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Abstract

Results are reported from a search for new physics processes in events with three
leptons and at least one b-tagged jet. The analysis is based on a sample of proton-
proton collisions at a center-of-mass energy of 8 TeV with an integrated luminosity
of 19.5/1b, collected by the CMS detector at the LHC. The event selection focuses on
signatures for supersymmetry (SUSY) that include multiple W or Z bosons and b-jets
in the final state, and the b-jet multiplicity is used to define low-background search
regions. The standard model background contributions are determined using well-
established techniques that are based on control samples in the data. The observed
yields in the data are consistent with the background predictions, and the results are
used to obtain upper limits on the production cross sections for several SUSY event
topologies defined in the framework of simplified models.
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1 Introduction

A broad range of searches for supersymmetry (SUSY) [1-7] and other new physics (NP) has
been performed by the CMS and ATLAS experiments [8]. These include generic searches for
signatures with jets, missing transverse energy (E™*%), and leptons. Multilepton searches [9—
12] have played an important role, partly because the presence of multiple leptons strongly
suppresses backgrounds, allowing other selection requirements, such as EX%, to be relaxed.

For SUSY models that predict the production of third generation scalar quarks (squarks), the
addition of a b-jet requirement in the signature provides a powerful tool that has been exploited
in several searches [9-11]. SUSY scenarios leading to the production of light stop (t;), sbottom
(51), and gluino (g) are well motivated theoretically [13-15] and have only been partially ex-
plored by existing searches. The motivation arises from naturalness considerations related to
protecting the Higgs mass against large loop corrections in the standard model (SM) [13, 16, 17].
The first- and second-generation squarks, in contrast, are not required to be light in such sce-
narios.
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Figure 1: Processes targeted by this analysis include g-pair production with subsequent decay
to four top quarks and two lightest SUSY particles (LSP) (pp — gg — ttttx"x") via (a) off-shell
and (b) on-shell top squark.
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Figure 2: Processes targeted by this analysis include (a) direct b1-pa1r production with decay
to two top quarks, two W and two LSP (pp — blb* — tWWxYXY), and (b) g-pair production
with decay to two bottom quarks, two top quarks, two W bosons, and two LSP via on-shell
bottom squark (pp — gg — bbttWWx?x?).
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Figure 1 shows an example of one such scenario: the production of a pair of gluinos (g), which
decay to four top quarks and two neutralinos. The gluino decays via § — tjt, where the
t; can be either virtual (Fig. 1a) or real (Fig. 1b). The corresponding experimental signature
has four b-jets, four W bosons (decaying either into leptons or jets), and substantial EFsS. A
second example, shown in Fig. 2, is a direct production of by-squarks (Fig. 2a) or a production
of gluinos which decay to a bottom anti-quark and a bottom squark (Fig. 2b). In these two
models, Bl—squarks decay into a top quark and a chargino which then yields the W boson and
the LSP. Here, the experimental signature includes two b-jets, four W bosons, and large EXss.

The scenario with Z bosons and b-jets in the final state can be realized in case of the sbottom-
pair production where each by decays to a b-quark and a heavy neutralino, e.g. X3. In turn, the
latter yields a Z boson and the lightest neutralino x{ (Fig. 3). In SUSY, this event topology has
a significant branching fraction, e.g. when the sbottom is mostly right-handed and X3 (x?) is
mostly higgsino-like (wino-like).
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Figure 3: Process targeted by this analysis includes direct bi-pair production with decay to two
b-quarks, two Z and two LSP (pp — bib; — bbZZxx9).

This search is sensitive to the production of light stop and sbottom in decay final states that in-
clude at least three isolated light leptons (e or ), b-tagged jets, EXS, and a substantial amount
of hadronic activity in the form of energetic jets. We use a dataset collected with the Compact
Muon Solenoid (CMS) detector [18] in 2012 corresponding to 19.5 fb~lof integrated luminosity
of proton-proton (pp) collisions at a center-of-mass energy of 8 TeV.

Compared to single lepton or like-sign dilepton signatures, a trilepton search targets final states
that are produced with lower branching fractions but nevertheless provides good signal sen-
sitivity because the three-lepton signature strongly suppresses backgrounds. Only a handful
of SM processes have such a signature. The most prominent SM background in trilepton final
states is WZ production. In this analysis, this background is highly suppressed by requiring at
least one b-tagged jet.

Most SUSY-inspired NP signatures also include substantial missing transverse energy (ETs),
corresponding to the presence of the undetected lightest SUSY particles (LSP), as well as hadronic
activity in the form of jets, which arise from the decays of squarks or gluinos. As a measure

of hadronic activity, we define Hy = Z py, where the sum is over all jets with py > 30 GeV.

