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Outline
Will present 8 TeV analyses sensitive to different terms in RPV 
superpotential*: 

• Multilepton search with strong production 

• Multilepton search with electroweak production 

• Dilepton, single lepton and fully hadronic searches 

Conclude with commissioning results at 13 TeV relevant for 2015 RPV 
analyses
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1 Introduction1

Supersymmetry (SUSY) is an attractive extension of the standard model (SM) because SUSY2

can solve the hierarchy problem and ensure gauge coupling unification [1, 2]. The majority of3

searches for SUSY focus on R-parity-conserving (RPC) models. The R-parity of a particle is4

defined by R = (�1)3B+L+2s, where B and L are its baryon and lepton numbers respectively,5

and s is the particle spin [3]. In RPC SUSY, the lightest superpartner (LSP) is stable, which6

ensures proton stability and provides a dark-matter candidate. All SM particle fields have7

R = +1; all superpartner fields have R = �1.8

Supersymmetric models with R-parity-violating (RPV) interactions violate either B or L [4, 5].
The superpotential WRPV includes a bilinear term proportional to the coupling µ0

i and three
trilinear terms parameterized by the couplings lijk, l0

ijk, and l00
ijk:

WRPV =
1
2

lijkLiLjEk + l0
ijkLiQjDk +

1
2

l00
ijkUiDjDk + µ0

i HuLi, (1)

where i, j, and k are generation indices; L, Q and Hu are the lepton, quark and up-type Higgs9

SU(2)L doublet superfields; and E, D, and U are the charged lepton, down-type quark and up-10

type quark SU(2)L singlet superfields. The third term violates baryon number conservation,11

while the first two terms violate lepton number conservation. The final term, involving the12

lepton and up-type Higgs doublets, is also allowed in the superpotential but the effects of this13

term are not considered in this analysis.14

Experimental bounds on hadronic, semileptonic and leptonic R-parity-violating couplings are15

highly orthogonal due to the strong constraint on their magnitude from nucleon stability mea-16

surements. For example, for squark masses of 1 TeV, the absence of any observation of pro-17

ton decay results in the constraint |l0
ijkl?

i0 j0k0 | < O(10�9) for all generation indices [6]. Much18

stronger constraints are possible for couplings involving light generations, and similar con-19

straints exist for products of other R-parity-violating couplings.20

A subset of RPV scenarios focus on the R-parity-violating extension of the minimal super-21

symmetric model (MSSM) when the assumption of minimal flavor violation (MFV) is im-22

posed [7, 8]. Under this assumption, the only sources of R-parity violation are the SM Yukawa23

couplings, and the R-parity-violating couplings are related to the components of the Cabibbo-24

Kobayashi-Maskawa matrix and the fermion masses.25

In RPV models the LSP is unstable, and consequently other SUSY search techniques that em-26

phasize the missing transverse energy (Emiss
T ) may no longer be appropriate. Instead, we have27

developed several different methods to search for various types of RPV decays. To search for28

hadronic RPV, which arises when any of the l00
ijk are non-zero, we search in events with zero29

or one lepton using the jet and b-tagged jet multiplicities of the event, and in dilepton events30

by means of a kinematic fit. To search for leptonic and semi-leptonic RPV, which arise when31

lijk and l0
ijk, respectively, are non-zero, we take a multi-dimensional binned approach using32

events with three or more leptons. In all searches considered in this paper, the LSP is assumed33

to decay promptly.34

Searches for multijet resonances, a prominent signal when hadronic RPV is present, have been35

performed by CDF [9], ATLAS [10], and CMS [11–13]. Searches for RPV interactions in multi-36

lepton final states have been carried out at LEP [14–16], the Tevatron [17, 18], at HERA [19, 20],37

and at the Large Hadron Collider (LHC) [21–26].38

In this paper, we present the results of these searches with interpretations in a variety of differ-39

ent RPV models. The dataset we used corresponds to 19.3 � 19.5 fb�1, which was recorded in40

i,j,k=generation indices

* For a review, see i.e. Phys. Rept. 420 (2005) 1
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Leptonic RPV

Multilepton analyses with strong production sensitive 
to fully leptonic RPV
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1 Introduction1

Supersymmetry (SUSY) is an attractive extension of the standard model (SM) because SUSY2

can solve the hierarchy problem and ensure gauge coupling unification [1, 2]. The majority of3

searches for SUSY focus on R-parity-conserving (RPC) models. The R-parity of a particle is4

defined by R = (�1)3B+L+2s, where B and L are its baryon and lepton numbers respectively,5

and s is the particle spin [3]. In RPC SUSY, the lightest superpartner (LSP) is stable, which6

ensures proton stability and provides a dark-matter candidate. All SM particle fields have7

R = +1; all superpartner fields have R = �1.8

Supersymmetric models with R-parity-violating (RPV) interactions violate either B or L [4, 5].
The superpotential WRPV includes a bilinear term proportional to the coupling µ0

i and three
trilinear terms parameterized by the couplings lijk, l0

ijk, and l00
ijk:

WRPV =
1
2

lijkLiLjEk + l0
ijkLiQjDk +

1
2

l00
ijkUiDjDk + µ0

i HuLi, (1)

where i, j, and k are generation indices; L, Q and Hu are the lepton, quark and up-type Higgs9

SU(2)L doublet superfields; and E, D, and U are the charged lepton, down-type quark and up-10

type quark SU(2)L singlet superfields. The third term violates baryon number conservation,11

while the first two terms violate lepton number conservation. The final term, involving the12

lepton and up-type Higgs doublets, is also allowed in the superpotential but the effects of this13

term are not considered in this analysis.14

Experimental bounds on hadronic, semileptonic and leptonic R-parity-violating couplings are15

highly orthogonal due to the strong constraint on their magnitude from nucleon stability mea-16

surements. For example, for squark masses of 1 TeV, the absence of any observation of pro-17

ton decay results in the constraint |l0
ijkl?

i0 j0k0 | < O(10�9) for all generation indices [6]. Much18

stronger constraints are possible for couplings involving light generations, and similar con-19

straints exist for products of other R-parity-violating couplings.20

A subset of RPV scenarios focus on the R-parity-violating extension of the minimal super-21

symmetric model (MSSM) when the assumption of minimal flavor violation (MFV) is im-22

posed [7, 8]. Under this assumption, the only sources of R-parity violation are the SM Yukawa23

couplings, and the R-parity-violating couplings are related to the components of the Cabibbo-24

Kobayashi-Maskawa matrix and the fermion masses.25

In RPV models the LSP is unstable, and consequently other SUSY search techniques that em-26

phasize the missing transverse energy (Emiss
T ) may no longer be appropriate. Instead, we have27

developed several different methods to search for various types of RPV decays. To search for28

hadronic RPV, which arises when any of the l00
ijk are non-zero, we search in events with zero29

or one lepton using the jet and b-tagged jet multiplicities of the event, and in dilepton events30

by means of a kinematic fit. To search for leptonic and semi-leptonic RPV, which arise when31

lijk and l0
ijk, respectively, are non-zero, we take a multi-dimensional binned approach using32

events with three or more leptons. In all searches considered in this paper, the LSP is assumed33

to decay promptly.34

Searches for multijet resonances, a prominent signal when hadronic RPV is present, have been35

performed by CDF [9], ATLAS [10], and CMS [11–13]. Searches for RPV interactions in multi-36

lepton final states have been carried out at LEP [14–16], the Tevatron [17, 18], at HERA [19, 20],37

and at the Large Hadron Collider (LHC) [21–26].38

In this paper, we present the results of these searches with interpretations in a variety of differ-39

ent RPV models. The dataset we used corresponds to 19.3 � 19.5 fb�1, which was recorded in40
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Multilepton search for 
squarks and gluinos

• Requirement of four isolated leptons is the only selection 

• Search in M1:M2 plane where 

• M1=invariant mass of lepton pair that is closest to Z mass 

• M2=invariant mass of other lepton pair

4
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Multilepton analysis with 
strong production
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9.4 Interpretations of the 4-lepton results 33

Table 8: 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 non-prompt 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 non-prompt 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 non-prompt 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.

signal model. The left plot presents results for neutralinos decaying exclusively to electrons
or muons. The right plot takes the appropriate mixture of electrons and muons in neutralino
decays for l121 6= 0 and l122 6= 0 cases into account.

