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8 3 Algorithms for b-jet identification
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Figure 6: Multiplicity distribution of secondary vertices (left) and distribution of the CSV dis-
criminator (right). Conditions and symbols are the same as in Fig. 1.

¥ the 2D IP signiÞcance of the Þrst track that raises the invariant mass above the charm
threshold of 1.5 GeV when subsequently summing up tracks ordered by decreasing
IP signiÞcance;

¥ the number of tracks in the jet;

¥ the 3D signed IP signiÞcances for each track in the jet.

Two likelihood ratios are built from these variables, used to discriminate between b and c jets
and between b and light jets, and then combined with prior weights of 0.25 and 0.75, respec-
tively. The distributions of the vertex multiplicity and of the CSV discriminator are presented
in Fig. 6.

The performance of the algorithms described above is summarized in Fig. 7 in form of the
non-b vs. b efÞciency curves predicted by simulation. At a misidentiÞcation probability for
light-ßavour jets of 10% a b-jet tagging efÞciency of ≈ 80− 85% is achieved. For the tight
operating points at a mistagging rate of 0.1% typical efÞciency values are ≈ 45%. Of all the
algorithms, the CSV algorithm has the highest b efÞciency when the light-ßavour efÞciency is
less than 3%, above which the JPB algorithm has the highest efÞciency. The CSV and the jet
probability algorithms provide better c-jet rejection in the high purity region.

3.4 Impact of running conditions on b-jet identification

Even the simplest tagging algorithms depend on high tracking efÞciency and a reliable estima-
tion of track parameters and their uncertainties. Thus they are potentially sensitive to changes
in the running conditions of the experiment. The robustness of the algorithms with respect to
the most important of these effects have been studied: the residual uncertainty on the align-
ment of the tracking system and increased track densities due to multiple simultaneous pp
interactions.

The alignment of the CMS tracker is performed using a mixture of tracks from cosmic rays and
minimum bias collisions [19, 20]. In addition, the geometry of the tracker is monitored on a
daily basis. During the 2011 data taking, the most important movements were observed be-
tween the two halves of the pixel barrel detector with discrete changes in the relative z position
of up to 30µm. The sensitivity to misalignment was studied on simulated t øt samples. With
the current estimated accuracy of the positions of the sensitive elements no signiÞcant deteri-
oration is observed with respect to a perfectly aligned detector. The effects of displacements
between the two parts of the pixel barrel detector was studied by introducing artiÞcial separa-
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SUSY
https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsSUS
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Simplifed Model Spectra
CMS-PAS-SUS-11-016, http://arxiv.org/abs/1301.2175
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¥ Now used in most 
SUSY analyses

¥ Constrained by 
multiple analyses

¥ Hopefully able to 
be mapped to one's 
favorite theory
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Simplifed Model Spectra
https://twiki.cern.ch/twiki/bin/view/CMSPublic/SUSYSMSSummaryPlots
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Search for new physics in events with 
same-sign dileptons and b-tagged jets

¥ Two leptons and two 
b-tagged jets

¥ Highly suppressed in 
SM

¥ 8 TeV Data
¥ arXiv:1212.6194

4 6 EfÞciencies and associated uncertainties
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Figure 1: Top plot: distribution of Emiss
T versus HT for the 43 events in the most inclusive signal

region (SR0). Note that the≥ 2 jets requirement in SR0 implies HT > 80 GeV. Bottom-left plot:
projection of the top plot on the HT axis. Bottom-right plot: projection of the top plot on the
Emiss

T axis. For the one-dimensional distributions, the number of events in each bin is scaled
appropriately to reßect units of events per 10 GeV and is compared with the background pre-
dictions, with their uncertainties. The binning of the one-dimensional distributions is chosen
to match the Emiss

T and HT boundaries of the different signal regions.

for the signal efÞciency uncertainty. As can be seen from Table 2, the limits are only weakly
dependent on this uncertainty. The uncertainty on the signal efÞciency is discussed in Section 6.

6 EfÞciencies and associated uncertainties

The dilepton triggers require one lepton to have pT > 17 GeV and the other pT > 8 GeV. The
trigger efÞciency, measured using events collected with hadronic triggers, is 96 ± 5% for ee,
93± 5% for eµ, and 88± 4% for µµ. All acceptances, which are calculated from MC simulation,
include a correction factor for the trigger efÞciency.

The lepton selection efÞciencies, determined using a sample of simulated events from a typical
signal scenario involving multiple top quarks in the Þnal states arising from gluino decay [29,
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Search for new physics in events with 
same-sign dileptons and b-tagged jets6 8 Limits on models of new physics
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Figure 3: Diagrams for the four SUSY models considered (A1, A2, B1, and B2).

with ! ! = 0.65 (0.69),! 20 = 0.35 (0.48), and" = 42 GeV (25 GeV) for electrons (muons).
The parametrization of the simulated b-tagging efÞciency, shown in Fig. 2 (right), is ! = 0.71
for 90 < pT < 170 GeV; at higher (lower) pT it decreases linearly with a slope of ! 0.0004
(! 0.0047) GeV! 1.

8 Limits on models of new physics

The results of the search are used to constrain speciÞc models of new physics. For each model
considered, limits are derived from the signal region expected to give the most stringent limit
on the cross section at a given point in the parameter space of the model. The event selection
efÞciency for a given model is obtained from MC simulation, and the limits are calculated
including systematic uncertainties on lepton efÞciency, trigger efÞciency, luminosity, jet energy
scale, and b-tagging efÞciency. The latter two uncertainties are evaluated at each point in the
parameter space.

The results from SR1 and SR2 are used to set limits on the cross section for same-sign top-quark
pair production, " (pp " tt + tt) from SR1, and " (pp " tt ) from SR2. Here " (pp " tt + tt)
is shorthand for the sum " (pp " tt ) + " (pp " tt). Note that in most new physics scenarios
pp " tt is suppressed with respect to pp " tt because of the parton distribution functions of
the proton. These limits are calculated using simulated pp " tt events to model the acceptance.
This acceptance, including branching fractions, is 0.29± 0.04%. We Þnd upper limits " (pp "
tt + tt) < 0.87 pb and " (pp " tt ) < 0.30 pb at the 95% CL; the median expected limits are 0.72
and 0.37 pb, respectively.

Next, we present limits on the parameter spaces of four R-parity-conserving SUSY models
with third-generation squarks. The decay chains under consideration are shown schematically
in Fig. 3.

Scenarios A1 and A2 represent models of gluino pair production resulting in the tt tt !#0
1 !#0

1 Þnal
state, where !#0

1 is the lightest neutralino [12, 29, 30, 33, 34]. In model A1, the gluino undergoes a
three-body decay !g " tt !#0

1 mediated by an off-shell top squark. In model A2, the gluino decays
to a top quark and and an anti-top squark, with the on-shell anti-squark further decaying into
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Figure 3: Diagrams for the four SUSY models considered (A1, A2, B1, and B2).

with ! ! = 0.65 (0.69),! 20 = 0.35 (0.48), and" = 42 GeV (25 GeV) for electrons (muons).
The parametrization of the simulated b-tagging efÞciency, shown in Fig. 2 (right), is ! = 0.71
for 90 < pT < 170 GeV; at higher (lower) pT it decreases linearly with a slope of ! 0.0004
(! 0.0047) GeV! 1.
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The results of the search are used to constrain speciÞc models of new physics. For each model
considered, limits are derived from the signal region expected to give the most stringent limit
on the cross section at a given point in the parameter space of the model. The event selection
efÞciency for a given model is obtained from MC simulation, and the limits are calculated
including systematic uncertainties on lepton efÞciency, trigger efÞciency, luminosity, jet energy
scale, and b-tagging efÞciency. The latter two uncertainties are evaluated at each point in the
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pair production, " (pp " tt + tt) from SR1, and " (pp " tt ) from SR2. Here " (pp " tt + tt)
is shorthand for the sum " (pp " tt ) + " (pp " tt). Note that in most new physics scenarios
pp " tt is suppressed with respect to pp " tt because of the parton distribution functions of
the proton. These limits are calculated using simulated pp " tt events to model the acceptance.
This acceptance, including branching fractions, is 0.29± 0.04%. We Þnd upper limits " (pp "
tt + tt) < 0.87 pb and " (pp " tt ) < 0.30 pb at the 95% CL; the median expected limits are 0.72
and 0.37 pb, respectively.

Next, we present limits on the parameter spaces of four R-parity-conserving SUSY models
with third-generation squarks. The decay chains under consideration are shown schematically
in Fig. 3.

Scenarios A1 and A2 represent models of gluino pair production resulting in the tt tt !#0
1 !#0

1 Þnal
state, where !#0
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with ! ∞ = 0.65 (0.69),! 20 = 0.35 (0.48), and" = 42 GeV (25 GeV) for electrons (muons).
The parametrization of the simulated b-tagging efÞciency, shown in Fig. 2 (right), is ! = 0.71
for 90 < pT < 170 GeV; at higher (lower) pT it decreases linearly with a slope of ! 0.0004
(! 0.0047) GeV! 1.

8 Limits on models of new physics

The results of the search are used to constrain speciÞc models of new physics. For each model
considered, limits are derived from the signal region expected to give the most stringent limit
on the cross section at a given point in the parameter space of the model. The event selection
efÞciency for a given model is obtained from MC simulation, and the limits are calculated
including systematic uncertainties on lepton efÞciency, trigger efÞciency, luminosity, jet energy
scale, and b-tagging efÞciency. The latter two uncertainties are evaluated at each point in the
parameter space.

The results from SR1 and SR2 are used to set limits on the cross section for same-sign top-quark
pair production, " (pp " tt + tt) from SR1, and " (pp " tt ) from SR2. Here " (pp " tt + tt)
is shorthand for the sum " (pp " tt ) + " (pp " tt). Note that in most new physics scenarios
pp " tt is suppressed with respect to pp " tt because of the parton distribution functions of
the proton. These limits are calculated using simulated pp " tt events to model the acceptance.
This acceptance, including branching fractions, is 0.29± 0.04%. We Þnd upper limits " (pp "
tt + tt) < 0.87 pb and " (pp " tt ) < 0.30 pb at the 95% CL; the median expected limits are 0.72
and 0.37 pb, respectively.

Next, we present limits on the parameter spaces of four R-parity-conserving SUSY models
with third-generation squarks. The decay chains under consideration are shown schematically
in Fig. 3.
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Figure 4: Exclusion regions at 95% CL in the planes of m( !! 0
1) vs. m(!g) (model A1), m( !! !

1 )
vs. m(!b1) (model B1), m(!t1) vs. m(!g) (model A2), and m(!b1) vs. m(!g) (model B2). Models
A2, B1, and B2 have more than two mass parameters, and cannot be fully represented in a
two dimensional plot. The assumed values of the additional mass parameters are indicated
in the plots. The black lines represent the kinematic boundaries of the models. The excluded
regions are those within the kinematic boundaries and to the left of the bands. The effects of
the theoretical uncertainties on the next-to-leading-order plus next-to-leading-log calculations
of the production cross sections [35] are indicated by the shaded bands; the expected limits and
their ± 1 standard-deviation variations are also shown.
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with ! ! = 0.65 (0.69),! 20 = 0.35 (0.48), and" = 42 GeV (25 GeV) for electrons (muons).
The parametrization of the simulated b-tagging efÞciency, shown in Fig. 2 (right), is ! = 0.71
for 90 < pT < 170 GeV; at higher (lower) pT it decreases linearly with a slope of ! 0.0004
(! 0.0047) GeV! 1.

