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Abstract

The first search for supersymmetry with the vector boson fusion (VBF) topology is
presented. The VBF topology offers a promising avenue to study the electroweak
sector of supersymmetry. The search targets final states with at least two leptons,
large missing transverse momentum, and two jets with a large pseudorapidity gap.
The data sample used in this analysis corresponds to an integrated luminosity of 19.7
fb~! of pp collisions at /s = 8 TeV collected with the CMS detector. The observed
dijet invariant mass spectrum after the final selections is consistent with the expected
standard model predictions. Upper limits are set for the production of charginos and
neutralinos with two associated jets, where sleptons are ligher than charginos.
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1 Introduction

With the spectacular performance of the LHC machine, a host of results from the ATLAS and
CMS experiments have constrained a large number of new physics scenarios beyond the stan-
dard model (SM). In particular, both experiments have placed bounds over 1 TeV on the masses
of the gluino (§) and the squarks (§) of the first two generations in models of supersymmetry
(SUSY) [1-5]. On the other hand, the chargino (Xi) and neutralino (X ) masses are less con-
strained, especially in compressed mass-spectra scenarios, as expected in a hadron collider
where these particles suffer from smaller electroweak production cross sections. The chargino-
neutralino sector plays a crucial role in the dark matter (DM) connection of SUSY models. The
lightest neutralino, X?, as the lightest supersymmetric particle (LSP), is the dark matter candi-
date in R-parity conserving SUSY extensions of the SM.

ATLAS and CMS have dedicated searches for direct productlon of charginos and neutralinos
in final states with one or more leptons and EX* [6, 7], e. g )(1 B — v, However, the
searches exhibit limited sensitivity in cases where the )(1 and the next-to-lightest neutralino,
15, are nearly mass degenerate with the §). The mass separation Am = Mg — Mo is an im-
portant factor in the exclusion plots from both experiments. While the exclusion limits can be

as high as m . < 720 GeV for mg = 0 GeV, the bounds on Mg+ are ~ 100 GeV for Am < 50

GeV. Addltlonally, models with large branching ratios to T leptons suffer from more modest
exclusion limits, even in the scenario where myp = 0 GeV, due to the larger T misidentication

rates which make it difficult to manage the level of backgrounds.

DM and electroweak sparticles can be pair produced in association with two jets in pure elec-
troweak processes at the LHC [8]. This paper describes a search for pair production of elec-
troweak SUSY particles with two associated jets using the vector boson fusion (VBF) topology,
which is characterized by the presence of two jets in the forward direction, in opposite hemi-
spheres of the CMS detector, and with large dijet invariant mass (m;;). The VBF topology offers
anew complimentary route to directly probe the electroweak sector of SUSY, especially in com-
pressed mass-spectra scenarios [9] and/or final states which suffer significantly larger contam-
ination from strongly produced SM backgrounds. Because the cross section for electroweak
SUSY production is expected to be small compared to the SM backgrounds with similar topol-
ogy, another strategy to search for DM and electroweak SUSY focuses on cascade decays of
heavy colored particles such as gluinos and squarks, which have larger expected production
cross sections. For example, a decay chain such as §§ — g5 — qqTTIT — qqTTTTIIR]
leads to a signature with missing energy (EX*), multiple jets and leptons. However, in a
scenario where colored objects are heavy and the production cross section is too small to be
accessible at the LHC, the VBF topology provides a unique opportunity to target uncharted
parts of the SUSY phase space, where other experimental searches have limited sensitivity.
Searching for SUSY with VBF jets is reminiscent of probes using cascade decays, in the sense
that jets with relatively high transverse momentum (pr) are used to reduce the SM non-VBF
background rates. Thus, the highly energetic jets of usual SUSY searches are used, but without
requiring the productions of squark and gluinos with subsequent decay chains.

The search targets final states with the VBF topology and with at least two reconstructed lep-
tons with like-sign (LS) or opposite-sign (OS) electric charge. It makes use of eight independent
final states: e*u*jj, e*u¥jj, pFutjj, uTujj, wttij, wtTjj, v ), and T, 7, jj where the
symbol T, is used to indicate a reconstructed hadronic decay of a T lepton and j* is used to
indicate a VBF tagged jet. The analysis is performed using data collected with the CMS detec-
tor in proton-proton collisions at a centre of mass energy of /s = 8 TeV at the LHC. The data
samples correspond to an integrated luminosity of 19.7 fb~!.
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The invariant mass shape of the leading dijet candidate passing VBF topological selections is
used to fit for a potential excess in data and determine the sensitivity of the analysis. In the case
of SUSY, the production of charginos and neutralinos occur in pairs and thus the VBF tagged
jets have a higher average transverse momentum than in VBF Higgs searches [10-12], which
allows for more stringent VBF requirements to reduce the background rates by ~ 1072-104,
depending on the background. In addition to VBF requirements, a relatively high ETS require-
ment is imposed due to the presence of the LSPs. These more stringent VBF requirements and
relatively large EMS cuts also suppress the SM backgrounds produced through vector boson
fusion, such as VBF Higgs/Z.