The experimental observations described in Sec. 9.2 together with the pMSSM based efficiency
estimation drive the exclusion for the cross section of total RPV SUSY production, which is
presented in Fig. 20. The bands correspond to the 4 lepton isolation variations between 50%
and 100% (see Fig. 26 in Appendix A). 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, and stop-quark pair pro-
duction. 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. 20 into exclusion bands for the masses
of the parent SUSY particles, as a function of the LSP mass. This result is presented in Fig. 21.

This analysis demonstrates the absence of an excess in multi-lepton final states in 19.5 fb�1 of
CMS data collected in 2012 at

p
s=8 TeV. The analysis is highly sensitive to the RPV terms

l121 and l122. We demonstrate that the kinematic efficiency is controlled by the neutralino
mass and only weakly dependent on the neutralino momentum. Efficiency losses due to high
hadronic activity are shown to not exceed 50% in a generic set of pMSSM models. However,
even this large uncertainty has no great impact on the corresponding mass exclusions, since it
is comparable with the theoretical uncertainties of NLO+NLL calculations of SUSY production
cross sections.

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

• ZZ→4ℓ contribution normalized to CMS σ(ZZ) 
measurement 

• Rare backgrounds (WWtt, WWZ, WZZ, ZZZ, ttZ) 
taken from MC 

• Jet-as-lepton fake rate evaluated in a control 
sample with three identified leptons

CMS-PAS-SUS-13-010

http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SUS-13-010/index.html
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Semileptonic RPV
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1 Introduction1

Supersymmetry (SUSY) is an attractive extension of the standard model (SM) because SUSY2

can solve the hierarchy problem and ensure gauge coupling unification [1, 2]. The majority of3

searches for SUSY focus on R-parity-conserving (RPC) models. The R-parity of a particle is4

defined by R = (�1)3B+L+2s, where B and L are its baryon and lepton numbers respectively,5

and s is the particle spin [3]. In RPC SUSY, the lightest superpartner (LSP) is stable, which6

ensures proton stability and provides a dark-matter candidate. All SM particle fields have7

R = +1; all superpartner fields have R = �1.8

Supersymmetric models with R-parity-violating (RPV) interactions violate either B or L [4, 5].
The superpotential WRPV includes a bilinear term proportional to the coupling µ0

i and three
trilinear terms parameterized by the couplings lijk, l0

ijk, and l00
ijk:

WRPV =
1
2

lijkLiLjEk + l0
ijkLiQjDk +

1
2

l00
ijkUiDjDk + µ0

i HuLi, (1)

where i, j, and k are generation indices; L, Q and Hu are the lepton, quark and up-type Higgs9

SU(2)L doublet superfields; and E, D, and U are the charged lepton, down-type quark and up-10

type quark SU(2)L singlet superfields. The third term violates baryon number conservation,11

while the first two terms violate lepton number conservation. The final term, involving the12

lepton and up-type Higgs doublets, is also allowed in the superpotential but the effects of this13

term are not considered in this analysis.14

Experimental bounds on hadronic, semileptonic and leptonic R-parity-violating couplings are15

highly orthogonal due to the strong constraint on their magnitude from nucleon stability mea-16

surements. For example, for squark masses of 1 TeV, the absence of any observation of pro-17

ton decay results in the constraint |l0
ijkl?

i0 j0k0 | < O(10�9) for all generation indices [6]. Much18

stronger constraints are possible for couplings involving light generations, and similar con-19

straints exist for products of other R-parity-violating couplings.20

A subset of RPV scenarios focus on the R-parity-violating extension of the minimal super-21

symmetric model (MSSM) when the assumption of minimal flavor violation (MFV) is im-22

posed [7, 8]. Under this assumption, the only sources of R-parity violation are the SM Yukawa23

couplings, and the R-parity-violating couplings are related to the components of the Cabibbo-24

Kobayashi-Maskawa matrix and the fermion masses.25

In RPV models the LSP is unstable, and consequently other SUSY search techniques that em-26

phasize the missing transverse energy (Emiss
T ) may no longer be appropriate. Instead, we have27

developed several different methods to search for various types of RPV decays. To search for28

hadronic RPV, which arises when any of the l00
ijk are non-zero, we search in events with zero29

or one lepton using the jet and b-tagged jet multiplicities of the event, and in dilepton events30

by means of a kinematic fit. To search for leptonic and semi-leptonic RPV, which arise when31

lijk and l0
ijk, respectively, are non-zero, we take a multi-dimensional binned approach using32

events with three or more leptons. In all searches considered in this paper, the LSP is assumed33

to decay promptly.34

Searches for multijet resonances, a prominent signal when hadronic RPV is present, have been35

performed by CDF [9], ATLAS [10], and CMS [11–13]. Searches for RPV interactions in multi-36

lepton final states have been carried out at LEP [14–16], the Tevatron [17, 18], at HERA [19, 20],37

and at the Large Hadron Collider (LHC) [21–26].38

In this paper, we present the results of these searches with interpretations in a variety of differ-39

ent RPV models. The dataset we used corresponds to 19.3 � 19.5 fb�1, which was recorded in40

Multilepton analyses with electroweak production 
sensitive to semileptonic RPV
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Multilepton search for 
Higgsinos and winos

• Select: 

• ≥3 leptons (incl. taus), veto low mll 

• Background 

• WZ and ZZ from MC, validated in data 
control samples 

• Mis-identified leptons evaluated from data 

• 32 exclusive signal bins in mll, Nb, N𝜏, and 
ST=scalar sum of jet and lepton pT 

• Large number of constraints on both LLE and 
LQD interactions depending on: 

• Type of lepton in the final state 

• State (Higgsino or wino) that is pair-
produced

7

38 10 Search in the multilepton final state for RPV in models with electroweak production
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Figure 23: Limits on gaugino mass in models with Higgsino production and LQD couplings
with (left) tan b = 2 and (right) tan b = 40. Decays proceed through bottom and top squark
mediators and are prompt. The couplings of the Higgsino with mediator particles varies with
tan b, affecting the branching rate to multileptons and the acceptance.