8 Limits on models of new physics

The results of the search are used to constrain speciÞc models of new physics. For each model
considered, limits are derived from the signal region expected to give the most stringent limit
on the cross section at a given point in the parameter space of the model. The event selection
efÞciency for a given model is obtained from MC simulation, and the limits are calculated
including systematic uncertainties on lepton efÞciency, trigger efÞciency, luminosity, jet energy
scale, and b-tagging efÞciency. The latter two uncertainties are evaluated at each point in the
parameter space.

The results from SR1 and SR2 are used to set limits on the cross section for same-sign top-quark
pair production, " (pp " tt + tt) from SR1, and " (pp " tt ) from SR2. Here " (pp " tt + tt)
is shorthand for the sum " (pp " tt ) + " (pp " tt). Note that in most new physics scenarios
pp " tt is suppressed with respect to pp " tt because of the parton distribution functions of
the proton. These limits are calculated using simulated pp " tt events to model the acceptance.
This acceptance, including branching fractions, is 0.29± 0.04%. We Þnd upper limits " (pp "
tt + tt) < 0.87 pb and " (pp " tt ) < 0.30 pb at the 95% CL; the median expected limits are 0.72
and 0.37 pb, respectively.

Next, we present limits on the parameter spaces of four R-parity-conserving SUSY models
with third-generation squarks. The decay chains under consideration are shown schematically
in Fig. 3.

Scenarios A1 and A2 represent models of gluino pair production resulting in the tt tt �#0
1�#0

1 Þnal
state, where �#0

1 is the lightest neutralino [12, 29, 30, 33, 34]. In model A1, the gluino undergoes a
three-body decay �g " tt �#0

1 mediated by an off-shell top squark. In model A2, the gluino decays
to a top quark and and an anti-top squark, with the on-shell anti-squark further decaying into
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vs. m(!b1) (model B1), m(!t1) vs. m(!g) (model A2), and m(!b1) vs. m(!g) (model B2). Models
A2, B1, and B2 have more than two mass parameters, and cannot be fully represented in a
two dimensional plot. The assumed values of the additional mass parameters are indicated
in the plots. The black lines represent the kinematic boundaries of the models. The excluded
regions are those within the kinematic boundaries and to the left of the bands. The effects of
the theoretical uncertainties on the next-to-leading-order plus next-to-leading-log calculations
of the production cross sections [35] are indicated by the shaded bands; the expected limits and
their ±1 standard-deviation variations are also shown.
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10 Summary

This note presents a search for the direct pair production of top squarks, in the Þnal state con-
sisting of a single isolated lepton, jets, and large transverse mass. Good agreement is observed
between the observed yields and the predicted backgrounds in several signal regions, deÞned
by requirements of large Emiss

T and MT. The results are interpreted in the context of simpli-
Þed models of top squark pair production, and probe top squarks with masses in the range
160Ð430 GeV.
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Figure 9: Interpretation in the top squark pair production model with ÷t ! t ÷! 0
1, in the plane of

m ÷! 0
1

vs. m÷t. The shading indicates the upper limit on the signal cross section. The observed, me-
dian expected, and ± 1" expected exclusion contours are indicated assuming NLO-NLL cross
sections, as well as the observed contours when the theory cross section is varied by± 1" (the
region below the contours is excluded).
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Figure 10: Interpretation in the top squark pair production model with ÷t ! b ÷! ±
1 ! bW ÷! 0

1, in
the plane of m ÷! 0

1
vs. m÷t, for the chargino mass parameter x = 0.5 (left) and x = 0.75 (right).

Details are the same as in Fig. 9.
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1 Introduction

The standard model (SM) has been incredibly successful at describing the majority of parti-

cle physics phenomena. However, it suffers from such shortcomings as the hierarchy problem,

where fine-tuned cancellations of large quantum corrections are required in order for the Higgs

boson to have a mass of order 100 GeV, at the electroweak symmetry breaking scale. Supersym-

metry (SUSY) is a popular extension to the SM which postulates that for each SM particle there

exists a superpartner with exactly the same quantum numbers, differing by one half unit of

spin. SUSY provides a natural solution to the hierarchy problem through the exact cancella-

tions of the quadratic divergences of the top quark and scalar top squark loops. In addition,

it provides a connection to the cosmological sector, with the lightest supersymmetric particle

(LSP), if neutral and stable, serving as a dark matter candidate.

This note documents a search for the pair production of top squarks, in a dataset corresponding

to an integrated luminosity of 9.7 fb
! 1

collected at
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s = 8 TeV by the Compact Muon Solenoid

(CMS) experiment at the LHC during 2012. This search is motivated by the fact that relatively

light top squarks are necessary if SUSY is to be the “natural”, i.e., not fine-tuned, solution to

the gauge hierarchy problem [1–5]. These constraints are especially relevant given the recent

discovery of a particle that closely resembles the Higgs boson, with a mass of 125 GeV [6].

Searches for top squark pair production have been performed by the ATLAS collaboration at

the LHC in several final states [7–11], and by the CDF [12] and D0 [13] collaborations at the

Tevatron.

The search presented focuses on two decay modes of the top squark (t̃): t̃ # t !̃ 0
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and t̃ # b!̃ +
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, which are expected to have large branching fractions if kinematically

accessible. Here the neutralinos (!̃ 0
) and charginos (!̃ +

) are the mass eigenstates formed by the

linear combination of the gauginos and higgsinos, fermionic superpartners of the gauge and

Higgs bosons. The charginos are unstable and can subsequently decay into neutralinos and W
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is often considered to be the stable LSP, which escapes without detection and results in large

missing transverse energy (Emiss
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).

The signature of the signal process includes high transverse momentum jets, including two

b-jets, and Emiss
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. Requiring exactly one isolated, high pT electron or muon suppresses many

of the dominant backgrounds present in the all-hadronic channel. The largest backgrounds

in the single lepton topology are semi-leptonic decays of tt and W+jets. These backgrounds
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where Þne-tuned cancellations of large quantum corrections are required in order for the Higgs
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tions of the quadratic divergences of the top quark and scalar top squark loops. In addition,
it provides a connection to the cosmological sector, with the lightest supersymmetric particle
(LSP), if neutral and stable, serving as a dark matter candidate.

This note documents a search for the pair production of top squarks, in a dataset corresponding
to an integrated luminosity of 9.7 fb ! 1 collected at
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s = 8 TeV by the Compact Muon Solenoid

(CMS) experiment at the LHC during 2012. This search is motivated by the fact that relatively
light top squarks are necessary if SUSY is to be the ÒnaturalÓ, i.e., not Þne-tuned, solution to
the gauge hierarchy problem [1Ð5]. These constraints are especially relevant given the recent
discovery of a particle that closely resembles the Higgs boson, with a mass of 125 GeV [6].
Searches for top squark pair production have been performed by the ATLAS collaboration at
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is often considered to be the stable LSP, which escapes without detection and results in large
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The signature of the signal process includes high transverse momentum jets, including two
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10 Summary
This note presents a search for the direct pair production of top squarks, in the Þnal state con-
sisting of a single isolated lepton, jets, and large transverse mass. Good agreement is observed
between the observed yields and the predicted backgrounds in several signal regions, deÞned
by requirements of large Emiss

T and MT. The results are interpreted in the context of simpli-
Þed models of top squark pair production, and probe top squarks with masses in the range
160Ð430 GeV.
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Figure 9: Interpretation in the top squark pair production model with ÷t ! t ÷! 0
1, in the plane of

m ÷! 0
1

vs. m÷t. The shading indicates the upper limit on the signal cross section. The observed, me-
dian expected, and ± 1" expected exclusion contours are indicated assuming NLO-NLL cross
sections, as well as the observed contours when the theory cross section is varied by± 1" (the
region below the contours is excluded).
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1 ! bW ÷! 0

1, in
the plane of m ÷! 0

1
vs. m÷t, for the chargino mass parameter x = 0.5 (left) and x = 0.75 (right).

Details are the same as in Fig. 9.
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1, in
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Details are the same as in Fig. 9.
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3

4 Selection of multijet events with missing transverse energy

The ! T kinematic variable, Þrst introduced in Refs. [39Ð41], is used in the selection of multijet
events to efÞciently reject events either without signiÞcant E/ T or with transverse energy mis-
measurements, while retaining a large sensitivity to new physics with genuine E/ T signatures.
For dijet events, the ! T variable is deÞned as:

! T =
ET

j2

MT
, MT =

!"
"
#

$
2

∑
i=1

ET
ji

%2

!

$
2

∑
i=1

pji
x

%2

!

$
2

∑
i=1

pji
y

%2

. (1)

where ET
j2 is the transverse energy of the least energetic jet of the two, and MT is the transverse

mass of the dijet system. For a perfectly measured dijet event with ET
j1 = ET

j2 and jets back-
to-back in " , and in the limit of large jet momenta compared to their masses, the value of ! T is
0.5. In the case of an imbalance in the measured transverse energies of back-to-back jets,! T is
smaller than 0.5. Values signiÞcantly greater than 0.5 are observed when the two jets are not
back-to-back, recoiling against genuine E/ T.

For events with three or more jets, an equivalent dijet system is formed by combining the jets
in the event into two pseudo-jets. The ET of each of the two pseudo-jets is calculated as the
scalar sum of the measured ET of the contributing jets. The combination chosen is the one
that minimizes the ET difference (∆HT) between the two pseudo-jets. This simple clustering
criterion provides the best separation between multijet events and events with genuine E/ T.

Events with extremely rare but large stochastic ßuctuations in calorimetric measurements of
jet energies can lead to values of ! T slightly above 0.5. Such events are rejected by requiring
! T > 0.55. A similar behaviour is observed in events with reconstruction failures, severe energy
losses due to detector inefÞciencies, or jets below theET threshold that result in signiÞcant H/ T

relative to the value of E/ T (as measured by the calorimeter systems, which is not affected by
jet ET thresholds). These classes of events are rejected by applying dedicated vetoes, described
further in Ref. [12]. The leakage above 0.5 becomes smaller with increasing HT. This is due
in part to increasing average jet energy and thus improving jet energy resolution. Further, the
relative impact of jets falling below the ET threshold is reduced as the scale of the event (i.e.
HT) increases.

The signal region is deÞned by HT > 275 GeV and! T > 0.55, which is divided into eight bins
in HT: two bins of width 50 GeV in the range 275 < HT < 375 GeV, Þve bins of width 100 GeV
in the range 375 < HT < 875 GeV, and a Þnal open bin, HT > 875 GeV. As in Ref. [12], the
jet ET threshold is scaled down to 37 GeV and 43 GeV for the regions 275 < HT < 325 GeV
and 325< HT < 375 GeV, respectively. The highest-ET jet threshold is also scaled accordingly.
This is done in order to maintain a background composition and event kinematics similar to
those observed for the higher HT bins. Candidate events are further categorised according to
the number of jets per event, 2 " njet " 3 or njet # 4, and whether they contain exactly zero,
one, two, three, or at least four reconstructed b-quark jets. For the category with at least four
reconstructed b-quark jets, only three HT bins are used: 275< HT < 325 GeV, 325< HT <
375 GeV andHT > 375 GeV.