The background contributions in the signal region are predicted using data wherever possible.
The general strategy is to modify the standard selection requirements to select multiple control
region samples dominated by each background process. These control regions are used to
measure the m;; shapes and probabilities for background candidates to pass the VBF selection
requirements. If the background contributions are small and/or the above approach is not
teasible, the m;; shapes are taken from simulation. In these cases, scale factors, defined as the
ratio of efficiencies measured in data and simulation, are used to normalize the predicted rates
to the data by correcting the expected contributions obtained from the simulation samples.

The paper is organized as follows. The CMS detector is described in section 2, while the recon-
struction of electrons, muons, T, jets, and E%‘iSS are described in section 3. The dominant back-
grounds and their Monte-Carlo (MC) simulated samples are described in section 4, followed
by the description of event selections in section 5 and the background estimation in section 6.
Finally, systematic uncertainties are summarized in section 7 and the results are presented in
section 8.

2 CMS Detector

The CMS experiment [13] uses a right-handed coordinate system, with the origin at the nominal
interaction point, the x axis pointing to the centre of the LHC ring, the y axis pointing up
(perpendicular to the LHC plane), and the z axis along the anticlockwise-beam direction. The
polar angle, 6, is measured from the positive z axis and the azimuthal angle, ¢, is measured in
the x-y plane. The pseudorapidity is given by # = —Intan(6/2).

The central feature of the CMS apparatus is a superconducting solenoid of 6 m inner diameter,
providing a field of 3.8 T. Within the field volume are the silicon pixel and strip tracker, the
crystal electromagnetic calorimeter (ECAL), which includes a silicon sensor preshower detector
in front of the ECAL endcaps, and the brass/scintillator hadron calorimeter (HCAL). Muons
are measured in gas-ionization detectors embedded in the steel return yoke. In addition to the
barrel and endcap detectors, CMS has extensive forward calorimetry.

The inner tracker measures charged particles within |77| < 2.5 and provides an impact param-
eter resolution of ~ 15 ym and a transverse momentum resolution of about 1.5 % for 100 GeV
particles. Collision events are selected by a first level trigger made of a system of fast electron-
ics and a higher level trigger that consists of a farm of commercial CPUs running a version
of the offline reconstruction optimized for fast processing. A more detailed description of the
CMS detector can be found elsewhere [13].



3 Object Reconstruction and Identification

The jets and the transverse momentum imbalance in the detector (E%ﬁss) are reconstructed with
the Particle Flow (PF) algorithm [14]. The anti-kt clustering algorithm [15] with R = 0.5 is used
for jet clustering. Jets are required to pass identification criteria designed to reject particles from
pileup interactions and anomalous behavior from the calorimeters. For jets with pr > 30 GeV
and |y| < 2.5 (> 2.5), the identification efficiency is ~ 99% (95%), while 90-95% (60%) of pileup
jets are rejected [16]. The jet energy scale and resolution is calibrated through correction factors
that depend on the pr and 7 of the jet [17]. Jets originating from the hadronization of bottom
quarks are identified using the loose working point of the combined secondary vertex (CSV)
algorithm [18] which exploits observables related to the long lifetime of b hadrons. For b-quark
jets with pr > 20 GeV and || < 2.4, the identification efficiency is ~ 85% with a ~ 10% fake
rate for light quark and gluon jets [19].

Muons are reconstructed using the tracker and muon chambers. Quality cuts based on the min-
imum number of hits in the silicon tracker, pixel detector and muon chambers are applied to
suppress backgrounds from decays in flight and hadron shower remnants that reach the muon
system [20]. Electrons are reconstructed by combining tracks produced by the Gaussian Sum
Filter algorithm with ECAL clusters. Requirements on the track quality, the shape of the energy
deposits in the electromagnetic calorimeter, and the compatibility of the measurements from
the tracker and the electromagnetic calorimeter are imposed to distinguish prompt electrons
from charged pions and from electrons produced by photon conversions [21]. The electron and
muon candidates are required to pass isolation criteria in order to reject misidentified leptons
from jets. Isolation is defined as the sum of the pr of the reconstructed charged and neutral
particles, within a cone of radius AR = /(Ay)? + (A¢)? = 0.4 centered around the e/ track.
In both cases the contribution from the e/y candidate is removed from the sum. Muon identifi-
cation efficiency is &~ 95% for muons with pr > 15 GeV and |¢| < 2.1[22]. The misidentification
rate of 7= — y for pions with pr > 10 GeV and || < 2.1is &~ 1 x 1073 [23]. Electron iden-
tification plus isolation efficiency is 85% (80%) for electrons with pr > 30 GeV in the barrel
(endcaps) region [24]. The j — e misidentification rate is &~ 5 x 1072 for jets with the kinematic
properties described above.