LQD131, tanβ=2

Limits tanβ-dependent 
due to Higgsino 

Full set of limits on LQD and  
LLE interactions in backup

PRL 111 (2013) 221801

http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.111.221801
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Hadronic RPV
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1 Introduction1

Supersymmetry (SUSY) is an attractive extension of the standard model (SM) because SUSY2

can solve the hierarchy problem and ensure gauge coupling unification [1, 2]. The majority of3

searches for SUSY focus on R-parity-conserving (RPC) models. The R-parity of a particle is4

defined by R = (�1)3B+L+2s, where B and L are its baryon and lepton numbers respectively,5

and s is the particle spin [3]. In RPC SUSY, the lightest superpartner (LSP) is stable, which6

ensures proton stability and provides a dark-matter candidate. All SM particle fields have7

R = +1; all superpartner fields have R = �1.8

Supersymmetric models with R-parity-violating (RPV) interactions violate either B or L [4, 5].
The superpotential WRPV includes a bilinear term proportional to the coupling µ0

i and three
trilinear terms parameterized by the couplings lijk, l0

ijk, and l00
ijk:

WRPV =
1
2

lijkLiLjEk + l0
ijkLiQjDk +

1
2

l00
ijkUiDjDk + µ0

i HuLi, (1)

where i, j, and k are generation indices; L, Q and Hu are the lepton, quark and up-type Higgs9

SU(2)L doublet superfields; and E, D, and U are the charged lepton, down-type quark and up-10

type quark SU(2)L singlet superfields. The third term violates baryon number conservation,11

while the first two terms violate lepton number conservation. The final term, involving the12

lepton and up-type Higgs doublets, is also allowed in the superpotential but the effects of this13

term are not considered in this analysis.14

Experimental bounds on hadronic, semileptonic and leptonic R-parity-violating couplings are15

highly orthogonal due to the strong constraint on their magnitude from nucleon stability mea-16

surements. For example, for squark masses of 1 TeV, the absence of any observation of pro-17

ton decay results in the constraint |l0
ijkl?

i0 j0k0 | < O(10�9) for all generation indices [6]. Much18

stronger constraints are possible for couplings involving light generations, and similar con-19

straints exist for products of other R-parity-violating couplings.20

A subset of RPV scenarios focus on the R-parity-violating extension of the minimal super-21

symmetric model (MSSM) when the assumption of minimal flavor violation (MFV) is im-22

posed [7, 8]. Under this assumption, the only sources of R-parity violation are the SM Yukawa23

couplings, and the R-parity-violating couplings are related to the components of the Cabibbo-24

Kobayashi-Maskawa matrix and the fermion masses.25

In RPV models the LSP is unstable, and consequently other SUSY search techniques that em-26

phasize the missing transverse energy (Emiss
T ) may no longer be appropriate. Instead, we have27

developed several different methods to search for various types of RPV decays. To search for28

hadronic RPV, which arises when any of the l00
ijk are non-zero, we search in events with zero29

or one lepton using the jet and b-tagged jet multiplicities of the event, and in dilepton events30

by means of a kinematic fit. To search for leptonic and semi-leptonic RPV, which arise when31

lijk and l0
ijk, respectively, are non-zero, we take a multi-dimensional binned approach using32

events with three or more leptons. In all searches considered in this paper, the LSP is assumed33

to decay promptly.34

Searches for multijet resonances, a prominent signal when hadronic RPV is present, have been35

performed by CDF [9], ATLAS [10], and CMS [11–13]. Searches for RPV interactions in multi-36

lepton final states have been carried out at LEP [14–16], the Tevatron [17, 18], at HERA [19, 20],37

and at the Large Hadron Collider (LHC) [21–26].38

In this paper, we present the results of these searches with interpretations in a variety of differ-39

ent RPV models. The dataset we used corresponds to 19.3 � 19.5 fb�1, which was recorded in40

Dilepton, single lepton and fully hadronic analyses 
sensitive to hadronic RPV
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Motivation for hadronic RPV 

• Hadronic RPV less constrained by proton decay 
and neutrino measurements 

• Minimal flavor violation* results in a hierarchy of RPV 
couplings from Yukawa couplings 

• λ"323 is the largest RPV coupling in some of these 
models

9

* E. Nikolidakis and C. Smith, PRD 77 (2008) 15021 
C. Csaki, Y. Grossman, and B. Heidenreich, PRD 85 (2012) 095009
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Sbottom mass reconstruction 
in dilepton final state

• Require 

• ≥2 isolated leptons 

• ≥2 loose b-tags (with at least 1 medium) 

• Use MET to solve for neutrino 4-momenta, assuming mass of top and W 

• Combine with light jet to find sbottom mass

10
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t W+

t̄ W�
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Both light jets arising from sbottom→ts pair production have high pT, 
depending on sbottom mass⇒fit as function of mass and pT of two 
lead jets:

8.4 Results for the two-lepton final state 27

Table 6: Relative systematic uncertainty on the signal selection efficiency broken down by
source of signal systematic uncertainty for a characteristic mass point.

Simulation uncertainty 350 GeV b̃
Heavy flavor scale factor for b-tagging 4.9%
Light flavor scale factor for b-tagging 4.7%
Jet Energy Scale 4.6%
Signal MC Statistics 2.1%
Jet Energy Resolution 1.8%
Pile up 1.5%
Parton density function 1.0%
MC b-tagging efficiency for b-jets 0.43%
MC b-tagging efficiency for c-jets 0.25%
MC b-tagging efficiency for light jets 0.52%
Electron Energy Scale 0.19%
Muon Energy Scale 0.04%
Luminosity 2.6%

butions can be written as:

rSM
3D (m, p(1)

T , p(2)
T ) = rSM

mass(m|p(2)
T )rSM

2D (p(1)
T , p(2)

T ) (11a)

r
signal
3D (m, p(1)

T , p(2)
T ) = r

signal
mass (m|p(2)

T )r
signal
2D (p(1)

T , p(2)
T ), (11b)

and the complete distribution is:

rtotal
3D = (µSMrSM

3D + Essignalr
signal
3D )/(µSM + Essignal). (12)

Here µSM is the SM yield, E is the product of signal efficiency and total luminosity, and ssignal
is the signal cross section.

Constraints on the signal shape parameters are derived as described in Section 8.2. We write
the constraint distribution as rsyst. There are no constraints on the parameters describing the
SM distribution. We construct an extended unbinned likelihood function from our data and
these distributions as:

L(s, q) = rsyst
(µSM + Essignal)N exp (�µSM � Essignal)

N!

N

’
i=0

rtotal
3D (mi, p(1)

T i, p(2)
T i), (13)

where N is the number of events in our sample; mi, p(1)
T i, and p(2)

T i are, respectively, the mass,
leading light jet pT, and second-leading light jet pT of the ith event; s is the cross section for
production of the resonance pair; and q is the set of all nuisance parameters included in rsyst.

8.4 Results for the two-lepton final state

We observe consistency with the SM expectation and set limits on the cross section of each of
the signal models. We construct unified intervals [65] on the signal cross section and observe
only intervals with lower edges of zero. The upper edge of these intervals is considered as

CMS-PAS-B2G-12-008
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Dilepton final state: results
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26 8 Two lepton final state

Table 5: Definition of signal and control regions.