J
This analysis divides the plane of E™* vs. Hr into several search regions rather than limiting

the searches to very high EM® and Hr values. The binned approach provides good sensitiv-
ity to signal events in the high ET"** and high Hr regions, which are nearly free of background
and probe models with large mass splittings, while retaining sensitivity to models with smaller
mass splittings that populate lower EX* and Hr regions.



Trilepton searches with b-tagged jets, Hr, and EX* have already been studied in more general
CMS analyses which focus on all possible trilepton signatures [10, 11]. To date, these searches
have not reported any excesses above the SM expectation, and thus have been used to place
constraints on the SUSY particle masses. To improve the sensitivity of this analysis to new
physics processes, we study the trilepton event sample as a function of the number of jets and
the number of b-tagged jets.

A similar search has been performed by ATLAS collaboration using a dataset corresponding to
an integrated luminosity of 13.0 fb~! [12]. It reports results consistent with the SM, and probes
gluino masses of up to 860 GeV and bottom squark masses up to 430 GeV.

2 Reconstruction of Leptons, Missing Energy, and Jets

Events are selected with at least three charged lepton (electron or muon) candidates that satisfy
|7| <24 and pr > 10 GeV. Muons are reconstructed from a seed track in the muon detector
combined with silicon strip and pixel information using a global fit [19]. Muon candidates
from decays in flight of hadrons and punch-through particles are largely rejected by a set of
track quality requirements.

Electron candidates are reconstructed [20] starting from a cluster of energy deposits in the
ECAL; the cluster is then matched to hits in the silicon tracker. A selection using electron iden-
tification variables based on shower shape and track-cluster matching is applied to the recon-
structed candidates; the criteria are designed to have maximum rejection of electron candidates
from QCD multijet production while maintaining approximately 90% efficiency for electrons
from the decay of W/Z bosons. Electron candidates satisfying AR = /A¢? + An? < 0.1 with
any of the selected muons are rejected to suppress background from muon bremsstrahlung and
final-state radiation. Electron candidates originating from photon conversions are suppressed
by looking for a partner track and requiring no missing hits for the track fit in the inner layers
of the tracking detectors.

Charged leptons () produced in the decays of heavy particles, including W and Z bosons as
well as SUSY particles, are typically spatially isolated from the hadronic activity in the event.
In contrast, leptons produced in the decays of hadrons, as well as hadrons misidentified as
leptons, are typically embedded in jets. To distinguish between the leptons from signal and
background processes, we therefore define an isolation quantity, I, as the ratio of the scalar
sum of transverse momenta of the charged and neutral hadrons and photons within a cone of
AR < 0.3 around the lepton candidate direction at the origin, to the transverse momentum of
the candidate. The contribution from the candidate itself is excluded. Electrons and muons
with I < 0.15 are considered isolated.

In order to further suppress the background from leptons produced in the decays of heavy-
flavor hadrons, we reject leptons with large transverse impact parameter with respect to the
reconstructed vertex of the pp collision and require all leptons to be consistent with originating
from a common interaction vertex.

Jets and ETSS are reconstructed using the particle-flow technique [21, 22]. For jet clustering, we
use the anti-kt algorithm with the distance parameter 0.5 [23]. Jets are required to pass stan-
dard quality requirements [24] to remove those consistent with calorimeter noise. After the
expected contribution from extra pp collisions in the same beam crossing is subtracted, jet en-
ergies are corrected for residual non-uniformity and nonlinearity of the detector response using
corrections found with collision data [25]. We require jets to have pr > 30 GeV and || < 2.4
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to be considered for analysis. Furthermore, we use standard b-jet identification criteria that
provide around 70% efficiency with less than 1% mis-tag rate [26]. Jets that are within a cone
of AR < 0.4 around lepton candidates that pass all the criteria above are removed, except in
the case that the jet is b-tagged; in this case the lepton is not considered to be isolated and is in-
cluded as part of the b-tagged jet. This requirement acts as an additional isolation requirement
on the leptons and reduces the dominant background, tt production, by 25-40% depending on
the search region compared to the case where such an object is reconstructed as a lepton rather
than a b-tagged jet. The decrease of the prompt lepton efficiency due to this requirement is
found, using Drell-Yan (DY) events in both data and simulation, to be well below 1%.

The missing transverse energy is computed as the negative vector sum of the transverse mo-
menta of the Particle Flow objects in the event.