Events in the signal sample are recorded with multiple trigger conditions that must satisfy
requirements on both HT and ! T in the range (HT > 250 GeV and! T > 0.55) to (HT > 400 GeV
and ! T > 0.51). The trigger efÞciency is deÞned as the probability with which events that
satisfy the signal sample selection criteria also satisfy the trigger conditions, and is measured
from data separately for each njet multiplicity bin.

10 6 Results

 (GeV)TH
300 400 500 600 700 800 900

Ev
en

ts
 / 

bi
n

-110

1

10

210

310  = 8 TeVs, -1CMS Preliminary, 11.7 fb

 3)!
j

j
= 2; nb

b
Data (hadronic sample, n

 Expected Unc. ±Standard Model 

 

 = 100 GeV)
1

0
"#

= 550 GeV, m
b
~(m

1

0
"# b $ b

~
, b

~
 b

~
 $SM + pp 

(a) Signal region

 (GeV)TH
300 400 500 600 700 800 900

E
ve

nt
s 

/ b
in

-110

1

10

210

310

 = 8 TeVs, -1CMS Preliminary, 11.7 fb

 3)!
j

j
= 2; nb

b
 + jets sample, nµData (

 Expected Unc. ±Standard Model 

(b) µ + jets sample

Figure 4: Comparison of the observed yields and SM expectations given by the simultaneous
Þt in bins of HT for the (a) signal region and (b) µ + jets control sample when requiring exactly
two reconstructed b-jets in the 2 ! njet ! 3 bin. The observed event yields in data (black dots)
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mLSP = 100 GeV is superimposed on the SM background expectation.
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Figure 10: Upper limit on cross section at 95% CL as a function of m÷q or m÷g and mLSP for various
simpliÞed models. The solid thick black line indicates the observed exclusion region assuming
NLO+NLL SUSY production cross section. The thin black lines represent the observed ex-
cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
lines indicate the median (thick line) ± 1" (thin lines) expected exclusion regions.
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cluded region when varying the cross section by its theoretical uncertainty. The dashed purple
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2 5 Event Selection

large-enough transverse momentum. This is not the case for muons, which are invisible to
ECAL and HCAL. For the 4.7 fb ! 1 inclusive analysis the trigger requirements, pileup condi-
tions, and pile-up subtraction dictate that isolated electrons enter the megajet reconstruction as
jets, while isolated muons are not included in the megajet reconstruction and mimic the contri-
butions of neutrinos. The megajet reconstruction is thus based on a calorimeter-driven view of
the events.

We compute the razor analyses grouping a given list of jets in two megajets by deÞning the two
sets of jets with the smallest sum of masses squared.

The four-momenta of the two megajets are used to compute the M R variable, deÞned as

M R "
!

(pj1 + pj2)2 ! ( pj1
z + pj2

z )2 . (1)

In Eq. 1 pji (pj2
z ) is the absolute value (the longitudinal component) of the ith-megajet momen-

tum.

This variable is computed with the three-momentum of the input megajets. Similarly, one can
deÞne the transverse variable:

M R
T "

"
Emiss

T (pj1
T + pj2

T ) ! !Emiss
T á(!p j1

T + !p j2
T )

2
(2)

from the four-momenta of the two megajets and the missing transverse energy Emiss
T . The razor

dimensionless ratio is deÞned as

R "
M R

T

M R
. (3)

4 Monte Carlo Event Samples

The design of the analysis was guided by studies of Monte Carlo event samples generated with
the PYTHIA 6 [6] and M ADGRAPH V 4.22 [7] programs, simulated using the CMS GEANT -based
[8] detector simulation, and then processed by the same software used to reconstruct real col-
lision data. Events with QCD multijets, top quarks and electroweak bosons where generated
with M ADGRAPH interfaced with P YTHIA for parton showering, hadronization and the un-
derlying event description. To generate Monte Carlo samples for SUSY the mass spectrum was
Þrst calculated with SOFTSUSY[9] and the decays with SUSYHIT [10]. The PYTHIA program was
used with the SLHA interface [11] to generate the events. The generator level cross section and
the k-factors for the Next-to-Leading Order (NLO) cross section calculation were computed
using PROSPINO [12].

5 Event Selection

The analysis uses a set of dedicated triggers, which apply lower thresholds on the values of
R and M R, computed online from the reconstructed jets and Emiss

T . Three trigger categories
are used: i) hadronic triggers, applying moderate/tight requirements on R and M R to events
with two jets of pT > 56 GeV; ii) muon triggers, similar to the hadronic triggers, but with
looser requirements on R and M R and at least one muon in the central part of the detector
with pT > 10 GeV iii) electron triggers, with similar R and M R requirements and at least one
electron of pT > 10 GeV, satisfying loose isolation criteria. All of these triggers are fully efÞcient

2 5 Event Selection

large-enough transverse momentum. This is not the case for muons, which are invisible to
ECAL and HCAL. For the 4.7 fb ! 1 inclusive analysis the trigger requirements, pileup condi-
tions, and pile-up subtraction dictate that isolated electrons enter the megajet reconstruction as
jets, while isolated muons are not included in the megajet reconstruction and mimic the contri-
butions of neutrinos. The megajet reconstruction is thus based on a calorimeter-driven view of
the events.

We compute the razor analyses grouping a given list of jets in two megajets by deÞning the two
sets of jets with the smallest sum of masses squared.

The four-momenta of the two megajets are used to compute the MR variable, deÞned as

MR "
!
(pj1 + pj2)

2 ! (pj1
z + pj2

z )2 . (1)

In Eq. 1 pji (pj2
z ) is the absolute value (the longitudinal component) of the ith-megajet momen-

tum.

This variable is computed with the three-momentum of the input megajets. Similarly, one can
deÞne the transverse variable:

MR
T "

"
Emiss

T (pj1
T + pj2

T ) ! !Emiss
T á(!p j1

T + !p j2
T )

2
(2)

from the four-momenta of the two megajets and the missing transverse energy Emiss
T . The razor

dimensionless ratio is deÞned as

R "
MR

T
MR

. (3)

4 Monte Carlo Event Samples

The design of the analysis was guided by studies of Monte Carlo event samples generated with
the PYTHIA 6 [6] and M ADGRAPH V 4.22 [7] programs, simulated using the CMS GEANT -based
[8] detector simulation, and then processed by the same software used to reconstruct real col-
lision data. Events with QCD multijets, top quarks and electroweak bosons where generated
with M ADGRAPH interfaced with P YTHIA for parton showering, hadronization and the un-
derlying event description. To generate Monte Carlo samples for SUSY the mass spectrum was
Þrst calculated with SOFTSUSY[9] and the decays with SUSYHIT [10]. The PYTHIA program was
used with the SLHA interface [11] to generate the events. The generator level cross section and
the k-factors for the Next-to-Leading Order (NLO) cross section calculation were computed
using PROSPINO [12].

5 Event Selection

The analysis uses a set of dedicated triggers, which apply lower thresholds on the values of
R and MR, computed online from the reconstructed jets and Emiss

T . Three trigger categories
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electron of pT >10 GeV, satisfying loose isolation criteria. All of these triggers are fully efÞcient
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Figure 2: Projection of the 2D Þt result on M R (left) and R2 (right) for the MU (top), ELE (center),
HAD (bottom) b-tagged boxes in the 2011 razor triggered dataset. The blue histogram is the
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Figure 6: Exclusion cross-section vs. model spectrum for T1bbbb (top-left) and T2bb (top-
right), T1tttt (bottom-left) and T2tt (bottom-right).Color-scale (z-axis) indicates the observed
cross-section upper limit for each model point, as a function of the mass of the produced parti-
cle and the LSP mass. Solid black line indicates observed exclusion region, assuming nominal
NLO+NLL SUSY production cross section. Dotted black lines show observed exclusion taking
± 1! theory errors around nominal cross section. Solid green line indicates median expected
exclusion region, with dotted green lines indicating the expected exclusion with ± 1! exper-
imental uncertainties. The solid grey region indicates model points where the analysis was
found to have dependence on ISR modeling in simulation of signal events above a pre-deÞned
tolerance; no interpretation is presented for these model points.
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Table 4: Estimated event yields for each background contribution in the various MT2 and HT

bins. The predictions from control regions in data are compared to the expected event yields
from simulation. Statistical and systematic uncertainties are added in quadrature. The total
background prediction is compared to data in the last two columns.

Z ! ! ! Lost lepton " ! had QCD multijet Total bkg. Data
sim. data pred. sim. data pred. Estimate sim. data pred. data pred.

750" HT < 950
MT2[125, 150] 1.0 0.5± 0.4 12.8 4.5± 3.2 8.7± 6.3 5.16 4.1± 2.1 17.8± 7.3 22
MT2[150, 200] 2.0 0.7± 0.3 11.3 7.6± 3.6 8.0± 3.8 0.16 0.90± 0.51 17.2± 5.2 16
MT2[200, 300] 1.3 1.0± 0.5 6.1 1.3± 1.7 4.9± 6.7 0.0 0.04± 0.03 7.2± 6.9 16
MT2[300,! ] 0.5 0.6± 0.3 1.3 1.3± 0.9 1.8± 1.3 0.0 0.00± 0.00 3.7± 1.6 2
HT # 950
MT2[125, 150] 0.6 0.4± 0.3 6.2 5.9± 3.3 4.3± 2.4 1.25 5.4± 2.8 16.0± 4.9 10
MT2[150, 180] 0.4 0.9± 0.4 4.6 6.4± 3.3 3.2± 1.7 0.57 1.7± 0.9 12.2± 3.9 10
MT2[180, 260] 0.6 0.1± 0.1 4.2 3.4± 2.3 3.3± 2.3 0.67 0.45± 0.25 7.2± 3.2 9
MT2[260,! ] 0.6 0.7± 0.4 2.2 2.0± 1.6 1.6± 1.3 0.04 0.05± 0.04 4.3± 2.0 3
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Figure 4: MT2 distribution from the background estimates compared to data for the MT2b se-
lection. The Þgure on the left corresponds to the 750 " HT < 950 GeV region, while that on
the right corresponds to HT # 950 GeV. The prediction from simulation for the LM9 signal
model (not stacked) are also shown. The hatched band shows the total uncertainty on the SM
background estimate.

8 Statistical Interpretation of the results and exclusion limits

No signiÞcant deviation from the SM background prediction is observed and upper limits are
set on a potential signal. The statistical approach used to derive limits follows closely the
methodology of Ref. [41]. A brief description of the steps relevant to this analysis follows.

