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Abstract

A search is performed for the third-generation scalar leptoquarks and heavy right
handed neutrinos in events containing one electron or muon, one hadronically de-
caying T lepton, and at least two jets, using a /s = 13 TeV pp collision data sample
corresponding to 12.9 fb~! collected by the CMS detector at the LHC in 2016. The
number of observed events is found to be in agreement with the standard model
prediction in both search analyses. A 95% CL limit is set on the product of the lepto-
quark pair production cross section and B2, where B is the branching fraction of the
leptoquark decay to a T lepton and a b quark. Assuming B = 1, the third-generation
leptoquarks with masses below 900 GeV are excluded at 95% CL. The right-handed
neutrinos are searched in decays of right-handed W bosons. The heavy right-handed
neutrinos are excluded at 95% CL for a range of neutrino masses below the Wg mass,
dependent on the value of Myy,. Assuming the mass of neutrino to be half of the mass
of right-handed W boson, W boson masses below 3.2 TeV are excluded at 95% CL.
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1 Introduction

A number of extensions of the standard model (SM) such as SU(5) grand unified theory [1],
SU(4) Pati-Salam [2] and compositeness models [3, 4], superstrings [5], technicolor [6-8] and
many other models predict particles, called leptoquarks (LQ), that carry color charge, fractional
electric charge, and both lepton and baryon quantum numbers. The LQ may decay to a lepton
and a quark. Stringent limits on flavour changing neutral currents [9] indicate that leptoquarks
decay predominantly to a lepton and a quark from the same generation [4, 9-12].

The branching fraction, 8, of a leptoquark decay to a quark and a charged lepton is model
dependent. The rate of pair production of scalar leptoquarks is determined by the strong inter-
actions, and the only free parameter is the mass of the LQ. In particular, the production of LQ
pairs is independent of the coupling of the LQ to a lepton and quark, A. The dominant produc-
tion mechanisms at the LHC are gluon-gluon fusion and quark-quark annihilation, resulting in
a large production cross section.

Here we present a search for the pair production of third generation scalar leptoquarks using
13 TeV pp collision data equivalent to an integrated luminosity of 12.9 fb~! in 2016. Each
leptoquark decays to a T lepton and a b quark. We focus on signatures with one of the T
leptons decaying to an electron or a muon, referred to as light lepton (1) in the following, and
the other T lepton decaying hadronically, denoted by 7;,. In addition, events must contain at
least two jets, one of which must be originating from the hadronization of a b quark.

The observation of neutrino oscillation [13] implies that neutrinos have mass, and the fact
that the neutrino mass scale is far below the mass of quarks and charged leptons suggests that
the mechanism responsible for neutrino masses could be different from that of SM electrically
charged fermions. This fact is often considered as evidence of physics beyond the SM, and
several models have been proposed to explain this phenomenon. One of the attractive features
of left-right (L-R) symmetric extensions [14] to the SM is that these models predict existence of
heavy charged (WR) and neutral (Zr) gauge bosons that could be produced at LHC energies.
The heavy neutrinos (N, N, N;) naturally arise as the right-handed (RH) partners of the SM
neutrinos in these L-R extensions through the see-saw mechanism [15]. Thus, a TeV-scale L-R
symmetric theory provides an attractive class of see-saw models that can be probed at the LHC
[16].

In this analysis, we also search for heavy right-handed neutrinos produced from the decay of
the Wg bosons, Wg — T + N, where N — T+ Wr — T + q + ¢. The final state consists of two
T leptons and at least two jets from hadronization of quarks. Similarly to the LQ3 search, we
focus on signatures with one 1y, one T, and at least two more jets. The search for RH neutrinos
is carried out in the etj, and p 1, channels.

Previous searches for third generation leptoquarks were carried out at pp, pp, e"e™, and ep
colliders (see [17] and references therein). The most stringent lower limit on the mass of scalar
third generation leptoquarks to date, in the final state with two T leptons and two b-jets and
assuming f = 1, is at ~740GeV from the CMS experiments [18, 19]. Previous searches for
heavy neutrino and right-handed W have been performed in di-electron and di-muon channel
excluding the Wr with masses up to 3 TeV [20]. Using 13 TeV pp collision data collected in
2015, the CMS experiment searched for heavy neutrino and right-handed W using events in
which both T leptons decay hadronically, excluding Wr with masses below 2.35 (1.63) TeV at a
95% confidence level (CL), assuming the N mass is 0.8 (0.2) times the mass of Wr boson [19].
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2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal di-
ameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and
scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap sections.
Muons are detected in gas-ionisation detectors embedded in the steel flux-return yoke outside
the solenoid. Extensive forward calorimetry complements the coverage provided by the barrel
and endcap detectors. A detailed description of the CMS detector, together with a definition of
the coordinate system used and the relevant kinematic variables, can be found in Ref. [21].

The first level of the CMS triggering system (Level-1), composed of custom hardware pro-
cessors, uses information from the calorimeters and the muons detectors to select the most
interesting events in a fixed time interval of less than 4 us. The high-level trigger (HLT) proces-
sor farm further decreases the event rate from around 100 kHz to less than 1 kHz, before data
storage.