3 Event Selection, Search Regions and Event Simulation

The online event selection is performed using triggers that require the presence of two high pr
leptons (with pt > 8 GeV and pr > 17 GeV); for electron candidates the trigger also applies
isolation requirements. Events with trileptons selected by the analysis pass this online selection
with close to 100% efficiency. The offline selection begins with a requirement that three leptons
are reconstructed and pass the full selection requirements, including isolation. We require that
the three leptons each have pr > 10 GeV, including at least one with py > 20 GeV, where the
trigger is fully efficient.

Since the signal models of interest have multiple jets and multiple b-jets, events are required to
have at least two jets and at least one b-tagged jet.

A sideband sample is defined in which the events satisfy all of the selection requirements,
except that one of the three leptons is not isolated (I,; > 0.15). This sideband region is used
to estimate the background from processes with two prompt leptons and one non-prompt or
misidentified lepton (e.g. from DY+ets and tt).

At this stage we split the selected event sample into two categories depending on whether
or not two of the leptons constitute a Z boson candidate. Events with a pair of oppositely
charged leptons of the same flavor (OSSF) are classified as either On-Z, if the invariant mass
of the dilepton system is in the range 75-105 GeV, or Off-Z, if the invariant mass is outside of
this range. The Off-Z sample also includes events without an OSSF lepton pair. To suppress
background from heavy-flavor decays and low-mass DY production, the invariant mass of each
opposite-sign dilepton system is required to be greater than 12 GeV.

The requirement ETsS > 50 GeV is imposed to select events with significant transverse energy
associated with unobserved particles. This requirement is expected to be nearly 100% efficient
for any of the signal models under consideration. For example, in model Al (Fig. 1a) with mg =
900 GeV and My = 100 GeV, the mean EIT’niss is 240 GeV, and the efficiency for EITniSS > 50 GeV
is 96%.

Once this baseline selection is imposed, the yields are reduced to 73 events (On-Z) and 90
events (Off-Z). Figure 4 shows the distribution of events observed in data across the plane of
E’fT’“iss vs. Hr with the requirement E’fT’niss > 50 GeV removed. The search regions are delineated
by dashed lines. As expected, the vast majority of events occupy the low EF", low Hr re-
gions, with a small number of outliers being present in the other search regions. The remaining
SM processes that give significant background are top-pair production, top-pair production in
association with bosons (ttV), and multi-boson (WZ, ZZ) production. The fundamental chal-



lenge of the analysis is to determine whether or not our understanding of the SM can account
for these observed yields.
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Figure 4: Distribution of events after the baseline event selection in data in the EMisS vs. Hy
plane for On-Z (left) and Off-Z (right) categories. The requirement Ef"** > 50 GeV has not
been applied to illustrate the background population at low EF"*.

To improve the sensitivity to signal events, the sample obtained with the baseline event selec-
tion is divided into multiple search regions (SR), defined using an additional set of kinematic
variables: the number of jets, the number of b-quark jets, E?sS, and Hr. The set of the kinematic
variables as well as the boundaries defining each search region were chosen and optimized
with the simulation to have the best discovery potential. For the signal models of interest, high
(b-quark) jet multiplicity and high-Ht and ETmiSS regions are expected to provide the best sen-
sitivity. Table 1 defines a set of search regions in terms of the requirements for each of these
variables. There are a total of 60 search regions, 30 each for On-Z and Off-Z, specified by the
different combinations of requirements listed in Table 1. For the On-Z sample with Ny, jets=1,
there are 12 possible regions based on the remaining kinematic variables. For Npjets >3, the
SM background is negligible, so the two Njes bins are combined.

Table 1: Binning defining the baseline selection and the search regions (SR) of the analysis. All
the combinations of these requirements are used to create the 60 SR. For N, jets > 3 no extra jet
multiplicity binning is added.

| Variable | Baseline | Search Regions \
Sign/Flavor | 3e/u On-Z \ Oft-Z
No jets >1 I 2 (>3
Njets >2 2-3 >4
Ht (GeV) > 60 60-200 > 200
ET" (GeV) | >50 50-100 | 100200 | >200

Monte Carlo (MC) simulations are used for studies of the properties of signal and SM back-
ground processes. The SM samples (i.e. WZ, ttW, ttZ, ttH, tbZ and others) are produced at
the parton level with the MADGRAPH 5 v1.1.0 [27] event generator using the CTEQ 6L1 [28]
parton distribution functions. Parton showering and hadronization are carried out with the
PYTHIA 6.424 [29] program. The detector response is modeled with the GEANT4 [30] program,
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followed by the same event reconstruction as the one used for data. The most accurate calcula-
tions of the cross sections available are used for the SM samples normalization, mostly with the
next-to-leading order (NLO) or the next-to-next-to-leading order (NNLO) precision [31-34].