First, a likelihood function is constructed as the product of Poisson probabilities for each HT,
MT2 search bin. These probabilities are functions of the predicted signal and background yields
in each bin. Systematic uncertainties are introduced as nuisance parameters in the signal and
background models. Log-normal distributions are taken as a suitable choice for the probability
density distributions for the nuisance parameters.

2 2 DeÞnition of MT2

event kinematics underconstrained. It assumes that the two produced sparticles give rise to
identical types of decay chains with two visible systems deÞned by their transverse momenta

!p vis(i)
T , transverse energiesEvis(i)

T , and massesmvis(i) . They are accompanied by the unknown

LSP transverse momenta!p !! (i)
T . In analogy with the transverse mass used for the W boson mass

determination [12], we can deÞne two transverse masses (i = 1, 2):

(M (i)
T )2 = ( mvis(i) )2 + m2
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These have the property (as in W-boson decays) that, for the true LSP massm!! , their distribu-
tion cannot exceed the mass of the parent particle of the decay and they present an endpoint

at the value of the parent mass. The momenta !p !! (i)
T of the invisible particles are not experi-

mentally accessible individually. Only their sum, the missing transverse momentum !p miss
T , is

known. Therefore, in the context of SUSY, a generalization of the transverse mass is needed
and the proposed variable is MT2. It is deÞned as

MT2(m!! ) = min
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where the LSP massm!! remains a free parameter. This formula can be understood as follows.

As neither M (1)
T nor M (2)

T can exceed the parent mass if the true momenta are used, the larger of
the two can be chosen. To make sure thatMT2 does not exceed the parent mass, a minimization
is performed on trial LSP momenta fulÞlling the !p miss

T constraint. The distribution of MT2 for
the correct value of m!! then has an endpoint at the value of the primary particle mass. If,
however, m!! is lower (higher) than the correct mass value, the endpoint will be below (above)
the parent mass. An analytic expression for MT2 has been computed [13] assuming that initial-
state radiation (ISR) can be neglected. In practice, the determination of MT2 may be complicated
by the presence of ISR or, equivalently, transverse momentum arising from decays that occur
upstream in the decay chain [14]. In this case, no analytic expression for MT2 is known, but it
can be computed numerically, using, e.g., the results of Ref. [15].

To illustrate the behavior of MT2, we consider the simple example of MT2 without ISR or up-
stream transverse momentum. As discussed in Ref. [13], the angular and pT dependence of
MT2 is encoded in a variable AT:

AT = Evis(1)
T Evis(2)

T + !p vis(1)
T á!p vis(2)

T , (3)

and MT2 increases asAT increases. Therefore, the minimum value of MT2 is reached in conÞgu-
rations where the visible systems are back-to-back. The maximum value is reached when they
are parallel to each other and have large pT. In the simple case where m!! = 0 and the visible
systems have zero mass,MT2 becomes

(MT2)2 = 2AT = 2pvis(1)
T pvis(2)

T (1 + cos" 12), (4)

where " 12 is the angle between the two visible systems in the transverse plane. It can be seen

that Eq. (4) corresponds to the transverse mass of two systems(MT)2 = 2psys(1)
T psys(2)

T (1 !
cos" 12), with !pvis

T = ! !psys
T for one of the systems.

In this paper, we use MT2 as a variable to distinguish potential new physics events from SM
backgrounds. The use of MT2 as a discovery variable was Þrst proposed in Ref. [16] , but here
we follow a different approach. Several choices for the visible system used as input to MT2

can be considered: dijet events (as in Ref. [16]), the two jets with largest pT in multijet events,

2 2 DeÞnition of MT2

event kinematics underconstrained. It assumes that the two produced sparticles give rise to
identical types of decay chains with two visible systems deÞned by their transverse momenta

!p vis(i)
T , transverse energiesEvis(i)

T , and massesmvis(i) . They are accompanied by the unknown

LSP transverse momenta!p !! (i)
T . In analogy with the transverse mass used for the W boson mass

determination [12], we can deÞne two transverse masses (i = 1, 2):

(M (i)
T )2 = ( mvis(i) )2 + m2

!! + 2
"

Evis(i)
T E!! (i)

T ! !p vis(i)
T á!p !! (i)

T

#
. (1)

These have the property (as in W-boson decays) that, for the true LSP massm!! , their distribu-
tion cannot exceed the mass of the parent particle of the decay and they present an endpoint

at the value of the parent mass. The momenta !p !! (i)
T of the invisible particles are not experi-

mentally accessible individually. Only their sum, the missing transverse momentum !p miss
T , is

known. Therefore, in the context of SUSY, a generalization of the transverse mass is needed
and the proposed variable is MT2. It is deÞned as

MT2(m!! ) = min
!p !! (1)

T + !p !! (2)
T = !p miss

T

$
max

"
M (1)

T , M (2)
T

#%
, (2)

where the LSP massm!! remains a free parameter. This formula can be understood as follows.

As neither M (1)
T nor M (2)

T can exceed the parent mass if the true momenta are used, the larger of
the two can be chosen. To make sure thatMT2 does not exceed the parent mass, a minimization
is performed on trial LSP momenta fulÞlling the !p miss

T constraint. The distribution of MT2 for
the correct value of m!! then has an endpoint at the value of the primary particle mass. If,
however, m!! is lower (higher) than the correct mass value, the endpoint will be below (above)
the parent mass. An analytic expression for MT2 has been computed [13] assuming that initial-
state radiation (ISR) can be neglected. In practice, the determination of MT2 may be complicated
by the presence of ISR or, equivalently, transverse momentum arising from decays that occur
upstream in the decay chain [14]. In this case, no analytic expression for MT2 is known, but it
can be computed numerically, using, e.g., the results of Ref. [15].

To illustrate the behavior of MT2, we consider the simple example of MT2 without ISR or up-
stream transverse momentum. As discussed in Ref. [13], the angular and pT dependence of
MT2 is encoded in a variable AT:

AT = Evis(1)
T Evis(2)

T + !p vis(1)
T á!p vis(2)

T , (3)

and MT2 increases asAT increases. Therefore, the minimum value of MT2 is reached in conÞgu-
rations where the visible systems are back-to-back. The maximum value is reached when they
are parallel to each other and have large pT. In the simple case where m!! = 0 and the visible
systems have zero mass,MT2 becomes

(MT2)2 = 2AT = 2pvis(1)
T pvis(2)

T (1 + cos" 12), (4)

where " 12 is the angle between the two visible systems in the transverse plane. It can be seen

that Eq. (4) corresponds to the transverse mass of two systems(MT)2 = 2psys(1)
T psys(2)

T (1 !
cos" 12), with !pvis

T = ! !psys
T for one of the systems.

In this paper, we use MT2 as a variable to distinguish potential new physics events from SM
backgrounds. The use of MT2 as a discovery variable was Þrst proposed in Ref. [16] , but here
we follow a different approach. Several choices for the visible system used as input to MT2

can be considered: dijet events (as in Ref. [16]), the two jets with largest pT in multijet events,

http://cds.cern.ch/record/1427247
http://cds.cern.ch/record/1427247
http://arxiv.org/abs/1207.1798
http://arxiv.org/abs/1207.1798


Search for supersymmetry in hadronic 
Þnal states using MT2

17

16 9 Summary

gluino mass [GeV]

400 600 800 1000 1200

LS
P

 m
as

s 
[G

eV
]

200

400

600

800

1000

1200 ) s
 [p

b]
 (

C
L

!
95

%
 C

L 
up

pe
r 

lim
it 

on
 

-310

-210

-110

1

10
-1 = 7 TeV, L = 4.73 fbsCMS, 

)g~)>>m(q~; m(
0

"# + q q$ g~, g~g~ $pp 

 AnalysisT2M

 theo.)!1±obs. limit (

 expt.)!1±exp. limit (

gluino mass [GeV]

400 600 800 1000 1200

LS
P

 m
as

s 
[G

eV
]

200

400

600

800

1000

1200 ) s
 [p

b]
 (

C
L

!
95

%
 C

L 
up

pe
r 

lim
it 

on
 

-310

-210

-110

1

10
-1 = 7 TeV, L = 4.73 fbsCMS, 

)g~)>>m(q~; m(
0

"# + b b$ g~, g~g~ $pp 

b AnalysisT2M

 theo.)!1±obs. limit (

 expt.)!1±exp. limit (

gluino mass [GeV]
400 600 800 1000 1200

LS
P 

m
as

s 
[G

eV
]

200

400

600

800

1000

1200 ) s
 [p

b]
 (C

L
!

95
%

 C
L 

up
pe

r l
im

it 
on

 

-310

-210

-110

1

10
-1 = 7 TeV, L = 4.73 fbsCMS, 

)g~)>>m(q~; m(0
"# + t t$ g~, g~g~ $pp 

b AnalysisT2M

 theo.)!1±obs. limit (
 expt.)!1±exp. limit (

gluino mass [GeV]

400 600 800 1000 1200

LS
P

 m
as

s 
[G

eV
]

200

400

600

800

1000

1200 ) s
 [p

b]
 (

C
L

!
95

%
 C

L 
up

pe
r 

lim
it 

on
 

-310

-210

-110

1

10
-1 = 7 TeV, L = 4.73 fbsCMS, 

)g~)>>m(q~; m(
0
"# + Z + q q$ g~, g~g~ $pp 

b AnalysisT2M

)g~) + 0.5 m(
0
"#) = 0.5 m(

0

2
"#m(

 theo.)!1±obs. limit (
 expt.)!1±exp. limit (

Figure 6: Exclusion limits for simpliÞed model spectra. Upper left: gluino pair production with
!g ! qq !! 0 using the MT2 analysis. Upper right: gluino pair production with !g ! bb!! 0, using
the MT2b analysis. Lower left: gluino pair production with !g ! tt !! 0, using the MT2b analysis.
Lower right: gluino pair production with !g ! qqZ !! 0, using the MT2b analysis. The signal
production cross sections are calculated at NLO and NLL accuracy [26, 45, 46].
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1

1 Introduction
Supersymmetric (SUSY) extensions of the standard model (SM) solve the hierarchy problem
and provide a mechanism for unifying particle interactions [1, 2]. Assigning R-parity as Rp =
(! 1)3B+ L+ 2s , where B and L are baryon and lepton numbers, and s is the particle spin, all SM
particle Þelds have Rp = + 1 while all superpartner Þelds have Rp = ! 1. In models where Rp

is conserved, superpartners can only be produced in pairs, and the lightest superpartner (LSP)
is stable and a candidate for a dark matter particle. In addition, Rp conservation ensures proton
stability. The role of R-parity in protecting the proton lifetime is an example of a more gener-
alized Òmatter symmetry,Ó which applies to theories besides SUSY wherein partner particles
with differing spins are posited [3].

Models with R-parity-violating (RPV) interactions conserving either B or L in addition to s can
avoid direct contradiction with the proton-lifetime upper limits [4]. The most general speciÞ-
cation of the superpotential that is R-parity odd and renormalizable includes three trilinear Rp

violating terms each parametrized by the Yukawa couplings ! ijk , ! "
ijk or ! ""

ijk and a bilinear term
parameterized by µi .