Hadronic decays of the T lepton are reconstructed and identified using the hadrons plus strips
(HPS) algorithm [25] designed to optimize the performance of 7, reconstruction by consider-
ing specific 7, decay modes. To suppress backgrounds in which light-quark or gluon jets can
mimic hadronic taus, a T, is required to be spatially isolated from other energy in the event.
The isolation variable is calculated using a multivariate Boosted Decision Tree (BDT) technique
by forming rings of radius AR in the vicinity of the identified 7, and using the energy deposits
of particles not considered in the reconstruction of the 7, decay mode and the energy density p
in the event. Additionally, 7, candidates are also required to be distinguishable from electrons
and muons in the event by using dedicated criteria based on the consistency between the mea-
surements in the tracker, calorimeters, and muon detectors. The identification and isolation
efficiency is ~ 55-65% for a 1, with pr > 20 and || < 2.1. The j — T;, misidentification rate is
~ 1-5% [26], depending on pt and 7.

4 Signal and Background Samples

The background composition depends on the channel and, in particular, on the number of ;s
in the final state. The most important sources of background are the production of W/Z bosons
in association with jets (W/Z +jets), t, dibosons (WW, WZ), and QCD multijet production. The
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W + jets events are characterized by an isolated lepton from the decay of the W boson and un-
correlated jets misidentified as an e, p or ;. Since the misidentification rate for a 7, is larger
than for electrons and muons, W + jets production is particularly relevant in the channels with
one T;. Background from tf events is usually accompanied by one or two b-quark jets, in ad-
dition to genuine isolated e, u or 7;,. Background from diboson events produces both genuine,
isolated leptons, when the gauge bosons decay leptonically, and a misidentified 7, when they
decay hadronically. Finally, QCD events are characterized by jets which can be misidentified as
charged e, 4 and 1, The QCD multijets process is only an appreciable background in the 7,7,
channel.

Collision data are compared to samples of Monte-Carlo simulated events. The signal event
samples are generated with the MADGRAPH program (v5.1.5)[27], considering pair production
of )Eli and {3 ()ZfE Xli, Xli X1, Xli A and §9%3) with two associated partons. The signal events
are generated with the requirement of pr > 30 GeV on both partons and a pseudorapidity gap
of Ay > 4.2. The background event samples with a Higgs boson produced through VBF are
generated with the POWHEG program (v1.0r1380) [28]. The MADGRAPH generator (v5.1.3) is
used for DY + jets, W + jets, tf + jets, and diboson production. All MC samples incorporate
the CTEQ6L1 or CTEQ6M parton distribution functions. The POWHEG and MADGRAPH gen-
erators are interfaced with PYTHIA (v6.4.22) [29] for parton shower and fragmentation. The
T-lepton decays have been performed with TAUOLA [30]. The generated background samples
are processed with a detailed simulation of the CMS apparatus using the GEANT4 package
[31], while the response for signal samples is modeled with the CMS fast simulation program
[32]. For the signal acceptance and m;; shapes based on the fast simulation, the differences with
respect to the GEANT4-based results are found to be small (< 5%). Corrections are applied to
account for the differences. The MC background and signal yields are normalized to integrated
luminosity using next-to-next-leading order (NNLO) and leading order (LO) cross-sections re-
spectively. In all MC samples, multiple interactions are superimposed on the primary collision
process, and events are reweighted such that the distribution of reconstructed collision vertices
matches that in data (mean=21 and RMS=5.5).

5 Event Selection

A single muon trigger [20] with a pr threshold of 24 GeV is used for the uujj, eyjj, and put,jj
final states. The T, 7;,jj channels use a double-hadronic 7 trigger [33] which has a pr threshold
of 35 GeV. A requirement on pseudorapidity (|| < 2.1) is applied to select high quality recon-
structed and well isolated leptons (e, j, T,) within the tracker acceptance. The pr thresholds
defining the search regions are chosen to achieve a trigger efficiency greater than 90%. For final
states with a muon (upujj, epjj, ut,jj), events are selected by requiring pr(p) > 30 GeV. In the
case of final states with at least two T, candidates, the threshold on the pr(7,) is set to 45 GeV.

The following requirements, referred to as the ”central selection”, are applied for all final states.
Pairs of leptons are required to be separated by AR > 0.3. Events with a e/ are required to
have at least 75 GeV of missing transverse energy (E™sS > 75 GeV), while a cut of EXis >
30 GeV is required for the 7,7,j;j final state to compensate for the loss in acceptance due to the
higher 7, pr threshold. The contribution from ¢t events is minimized by selecting events where
none of the jets have been identified as b-quark jets using the loose working point of the CSV
algorithm. Only jets with pr greater than 20 GeV and separated from the leptons by AR > 0.3
are searched for b-quark jets.

The VBF selection refers to the requirement of at least two jets with large separation in (A >
4.2), and in opposite hemispheres (171 x 172 < 0). Events are selected with at least two jets with



pr > 50 GeV and pseudorapidity |17| < 5.0. The u*u*jj search region has a lower background
rate with respect to other final states, which makes it possible to relax the jet pr requirement to
30 GeV to regain signal acceptance. The event selection criteria with pr > 30 GeV used in the
u*utjj channel, will be referred to as “Loose”. The event selection criteria with pr > 50 GeV
used in the u* 1T jj channel, will be referred to as “Tight”. Selected events are required to have
a dijet candidate with m;; > 250 GeV.