Signal samples are produced for a range of gluino (sbottom) and LSP (chargino) masses with
the MADGRAPH 5 v1.5.4 [27] event generator; up to two partons are present in addition to the
gluino (sbottom) pair. PYTHIA 6.424 [29] is used to simulate parton showering and hadroni-
zation. The detector response and reconstruction are produced with the CMS fast simulation
framework [35]. The small differences between the GEANT4 and the fast simulations are cor-
rected for in the analysis. The gluino (sbottom) pair production cross-sections are calculated
including the resummation of soft gluon emission at the next-to-leading logarithmic accuracy
whenever available, otherwise they are derived with the next-to-leading order in the strong
coupling constant [36—41].

4 Methods for Background Predictions

The backgrounds in this search are small in general, but come from a variety of sources. We
separate these into three categories: (a) events with one or more non-prompt or misidentified
leptons, (b) events with three prompt leptons from diboson (WZ and ZZ) production, and
(c) events with three prompt leptons from rare SM processes such as tt+V, tt+H, tb+Z, VVV,
where V denotes either the W or Z boson.

Non-prompt or misidentified leptons come mainly from top quark production as well as from
Z+jets and WW+ets events. As a consequence of the b-jet requirement, top pair production
is the main source of background in many of the search regions. A data-driven technique is
used to predict this background. First, the probability for a lepton from a b-tagged jet to satisfy
the isolation criteria is measured in a QCD control sample in data. This sample is defined by
requiring a high pr bjet (pr > 40 GeV) and a lepton opposite to it (Adypjer > 2). The lepton
is required to satisfy all selection criteria except for the isolation requirement. Using this sam-
ple, we measure the probability for non-prompt leptons to pass the isolation requirement. This
probability is parametrized as a function of lepton transverse momentum. We then use this
probability to extrapolate from the sideband region to our signal region. Values for this proba-
bility are close to 5% for muons and to 10% for electrons. This method is a variation on similar
methods that have been used in CMS to predict the rates of non-prompt or misidentified lep-
tons from backgrounds dominated by heavy flavor decays [9]. Based on performance studies
of the technique in simulation, which include the level of agreement between the observed and
the expected numbers of events in all search regions, we estimate a systematic uncertainty of
30% for this background determination. This incorporates the uncertainty arising from the fact
that this probability is measured in a QCD-dominated control sample but applied to a different
environment where the spectrum of the b-jets is harder.

The requirements of at least one identified b-jet and minimum EX* significantly reduce the
backgrounds arising from diboson production. This background is estimated using simula-
tion. The overall performance of this prediction method is checked using control samples in
data where the b-jet requirement is inverted. To define a control sample sensitive to the WZ
background, events are selected with three high-pr leptons, where the invariant mass of an
OSSF dilepton system is consistent with the Z boson mass. In addition, the events in the con-
trol sample are required to have significant missing energy (50 GeV< EMi* <100 GeV), and the
transverse mass of the system comprising the third lepton (the one not used in the Z) and the
missing transverse energy is required to satisfy 50 GeV<Mr <120 GeV. For the control sample
of the ZZ background, four isolated and identified leptons, of which two form a Z candidate,
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Figure 5: Jet multiplicity distributions for diboson events in WZ (left) and ZZ (right) control
regions in data and simulated event samples.

are selected. In addition, the events are required to have EFisS < 50 GeV. The jet multiplicity
distributions in both control regions are displayed in Fig. 5. Reasonable agreement between
the shapes and the normalizations of the distributions in simulation and observed data is ob-
tained. A scale factor of 0.89 is derived for ZZ yield based on the observed and predicted yields
in the control region. Given that the estimation of these processes from simulation relies on the
modeled distribution of additional partons needed to yield a b-jet, we assign a 50% uncertainty
on the diboson background to account for inability to verify the simulation performance at this
level.

In many of the search regions, certain rare, but irreducible Standard Model processes play a
significant role. For example the production of top quarks in association with vector bosons
(e.g., ttZ) is an important source of background. Because of its small cross section, this process
only recently became accessible to measurement at hadron colliders and therefore has not been
studied in detail. The On-Z region with at least 1 b-tagged jet and high jet multiplicity can
be used for cross-checking these processes, since it contains mainly ttZ events. Other rare
processes, such as triboson production, are strongly suppressed because of the requirement
of having at least 1 b-tagged jet. For all these backgrounds, the simulation is used to predict
the shape and yields. A 50% systematic uncertainty is assigned to account for the limited
experimental cross-checks possible for these processes.