W/Rp = µi HuLi +
1
2

! ijk Li Lj øEk + ! "
ijk Li Qj øDk +

1
2

! ""
ijk

øUi øDj øDk,

where i, j, and k are generation indices, L and Q are the lepton and quark SU(2)L doublet
superÞelds and øE, øD, and øU are the charged lepton, down-like quark, and up-like quark SU(2)L

singlet superÞelds. The fourth term violates baryon-number conservation, while the second
and third terms are lepton-number violating. In this analysis, we consider R-parity-violating
interactions where one of the couplings is non-zero and the rest are zero. We look for leptons
in the Þnal state coming from decays of squarks and gluinos through an intermediate particle
in a variety of different topologies, allowing us to probe all three trilinear couplings.

The value of ! determines the lifetime and therefore the decay length of the intermediate par-
ticle, which in our models is the bino. Values of ! considered in this analysis correspond to
decay lengths ! 100µm. Our results, however, are independent of the decay length, since for
low values of the decay length, the analysis sensitivity is constant. An upper limit on ! is set by
constraints from neutrino-mass values. We choose values for ! that are consistent with these
limits and also lead to prompt decays.

RPV interactions allow for single production of SUSY particles (sparticles) and for sparticle
decay into SM particles only. The decay of the lightest SUSY particle (LSP) results in extra
leptons. Due to their clean Þnal-state multilepton signatures, processes with single-slepton
production followed by decay to a pair of SM charged leptons are promising search channels
for RPV SUSY particles [3]. Prior searches for RPV interactions include those by the CDF and
the D0 experiments at the Tevatron [5, 6] and those by H1 [7], which have been superseded by
the Compact Muon Solenoid (CMS) experiment at Large Hadron Collider (LHC) [8, 9].

The ßavor content and combinations will depend on the type of coupling and the speciÞc el-
ement of the coupling matrix that is non-zero. For example, Leptonic RPV couplings should
produce four leptons, assuming all are within the analysis acceptance. If ! 122 is non-zero, these
should be all electrons and muons, but if ! 233 is non-zero instead, then there should be two,
three, or four taus with the balance being muons. We provide an summary of possible combi-
nations of number of leptons and number of opposite-sign, same-ßavor (OSSF) pairs in Table 1.

Since the LSP is unstable due to RPV, the usual experimental strategy of SUSY searchesÑ
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Table 4: Observed yields for three lepton events from 9.2 fb! 1 recorded in 2012. The channels
are broken down the number of and mass of any opposite-sign, same-ßavor pairs (whether on
or off Z), whether the leptons include taus, whether there are any b-jets present and the ST.
Expected yields are the sum of simulation and data-driven estimates of backgrounds in each
channel. The channels are exclusive. The starred (*) channel was used as a control region to
correct the WZ and ZZ simulations, so was not used in any interpretations.

0-! , 0-b 1-! , 0-b 0-! , 1+ b 1-! , 1+ b
NOSSF OSSF Mass ST( GeV) obs exp obs exp obs exp obs exp

0 - ST > 2000 GeV 0 0 ± 0.009 0 0 ± 0.2 0 0 ± 0.01 0 0 ± 0.2
0 - 1500< ST < 2000 GeV 0 0.01± 0.01 0 0.003± 0.2 0 0 ± 0.01 0 0.5± 0.48
0 - 1000< ST < 1500 GeV 0 0.07± 0.03 0 0.4± 0.22 0 0.6± 0.5 2 1.3± 0.9
0 - 600< ST < 1000 GeV 2 2.1± 1.2 17 9± 3.5 1 3.3± 1.6 23 20± 10
0 - 300< ST < 600 GeV 14 13± 5.7 129 134± 53 20 16± 6.5 206 186± 98
0 - 0 < ST < 300 GeV 30 37± 10 555 581± 130 22 13± 5.9 150 150± 72
1 m! + ! ! > 105 GeV ST > 2000 GeV 0 0.0005± 0.01 0 0 ± 0.2 0 0 ± 0.03 0 0 ± 0.2
1 m! + ! ! < 75 GeV ST > 2000 GeV 0 0.002± 0.01 0 0 ± 0.2 0 0 ± 0.03 0 0 ± 0.2
1 onZ ST > 2000 GeV 0 0.12± 0.04 0 0.005± 0.2 0 0.01± 0.04 0 0 ± 0.2
1 m! + ! ! > 105 GeV 1500< ST < 2000 GeV 0 0.08± 0.04 0 0.2± 0.2 0 0.06± 0.04 0 0.05± 0.05
1 m! + ! ! < 75 GeV 1500< ST < 2000 GeV 1 0.02± 0.03 0 0 ± 0.2 0 0.06± 0.04 0 0 ± 0.2
1 onZ 1500< ST < 2000 GeV 2 0.5± 0.28 0 0.12± 0.08 0 0.11± 0.07 0 0.07± 0.05
1 m! + ! ! > 105 GeV 1000< ST < 1500 GeV 0 0.46± 0.11 0 0.6± 0.28 0 0.15± 0.07 1 0.9± 0.6
1 m! + ! ! < 75 GeV 1000< ST < 1500 GeV 0 0.41± 0.08 0 0.2± 0.12 0 0.16± 0.08 0 0.6± 0.6
1 onZ 1000< ST < 1500 GeV 6 7.6± 1.3 3 2.4± 0.5 1 1.6± 0.43 1 0.8± 0.6
1 m! + ! ! > 105 GeV 600< ST < 1000 GeV 6 5.2± 1.2 12 8.5± 2.6 3 3.9± 1.5 13 9.8± 5.4
1 m! + ! ! < 75 GeV 600< ST < 1000 GeV 2 4.7± 0.9 11 6.8± 2.5 0 3.3± 1.1 5 5.1± 2.8
1 onZ 600< ST < 1000 GeV 42 56± 7.6 48 35± 7.2 7 10± 2.7 10 6.5± 1.9
1 m! + ! ! > 105 GeV 300< ST < 600 GeV 34 31± 5.3 149 170± 39 12 17± 6.1 80 73± 35
1 m! + ! ! < 75 GeV 300< ST < 600 GeV 34 38± 6 139 128± 29 26 23± 9 87 81± 35
1 onZ 300< ST < 600 GeV 314 356± 45 1023 1219± 290 63 44± 8.1 131 132± 31
1 m! + ! ! > 105 GeV 0 < ST < 300 GeV 81 97± 9.5 799 761± 182 11 11± 4.6 50 41± 17
1 m! + ! ! < 75 GeV 0 < ST < 300 GeV 308 325± 36 4933 4208± 1033 31 35± 13 146 129± 38
1 onZ 0 < ST < 300 GeV 2054* 2260± 213 24078 22191± 5517 57 67± 9.3 391 369± 87

Total3 All All 2930 3239± 308 31896 29460± 7204 254 252± 59 1296 1211± 351
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Figure 6: Diagrams of stop pair production in proton-proton collisions followed by decays
leading to a Þnal state with four leptons along with LSPs and jets in the stop RPV model. The
bino and left- and right-handed slepton masses are set 100 GeV heavier than the stop quark
mass, with other super partners decoupled.

are
W = " ijk Li Lj øek (2)

where i, j = 1, 2, 3 labels the ßavor, andi "= j. The stop decays to a top quark and interme-
diate off shell bino, !tR # !#0$

1 + t. The intermediate bino then decays to two leptons and a
neutrino through the leptonic R-parity violating interaction, !#0$

1 # ! i + $j + ! k and $i + ! j + ! k.
Altogether in terms of on shell particles the stop decay is four-body

!tR # t + ! i + $j + ! k and t + $i + ! j + ! k (3)

The off shell particles involved in the decay are chosen to be 100 GeV above the stop mass
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Figure 10: 95% CL limits for scenarios with Leptonic RPV couplings ! 122, ! 123, and! 233 as a
function of the squark and gluino masses. The observed limits, along with limits expected in
the absence of signal are shown, along with the uncertainty in the expectation. Masses to the
left of the curves are excluded.
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Figure 11: Diagrams of squark or gluino pair production in proton-proton collisions followed
by decays leading to a Þnal state with leptons along with LSPs and jets in the LQ øD model. The
lightest neutralino has a mass of 700 GeV. Other super partners are decoupled.

The superpartner mass spectra for these benchmarks are parameterized by the masses for the
gluino, !g, and squarks, !q, with vanishing left-right squark mixing and ßavor degeneracy. The
lightest neutralino, " 0

1, mass is Þxed to be 700 GeV, and the other superpartners are decoupled.
Production is mainly through pairs of squarks and gluinos, with cascade decays to the lightest
neutralino and jets

!g ! " 0
1 + jets !q ! " 0

1 + jets (7)

The lightest neutralino decays through the leptonic R-parity violating superpotential coupling

W = ! "
ijk Li Qj

ødk (8)

http://cds.cern.ch/record/1494689
http://cds.cern.ch/record/1494689
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in order to ensure a prompt four-body decay. Starting from pair production this gives events
with four leptons, two top quarks, and missing energy. Leptonic decays of the top quarks,
t ! W + b ! ! + ! + b give additional leptons. The ßavor structures of the R-parity violating
couplings used in three separate benchmarks are 122, 123, and 233. This gives cases with at
least four leptons (electrons or muons), two tau-leptons and two leptons, and four tau-leptons.
All events have two b-jets from the top quark decays.
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Figure 7: 95% CL limits for stop mass in models with RPV couplings " 122, " 123, " 233.

We present the Þrst limits on the stop mass in models with non-zero LLE couplings " 122, " 123,
" 233 in Fig. 7. The acceptance improves as we approach high mass because these models
produce several high pT leptons, which our analysis has very high efÞciency in accepting.

7.2 Interpretation of the results in Leptonic RPV

We examine Leptonic RPV as one of the characteristic models of RPV physics. Fig. 8 shows the
schematic of the production and decay mechanism for this simpliÞed model.

The superpartner mass spectra for these benchmarks are parameterized by the masses for the
gluino, !g, and squarks, !q, with vanishing left-right squark mixing and ßavor degeneracy. The
lightest neutralino, #0

1, mass is Þxed to be 300 GeV, and the other superpartners are decoupled.
Production is mainly through pairs of squarks and gluinos, with cascade decays to the lightest
neutralino and jets

!g ! #0
1 + jets !q ! #0

1 + jets (4)

There is also a signiÞcant t-channel contribution (shown in Fig. 9). This contribution falls much
more slowly as a function of gluino mass than the s-channel process.
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Figure 7: 95% CL limits for stop mass in models with RPV couplings " 122, " 123, " 233.

We present the first limits on the stop mass in models with non-zero LLE couplings " 122, " 123,
" 233 in Fig. 7. The acceptance improves as we approach high mass because these models
produce several high pT leptons, which our analysis has very high efficiency in accepting.

7.2 Interpretation of the results in Leptonic RPV

We examine Leptonic RPV as one of the characteristic models of RPV physics. Fig. 8 shows the
schematic of the production and decay mechanism for this simplified model.