The set of events satisfying the central and VBF selections described above define the signal
region (SR). We use the background shapes normalized to the values obtained from the back-
ground estimation methods (section 6) to search for a broad enhancement in the tails of the
observed m;j; spectrum, where simulation predicts an important contribution from a potential
signal.

6 Background Estimation

The general methodology used for the estimation of the background contributions in the sig-
nal region (SR) is the same for all final states. Mismodeling of the background rate and m;;
shape in the simulation may arise from the VBF selection criteria. Therefore, the estimate of the
background contribution is determined by isolating various control regions (CRs) to measure
the VBF efficiencies (probability for a given background to satisfy the VBF selection criteria)
and m;; shapes from data, validate the correct modelling of the central selections and option-
ally determine a correction factor for the efficiency of the selections by assessing the level of
agreement between data and simulation. The VBF efficiency, measured in a CR satisfying only
the central selection, is defined as the fraction of events in the CR additionally passing the VBF
event selection criteria. For backgrounds estimated entirely from data, the following equation
is used to determine their contribution to the signal region:

D MC CR1 CR2
Z\]BC&;lta = NBG (cen’tral) ’ SFcentral ’ eVBF(mjj> (1)

where N3t is the predicted background yield in the signal region, N} (central) the predicted
rate in simulation without the VBF selections, S Fiﬁtlr o1 the data-to-simulation correction factor
for the central selection as determined from the control sample, and ek, the VBF efficiency, as

a function of m;j;, determined directly from data.

The event selection criteria used to obtain the CR must not bias the m;; distribution. This is
checked, in simulation and data, by comparing the m;; distributions with and without the se-
lection criteria used to obtain the CR. The background estimation technique used to measure
the VBF efficiency and m;; shape from data is performed with simulated events to test the clo-
sure of the method. The closure tests performed with the MC simulated samples show that
the background estimation methods, described in more detail below, are able to reproduce the
predicted rate and shape within the statistical uncertainties of the samples, which are propa-
gated as systematic uncertainties on the data-driven measurements of the VBF efficiency. An
additional systematic uncertainty, resulting from the difference in the nominal yields and pre-
dicted rates from the closure test in simulation, is assigned to the background expectation. The
simulated background samples are used to check that the CRs contain the same kinematics and
composition of fakes as the signal region so that the scale factors (SFR! ) are not biased and
can be used to correct the prediction from simulation in the signal region using the method
outlined by Equation 1.

The production of tf events is an important source of background for the ppjj, epjj, and pty,jj
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final states. Control regions enriched with tf events are obtained by requiring the presence of
at least one reconstructed b-quark jet with pr > 20 GeV. These control samples are used to
extract SFC%E,}r - Which have measured values consistent with unity to the level of < 3% for the
OS channels. The tf events with OS lepton pairs are from genuine isolated leptons produced by
leptonic decays of W bosons, and thus are well modelled by simulation. On the other hand, ¢#
events with LS lepton pairs mostly contain one misidentified lepton, which can be mismodeled
in simulation. The data-to-simulation correction factors for central selections in the LS channels
range from 1.23 to 1.49 with statistical uncertainties < 25%. The VBF efficiency is measured in
samples obtained by additionally removing the charge requirement on the lepton pair and
utilizing the lepton isolation sidebands in order to enhance the purity and statistics in the CR.
Figure 3(a) shows the “Tight” and “”Loose” VBF efficiencies measured from data, as a function
of mjj, for events in the tf CRs of the yyjj final states. The VBF efficiency, (i, has measured
values of 1-2%, with relative uncertainties of < 11%, for m;; > 250 GeV. The b-jet, charge, and
isolation requirements used to obtain the CRs are checked to not bias the m;; shape nor the
kinematic distributions of leptons.

The production of W + jets only presents an important source of background for the u1,jj search
channels. Samples enriched in W + jets events, approximately 70% according to simulation, are
obtained by requiring the transverse mass of the lepton and EX* system to be between 40 and
110 GeV. The correction factor Sl—“ccellitlm1 is measured to be 0.90 £ 0.11, where the total uncer-
tainty is a combination of the statistical uncertainty from data and simulation, as well as the
systematic uncertainty arising from the subtraction of the other backgrounds. The lepton and
Ty, isolation sidebands are used to obtain additional W + jets enriched samples, with negligible
signal contamination, to provide further validation of SFER! | and measure the VBF efficiency
and m;; shape directly from data. To validate the measured correction factor, the W + jets rate
in the T, isolation sideband is scaled by 0.90 £ 0.11. The observed agreement between data and
the corrected W + jets rate validates the measured correction factor. The VBF efficiency has
a measured value of 7.37 £ 0.50%, where total uncertainty is a combination of the statistical
uncertainty from data and the systematic uncertainty arising from the subtraction of the other

backgrounds.