5 Resulis

Figures 6a and 6b show the missing transverse energy spectrum and the jet and b-jet multi-
plicity distributions for the Off-Z and On-Z regions, respectively. The contribution from non-
prompt and misidentified leptons (mainly from tt events) is the dominant background and is
estimated from control samples in the data, while the other backgrounds are predicted using
simulation as described in Section 4.

The EXss spectrum in bins of jet and b-jet multiplicity can be seen in Fig. 7 for the three-lepton
results without a Z candidate, and in Fig. 8 for those with a Z candidate. The search regions
with higher jet and b-jet multiplicity have less SM background, but the signal efficiency di-
minishes as well. In order to maximize the sensitivity to a variety of models, we perform a
simultaneous multi-bin fit to obtain the final upper limits on the cross-section times branching
fraction (¢ x BF) of the models described in the introduction and shown Figures 1,2, and 3.
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Figure 6: Observed data events and predicted SM background as a function of number of jets,
E%‘iss, Ht, and number of b-jets are shown for events that (a) do not contain or (b) contain
an opposite-sign-same-flavor pair that is a Z boson candidate. The last bin in the histograms
includes overflow events. The shaded bands correspond to the estimated uncertainties on the
background which are calculated on the per bin basis.
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Figure 7: Predicted total background and observed data yields as a function of ES for events
that do not contain an opposite-sign-same-flavor pair that is a Z boson candidate (Off-Z): (a)
Ht < 200 GeV and (b) Hr > 200 GeV. The shaded bands correspond to the estimated uncertain-
ties on the background. The dashed histograms show an expected yield for the A1 model with
particle masses mz = 900 GeV and Mz = 100 GeV. The dotted histograms show an expected

yield for the B1 model with particle masses m; = 500 GeV and mz= = 200 GeV.



10

5 Results

CMS Preliminary (s=8TeV,L =19.5 fb?

> 40 13 3 ]

&35 E 025 Npjes =1

o io

B 30 o Njets 24

~25 1= E

2 2

%20 \\\\\\\ E 51.5 E

u>JlS : Li E
\\\\\\\\ 1 05 E

100 150 20
mlss [GeV]

TR
mISS [Gev]

] Nb]ets:2 :
2<N_.<4

jets

Events / 50 GeV
1S S P

Events / 50 GeV

0000 PRRR N

ONDOOELND DO NN

50 100 150 __ 200
ET [GeV]

T T
b-jets =2
24

N

N

N.

et

[ N \S TG ) B V]

Eveﬂts /50 GeV

A

——
ET [GeV]

On-Z: H;<200 GeV
e data
I non-prompt e/ p
WZ + 227
. (i
ttw
N thz
rare SM
total bkg unc.
— — model Al: 900/100
------- model B1: 500/200

(a) Low Ht

Events / 50 GeV

Events / 50 GeV

CMS Preliminary Vs=8TeV,L =19.5 fbt

Events / 50 GeV

100 150,200
> [GeV]

>
3]
O
o
n
-~
(%]
=
c
[
>
1]

2.2

2
1.8
1.6]
1.4
1.2
0.8]
0.6
0.4
0.2
0

150. 20
ETs [GeV]

Events / 50 GeV

P77
IIIIIA
IIIIIA

On-Z: H;>200 GeV
e (data
I non-prompt e/ p
WZ +277
. iz
ttw
N thz
rare SM
total bkg unc.
— — model Al: 900/100
------- model B1: 500/200

(b) High Hr

Figure 8: Predicted total background and observed data yields as a function of ES for events
that contain an opposite-sign-same-flavor pair that is a Z boson candidate (On-Z): (a) Hr < 200
GeV and (b) Hr > 200 GeV. The shaded bands correspond to the estimated uncertainties on
the background. The dashed histograms show an expected yield for the A1 model with particle
masses 1z = 900 GeV and mz = 100 GeV. The dotted histograms show an expected yield for
the B1 model with particle masses my = 500 GeV and mg= = 200 GeV.
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Table 2: Predicted total background and observed data yields as a function of ET*® for events
with no Z candidate present (Off-Z). Upper limits (68% CL) are quoted when there is not
enough events in data and simulation to derive an expected number of background events.