The superpartner mass spectra for these benchmarks are parameterized by the masses for the
gluino, !g, and squarks, !q, with vanishing left-right squark mixing and flavor degeneracy. The
lightest neutralino, #0

1, mass is fixed to be 300 GeV, and the other superpartners are decoupled.
Production is mainly through pairs of squarks and gluinos, with cascade decays to the lightest
neutralino and jets

!g ! #0
1 + jets !q ! #0

1 + jets (4)

There is also a significant t-channel contribution (shown in Fig. 9). This contribution falls much
more slowly as a function of gluino mass than the s-channel process.
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Figure 7: 95% CL limits for stop mass in models with RPV couplings " 122, " 123, " 233.

We present the Þrst limits on the stop mass in models with non-zero LLE couplings " 122, " 123,
" 233 in Fig. 7. The acceptance improves as we approach high mass because these models
produce several high pT leptons, which our analysis has very high efÞciency in accepting.

7.2 Interpretation of the results in Leptonic RPV

We examine Leptonic RPV as one of the characteristic models of RPV physics. Fig. 8 shows the
schematic of the production and decay mechanism for this simpliÞed model.

The superpartner mass spectra for these benchmarks are parameterized by the masses for the
gluino, !g, and squarks, !q, with vanishing left-right squark mixing and ßavor degeneracy. The
lightest neutralino, #0

1, mass is Þxed to be 300 GeV, and the other superpartners are decoupled.
Production is mainly through pairs of squarks and gluinos, with cascade decays to the lightest
neutralino and jets

!g ! #0
1 + jets !q ! #0

1 + jets (4)

There is also a signiÞcant t-channel contribution (shown in Fig. 9). This contribution falls much
more slowly as a function of gluino mass than the s-channel process.
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Table 4: Observed yields for three lepton events from 9.2 fb! 1 recorded in 2012. The channels
are broken down the number of and mass of any opposite-sign, same-ßavor pairs (whether on
or off Z), whether the leptons include taus, whether there are any b-jets present and the ST.
Expected yields are the sum of simulation and data-driven estimates of backgrounds in each
channel. The channels are exclusive. The starred (*) channel was used as a control region to
correct the WZ and ZZ simulations, so was not used in any interpretations.

0-! , 0-b 1-! , 0-b 0-! , 1+ b 1-! , 1+ b
NOSSF OSSF Mass ST( GeV) obs exp obs exp obs exp obs exp

0 - ST > 2000 GeV 0 0 ± 0.009 0 0 ± 0.2 0 0 ± 0.01 0 0 ± 0.2
0 - 1500< ST < 2000 GeV 0 0.01± 0.01 0 0.003± 0.2 0 0 ± 0.01 0 0.5± 0.48
0 - 1000< ST < 1500 GeV 0 0.07± 0.03 0 0.4± 0.22 0 0.6± 0.5 2 1.3± 0.9
0 - 600< ST < 1000 GeV 2 2.1± 1.2 17 9± 3.5 1 3.3± 1.6 23 20± 10
0 - 300< ST < 600 GeV 14 13± 5.7 129 134± 53 20 16± 6.5 206 186± 98
0 - 0 < ST < 300 GeV 30 37± 10 555 581± 130 22 13± 5.9 150 150± 72
1 m! + ! ! > 105 GeV ST > 2000 GeV 0 0.0005± 0.01 0 0 ± 0.2 0 0 ± 0.03 0 0 ± 0.2
1 m! + ! ! < 75 GeV ST > 2000 GeV 0 0.002± 0.01 0 0 ± 0.2 0 0 ± 0.03 0 0 ± 0.2
1 onZ ST > 2000 GeV 0 0.12± 0.04 0 0.005± 0.2 0 0.01± 0.04 0 0 ± 0.2
1 m! + ! ! > 105 GeV 1500< ST < 2000 GeV 0 0.08± 0.04 0 0.2± 0.2 0 0.06± 0.04 0 0.05± 0.05
1 m! + ! ! < 75 GeV 1500< ST < 2000 GeV 1 0.02± 0.03 0 0 ± 0.2 0 0.06± 0.04 0 0 ± 0.2
1 onZ 1500< ST < 2000 GeV 2 0.5± 0.28 0 0.12± 0.08 0 0.11± 0.07 0 0.07± 0.05
1 m! + ! ! > 105 GeV 1000< ST < 1500 GeV 0 0.46± 0.11 0 0.6± 0.28 0 0.15± 0.07 1 0.9± 0.6
1 m! + ! ! < 75 GeV 1000< ST < 1500 GeV 0 0.41± 0.08 0 0.2± 0.12 0 0.16± 0.08 0 0.6± 0.6
1 onZ 1000< ST < 1500 GeV 6 7.6± 1.3 3 2.4± 0.5 1 1.6± 0.43 1 0.8± 0.6
1 m! + ! ! > 105 GeV 600< ST < 1000 GeV 6 5.2± 1.2 12 8.5± 2.6 3 3.9± 1.5 13 9.8± 5.4
1 m! + ! ! < 75 GeV 600< ST < 1000 GeV 2 4.7± 0.9 11 6.8± 2.5 0 3.3± 1.1 5 5.1± 2.8
1 onZ 600< ST < 1000 GeV 42 56± 7.6 48 35± 7.2 7 10± 2.7 10 6.5± 1.9
1 m! + ! ! > 105 GeV 300< ST < 600 GeV 34 31± 5.3 149 170± 39 12 17± 6.1 80 73± 35
1 m! + ! ! < 75 GeV 300< ST < 600 GeV 34 38± 6 139 128± 29 26 23± 9 87 81± 35
1 onZ 300< ST < 600 GeV 314 356± 45 1023 1219± 290 63 44± 8.1 131 132± 31
1 m! + ! ! > 105 GeV 0 < ST < 300 GeV 81 97± 9.5 799 761± 182 11 11± 4.6 50 41± 17
1 m! + ! ! < 75 GeV 0 < ST < 300 GeV 308 325± 36 4933 4208± 1033 31 35± 13 146 129± 38
1 onZ 0 < ST < 300 GeV 2054* 2260± 213 24078 22191± 5517 57 67± 9.3 391 369± 87

Total3 All All 2930 3239± 308 31896 29460± 7204 254 252± 59 1296 1211± 351
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Figure 6: Diagrams of stop pair production in proton-proton collisions followed by decays
leading to a Þnal state with four leptons along with LSPs and jets in the stop RPV model. The
bino and left- and right-handed slepton masses are set 100 GeV heavier than the stop quark
mass, with other super partners decoupled.

are
W = " ijk Li Lj øek (2)

where i, j = 1, 2, 3 labels the ßavor, andi "= j. The stop decays to a top quark and interme-
diate off shell bino, !tR # !#0$

1 + t. The intermediate bino then decays to two leptons and a
neutrino through the leptonic R-parity violating interaction, !#0$

1 # ! i + $j + ! k and $i + ! j + ! k.
Altogether in terms of on shell particles the stop decay is four-body

!tR # t + ! i + $j + ! k and t + $i + ! j + ! k (3)

The off shell particles involved in the decay are chosen to be 100 GeV above the stop mass
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Figure 10: 95% CL limits for scenarios with Leptonic RPV couplings ! 122, ! 123, and! 233 as a
function of the squark and gluino masses. The observed limits, along with limits expected in
the absence of signal are shown, along with the uncertainty in the expectation. Masses to the
left of the curves are excluded.
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Figure 11: Diagrams of squark or gluino pair production in proton-proton collisions followed
by decays leading to a Þnal state with leptons along with LSPs and jets in the LQ øD model. The
lightest neutralino has a mass of 700 GeV. Other super partners are decoupled.

The superpartner mass spectra for these benchmarks are parameterized by the masses for the
gluino, !g, and squarks, !q, with vanishing left-right squark mixing and ßavor degeneracy. The
lightest neutralino, " 0

1, mass is Þxed to be 700 GeV, and the other superpartners are decoupled.
Production is mainly through pairs of squarks and gluinos, with cascade decays to the lightest
neutralino and jets

!g ! " 0
1 + jets !q ! " 0

1 + jets (7)

The lightest neutralino decays through the leptonic R-parity violating superpotential coupling

W = ! "
ijk Li Qj

ødk (8)

7.4 Interpretation of the results in Hadronic RPV 15

where i, j = 1, 2, 3 labels the ßavor.The decay modes of the lightest neutralino depend on the
ßavor structure of the R-parity violating coupling. The two structures used in the benchmarks
are 231 and 233. For the 231 structure the decay modes of the neutralino are

! 0
1 → µ + t + ød and " + b+ ød (9)

For the 233 structure the decay modes are

! 0
1 → µ + t + øb and " + b+ øb (10)

Starting from pair production these decays give events with up to two muons and two top
quarks and jets. Leptonic decays of the top quarks, t → W + b → ! + " + b give additional
leptons, missing energy, and b-jets. Note that for the 231 structure all events have at least two
b-jets, while for the 233 structure all events have at least four b-jets.
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Figure 12: 95% CL limits for RPV LQ øD couplings #
�
231 and #

�
233 as a function of the squark and

gluino masses. The curves are shown with the observed 95% excluded cross sections.

In Fig. 12, we show the 95% CL exclusion-limit contours in the parameter space of m÷g versus
m÷q for models with #

�
231 and #

�
233, along with the expected limits in the absence of observed

signal for the Þrst time in the multilepton channel.

7.4 Interpretation of the results in Hadronic RPV

The Hadronic-RPV scenario provides an example of what an RPV signature might look like if
there is no Emiss

T in the Þnal state. Fig. 13 shows the schematic of the production and decay
mechanism for this simpliÞed model.

Supersymmetric cascade decays can generically give rise to signatures with jets, leptons, and
missing energy. Depending on the supersymmetric spectrum and form of the cascade decays,
one or more of these main signature ingredients may be absent. This benchmark illustrates
a generic class of spectra with right-handed squarks and sleptons that gives rise to jets and
leptons, but with essentially no missing energy (from either stable neutralinos or neutrinos).

The superpartner mass spectra for this benchmark are parameterized by the masses for the
gluino, !g, and right-handed squarks, !qR, with vanishing left-right mixing and ßavor degener-
acy. A wino-like lightest neutralino and chargino, ! 0

1 and ! ±
1 , have Þxed masses of 150 GeV,

right-handed sleptons, !! R, with vanishing left-right mixing have ßavor degenerate masses of
300 GeV, and a bino-like second neutralino, ! 0

2, has mass a Þxed mass of 500 GeV. The remain-
ing superpartners, including the left-handed squarks, are decoupled.

Production is mainly through pairs of right-handed squarks and gluinos, with cascade decays
to the bino-like neutralino and jets

!g → ! 0
2 + jets !qR → ! 0

2 + jets (11)
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mechanism for this simpliÞed model.

Supersymmetric cascade decays can generically give rise to signatures with jets, leptons, and
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one or more of these main signature ingredients may be absent. This benchmark illustrates
a generic class of spectra with right-handed squarks and sleptons that gives rise to jets and
leptons, but with essentially no missing energy (from either stable neutralinos or neutrinos).

The superpartner mass spectra for this benchmark are parameterized by the masses for the
gluino, !g, and right-handed squarks, !qR, with vanishing left-right mixing and ßavor degener-
acy. A wino-like lightest neutralino and chargino, ! 0

1 and ! ±
1 , have Þxed masses of 150 GeV,

right-handed sleptons, !! R, with vanishing left-right mixing have ßavor degenerate masses of
300 GeV, and a bino-like second neutralino, ! 0

2, has mass a Þxed mass of 500 GeV. The remain-
ing superpartners, including the left-handed squarks, are decoupled.