The contribution from diboson (VV: WW/WZ/ZZ) events is significant for final states con-
taining only electrons and/or muons, composing up to 10% of the total SM background rate
in the OS channels, and up to 40% in the LS channels. This background has genuine isolated
leptons and real ET® from neutrinos in addition to associated initial state radiation jets which
pass the VBF selections. The VBF efficiency, m;; shape, and the level of agreement between
simulation and data in an enriched CR with VV events is expected to be the same for any type
of VV production. In a diboson enriched control sample, obtained by requiring at least three
leptons and inverting the EsS requirement (EI* < 75 GeV), the data-to-simulation correction
factor is measured to be 1.12 £ 0.06. The m;j; distributions are consistent between data and MC.
Therefore, the VBF efficiency is taken directly from simulation.

Control samples dominated by Z —ee/uu + jets background events are obtained by utilizing
the low EXss sideband and requiring an OS lepton pair having 1, consistent with the Z boson
mass (1 between 60 and 120 GeV), where ¢ is e or . These control samples (CR1) are used to
determine SFER! | and measure from data the shape and normalization of the m jj distribution.
The rates and kinematic distributions of leptons in these control samples are consistent between
data and MC, with measured data-to-simulation scale factors consistent with unity at the level
of < 1%. Figure 3(a) shows the “Tight” and “”Loose” VBF efficiencies measured from data, as
a function of m;;, for events in the Z + jets CRs of the upjj final states. The level of agreement

between simulation and the data-driven measurements of the VBF efficiency is < 23%, which



is treated as a systematic uncertainty on the Z + jets background prediction in the signal region
as well as the VBF efficiency in the simulated signal samples. Additional orthogonal Z + jets
control samples (CR2) are selected with similar selections to the signal region, maintaining the
EMisS requirement, and inverting the VBF selections (i.e. at least one of the VBF selections are
not satisfied: > 2 jets, jet pr, Ay, or 171 - 172). These control samples are used extract correction
factors, SFSR2, to correct the modeling of high EXsS events in the simulation by assessing the

Emiss’
level of agreement with data. The mismodeling of the EX* results from the mismeasurement
of the pr of jets and leptons. The observed yields in each control sample are compared with the
expected contributions as determined from the simulation and are found to be in agreement.
The contribution of Z — ¢/ + jets events in the signal regions is estimated using Equation 2.

signal _ aMC CR1 CR2 _CRl(, . .
NZ%MJrjets - NZ—>M+jets(Central) ’ SFcentral ’ SPEEFniSS ’ €VBF(m]]) )

Finally, high-purity samples of Z— 7T events in which SFSR! | can be evaluated for the search

channels with at least one 7, are obtained by removing the VBF selections and requiring mr (¢, EXsS)
< 15 GeV. The VBF efficiency for Z — 7T + jets processes are obtained from data using the W
+jets and Z —ee/upu + jets control samples described above.

The QCD multijet contribution is negligible in all search channels except the 7,7,/ final states.
Both the OS and LS search channels estimate the QCD multijet rate in their respective signal
regions using LS control regions with > 90% purity of QCD events. For the OS channel, the
QCD multijet background is estimated using Equation 3.

ignal
Ngérg = NSE}D(Cel’ltral) . ROS/LS . e\C,E%(m]]) (3)

Nggllj(central) is defined as the yield observed in a sample of events with a LS 7,7, pair and
no VBF requirements, minus the non-QCD background contribution predicted by MC. The LS
signal region is included in that selection, but any signal contamination is found to be negli-
gible. The OS to LS ratio, Rps/1s, is obtained from a low E%‘iss sideband (E%1iss < 30 GeV) by
subtracting the contributions of non-QCD processes estimated in simulation from data. The
measured ratio is Rog, s = 1.328 & 0.033. Additionally, closure is shown in data by using the
previously measured ratio Rpg/1s to extrapolate from LS to OS control regions defined with
EMiss < 30 GeV and two non-isolated 7;s. The efficiency of the VBF cuts is measured in ex-
clusive sidebands fulfilling inverted 7}, isolation criteria. It is estimated as the rate of events
with two non-isolated T,s plus two jets passing the VBF requirements divided by the rate of
events with two non-isolated ;s without additional jet requirements. The measured efficiency
is eypr = 0.35% =+ 0.08%(stat.) + 0.06%(syst.).

For the LS 7, 7,jj search channel, the QCD multijet background is estimated using Equation 4,
in order to have an independent background estimation from the OS channel.

non-isolated T,

signal __ . sfailing VBF €VBF
N, QCD — N QCD 1_ non-isolated T, (4)
€VBF
failing VBF . . . . . .
NQCD is the observed yield in data minus the non-QCD background rates from simulation,

in a LS 1,7, control region with at least two additional jets failing any of the Ay;;, 171 - 172, or m;;
requirements.
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The VBEF efficiency, eypr, is measured in three exclusive 7, isolation sidebands, without a EIT’niss
cut and at least two jets, for each 7,7, charge requirement (six independent measurements).
The validity of the method is shown in data by the agreement, within statistical uncertainties,
of the six independent measurements of eygr. Since these measurements are performed in con-
trol regions without a E™S cut and requiring exclusively different variants of 1, isolation, the
MC simulated samples are also used to test the stability of eygr as a function of E%‘iss and T, iso-
lation. For this purpose, the probability for a single jet to be misidentified as a Tj, is determined
in simulation. The misidentification rates for each jet depend on pr and are used to determine
an overall weight, which is applied to each event. The event weights are assigned according
to a randomly selected permutation of two jets being redefined as 1,s. The VBF efficiencies
in simulation are calculated from these weighted samples and show stability with respect to
the EMsS and 7, isolation requirements at the level of ~ 19%, which is used to assign a sys-
tematic uncertainty on the final data-driven QCD multijet background prediction. Finally, the

extrapolation efficiency from T}f Thi jj failing VBF selections to Tf Thi jj passing VBF selections is

EVBE = 6.7% =+ 05%(stat)fé§22 (SySt.).