i Ht < 200 GeV Ht > 200 GeV
No-tags | Nies | B (GeV) Expected Observed | Expected Observed
50-100 33.3+£70 36 109+24 9
2-3 100-200 11.8 £ 2.6 13 9.0£20 6
1 >200 0.33 £0.21 0 1.2+04 0
50-100 0.92 £0.36 2 53+1.3 3
>4 100-200 0.10 £ 0.12 0 35+1.0 3
>200 < 0.09 0 0.74 £0.31 0
50-100 | 47 £19 7 38+ 1.1 7
23 | 100200 | 22+07 1 194 0.7 0
5 >200 0.22 £ 0.19 1 0.14 + 0.13 0
50-100 <0.13 0 274+0.8 1
>4 100-200 < 0.16 0 1.7 £ 0.6 0
>200 < 0.09 0 0.33 £ 0.18 0
50-100 < 0.09 0 0.56 + 0.27 1
>3 100-200 < 0.12 0 0.17 £0.13 0
>200 < 0.09 0 0.20 £0.19 0

Table 3: Predicted total background and observed data yields as a function of ET*® for events
with a Z candidate present (On-Z). Upper limits (68% CL) are quoted when there is not enough

events in data and simulation to derive an expected number of background events.

i Ht < 200 GeV Ht > 200 GeV
No-tags | Niews | B (GeV) Expected Observed | Expected Observed
50-100 15.0 £ 4.5 30 93+£32 13
2-3 100-200 50£17 6 55+20 3
1 >200 0.36 = 0.22 0 09+04 0
50-100 0.11 £0.12 1 49+20 4
>4 100-200 < 0.19 0 30£13 5
>200 < 0.11 0 0.56 £0.31 1
50-100 | 23+08 5 26+ 1.0 2
23 | 100200 | 13+05 1 13+ 0.6 1
5 >200 0.12 £0.12 0 0.46 £ 0.24 0
50-100 0.20 £0.16 1 29+13 1
>4 100-200 < 0.22 0 1.6 £ 0.8 0
>200 < 0.09 0 0.29 £0.19 0
50-100 <0.09 0 017 £ 0.14 0
>3 100-200 <0.09 0 0.25 + 0.16 0
>200 < 0.09 0 0.02 = 0.09 0
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Table 4: Systematic uncertainties on the signal acceptance.

Source Uncertainty, %
Luminosity 44
Modeling of lepton reconstruction, ID, I, based on Z-events 12
Jet energy scale 5-15
Unclustered energy and lepton effects on EJss 5
Modeling of b-jet multiplicity 5-20
Trigger 5
Total systematic uncertainty 15-30

Tables 2 and 3 summarize the expected backgrounds and observed yields in data. The uncer-
tainties quoted in the tables represent the total uncertainty, which is dominated by its statistical
component in most signal regions. Within the uncertainties, agreement is observed between
the data and the predicted backgrounds in most of the search regions.

One of the search regions in the On-Z samples has a 1.9 ¢ excess (30 observed vs. 15.0£4.5
expected). Cross-checks performed on this region indicate that a statistical fluctuation of the
background is the most plausible explanation.

6 Interpretation
The results are interpreted in several simplified models [42—46]:

e gluino-pair production with gluinos decaying through a top squark, pp — gg —
tftf)fcl’ X{l) . The top squark can be either off-shell (model A1) or on-shell (model A2).

e direct sbottom-pair production (model B1) or gluino-pair production with § — b;b
(model B2) followed by sbottom decay to a chargino and a top quark, where the
chargino undergoes the decay to the W boson and the lightest neutralino: pp —

bibt — ttWWRIR? for the model B1 and pp — g8 — bbttWW0x? for the model B2.

o direct Bl—pair production, where by decays to a b-quark and a X5, followed by its
decay toa Z and a xU: pp — bib} — bbZZX9x? (model C1).

6.1 Signal Acceptance Uncertainties

Table 4 summarizes the systematic uncertainties on the signal acceptance. The recorded lumi-
nosity of the CMS experiment is known to 4.4% precision [47]. The lepton selection efficiency is
studied using a standard tag-and-probe technique in data and simulation using Z events. The
uncertainty on the lepton reconstruction efficiency is 3% and is obtained from studies of lep-
tonic Z-boson decays. Extra studies were done to quantify the influence of the large hadronic
activity on the lepton isolation. Combining the two sources leads to around 12% uncertainty
on the three-lepton selection. The systematic uncertainty on the trigger efficiency is very small,
because dilepton triggers are used for a trilepton signature and thus the trigger efficiency is
always very close to 100%. Other sources of systematic uncertainty are the jet energy scale, the
modeling of the underlying event, and the b-tagging efficiency. Some uncertainties can only be
quantified when a signal model of interest is specified and the final state topologies and kine-
matics are studied, therefore a lower bound on the signal acceptance uncertainty of 15-30% is
given.
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6.2 Limit Setting Procedure

