of Fig. 15. The right
plot demonstrates a closure test for the T2+LRPV model, by comparing efficiencies presented
in Fig. 6 and obtained using full event reconstruction, with efficiencies calculated using the
simplified generator-level approach, which match within ±10%.
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Figure 15: Left: parametrization of the lepton efficiency by the cubic polynomial of 1/pT. Right:
comparing full reconstruction efficiencies from Fig. 6 with efficiencies calculated using the sim-
plified generator-level approach.