7 Systematic Uncertainties

The main contributions to the total systematic uncertainty on the background predictions are
from the closure tests and statistical uncertainties of the data used in the control regions for
measuring e%{F, SFCCelstral, and Rpg/1s. The systematic uncertainties on SFCC;\{m,;ll and Rpg/1s due
to statistics in the CRs are in the range of 1 to 25%, depending on the background and search
channel. For mjj > 250 GeV, the statistical uncertainties on e\c,gF are in the range of 3 to 21%,
while the systematic uncertainties on the background prediction resulting from closure tests

performed with simulation and data range from ~ 2% to 20%.

The smaller contributions to the systematic uncertainties on the background predictions in-
clude the contamination from other backgrounds in the control regions used to measure e{X;
as well as the uncertainties on SFER | due to lepton identification efficiency, lepton energy
and momentum scale, Ef"** scale, and trigger efficiency. The contamination from other back-

grounds in the control regions has a negligible effect on the systematic uncertainty.

The efficiencies for electron/muon reconstruction and identification are measured with the
“tag-and-probe” method [20, 21] with a resulting uncertainty of 2%. The T, trigger and identi-
fication efficiencies are measured from a fit to the Z — 7T — uT, visible mass distribution of
a sample selected by single-muon triggers, leading to a relative uncertainty of 6% per 7, can-
didate [33]. The ETmiSS scale uncertainties contribute via the jet energy scale (2-10% depending
on 17 and pr) and unclustered energy scale (10%), where unclustered energy is defined as the
energy not associated with the reconstructed leptons and jets with pt > 10 GeV.

Since the estimation of the background contributions in the signal region is partly based on
simulation, due to the data-to-simulation correction factors for the efficiency of the central se-
lections, both the signal and background are affected by similar sources of systematic uncer-
tainties. For example, the uncertainty in the luminosity measurement is 2.6% [34] and affects
both the signal and background. The uncertainty in the lepton identification efficiency, lepton
energy /momentum scale, E™® scale, and trigger efficiency also contribute to the systematic
uncertainty on signal. The unclustered energy scale uncertainty has a negligible systematic
effect on the signal acceptance.

The experimental acceptance for the VBF selections in signal events depends on the recon-
struction/identification efficiency and jet energy scale of forward jets. The jet identification



efficiency is > 98% for the entire 7 and pr range and is validated by observing agreement
between data and simulation in the 5 distribution of jets, in particular at high 7, in control
samples enriched with ff background events. The dominant uncertainty on signal acceptance
is due to the modeling of the jet energy scale, and thus the VBF efficiency, for forward jets in
MADGRAPH. This is investigated by comparing the predicted and measured m;; spectra in the
Z + jets CRs. The level of agreement between the predicted and observed m;; spectra is < 23%,
and is treated as a systematic uncertainty on the VBF efficiency for signal samples. The uncer-
tainty on signal acceptance due to the PDF set included in the simulated samples is evaluated
in accordance with the PDFALHC recommendations by comparing CTEQ6.6L, MRST2006, and
NNPDF10 PDF sets [35-37] with the default PDF set (CTEQ 6L). The dominant uncertainties
that contribute to the m;; shape variations include the EX and jet energy scale uncertainties.

8 Results

Figures 1 and 2 show the observed and predicted background m; spectrum in the signal region,
obtained using the CRs and methods discussed above. Figure 3(b) shows the combination of
the eight search channels. Tables 1 and 2 show a more detailed breakdown of the predicted
background rates and observed number of events for the OS and LS channels for all the differ-
ent final states. The uncertainties quoted are the combination of statistical uncertainties in data
and simulation.

Table 1: Number of observed events in data and estimated background rates for the OS search
channels. The uncertainties are based on the number of observed events in the CRs as well as
the statistics in simulation.