Second-leading light jet pT Region
30 to 50 GeV control region (CR)
50 to 80 GeV signal region 1 (SR1)
80 to 110 GeV signal region 2 (SR2)
> 110 GeV signal region 3 (SR3)

forms in Section 8.1.1. We perform studies to ensure that the model is sufficiently general to606

approximate the true shape of the distributions, with any differences negligible compared to607

statistical uncertainties.608

The signal, on the other hand, is modeled by a MC simulation and we consider several sys-609

tematic uncertainties that can affect the spectrum of light jet pT and the mass reconstruction610

procedure. For each source of systematic uncertainty, we determine the change in the signal611

distribution parameters and encode this as a covariance matrix of all parameters. A multivari-612

ate normal distribution is constructed from the sum of all such covariance matrices and used613

to constrain the parameters of the signal distribution. Allowing the invariant mass parameters614

to vary within this constraint has a negligible effect on signal sensitivity. The final constraint615

function sets these parameters to their maximum likelihood values in signal simulation and616

does not allow them to vary. The light jet parameters and selection efficiencies are allowed to617

vary within their uncertainties.618

The total selection efficiency is approximately 4.0 ⇥ 10�3, 2.0 ⇥ 10�3, and 1.5 ⇥ 10�3 for the eµ,619

ee, and µµ channels, respectively. There is a slight dependence on the b̃ mass. The efficiencies620

include the 9.4% branching fraction [5] of each of the top quarks to a leptonic final state and the621

production of tau leptons that decay to electrons or muons. We estimate that in BSM resonance622

pair production with a dileptonic final state, about 60% of events produce leptons, b quarks,623

and light partons within the fiducial volume of the detector. About 85% of these events have624

the physics objects reconstructed and about 65% of those events have the jets from b quarks625

correctly tagged. And about 90% of the remaining events pass all selection requirements.626

Sources of systematic uncertainty and the methods used to estimate the effect on the signal627

distribution parameters and selection efficiency are briefly described below.628

Potential discrepancies in reconstruction efficiencies between lepton objects from data and sim-629

ulation are taken into account using energy scale factors [29, 64]. For electrons this scale factor630

is 1.5% in the range 1.5 < |h| < 2.5 of the detector and 0.6% in the range |h| < 1.5; for muon631

this scale factor is 0.2%.632

Table 6 reports the uncertainty on the signal selection efficiency due to the different sources of633

systematic uncertainty for an example mass point. In combination these systematic uncertain-634

ties change the calculated upper limit of the cross section value between 1% and 10%, depend-635

ing on the mass point, compared to the upper limit calculated only with statistical errors. The636

dominant systematic effect comes from variations of the jet energy scale.637

8.3 Constructing a likelihood function638

For both signal and background, we define a three-dimensional probability density function
which is constructed using the two-dimensional light jet distributions defined in Section 8.1.1
and the invariant mass distributions defined in Section 8.1.2. These three-dimensional distri-
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gluino→tbs

• The single lepton and hadronic analyses are interpreted 
with the gluino→tbs final state 

• Sensitive to λ"tbs

12
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One-lepton final state

• Template fit of Nb distribution in three bins of Njet (6, 7, ≥8) 

• Gluon splitting contribution corrected with e+μ control sample at low Njet

13

Muon, Njet≥8 Electron, Njet≥8
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Fully hadronic final state
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Fully hadronic final state
Fit of Nb distribution in (Njet, HT) bins with floating QCD yield
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13 TeV commissioning
• The sum of the masses of large 

radius jets is a useful background 
discriminator in high multiplicity 
events1,2 

• Used by ATLAS in 8 TeV analyses3; 
increased usage planned in CMS 
analyses at 13 TeV 

• Will show commissioning results of 
R=0.4 anti-kT jets clustered into R=1.2 
anti-kT jets
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1PRD 85, 055029 (2012) 
2JHEP08 (2013) 136 

3PRD 91, 112016 (2015)

Reclustered 
R=0.4 jets

22 8 Search in the single-lepton final state with the sum of jet masses

The two major SM backgrounds, tt and W+jets, in this search are determined from data with473

some input from to account for any residual effects. The background composition depends on474

the selected number of jets and b-tagged jets. The contribution from W+jets events is largest for475

events with low jet multiplicity and zero b-tagged jets. For events with one or more b-tagged476

jets tt becomes the dominant background, with almost 90%.477

In order to estimate these different background contributions we are planning of using side478

band regions in data, that have a lower jet multiplcity that the anticipated search regions. The479

basic idea is to define a transfer factor as the ratio of the number of events in the signal region480

DF(W, l) > x over the number of events in the control region DF(W, l) < x. The RCS values481

obtained are then propagated from the sideband to the respective signal regions, with correc-482

tions factors applied to reduce any residual dependencys. However, due to the small amount483

of data collected, these techniques will be validated when more data becomes available.484

8 Search in the single-lepton final state with the sum of jet masses485

8.1 Overview of analysis486

Large-radius (large-R) jets provide a new tool for SUSY searches [20–22], both for separating487

signal from background, and for characterizing any excess event yield that may be observed.488

This section focuses on measurements performed with early 13 TeV data to study the variable489

MJ, the sum of masses of large-R jets in an event. These validation studies are motivated by490

the possible application of MJ to a SUSY search in the single-lepton final state. In this search,491

MJ will be used in conjunction with other variables, including Emiss
T , MT (the transverse mass492

of the lepton and the Emiss
T vector), the number of b-tagged jets, and the total number of jets.493

In our approach, large-R jets are formed by clustering standard CMS AK4 Particle Flow (PF)494

jets using a radius parameter R = 1.2. The mass of an individual large-R jet, m(Ji), is calculated495

as in a normal four-vector calculation of an invariant mass using the energy-momentum four-496

vector p(Ji) of the jet Ji:497

m(Ji) =
q

p(Ji)2 =

vuut
 

Â
objects n in Ji

pn

!2

, (5)

where the symbol J is used to denote a generic large-R jet (and Ji denotes a specific large-R jet498

in a sum), while j is used to denote a generic small-R jet (and ji denotes a small-R jet in a sum).499

The objects in the sum are AK4 PF jets with pT > 30 GeV and |h| < 2.4 that have been clustered500

into Ji. We order the large-R jets according to their masses, with J1 having the largest mass.501

Studies with simulated event samples indicate that the single most useful variable is the sum502

of masses of all large-R jet masses:503

MJ = Â
Ji=large�R jets

m(Ji). (6)

This variable is used to separate signal from background, and also to predict the background.504

The analysis is designed to search for SUSY models in the single-lepton final state with high505

HT, Emiss
T , Njets and Nb, such as gluino pair production where the gluino decays into two top506

quarks and an LSP. In these models, high jet multiplicity is expected and jets coming from507

different top quarks can be near each other and clustered together into a large-R jet which508

leads to high MJ tail. However, the tail of the MJ distribution of the dominant background, tt,509

23

driven methods: The two major SM backgrounds, tt and W + jets, are determined from data
with some input from simulation to account for any residual effects. The background composi-
tion depends on the selected number of jets and b-tagged jets. The contribution from W + jets
events is largest for events with low jet multiplicity and zero b-tagged jets. For events with one
or more b-tagged jets tt becomes the dominant background, with almost 90%. The distributions
shown in Fig. 21 include low jet multiplicity regions which will be used as side band regions
for the background estimation.

8 Search in the single-lepton final state with the sum of jet masses

8.1 Large-radius jets and the sum of jet masses (M
J

)

Large-radius (large-R) jets provide a new tool for SUSY searches [19–21], both for separating
signal from background, and for characterizing any excess event yield that may be observed.
This section focuses on measurements performed with early 13 TeV data to study the variable
MJ, the sum of masses of large-R jets in an event. These validation studies are motivated by
the possible application of MJ to a SUSY search in the single-lepton final state. In this search,
MJ will be used in conjunction with other variables, including Emiss

T , MT (the transverse mass
of the lepton and the Emiss

T vector), Nb, and Njets. In the commissioning phase of this analysis,
the particles used in the calculation of Emiss

T are restricted to the range |h| < 3.

Large-R jets are formed in this analysis by clustering standard CMS AK4 Particle Flow (PF) jets
using a radius parameter R = 1.2. The mass of an individual large-R jet, m(Ji), is calculated
as in a normal four-vector calculation of an invariant mass using the energy-momentum four-
vectors of the small-R jets clustered into Ji:

m(Ji) =
q

p(Ji)2 =

vuut
 

Â
objects n in Ji

pn

!2

, (5)

where the symbol J is used to denote a generic large-R jet (and Ji denotes a specific large-R
jet), while j is used to denote a generic small-R jet (and ji denotes a specific small-R jet). The
objects in the sum are standard CMS AK4 PF jets (electrons and muons are retained in the jet
collection), with pT > 30 GeV and |h| < 2.4 that have been clustered into the large-R jet Ji. We
order the large-R jets according to their masses, with J1 having the largest mass.