The upper limits (95% CL) on the signal rate are calculated using the modified frequentist CLs
method [48-50]. The results of all search regions are taken into account in order to maximize
sensitivity. Formally, we construct a likelihood function,

L(data|u,0) = Poisson (data|p - s(8) +b(0)) - p (8]6) , 1)

where “data” represents our observed yields, and Poisson(data| y,0) represents the product of
probabilities to observe n; events in the ith search region (SR), i.e.,

Poisson(datalp, 0) =] | WSl:le)l
i r

e~ (msithi) )

Here, the parameter y represents our signal strength modifier and determines the quantity
o X BF in the context of the CMS Simplified Model interpretations. The parameter 6 denotes
the collection of nuisance parameters that can influence the values of b and s. Log-normal prob-
ability density functions (p (é\@)) are assumed for both the signal and background nuisance
parameters. These are taken to be either 0% or 100% correlated as appropriate. The profile
likelihood ratio is used to test the compatibility of the observed data with the background-only
and signal+background hypotheses. The full prescription can be found elsewhere [50].

6.3 Limits

The results from the off-Z search regions are used to set constraints on the models A1 - B2, and
from the on-Z search regions for the model C1.

The expected (red dashed) and observed upper limits (black solid) on gluino and LSP (or top
squark) masses for gluino-pair production, pp — gg — ttttxx?, are shown in Fig. 9. Figure 9a
corresponds to the model A1, and Fig. 9b to the model A2. Gluino masses up to 975 (900) GeV
are excluded across the range of LSP masses down to AMfgv’X(]) = 425(350) GeV in case of very
heavy top squarks; and up to 1000 GeV across the range of top squark masses from 250 to 800
GeV in case of LSP mass equal to 50 GeV. The search regions which have the most sensitivity are
these with high b-jet multiplicity (Npjets = 2 and Npjets = 3), high jet multiplicity (Njets > 4),
high hadronic activity (Ht > 200 GeV) and medium (100-200 GeV) or high (> 200 GeV) miss-
ing transverse energy.

Figure 10 shows the expected (red dashed) and observed upper limits (black solid) on gluino
and bottom squark masses for the gluino-mediated sbottom production accompanied by a b-
quark emission and followed by subsequent decays to chargino and top-quark (model B2).
Gluino masses up to 1000 GeV are excluded for sbottom masses from 400 to 950 GeV, chargino
mass 150 GeV and LSP mass 50 GeV (Fig. 10a); and up to the same value for the case when
chargino mass is fixed to 300 GeV (Fig. 10b). The most sensitive search regions are the same as
for the models Al and A2.

Figure 11 shows the expected (red dashed) and observed upper limits (black solid) on bottom
squark mass for direct sbottom production followed by subsequent decays to chargino and

top-quark, pp — Blg{ — ttWWx9x) (model B1). Three parameterizations for this model are
considered.

e Mass of the LSP is fixed to 50 GeV: sbottom masses up to 575 GeV are excluded for
the range of chargino masses from 150 to 375 GeV (Fig. 11a).

e The ratio Mo /my= is fixed to 0.5: sbottom masses up to 575 GeV are excluded for
LSP mass between 25 and 150 GeV (Fig. 11b).
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Figure 9: The 95% CL upper limits on the (a) model A1l and (b) model A2 scenario cross sections
(fb) derived using the CL; method. The solid (black) contours show the observed exclusions
assuming the NLO+NLL cross sections, along with the &1 standard deviation theory uncer-
tainties. The dashed (red) contours present the corresponding expected results, along with the
£1 standard deviation experimental uncertainties.

CMS Preliminary, 19.5 fb, Vs = 8 TeV CMS Preliminary, 19.5 fb™, /s = 8 TeV

) —_~ ~—~
% 1400/ PP - 90,9 - btWQll NLO+NLL exclusion | =3¢ £ % 1400| PP - 96,0 - btWQll NLO+NLL exclusion | =3¢ £
e =Observed+ 10y, —32 _§ e 1300 =Observed+ 10y, —32 .§
15 222 Expectedt 10, qiment s 5 :2:Expected+ 10, oo S
§1200 m% =150 GeV m?i, =50 GeV 30 z %1200 mBr’ =300 GeV mgp =50 GeV 30 8
€ - 1 82 8 E oo ' | -8 &
1OOOV | o o
— | c r o [
‘ ] —26 5 1000 SINES 5
I L E 00 ) s E
800 ] m 5 e d 5
i . 1 712 2 800 N | T2 g
C - 1 = r | 1 =
- i 4 —20 —_— —20 >
600~ i 5 4 T — i i
I - 1 2 soo- - J = Rl
L N | = L ol i =
: —16 W — - —16 W
400 N N P o 500 [ I | R I o