Process | prptjj | etwTij | wini | wiYji
DY +jets | 43+17 | 373 [199+£29 | 123+44
W + jets <001 | 42432 | 173+£3.0| 2017
\A% 28+05 [31+07| 29+05 | 05+0.2
t 240417 | 19.0+£33 | 11.7+2.8 -
QCD - - - 6.3+1.8
Higgs 1.0+01 | 1.14+05 - 1.1+0.1
VBF Z - - - 0.7+£0.2
Total 322+24 | 31.1£3% | 51.8+£5.1 | 2294511
Observed 31 22 41 31

The observed number of events in the signal regions do not reveal any evidence for new
physics. To quantify the sensitivity of this search, the results are presented in the context of
the R-parity conserving Minimal Supersymmetric Standard Model (MSSM) and considering
production of charginos and neutralinos with two associated jets, as described in section 4.
SUSY models with bino-like X(l) and wino-like Xg and Xf are considered. Since the latter two
gauginos belong to the same gauge group multiplet, we set 1,0 = m g+ and present results
as a function of this common mass and the LSP mass M. In the presence of a light slepton,
[ =é/ji/%, itis likely that ¥; will decay to Ivg? and §J to IT1~ %Y. The results are interpreted
by considering [ = % and assuming B(¥3 — tt — 774)) = land B(¥; — vt — vt)) = 1.
To highlight how the VBF searches described in this paper complement other searches for elec-
troweak SUSY, three scenarios are considered: (i) mgo =0 GeV (large mass gaps), (if) mgo = 50

GeV and (iii) my: — my = 50 GeV (compressed spectra).

The signal acceptance is summarized in Table 3. Since the e, y and T, are characterized by
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Figure 1: m(j, j) distributions in the (a) OS pp, (b) LS up, (c) OS ey, and (d) LS ey signal regions.
The signal scenario with m ) = mg+ = 200 GeV, my = 195 GeV, and g = 0 GeV is shown.
The shaded band in the ratio plot corresponds to the systematic uncertainty on the background

prediction.

softer pr than in models with prompt production of e/, due to the associated neutrinos in
the decay of 7 leptons, the pr(e/u) > 30 GeV and pr(7,) > 45 GeV requirements defining
the search regions result in at least one “lost e/ 1/ 7,” (i.e. not passing the object reconstruction
and identification criteria) in processes such as ¥{ X9jj which produce > 27 leptons. Therefore,
the signal acceptance is similar for the OS and LS channels defined by similar signal selections.
For the pjj channel, the acceptance is presented for the “Tight” and “Loose” event selection
criteria, as explained in section 5.

The expected signal yields predicted from simulation with m, = 0 GeV, m» = 50 GeV and
1 X1
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Figure 2: m(j,j) distributions in the (a) OS 1, (b) LS p1y, (c) OS 1,7,, and (d) LS 7,7, signal
regions. The signal scenario with Mgy = g = 200 GeV, mz = 195 GeV, and mg = 0 GeV
is shown. The shaded band in the ratio plot corresponds to the systematic uncertainty on the
background prediction.

Am (%, %9) = 50 GeV, are presented in Table 4. In general, the signal acceptance depends on
the mass mz, of the intermediate slepton, which is often parameterized in terms of the variable
X as:

My = Mg + Xf‘l(m;ﬁt - mﬁ)) )

where 0 < xz < 1. The expected signal yields in Table 4 are shown for two slepton definitions:
(i) using a fixed Am (%7, %) = 5 GeV, and (ii) with xz, = 0.50. For example, in the compressed
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Figure 3: (a) m;; efficiencies for the Z and tf CRs of the uyjj final state. (b) m;j; signal region
distribution for the combination of all search channels. The signal scenario with Mgy = Mg =
200 GeV, mz = 195 GeV, and m 0= = 0 GeV is shown. The shaded band in the ratio plot

corresponds to the systematic uncertamty on the background prediction.

Table 2: Number of observed events in data and estimated background rates for the LS chan-
nels. The uncertainties are based on the number of observed events in the CRs as well as the
statistics in simulation.

mass—spectra scenario of m +

Process wERj e pjj | i T T Ji

DY +jets <0.01 0+y7 | 05+02 <0.01
Wjets | 01+£82x107* | 0£3° | 93423 05+0.1
\%A% 21403 19493 | 1.1+02 | 0.1+£65x1072
t 31+0.1 35407 | 6.7+£28 | 0.1+12x 1072
Single top - - - < 0.1
QCD - - - 7.6+0.9
Higgs - - - < 0.01
Total 54+0.3 54+33 | 17.6 £3.8 84409
Observed 4 5 14 9

= 50 GeV, a slepton mass equal to the mean of the LSP

and the ¥i /X9 masses (xz = 0. 50) results in a significantly lower average pr for the leptons
produced by the 7; decays. As a consequence, the acceptance is reduced with respect to the
my+ —mg = 5 GeV scenario by a factor between 2 and 3. On the other hand, in the maxi-

X
mal mass gap scenario with m, = 0 GeV, a slepton mass equal to the mean of the LSP and

X
the X3 £ /X9 masses results in more significant values of pr for all leptons, leading to a signal
acceptance that is ~ 1.25 — 1.75 times that of the m g my =5 GeV scenario.