Production is mainly through pairs of right-handed squarks and gluinos, with cascade decays
to the bino-like neutralino and jets
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18 8 Interpretation of the result as a bÕ ! tW or bÕ! bZ search

8 Interpretation of the result as a bÕ ! tW or bÕ! bZ search

A popular idea for beyond the standard model physics is the existence of sequential, exotic
quarks [38Ð42]. The heavier partner of the bottom quark, denoted by bÕ, could then decay
either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a ßavor changing neutral current (FCNC). In general, a bÕ
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV bÕ! bZ [43], bÕ! tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the bÕ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the bÕ mass
and the branching ratio of bÕ! bZ (which is 1 - BR(bÕ! tW) if the BR(bÕ! bH) is set to zero).

The various bins in the analysis have different amounts of signal as the branching ratio changes.
For example, when both bÕ quarks decay to tW, 4.7% of events are classiÞed as OFF-Z three-
lepton events, and 0.4% of events are classiÞed as four-lepton events. On the other hand, if
both bÕ quarks decay to bZ, 0.36% of events have 4 leptons. When one bÕ decays to tW and
one to bZ, then 0.375% of events are classiÞed as 4-lepton events, and 2.25% are classiÞed as 3-
lepton events. In this way, we always have sensitivity to bÕ decays irrespective of the branching
fractions.
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Figure 16: ST distributions are shown for to channels with expected signals overlaid. The left
plot shows the four-lepton channel with at least one b-tagged jet and one OSSF pair on the
Z mass with the expected signal for bÕ! bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for bÕ ! tW with 100% branching ratio. Both signals have a bÕ
mass of 550 GeV.

This result represents the Þrst CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio bÕ! bZ on the y-axis and the
bÕ mass on the x-axis. Points to the left of the curve are excluded at the 95% conÞdence level.
We also show one dimensional exclusions for Þxed branching ratios in Fig. 18. Cross sections
are provided by the H ATHOR program [46].
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either to a top-quark with a W-boson (tW mode) or a bottom-quark and a Z-boson (bZ mode).
The second mode would constitute a ßavor changing neutral current (FCNC). In general, a bÕ
would decay to both modes with non-zero branching fractions. Such an exotic quark evades
bounds on a fourth generation by Higgs boson production limits. In this search, we do not
consider decays of the quark to Higgs bosons.

The 7-TeV bÕ! bZ [43], bÕ! tW [44], and combined search [45] results set limits reaching 550
GeV, 611 GeV, and 685 GeV, respectively. Our multibinned approach is well-suited to search
for the bÕ as a function of the branching fraction to the different decay modes. All the channels
are treated uniformly and we present search results in a two-dimensional plane of the bÕ mass
and the branching ratio of bÕ! bZ (which is 1 - BR(bÕ! tW) if the BR(bÕ! bH) is set to zero).
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lepton events, and 0.4% of events are classiÞed as four-lepton events. On the other hand, if
both bÕ quarks decay to bZ, 0.36% of events have 4 leptons. When one bÕ decays to tW and
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Z mass with the expected signal for bÕ! bZ with 100% branching ratio. The right plot shows
the three-lepton channel with at least one b-tagged jet and an OSSF pair that is outside the Z
window with the expected signal for bÕ ! tW with 100% branching ratio. Both signals have a bÕ
mass of 550 GeV.

This result represents the Þrst CMS search for exotic quarks that presents limits as a function of
branching ratio. Future work includes incorporating a third decay mode using a Higgs boson
as another FCNC and adding selections and channels that improve sensitivity in the highly-
boosted regime.

Figure 17 shows the exclusion as a function of the branching ratio bÕ! bZ on the y-axis and the
bÕ mass on the x-axis. Points to the left of the curve are excluded at the 95% conÞdence level.
We also show one dimensional exclusions for Þxed branching ratios in Fig. 18. Cross sections
are provided by the H ATHOR program [46].
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Figure 17: Exclusion in the two-dimensional plane consisting of the bÕ! bZ branching ratio on
the y-axis and the bÕ mass on the x-axis. Points to the left of the curve are excluded at the 95%
conÞdence level.The curves are shown with the observed 95% excluded cross sections.
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Figure 6: Comparison of the background prediction with the data observed in the 2b-tagged
sample in the HAD signal box for the MR (left) and R (right) distributions. The expected con-
tributions from LQ 3 and !b1 signal events with various mass hypotheses are also shown.

R and MR. We Þnd that MR > 400 GeV provides the best sensitivity for all masses, and for LQ3

masses below 350 GeV the optimal selection isR2 > 0.25, while for higher masses R2 > 0.42
provides best sensitivity. Because of the high value assumed for the !! 0

1 mass in the !b1 search, the
inclusive selection of MR > 400 GeV andR2 > 0.25 is found to provide the optimal sensitivity
in the mass range considered in this analysis.

Table 5 shows the comparison of the expected background yields in these signal boxes, and
agreement of the observed event counts with the expectations is observed. Table 6 shows the
efÞciency of these selections for several LQ3 mass hypotheses, based on MC simulation. EfÞ-
ciencies for the !b1 signal are shown in Fig. 7. Typical efÞciencies range from a few percent up
to ! 12 percent for !b1 masses between 200 and 500 GeV and small!! 0

1 mass. The efÞciency drops
when the mass of the !b1 squark is close to the mass of !! 0

1, since the resulting b jets are softer in
these scenarios.

Table 5: Expected and observed yields in the 2b-tagged HAD box for various R2 selections and
a ÞxedMR > 400 GeV requirement. The quoted uncertainties on the expected number of events
include statistical and systematic uncertainties, and the uncertainty from the fR2, HAD . The left
three columns show inclusive yields above the R2 threshold, while the right three columns
show the yields in bins of R2.

R2 Cut Expected yields Observed yields R2 bins Expected yields Observed yields
> 0.25 205± 28 200 0.25Ð0.30 105± 25 97
> 0.30 100± 16 103 0.30Ð0.35 44± 11 49
> 0.35 56± 12 54 0.35Ð0.38 13± 9 14
> 0.38 43± 9 40 0.38Ð0.42 18± 6 13
> 0.42 25± 7 27 > 0.42 25± 7 27

The statistical model for the observed number of events is a Poisson distribution with the ex-
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sample in the HAD signal box for the M R (left) and R (right) distributions. The expected con-
tributions from LQ 3 and !b1 signal events with various mass hypotheses are also shown.

R and M R. We Þnd that M R > 400 GeV provides the best sensitivity for all masses, and for LQ3

masses below 350 GeV the optimal selection isR2 > 0.25, while for higher masses R2 > 0.42
provides best sensitivity. Because of the high value assumed for the !! 0

1 mass in the !b1 search, the
inclusive selection of M R > 400 GeV andR2 > 0.25 is found to provide the optimal sensitivity
in the mass range considered in this analysis.

Table 5 shows the comparison of the expected background yields in these signal boxes, and
agreement of the observed event counts with the expectations is observed. Table 6 shows the
efÞciency of these selections for several LQ3 mass hypotheses, based on MC simulation. EfÞ-
ciencies for the !b1 signal are shown in Fig. 7. Typical efÞciencies range from a few percent up
to ! 12 percent for !b1 masses between 200 and 500 GeV and small!! 0

1 mass. The efÞciency drops
when the mass of the !b1 squark is close to the mass of !! 0

1, since the resulting b jets are softer in
these scenarios.

Table 5: Expected and observed yields in the 2b-tagged HAD box for various R2 selections and
a ÞxedM R > 400 GeV requirement. The quoted uncertainties on the expected number of events
include statistical and systematic uncertainties, and the uncertainty from the fR2, HAD . The left
three columns show inclusive yields above the R2 threshold, while the right three columns
show the yields in bins of R2.

R2 Cut Expected yields Observed yields R2 bins Expected yields Observed yields
>0.25 205± 28 200 0.25Ð0.30 105± 25 97
>0.30 100± 16 103 0.30Ð0.35 44± 11 49
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Table 7: Observed and expected 95% CL upper limits on the LQ3 pair-production cross section
as a function of the LQ 3 mass.

MLQ3
[GeV] -2! -1!

Median
expected limit [pb]

+1! +2!
Observed
limit [pb]

200 2.0 3.3 4.5 6.2 8.4 4.3
250 0.64 1.1 1.4 2.0 2.6 1.3
270 0.43 0.75 0.97 1.4 1.8 0.90
330 0.18 0.24 0.33 0.46 0.62 0.36
350 0.13 0.17 0.23 0.32 0.42 0.25
450 0.047 0.067 0.092 0.13 0.17 0.10
550 0.037 0.049 0.066 0.094 0.13 0.073
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Figure 8: (Left) the expected and observed upper limit at 95% CL on the LQ 3 pair production
cross section as a function of the LQ3 mass, assuming " = 0. The systematic uncertainties
reported in Section 6.4 are included in the calculation. The vertical greyed region is excluded
by the current D0 limit [12] in the same channel. The theory curve and its band represent,
respectively, the theoretical LQ 3 pair production cross section and the uncertainties due to the
choice of parton distribution functions and renormalization/factorization scales [44]. (Right)
minimum " for a 95% CL exclusion of the LQ3 hypothesis as a function of LQ 3 mass. The
observed (expected) exclusion curve is obtained using the observed (expected) upper limit and
the central value of the theoretical LQ 3 pair production cross section. The band around the
observed exclusion curve is obtained by considering the observed upper limit while taking
into account the uncertainties on the theoretical cross section. The grey region is excluded by
the current D0 limits [12] in the same channel.

duced to produce a given topological signature, such as the ET/ plus b jets Þnal state considered
in this analysis. We consider a SMS scenario where all supersymmetric particles are set to have
a very large mass, except for the!b1 and !#0

1. The pairs of scalar bottom quarks produced through
strong interactions are kinematically allowed to decay only into a b quark and a !#0

1.

The observed and expected 95% CL upper limits in the ÷b1 ! !#0
1 mass plane are shown in
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Figure 9: The expected and observed 95% CL exclusion limits for the �b1 pair production SMS
model. The red dashed contour shows the 95% CL exclusion limits based on the NLO+NLL
cross section. The red dotted contours represent the theoretical uncertainties from the variation
of parton distribution functions, and renormalization and factorization scales. The correspond-
ing expected limits are shown with the black dashed contour. The shaded yellow contours
represent the uncertainties in the SM background estimates, as reported in Section 6.4.

Fig. 9, where the �b1 pair production cross section is calculated at the NLO and next-to-leading-
logarithm (NLL) order [51–56]. Since M R depends on the squared difference of the masses of
�b1 and �! 0

1, at the �b1 masses around 400-450 GeV and low �! 0
1 masses the exclusion limit is al-

most independent of the �! 0
1 mass. The signal acceptance in the region with small mass splitting

between the �b1 and �! 0
1 is particularly susceptible to uncertainties associated with initial-state

radiation (ISR). The impact of ISR is estimated by comparing the results of the acceptance cal-
culation using PYTHIA with the “power shower” and with moderate ISR settings [19]. If the
acceptance varies by more than 25% for a particular choice of �b1 and �! 0

1 masses, then no limit
is set for those mass parameters. This procedure results in reduced sensitivity in the region of
m(�b1) < 300 GeV and 80 < m( �! 0

1) < 130 GeV, and thus an inability to exclude some of the
models in this parameter range.