Studies with simulated event samples indicate that the single most useful variable is the sum
of masses of all large-R jet masses:

MJ = Â
Ji=large�R jets

m(Ji). (6)

This variable is used to separate signal from background, and it is also part of the methodology
used to predict the remaining background.

The analysis is designed to search for SUSY models with signatures containing a single lepton,
high Emiss

T , Njets and Nb, such as gluino pair production where the gluino decays into two top
quarks and an LSP. In these models, high jet multiplicity is expected, and jets from up to four
top quarks can be near each other and clustered together into a large-R jet, leading to a large tail
at high values of MJ. It is therefore critical to understand the high-end tail of the MJ distribution
for the main background, tt. The dominant effect leading to the presence of tt events beyond the
nominal cutoff (2mt) in the MJ distribution is initial-state radiation (ISR). More specifically, in
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NewStudies of R=0.4 jet  
masses in 13 TeV data

• Small radius jet masses constitute most of the mass of large radius jets at low 
MJ and up to 30% at high MJ 

• Mean jet masses data/MC agreement to within 1%→very little effect on MJ
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Sum of R=1.2 jet masses

Tail in MJ distribution in ttbar events 
arises from ISR jets overlapping with 

the rest of the event

18
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Conclusions
• Broad coverage of RPV-induced final states. Within the 

specified models, we exclude: 

• mgluino<1.04 TeV 

• mbottom squark<326 GeV 

• Higgsino and wino masses ranging from 300 to 900 GeV, 
depending on the coupling 

• Still producing interesting results from 8 TeV data! 

• Early 13 TeV data used to commission new analysis techniques 
useful for RPV analyses

19
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Yields in multilepton analysis 
with strong production

20

39

Table 9: Observed yields for three- and four-lepton events. The channels are split by the total
number of leptons (NL), the number of th candidates (Nt), whether the event contains b-tagged
jets (Nb), the number of OSSF pairs (NOSSF), binning in the dilepton invariant mass (m``), and
the ST. Events are considered on-Z if 75 GeV < m`` < 105 GeV. Expected yields are the sum of
simulation and estimates of backgrounds from data in each channel. The channels are mutually
exclusive. The uncertainties include statistical and systematic uncertainties. The ST values are
given in GeV. Reproduced from [25].

NL Nt Nb NOSSF m`` 0 < ST < 300 300 < ST < 600 600 < ST < 1000 1000 < ST < 1500 ST > 1500
obs exp obs exp obs exp obs exp obs exp

4 0 0 0 – 0 0.06 ± 0.06 0 0.09 ± 0.07 0 0.00 ± 0.03 0 0.00 ± 0.03 0 0.00 ± 0.03
4 0 1 0 – 0 0.00 ± 0.03 0 0.00 ± 0.03 0 0.06 ± 0.05 0 0.00 ± 0.03 0 0.00 ± 0.03
4 0 0 1 on-Z 2 3.1 ± 0.90 5 1.9 ± 0.48 0 0.44 ± 0.16 1 0.06 ± 0.06 0 0.00 ± 0.03
4 0 1 1 on-Z 2 0.07 ± 0.05 2 1.1 ± 0.53 0 0.57 ± 0.30 0 0.12 ± 0.09 0 0.02 ± 0.03
4 0 0 1 off-Z 2 0.48 ± 0.18 0 0.27 ± 0.11 0 0.07 ± 0.05 0 0.00 ± 0.02 0 0.00 ± 0.03
4 0 1 1 off-Z 0 0.04 ± 0.04 0 0.34 ± 0.17 0 0.06 ± 0.08 0 0.04 ± 0.04 0 0.00 ± 0.03
4 0 0 2 on-Z 135 120 ± 29 26 43 ± 10 4 6.0 ± 2.0 1 0.63 ± 0.26 0 0.06 ± 0.04
4 0 1 2 on-Z 1 1.0 ± 0.27 4 3.2 ± 1.1 1 1.1 ± 0.39 0 0.11 ± 0.06 0 0.04 ± 0.04
4 0 0 2 off-Z 7 8.3 ± 2.3 3 1.1 ± 0.30 0 0.11 ± 0.05 0 0.01 ± 0.02 0 0.00 ± 0.02
4 0 1 2 off-Z 0 0.18 ± 0.07 1 0.22 ± 0.11 0 0.15 ± 0.08 0 0.00 ± 0.03 0 0.00 ± 0.03
4 1 0 0 – 2 1.1 ± 0.46 1 0.54 ± 0.20 0 0.12 ± 0.12 0 0.00 ± 0.03 0 0.00 ± 0.03
4 1 1 0 – 0 0.26 ± 0.16 0 0.29 ± 0.13 0 0.13 ± 0.11 0 0.01 ± 0.02 0 0.00 ± 0.03
4 1 0 1 on-Z 43 42 ± 11 10 12 ± 3.1 0 1.8 ± 0.63 0 0.11 ± 0.07 0 0.02 ± 0.03
4 1 1 1 on-Z 2 1.0 ± 0.40 2 1.7 ± 0.5 0 0.78 ± 0.33 0 0.04 ± 0.04 0 0.01 ± 0.03
4 1 0 1 off-Z 18 8.4 ± 2.2 4 2.1 ± 0.52 2 0.48 ± 0.18 0 0.13 ± 0.08 0 0.01 ± 0.03
4 1 1 1 off-Z 1 0.64 ± 0.31 0 1.2 ± 0.44 0 0.30 ± 0.13 0 0.02 ± 0.03 0 0.00 ± 0.03
3 0 0 0 – 72 80 ± 23 32 27 ± 11 3 3.1 ± 1.00 0 0.22 ± 0.18 0 0.07 ± 0.06
3 0 1 0 – 37 33 ± 16 42 39 ± 19 2 5.0 ± 2.0 0 0.36 ± 0.14 0 0.06 ± 0.07
3 0 0 1 on-Z 4255 4400 ± 690 669 740 ± 170 106 110 ± 41 11 15 ± 6.9 3 1.3 ± 0.76
3 0 1 1 on-Z 140 150 ± 25 122 110 ± 25 16 25 ± 7.0 2 3.3 ± 1.2 1 0.32 ± 0.22
3 0 0 1 m`` < 75 (GeV) 617 640 ± 100 84 86 ± 21 14 11 ± 3.6 0 1.2 ± 0.39 1 0.12 ± 0.09
3 0 1 1 m`` < 75 (GeV) 62 74 ± 28 52 57 ± 23 4 8.3 ± 2.7 1 0.69 ± 0.28 0 0.08 ± 0.06
3 0 0 1 m`` > 105 (GeV) 180 200 ± 34 63 66 ± 12 13 10 ± 2.5 2 1.1 ± 0.40 0 0.16 ± 0.09
3 0 1 1 m`` > 105 (GeV) 17 17 ± 6.5 36 35 ± 14 7 7.4 ± 2.5 0 0.54 ± 0.23 0 0.08 ± 0.05
3 1 0 0 – 1194 1300 ± 330 289 290 ± 130 26 28 ± 12 2 2.6 ± 1.3 0 0.23 ± 0.20
3 1 1 0 – 316 330 ± 160 410 480 ± 240 46 58 ± 28 2 3.9 ± 2.0 0 0.46 ± 0.32
3 1 0 1 on-Z 49916 49000 ± 15000 2099 2700 ± 770 108 70 ± 17 9 6.0 ± 1.6 0 0.33 ± 0.18
3 1 1 1 on-Z 795 830 ± 230 325 280 ± 74 17 17 ± 4.8 1 1.8 ± 0.64 0 0.30 ± 0.14
3 1 0 1 m`` < 75 (GeV) 10173 9200 ± 2700 290 280 ± 72 21 11 ± 3.5 1 0.97 ± 0.44 0 0.04 ± 0.06
3 1 1 1 m`` < 75 (GeV) 297 290 ± 97 167 170 ± 87 14 12 ± 6.0 0 1.1 ± 0.74 0 0.06 ± 0.08
3 1 0 1 m`` > 105 (GeV) 1620 1700 ± 480 285 370 ± 96 21 23 ± 7.2 1 1.4 ± 0.61 0 0.22 ± 0.23
3 1 1 1 m`` > 105 (GeV) 97 79 ± 36 169 190 ± 94 23 28 ± 14 1 2.2 ± 1.3 0 0.20 ± 0.18

and 40), which changes the relative coupling between the higgsino and the mediator particles,
which in turn changes the branching ratio to multileptons.