The calculation of the exclusion limit is obtained by using the m;; distribution per channel to
construct a combined likelihood in bins of 2;; and computing the 95% confidence level (CL) up-
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Table 3: Cumulative signal acceptance for m;; > 250 GeV.

channel BR(>141 & >143) lI+MET VBF

T (TS 0.399 0.0197 (0.0196) | 0.0075 (0.0074)
etu (et yﬂ) 0.152 0.0367 (0.0373) | 0.0140 (0.0140)
o T (TT) 0.717 0.0098 (0.0097) | 0.0092 (0.0093)
uru— (utu) 0.081 0.0181 (0.0180) | 0.0070 (0.0172)

Table 4: Simulated yield of signal events. The terms in only curly brackets, {m T mz }, represent
the scenarios where Am(%{", T) = 5 GeV, while the terms in parenthesis, ({my=,mz}), are for
scenarios where m (%) = 3m(%9) + Im(%y).

{m(x)m(D)} [GeV] | p=pjj(Loose) | p*pTjj(Tight) | epjj | wmjj | wwji
m(7) = 0GeV

{100, 95} ({100, 50}) 16.22(28.94) 6.61(11.79) [ 13.21(23.57) | 7.10(9.36) | 8.65(10.73)

{200, 195} ({200, 100}) |  5.42(9.67) 1.76(3.14) 3.52(6.28) | 4.53(5.97) | 3.76(4.67)

{300,295} ({300, 150}) |  2.27(4.05) 0.68(1.21) 1.37(2.44) | 1.85(2.54) | 1.53(2.04)

{400, 395} ({400, 200}) |  0.57(1.02) 0.17(3.03) 0.35(0.62) | 0.46(0.63) | 0.38(0.51)
m(%Y) = 50 GeV

{100, 95} ({100, 75}) 5.66(2.21) 3.30(1.29) 6.60(2.58) [ 4.34(1.51) | 2.07(0.41)

{200,195} ({200, 125}) |  3.03(5.41) 1.11(1.98) 2.21(3.94) | 3.06(4.04) | 2.41(2.99)

{300,295} ({300, 175}) |  1.27(2.27) 0.60(1.07) 1.19(2.12) | 1.66(2.28) | 1.40(1.86)

{400, 395} ({400, 225}) |  0.34(0.61) 0.16(0.29) 0.32(0.57) | 0.43(0.59) | 0.36(0.48)

Am(x{ — x9) = 50 GeV

{200,195} ({200, 175}) [ 1.38(0.54) 0.85(0.33) 1.65(0.65) [ 0.99(0.35) | 0.46(0.09)

{300,295} ({300,275}) |  0.47(0.18) 0.28(0.11) 0.58(0.23) | 0.40(0.14) | 0.20(0.04)

{400, 395} ({400, 375}) |  0.12(0.05) 0.08(0.03) 0.15(0.06) | 0.10(0.03) | 0.05(0.01)

per limit on the signal cross section using the CL; method [38]. Systematic uncertainties are rep-
resented by nuisance parameters, which we remove by marginalization, assuming a gamma or
log normal prior for normalization parameters, and Gaussian priors for mass-spectrum shape
uncertainties. The combination of the eight search channels require simultaneous analysis of
the data from all individual search channels, accounting for all statistical and systematic uncer-
tainties and their correlations.

Figures 4(a) and (b), show the expected and observed limits as well as the theoretical cross sec-
tion as functions of - for the models where Am(%f,T) =5 GeV and xz = 0.50, respectively.

We exclude %5/ Xli with masses below 300 GeV, conservatively using the —1c theoretical cross

section, for the mass spectra scenario with xz = 0.50 and Mg = 0. The bound is my = 170

GeV for the compressed mass spectra scenario of 71+ — Mg = 50 GeV and Am (%5, ) = 5 due
to the softer lepton pr spectrum.

9 Summary

A search is performed for non-colored supersymmetric particles with the VBF topology using
data corresponding to an integrated luminosity of 19.7 fb~! collected by the CMS detector in
proton-proton collisions at /s = 8 TeV. It is the first search for supersymmetry with the VBF
topology. The VBF analysis to search for SUSY using muon and 7, triggers is presented in eight
different search regions containing pairs of leptons with same-sign or opposite-sign electric
charge. The observed m;; distributions do not reveal any evidence for new physics. The results
are used to exclude a range of Xli / Xg masses up to 300 GeV, at 95% CL, in the context of models
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Figure 4: Combined 95% CL upper limits on the cross section as a function of 1130 = m+. The
left figure shows the upper limits for the scenario where m: is defined as mxli —msz = 5, for
two different m 0 definitions: Mge — Mz = 50 (compressed spectra) and m, 2 =0 GeV (large
mass gap) The rlght flgure shows the upper limits for the scenarios where mz is defined as

m(t) = sm(%)) + sm(xy), for the same two m, 70 definitions.

that assume large mass gaps (11 p =0 GeV) and large branching fractions of £;°/ {3 to T leptons.
The results are also used to exclude myz < 170 GeV for the compressed mass spectra scenario
of my- —mg = 50 GeV. While a number of previous studies at the LHC have focused on
strongly coupled supersymmetric particles and Drell-Yan production of the electroweak sector
of supersymmetry in multilepton final states, this analysis produces the most stringest limits to
date on the production of charginos and neutralinos decaying to T leptons in compressed mass

spectra scenarios defined by mass separation Am = Mg — o < 50 GeV.
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