800 900 1000 1100 1200 1300 800 900 1000 1100 1200 1300

mgluino (GeV) mgluino (GeV)

(a) Model B2: mz= = 150 GeV (b) Model B2: mz+ = 300 GeV

Figure 10: The 95% CL upper limits on the model B2 scenario cross sections (fb) derived using
the CLs; method. In the model B2, it is assumed that My = 50 GeV with (a) mg= = 150 GeV or
(b) mz+ = 300 GeV. The solid (black) contours show the observed exclusions assuming the
NLO+NLL cross sections, along with the +1 standard deviation theory uncertainties. The
dashed (red) contours present the corresponding expected results, along with the £1 standard
deviation experimental uncertainties.
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e The ratio M0 /my= is fixed to 0.8: sbottom masses up to 525 GeV are excluded for

LSP mass between 25 and 200 GeV (Fig. 11c). For higher LSP masses the exclusion
is less stringent.

The search regions which contribute the most to the sensitivity are the ones with Npjets = 1,
2 < Njets < 4 or Niets > 4, high Hr and medium or high missing transverse energy.

The expected (red dashed) and observgd upper limits (black solid) on bottom squark and LSP

masses for by-pair production, pp — blgi‘ — bbZZXVx!, are shown in Fig. 12. In this model

the mass difference between the LSP and neutralino (ng — mfc‘f) is set to 110 GeV, thus only

the decay x5 — Zx! is kinematically allowed, while the competing decay X3 — hx?{ is closed.
The by mass up to 450 GeV is excluded for LSP masses 100-125 GeV.
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Figure 11: The 95% CL upper limits on the model B1 scenario cross sections (fb) derived using
the CL; method. The limits are computed for the following scenarios within the model B1:
(@) Mo = 50 GeV, (b) Mo /mz= = 0.5 or (c) Mo /mz= = 0.8. The solid (black) contours show
the observed exclusions assuming the NLO+NLL cross sections, along with the £1 standard
deviation theory uncertainties. The dashed (red) contours present the corresponding expected
results, along with the 1 standard deviation experimental uncertainties. For the scenario (b)
the deviation of the observed exclusion from the expected one is evaluated to be at the level of
two standard deviations experimental uncertainties.
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Figure 12: The 95% CL upper limits on the model C1 scenario cross sections (fb) derived us-
ing the CL; method. The solid (black) contours show the observed exclusions assuming the
NLO+NLL cross sections, along with the +1 standard deviation theory uncertainties. The
dashed (red) contours present the corresponding expected results, along with the +1 standard
deviation experimental uncertainties.



18 7 Conclusions

7 Conclusions

We present the results of a search for new physics with the signature of three leptons plus b-
quarks and missing transverse energy using a dataset with an integrated luminosity of 19.5 fb~*
produced by the LHC with pp collisions at /s = 8 TeV.

The analysis is designed to increase sensitivity to SUSY models where multi-W or multi-Z
bosons are produced in association with multi-b-quarks jets and the lightest supersymmetric
particle. We predict the dominant SM background using well established data-driven tech-
niques. To reflect several kinematic regions which could be sensitive to a range of new physics
models, the various search regions are constructed. These include the search regions with
or without a Z candidate present, medium or high missing transverse energy, low or high
hadronic activity and (b-)jet multiplicity. We observe no statistically significant excesses of
events in the signal regions in data above the SM expectations.

The results are used to place 95% CL upper limits on the cross-section times branching frac-
tion for various simplified SUSY models. These upper limits translate into lower limits on the
gluino and the sbottom mass. Gluinos decaying to top pairs and neutralinos through virtual
stops are excluded for masses up to 975 (900) GeV for a range of neutralino masses from 0 to
500 (550) GeV. In case gluinos are decaying to stops with masses from 250 to 800 GeV and neu-
tralino mass is 50 GeV, the lower limit on gluino mass reaches 1000 GeV. The same is the lower
limit for gluinos which decay to sbottoms with masses from 500 to 950 GeV. The lower limit on
the sbottom mass extends from 450 to 575 GeV in the considered SMS models, and it depends
on the decay chains in the SMS models and on other sparticles (Y*, x5, X1) masses. The limit is

stronger when a sbottom undergoes a decay 51 — tY¥~, and weaker in case of l~>1 — b)fg.
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