11 Summary
This paper explores a variety of final states where R-parity-violating supersymmetry could
appear. In 19.3� 19.5 fb�1 of CMS data collected in 2012 at

p
s=8 TeV, we find no discrepancies

relative to standard-model expectations. As a result, we set 95% CL limits on SUSY partner
particle masses in several models that exhibit different RPV couplings and contain different
LSPs.

In a model that explores the consequences of minimal flavor violation, we use the b-tagged and
total jet multiplicity distributions to set limits on the mass of a gluino that decays via l00

332 to
a top, bottom, and strange quark. We exclude gluinos with masses less than 0.98 TeV. Using
a search region characterized by one lepton and high b-tagged and total jet multiplicity, we
exclude gluinos with masses less than 1.03 TeV in a similar model.

Another model that makes use of MFV can have a bottom-squark LSP that decays via l00
332

or l00
331. Using the reconstructed resonance mass distribution in the dilepton final state, we

exclude bottom squark production for masses less than 326 GeV.

Multilepton final states are sensitive to models with a variety of different lepton or semi-
leptonic RPV couplings. In a search in the four-lepton channel for strong production of neutrali-
nos and their decay via the leptonic couplings l121 and l122 we establish limits on the mediator
masses. In an example model containing squark pair production with a neutralino LSP, we set
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Fig. 7. Observed and expected 95% CL cross section limits as a function of mass for
the inclusive (top) and heavy-flavour searches (bottom). The limits for the heavy-
flavour search cover two mass ranges, one for low-mass gluinos ranging from 200
to 600 GeV, and one for high-mass gluinos covering the remainder of the mass
range up to 1500 GeV. The solid red lines show the NLO + NLL predictions [35–39],
and the dashed red lines give the corresponding one-standard-deviation uncertainty
bands [40].

8. Summary

A search for hadronic resonance production in pp collisions
at a centre-of-mass energy of 8 TeV has been conducted by the
CMS experiment at the LHC with a data sample corresponding to
an integrated luminosity of 19.4 fb−1. The approach is model in-
dependent, with event selection criteria optimised using the RPV
supersymmetric model for gluino pair production in a six-jet final
state. Two different scenarios for this RPV decay have been consid-
ered: gluinos decaying exclusively to light-flavour jets, and gluinos
decaying to one b-quark jet and two light-flavour jets, with the as-
sumption in both cases of a 100% branching fraction for gluinos
decaying to quark jets. Methods based on data have been used to
derive estimates of background from SM multijet processes. Events
with high jet multiplicity and a large scalar sum of jet pT have
been analysed for the presence of signal events, and no deviation
has been found between the standard model background expec-
tations and the measured mass distributions. The production of
gluinos undergoing RPV decay into light-flavour jets has been ex-
cluded at the 95% CL for masses below 650 GeV. Gluinos that

include a heavy-flavour jet in their decay have been excluded at
95% CL for masses between 200 and 835 GeV, which is the most
stringent limit to date for this model of gluino decay.
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Fig. 3. The sphericity variable for events from data, simulated background from SM
multijet 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 gen-
erated by MadGraph [27] with showering performed by Pythia.

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

Selection
criteria

Inclusive
search

Heavy-flavour search

Low mass High mass

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

∆ 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

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 (λ2 + λ3),
where the λi variables are eigenvalues of the following tensor [22]:

Sαβ =
∑

i pα
i pβ

i∑
i |pi |2

, (3)

where α and β label separate jets, and the sphericity S is calcu-
lated 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 optimisa-
tion of the number of expected signal events divided by the square
root of the number of signal-plus-background events. No spheric-
ity 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.

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

5. Background estimation and signal extraction

The dominant background for this search comes from SM mul-
tijet events, which arise from perturbative QCD processes of order

Fig. 4. Comparison of the three-jet invariant mass distribution in data with the back-
ground estimate for the inclusive analysis (red solid curve) obtained from a maxi-
mum likelihood fit to the data. The error bars on the black data points display the
statistical uncertainties. The bin widths increase with mass to match the expected
resolution. The bottom plot shows, for each bin, the difference of the data and fit
values divided by the statistical uncertainty in the data. No statistically significant
deviations from the data are observed. The light magenta dotted line and hatched
area show the distribution and pulls for a simulated 500 GeV gluino that decays
into light-flavour jets. Similarly, the expectation for a 750 GeV gluino is shown by
a dark blue dashed line and shaded area.

O(α3
s ) and higher. The invariant mass shape of incorrectly com-

bined signal triplets is found to be similar to that of the back-
ground from SM multijet processes, such that the combined dis-
tribution is consistent with that of SM multijets alone. Moreover,
because the normalisation of the background component (P0 in
Eq. (2)) is unconstrained, any incorrectly combined signal triplets,
if present, would be absorbed into the background estimate. The
triplet invariant mass distribution for the background decreases
smoothly with increasing mass, and we model this background
using a four-parameter function (Eq. (2)) fit directly to the data,
except in the case of the low-mass, heavy-flavour search.

For the low-mass, heavy-flavour search, there is an additional
background contribution from all-hadronic tt events. These events
are modelled using the MadGraph [27] generator, and the ex-
pected number of tt events is determined from the next-to-next-
to-leading-order (NNLO) cross section of 245.8+8.7

−10.5 pb [28]. The
shape of the contribution from SM multijet processes is modelled
with a statistically independent data sample, constructed by im-
posing a veto on b-tagged jets while retaining all other selection
requirements. This sample is referred to as the b-jet control region,
and the combination of simulated tt events and the background
from SM multijet processes, modelled by this control region, gives
the total SM background estimate for the low-mass, heavy-flavour
analysis.

A comparison of the background estimate to the data is per-
formed, in which the data are fit using a binned maximum likeli-
hood method with either the four-parameter function of Eq. (2) for
the inclusive analysis and the high-mass, heavy-flavour analysis, or

CMS Collaboration / Physics Letters B 730 (2014) 193–214 195

Fig. 1. The triplet invariant mass versus the triplet scalar pT for all combinations
of the six jets from pair-produced gluinos of mass 400 GeV that decay to three
light-flavour jets. The solid coloured regions represent correctly reconstructed signal
triplets, while the contour lines and light grey scatter points represent incorrectly
combined triplets. The red dashed line is based on Eq. (1) with ∆ = 110 GeV, and
the triplets to the right of the line satisfy this requirement, while those to the left
do not.

determined parameter. Fig. 1 shows a plot of the triplet invariant
mass versus triplet scalar pT for simulated events with 400 GeV
gluinos decaying to light-flavour jets.