8 Summary

A search has been performed for third-generation scalar leptoquarks and for scalar bottom
quarks in the all-hadronic channel with a signature of large ET/ and b-tagged jets. This search
is based on a data sample collected in pp collisions at

!
s = 7 TeV and corresponding to an

integrated luminosity of 4.7 fb" 1. The number of observed events is in agreement with the
predictions for the SM backgrounds. We set an upper limit on the LQ3 pair production cross
section, excluding a scalar LQ3 with mass below 450 GeV, assuming a 100% branching fraction
of the LQ3 to b quarks and tau neutrinos. We set 95% confidence level upper limits in the b̃1 " �! 0

1
mass plane such that for neutralino masses of 50 GeV, scalar bottom masses up to 410 GeV are
excluded. These results represent the most stringent limits on LQ3 masses and extend limits on
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Table 1: Estimated signal (LQ) and background yields and observed events in data after the
final selection. The first value in the uncertainty on the yield is the statistical contribution and
the second value is the systematic contribution. The PDF uncertainties are not included.

µ + ! hbb channel e + ! hbb channel
tt 38.1 ± 3.4 ± 4.9 10.9 ± 1.8 ± 1.4
W+jets/Z+jets 11.6 ± 0.1 ± 2.6 8.4 ± 0.1 ± 1.8
Z(!! /ll ) 5.0 ± 1.6 ± 2.1 2.1 ± 1.5 ± 0.9
Diboson 0.5 ± 0.1 ± 0.2 0.3 ± 0.1 ± 0.1
Total Background 55.2 ± 5.2 ± 8.4 21.8 ± 3.5 ± 3.6

Data 46 25

Signal (450GeV) 13.2 ± 0.3 ± 0.9 8.4 ± 0.2 ± 0.6
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Figure 1: The measured ST distribution (points) compared to the stacked distribution of the SM
backgrounds (shaded region) and a simulated MLQ = 450 GeV LQ signal (solid line) after the
final selection (color online).

excluded for M2 = 250 GeV (M2 = 1 TeV) for all values of " !
333 > O(10" 7), corresponding to

a decay length of about 0.5mm. Stops with very small values of " !
333 have been excluded by a

different CMS analysis [38].

In summary, a search for pair production of third-generation scalar and vector leptoquarks and
top squarks decaying in an RPV scenario has been presented. The search is performed in the
final state including an electron or a muon, a hadronically decaying ! lepton and two b jets. No
excess above the SM background prediction is observed at high ST. Assuming a 100% branch-
ing fraction to a ! lepton and a b quark, the existence of the scalar leptoquarks with masses
below 525 GeV is excluded at 95% CL. The existence of SU(5) vector leptoquarks with masses
below 760 GeV is also excluded at 95% CL. Limits are also set on top squark pair production
with RPV decay. The limits are obtained on " !

333 as a function of stop mass, and stops with
masses below 453 GeV are excluded for a benchmark scenario with " !

333 = 1. These limits are
the most stringent to date, and the limits on " !

333 are the first direct limits that significantly
improve previous indirect bounds.

We wish to congratulate our colleagues in the CERN accelerator departments for the excellent
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Figure 2: Left: the expected and observed upper limit at 95% CL on the LQ (!t1, VLQ) pair
production cross section times B(LQ/ !t1 → ! b) as a function of the LQ (!t1, VLQ) mass. The
±1" and ±2" uncertainties on the expected limit are also shown as green (inner) and yellow
(outer) bands around the expected limit. The blue (solid) curve, magenta (dashed) curve, and
red (dotted) curve and the matching shaded bands represent the theoretical LQ, !t1, and VLQ
pair production cross section and the uncertainties due to the choice of PDF and renormaliza-
tion/factorization scales, respectively. Right: the expected and observed 95% CL limit on the
RPV coupling # �

333 for M2 = 250 GeV and M2 = 1 TeV (color online).
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the dominant uncertainty is from the matching between matrix element partons and parton
showers. To quantify this effect, the likelihood minimization is performed excluding the par-
ton matching systematic uncertainty. This results in reduction of the upper limit on the signal
cross section for MQ = 600 GeV by 5%, and an increase in the exclusion limit by 15 GeV. This
procedure provides an estimate of the impact of this uncertainty.
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Figure 1: Distribution in ST for different jet multiplicities after the maximum-likelihood fit to
data. The last bin in each subfigure is the overflow bin.The bottom plot shows the ratios of
data and SM plus signal over SM. Q ! tW and Q ! tZ distributions are shown for illustrative
purposes for MQ = 500 GeV.

6 Results

Figure 2 shows the observed and expected 95% CL upper limit on the QQ production cross
section, ! QQ, for a down-type heavy quark decaying exclusively to tW. The lower mass limit is
determined by the value at which the observed upper limit curve for ! QQ crosses the theoretical
expectation. The observed (expected) limit corresponds to 675 (625) GeV.

Figure 3 shows the observed and expected 95% CL upper limit on the ! QQ as a function of quark
mass (Q) for an up-type heavy quark decaying exclusively to tZ. The observed (expected) limit
corresponds to 625 (550) GeV.

Several cross checks have been performed to investigate the difference between the observed
and expected limits. We studied several models of the tt ST spectrum by using different genera-
tors, such as PYTHIA and POWHEG. All of the generators provide results similar to MADGRAPH
within their systematic uncertainties. We also studied different models of the tt ST spectrum
by changing internal parameters in MADGRAPH, such as the renormalization and factorization

http://arxiv.org/abs/1210.7471
http://arxiv.org/abs/1210.7471
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8 7 Summary

scales and the parameters responsible for matching jets originating from matrix element par-
tons to their showers. We determine that a change of the matching parameters by one standard
deviation from their nominal values provides good agreement between the simulated and ob-
served spectrum of the ST distribution, which can be accommodated in the Þt because of the
relatively weak dependence of the minimum on this parameter. The dependence of the ST dis-
tribution for t t background is covered by the systematic uncertainties included in the Þt of the
model to data.
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Figure 2: The observed (solid line with points) and the expected (dashed line) 95% CL upper
limits on the Q Q production cross section as a function of the heavy quark mass, MQ, com-
pared to the theoretical QQ cross section for the case of a down-type heavy quark decaying
exclusively to tW.

7 Summary
A search for pair-produced new heavy quarks Q Q decaying exclusively to tW tW or to tZ tZ is
performed in lepton + jets events. The analysis is based on a data sample of proton-proton
collisions at

√
s = 7 TeV corresponding to an integrated luminosity of 5.0 fb −1. Events are

selected requiring an electron or a muon, missing transverse momentum, and at least four jets,
one of which is identiÞed as a bottom jet. A combined Þt is performed to the scalar sum of
the transverse momenta of all Þnal reconstructed objects as a function of jet multiplicity. No
signiÞcant deviations from SM expectations are found, and upper limits on the production
cross section of QQ as a function of a heavy quark mass are computed. Assuming a strong
production mechanism for both signal models, down-type quarks decaying exclusively to tW
with masses below 675 GeV and up-type quarks decaying exclusively to tZ with masses below
625 GeV are excluded at 95% CL. These are the most stringent limits to date.
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6 7 Systematic uncertainties

The resulting BNN outputs for the observed data, the SM background, and the Z ! signals for
! Z! = 0.012MZ! and ! Z! = 0.10MZ! are shown in Figs. 3 and 4, respectively, for the ee, µµ,
and eµ channels. There is good agreement between data and the SM background in all three
channels with no evidence of a resonance signal. Upper limits are set on ! Z!B(Z! " tt).

BNN output
0 0.2 0.4 0.6 0.8 1

En
tri

es

0

200

400

600

800

1000
Data
tt
DY
Other SM Bkg.
Z'  750 GeV (x10)
Z' 1250 GeV (x100)
Z' 1500 GeV (x200)

CMS
 = 7 TeVs at  -15.0 fb

(ee)

BNN output
0 0.2 0.4 0.6 0.8 1

E
nt

rie
s

0

200

400

600

800

1000
Data

tt
DY
Other SM Bkg.

Z'  750 GeV (x10)

Z' 1250 GeV (x100)

Z' 1500 GeV (x200)

CMS
 = 7 TeVs at  -15.0 fb

)µµ(

BNN output
0 0.2 0.4 0.6 0.8 1

E
nt

rie
s

0

500

1000

1500

2000

2500
Data

tt
DY
Other SM Bkg.

Z'  750 GeV (x10)

Z' 1250 GeV (x100)

Z' 1500 GeV (x200)

CMS
 = 7 TeVs at  -15.0 fb

)µ(e

Figure 3: Distributions of the BNN output discriminant for the ee, µµ, and eµ channels. The
hatched region indicates systematic uncertainties on the sum of SM backgrounds. The Z! signal
corresponds to a resonance width of ! Z! = 0.012MZ! , and has been scaled up so as to be visible.
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7 Systematic uncertainties

The signal and background models are affected by a number of systematic uncertainties, which
are propagated into the limit calculation. The uncertainties are divided into two categories:
those that affect only the overall normalization of a process (ÒrateÓ) and those that affect also
the distribution of the BNN discriminant (ÒshapeÓ). The rate effects include the uncertainty on
predicted cross section and normalization for each SM background based on data, as discussed
in Section 4, and the uncertainties from integrated luminosity, lepton identiÞcation and isola-
tion, b-tagging scale factor, jet energy scale, and pileup reweighting for both SM background
and Z! signals. Rate uncertainties are also included for the SM tt and W " ! " events from
variations in the renormalization and factorization scales ( #), and the matching scale for jet
production threshold between jets from matrix-element generation in M AD GRAPH and parton
showering in PYTHIA [36]. The # and matching scales are each varied up and down by a factor
of two with respect to their nominal values ( Q2 and 20 GeV, respectively) in order to estimate

http://arxiv.org/abs/1211.3338
http://arxiv.org/abs/1211.3338
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Figure 5: Upper limits on ! Z �B(Z � → tt) versus MZ � for narrow and wide resonances. Also
shown is the theoretical prediction for the Z �.

9 Summary

A data sample, corresponding to an integrated luminosity of 5.0 fb −1 collected in pp collisions
at

√
s = 7 TeV, has been analyzed in a search for heavy resonances decaying to top quark-

antiquark pairs with subsequent leptonic decay of both top quark and antiquark. No excess
beyond the standard model prediction is observed. Upper limits at the 95% CL are derived on
the product of the production cross section and branching fraction for these decays, for various
masses of narrow and wide resonances. The existence of a leptophobic Z� topcolor particle is
excluded for MZ � < 1.3 TeV with ! Z � = 0.012MZ � , and for MZ � < 1.9 TeV with ! Z � = 0.10MZ � .
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