The value of ∆ is chosen so that the analysis is sensitive to
as broad a range of gluino masses as possible given the restric-
tions imposed by the trigger. We find that the peak position of
the M jjj distribution in data depends on the value of ∆. From
a study of this peak position versus ∆, we find ∆ = 110 GeV to be
the optimal choice, yielding the lowest value of the peak of M jjj .
This simple ∆ requirement, rather than model-specific invariant
mass requirements, maintains the model-independent sensitivity
of our analysis to any three-jet resonance, not just that of our sig-
nal model.

Tightening the selection requirement on the pT value of the
sixth jet can reduce background stemming from SM multijet pro-
duction. The optimisation of this requirement to maximise signal
significance is performed as follows.

As illustrated in Fig. 2 for a gluino mass of 400 GeV, the
triplet invariant mass distribution for signal events has the shape
of a Gaussian peak on top of a broad base of incorrect three-jet
combinations. We define the Gaussian peak to be the signal. Fol-
lowing Ref. [25], we use a four-parameter function (Eq. (2)) that
is representative of the estimated background in the data (see
Section 5) and characterised by a steeply and monotonically de-
creasing shape:

dN
dx

= P0

(1 − x√
s
)P1

( x√
s
)

P2+P3 log x√
s

, (2)

where N is the number of triplets and x is the triplet invariant
mass. The parametrised signal and background estimates used in
the optimisation procedure can be seen in the inset of Fig. 2.

Using these two components, signal triplets from the Gaussian
peak and background triplets from the background estimate, we
define the signal significance as the ratio of the number of sig-
nal triplets to the square root of the number of signal triplets plus
the number of background triplets obtained from data. The num-
ber of signal and background triplets is calculated within a win-
dow around the mass peak with a width corresponding to twice

Fig. 2. The M jjj distribution for pair-produced 400 GeV gluinos with light-flavour
RPV decay into three jets is shown in the main plot. Triplets are selected that pass
the ∆ = 110 GeV requirement from Eq. (1). The Gaussian signal peak of correctly
reconstructed gluino triplets is represented by the gold shaded area, with its Gaus-
sian 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 background from
SM multijet processes in red, and the signal-plus-background indicated by a blue
dashed line.

the expected gluino-mass resolution. This procedure is repeated
for different thresholds on the sixth-jet pT in steps of 10 GeV,
for a given gluino mass. For the inclusive search, the focus is on
masses that are higher than those previously excluded by the jet-
ensemble technique [10], so the mass range of the search starts
around 400 GeV. We find that a requirement of pT ! 110 GeV on
the sixth jet maximises the signal significance in this mass range.

The use of b-jet identification enables us to perform a heavy-
flavour search in addition to our inclusive search for three-jet
resonances. The combined secondary vertex (CSV) algorithm [26]
uses variables from reconstructed secondary vertices along with
track-based lifetime information to identify b jets. The tagging ef-
ficiency 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 different b-tagging requirements for sig-
nal events with simulated gluinos that have heavy-flavour decays
and use the same definition of the signal significance as for the
sixth-jet pT optimisation 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 sig-
nificance, 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
∆ = 110 GeV is used. All-hadronic tt event production is a signif-
icant 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.

Signal 
region

λ"112

λ”113 or 223 

• Select ≥6 jets with pT>110 GeV 

• Cut on triplet invariant mass and 
scalar pT 

• Require sphericity>0.4 

• Fit triplet invariant mass 
distribution (with or without b)
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Fig. 5. Comparison of the three-jet invariant mass distribution in data with the background estimate for the heavy-flavour analysis. The left plot shows the results from the
low-mass selection. The background contribution from the b-jet control region is shown as the light blue shaded area, while that from simulated tt events is shown as the
dark red shaded area. The right plot shows the high-mass sample with resolution-based binning. The error bars on the black data points display the statistical uncertainties.
The bottom plots show the difference of the data and the background estimate divided by the statistical uncertainty in the data in each bin. The light magenta dashed line
and hatched area show the distribution and pulls for a simulated 500 GeV gluino that decays into heavy-flavour jets.

the background shape described above for the low-mass, heavy-
flavour analysis. Fig. 4 shows a comparison between the three-jet
invariant mass distribution in data and the background estimate
for the inclusive analysis. Fig. 5 shows the comparisons between
data and background estimates for the low- and high-mass heavy-
flavour analyses. In all three cases, no statistically significant devi-
ations from the data are observed.

As a validation of the analysis technique, we consider the tt
triplets as a signal with the background solely composed of triplets
from SM multijet processes, whose shape is modelled by the b-
jet control region, with the small amount of simulated tt events
without b tags subtracted. The tt cross section is extracted based
on the contribution of its signal triplets and is compared with
the theoretical prediction for the cross section of 245.8 pb. The
measurement yields a result of 205 ± 28 pb (combined statisti-
cal and systematic uncertainties), which is within less than two
standard deviations from the theoretical value, thereby showing
our technique can successfully reconstruct hadronically decaying
tt events.

To obtain an estimate of the number of signal triplets ex-
pected after all selection criteria are applied, the sum of a Gaussian
function that represents the signal and a four-parameter function
(Eq. (2)) that models the incorrectly combined signal triplets is fit
to the simulated M jjj distribution for each gluino mass. The Gaus-
sian component of the fit provides the estimate for the expected
number of signal triplets. The factors in this overall triplet sig-
nal efficiency are the event acceptance, governed by the kinematic
and b-tagging selections, and the triplet rate, which represents the
number of selected triplets per selected event. This triplet rate
is the product of the average number of triplets per event times
the proportion of triplets contained in the Gaussian signal peak
compared with the full distribution. Width and acceptance-times-

efficiency (A × ϵ) are both parametrised as functions of gluino
mass, as shown in Fig. 6. The width of the Gaussian function mod-
elling the signal varies according to the detector resolution, ranging
from 17 to 70 GeV for gluino masses from 200 to 1500 GeV. The
A × ϵ ranges from about 0.003 to 0.033 for the inclusive search
for gluino masses from 400–1500 GeV, and, for the heavy-flavour
search, from 0.005 to 0.04 for masses from 200–600 GeV, and
from 0.008 to 0.015 for masses from 600–1500 GeV. For high-mass
gluinos, the A × ϵ flattens slightly because of the decreased effi-
ciency to reconstruct triplets in the Gaussian signal peak.

6. Systematic uncertainties

Systematic uncertainties in the signal acceptance are assigned
in the following manner. For uncertainties related to the jet en-
ergy scale (JES) [20], the jet energy corrections are varied within
their uncertainties for each signal mass, and then the entire selec-
tion procedure is repeated to determine the parametrised values
of the A × ϵ . The largest difference from the nominal values is
taken as a systematic uncertainty. To evaluate the systematic un-
certainty associated with the level of simulated ISR and FSR for
signal events, i.e. the spontaneous emission of gluons from in-
coming or outgoing participants of the hard interaction, dedicated
signal samples are generated where the relative amounts of ISR
and FSR are coherently increased or decreased with respect to the
nominal setting of the Pythia event generator [29]. The parame-
ter controlling the amount of ISR (PARP(67)) is varied around its
central value of 2.5 by ±0.5 and that for the FSR (PARP(71)) is var-
ied from 2.5 to 8, with a nominal value of 4.0. For each sample,
the rederived A × ϵ is compared to the nominal value, and the
difference is taken as the systematic uncertainty. Analogously, an
uncertainty is assigned to account for the effects of multiple pp
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Figure 7. Exclusion regions at 95% CL in the planes of m(χ̃0
1) versus m(g̃) for two different values

of chargino mass (model C1). The convention for the exclusion curves is the same as in figure 5.
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Figure 8. 95% CL upper limit on the gluino production cross section for an RPV simplified model,
pp → g̃g̃, g̃ → tbs(tbs).

more stringent at high m(χ̃0
1). A similar conclusion applies to model A2, since the final

state is the same. For bottom-squark pair production, limits on m(b̃1) of about 600GeV

have been presented [46], but assuming the decay mode b̃1 → bχ̃0
1 instead of the model B1

mode b̃1 → tχ̃−
1 considered here. Comparable limits for model A1, as well as for similar

models with top and bottom quarks from gluino decays, have been reported by the ATLAS

Collaboration [48–51].

A single RPV scenario is considered in this analysis, one in which gluino pair production

is followed by the decay of each gluino to three quarks, as is favoured in the SUSY model

with minimal flavour violation [52]: g̃ → tbs(tbs) (model RPV). Such decays lead to same-

sign W-boson pairs in the final state in 50% of the cases. Compared with the decays

g̃ → tsd(tsd), which also yield same-sign W-boson pairs, the mode considered profits from

having two extra b quarks in the final state, resulting in a higher signal selection efficiency.
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Njets Nb-jets Emiss
T (GeV) HT (GeV) Lepton charge SR name

≥2 ≥0 >0 >500 ++/−− RPV0

≥2 ≥2 >0 >500 ++/−− RPV2

≥2 =1 >30 >80 ++/−− SStop1

≥2 =1 >30 >80 ++ only SStop1++

≥2 ≥2 >30 >80 ++/−− SStop2

≥2 ≥2 >30 >80 ++ only SStop2++

Table 4. Signal regions that are used in the search for same-sign top-quark pair production and
RPV SUSY processes.

models and same-sign top-quark pair production. These search regions are formed using

events that satisfy high-pT lepton selection and contain at least two jets. Because in RPV

SUSY scenarios the LSP decays, mainly into detectable leptons and quarks, such events

are not expected to have large Emiss
T , but they usually have substantial HT. Thus, in

search regions designed for such models, the Emiss
T requirement is removed completely,

while a relatively high HT > 500GeV requirement is applied to reduce the level of SM

background. These search regions are labelled as RPV0 and RPV2 for Nb-jets ≥ 0 and ≥2,

respectively.

Same-sign top quark pair events in which the W bosons decay leptonically generally

contain moderate Emiss
T , due to the accompanying neutrinos. Using events with Emiss

T >

30GeV, we form four signal regions, denoted SStop1, SStop2, SStop1++, and SStop2++,

where ”++” refers to the selection of only positively charged dilepton pairs. Note that in

most new physics scenarios, pp → tt is suppressed with respect to pp → tt because the

PDF of the proton is dominated by quarks, rather than anti-quarks. For such scenarios,

the SStop1++ and SStop2++ signal regions are expected to provide higher sensitivity.

5 Backgrounds

There are three main sources of SM background in this analysis, which are described

below. More details on the methods used to estimate these backgrounds can be found in

refs. [12, 14].

• “Non-Prompt leptons”, i.e. leptons from heavy-flavour decays, misidentified hadrons,

muons from light-meson decays in flight, or electrons from unidentified photon con-

versions. The background caused by these non-prompt leptons, which is dominated

by tt and W + jets processes, is estimated from a sample of events with at least

one lepton that passes a loose selection but fails the full set of tight identification

and isolation requirements described in section 3. The background rate is obtained

by scaling the number of events in this sample by a “tight-to-loose” ratio, i.e. the

probability that a loosely identified non-prompt lepton also passes the full set of re-

quirements. Various definitions of the loose lepton selection criteria are studied in
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Source %

Luminosity 2.6

Modelling of lepton selection (ID and isolation) 10

Modelling of trigger efficiency 6

Pileup modelling 5

Jet energy scale 1–10

Jet energy resolution 0–3

b-jet identification 2–10

ISR modelling 3–15

Total 13–25

Table 6. Summary of representative systematic uncertainties for the considered signal models.
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Figure 1. Distributions of Emiss
T versus HT for the baseline signal regions BSR0, BSR1, and BSR2

for the low-pT (left) and the high-pT (right) analyses. The regions indicated with the hatched area
are not included in the analyses.

The observations in each of the final signal regions are presented in tables 7 and 8 and

in figure 3 along with the corresponding SM background prediction. The contributions of

rare SM processes and non-prompt leptons vary among the signal regions between 40%

and 60%, while the charge misidentification background is almost negligible for all signal

regions. The observations are consistent with the background expectations within their

uncertainties. The p-values [29] for each signal region in the low- and high-pT analyses are

studied, and are found to be consistent with a uniform distribution between 0 and 1.

8 Limits on models of new physics and on rare SM processes

Given the lack of a significant excess over the expected SM background, the results of the

search are used to derive limits on the parameters of various models of new physics and

to derive limits on the cross sections of rare SM processes. The 95% confidence level (CL)

upper limits on the signal yields are calculated using the LHC-type CLs method [30–32].
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Object pT (GeV) |η|
Electrons >10(20) < 2.4 and /∈[1.4442, 1.566]
Muons >10(20) <2.4

Jets >40 <2.4

b-tagged jets >40 <2.4

Table 1. Kinematic and fiducial requirements on leptons and jets that are used to define the
low-pT (high-pT) analysis.

mℓℓ < 12GeV (pT > 5GeV) or 76 < mℓℓ < 106GeV (pT > 10GeV). These requirements

are designed to minimize backgrounds from processes with a low-mass bound state or

γ∗ → ℓ+ℓ− in the final state, as well as multiboson (WZ, ZZ, and triboson) production.

Monte Carlo (MC) simulations, which include pileup effects, are used to estimate some

of the SM backgrounds (see section 5), as well as to calculate the efficiency for various new

physics scenarios. All SM background samples are generated with the MadGraph 5 [18]

program and simulated using a Geant4-based model [19] of the CMS detector. Signal

samples are produced with MadGraph 5 using the CTEQ6L1 [20] parton distribution

functions (PDF); up to two additional partons are present in the matrix element calcula-

tions. Version 6.424 of pythia [21] is used to simulate parton showering and hadronization,

as well as the decay of SUSY particles. A signal sample for an RPV model is produced

with pythia 6.424. For signal samples, the detector simulation is performed using the CMS

fast simulation package [22]. Detailed cross checks are performed to ensure that the results

obtained with fast simulation are in agreement with the ones obtained with geant-based

detector simulation. Simulated events are processed with the same chain of reconstruction

programs that is used for data.

4 Search strategy

The search is based on comparing the number of observed events with the expectation

from SM processes in several signal regions (SR) that have different requirements on four

discriminating variables: Emiss
T , HT, the number of jets, and the number of b-tagged jets.

We define two sets of signal regions: baseline and final SRs. The former set imposes

looser selection requirements, thereby forming a sample of events where the contributions

of signal events are expected to be negligible, that is used to validate methods that are

employed to predict the background in the final SRs; the latter set is based on tighter

selection requirements, making it sensitive to many BSM processes. The interpretation of

the results, discussed in section 8, is primarily based on the final SRs.

Search regions defined in bins of the number of jets and b-tagged jets provide broad

coverage of strongly produced SUSY particles, including signatures with low hadronic ac-

tivity as well as signatures involving third-generation squarks. Additionally, as SUSY

models with a small mass splitting between the parent sparticle and the LSP may result

in low Emiss
T , we also define search regions with a looser requirement on Emiss

T . The high-
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