3 Event reconstruction and selection

Objects are reconstructed using the particle-flow (PF) algorithm [22], which exploits informa-
tion from all subdetectors to identify individual particles, such as charged hadrons, neutral
hadrons, muons, electrons and photons. Complex objects, such as T, jets, and missing trans-
verse energy (EM%), are reconstructed from these individual particles. The reconstructed inter-
action vertex with the largest value of Y_; pi-, where p’; is the transverse momentum of the ith
track associated with the vertex, is selected as the primary event vertex. This vertex is used as
the reference vertex for all the objects reconstructed using the PF algorithm.

Electrons are reconstructed by matching ECAL superclusters to tracks reconstructed in the sili-
con pixel and strip detectors. The electrons selected in this analysis are required to have trans-
verse momenta pr > 50GeV and || < 2.1. The identification and isolation of electron is based
on the multivariate technique [23] and selected electrons must satisfy tight electron identifica-
tion and isolation criteria.

Muon reconstruction starts by matching tracks in the silicon tracker with tracks in the outer
muon spectrometer [24]. A global muon track is fitted to the hits from both tracks. Muons are
required to satisfy the conditions pr > 50 GeV and |¢| < 2.1. Quality criteria are applied on the
muon tracks to distinguish genuine muons from muons coming from cosmic rays. In addition,
muons are required to pass isolation criteria to separate prompt muons from those associated
with a jet, usually from the semi-leptonic decays of heavy quarks, and must be isolated from
other particles in the event.

The hadron-plus-strips (HPS) algorithm [25, 26] is used to reconstruct the 7, candidates. It
starts from a jet, and searches for candidates produced by the main 7, decay modes of the T
lepton: either directly to one charged hadron, or via intermediate p and a; (1280) mesons to one
charged hadron plus one or two neutral pions, or three charged hadrons. The reconstructed 7,
is required to have || < 2.3 and pr > 50GeV (pr > 60GeV) in the LQ (RH heavy neutrino)
search. Tau isolation computation is based on a multivariate technique exploiting the tau decay
lifetime information. Loose working of the tau isolation has been used which corresponds to
the approximately 65% tau identification efficiency and less than 1% jet to tau mis identification
rate. Additional criteria are applied to discriminate against electrons and muons reconstructed
as 1, candidates.



The identified electron (muon) and 7, are required to originate from the same vertex and be
separated spatially by AR = /A¢? + Ay? > 0.5. Events containing additional electrons or
muons of pr > 15GeV, passing loose identification and isolation criteria, are vetoed.

Jets are reconstructed with the anti-k; algorithm with a size parameter R = 0.4 [27, 28] using
PF candidates. Jet energy is corrected for the average contribution from particles from other
proton-proton collisions in the same bunch crossing (pileup). Additional correction is applied
to better reflect the true total momentum of the particles in the jet [29]. Selected jets are required
to be within || < 2.4 and have pr > 50 GeV, and to be separated from the selected electron or
muon and the 7, by AR > 0.5.

The transverse momentum imbalance, E%ﬁss, is calculated as a negative vectorial sum of all
particle-flow candidates. To improve its response, EX* is corrected by propagating the correc-
tions applied to identified jets. A correction is applied to account for the effect of additional
pileup interactions. In addition several filters have been deployed to veto events with large
EMiss caused by detector effects.

Candidate events were collected using a set of triggers requiring the presence of either an elec-
tron or a muon with transverse momentum thresholds of 45 GeV.

The search for leptoquarks is performed in a sample of events containing one light lepton a
hadronically decaying tau, and at least two jets, with at least one of the two leading jets identi-
tied as originating from b quark hadronization (b-tagged) using the combined secondary vertex
(CSV) algorithm [30]. The lepton and the T, are also required to have opposite electric charge.
Additionally, the mass of the 7, and a jet (M(T,,j)) is required to be greater than 250 GeV.
Among the two possible jets, the one is paired with 7, which minimises the difference between
the mass of the 7, and one jet and the mass of the lepton and the other jet.

The search for Wr decaying to a heavy neutrino is performed in a sample of events contain-
ing one light lepton (electron or muon for et, and uT7, channels, respectively), a hadronically
decaying tau, and at least two jets. The EI* is required to be above 50 GeV and the invariant
mass of the light lepton and the T, is required to be greater than 150 GeV.

In leptoquark analysis, signal efficiency ranges between 1 to 5% for masses between 300 GeV to
1500 GeV, respectively and in Wy analysis signal efficiency varies between 2 to 7% for masses
between 1 to 4 TeV, respectively.

The St distribution after the final selection is used to to search for a possible excess of events
with respect to the background that could indicate the presence of signal. St is defined as
the scalar sum of transverse momentum of all required final state objects as well as missing
transverse energy.

St = pr(€) + pr(m) + prjetr) + pr(jeta) + EFsS o

4 Background estimation

Several standard model processes can mimic the final state signatures explored in this search.
The tt production is the dominant background due to the presence of the genuine leptons,
EMis$ and both light and heavy flavour jets. Additionally, the production of a W or Z boson in
association with jets, diboson, single top, and the QCD multijet production can also contribute
to the considered final state.
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Background and signal processes are modelled using the following simulated samples. The
PYTHIA v8.2 generator [31] is used to model the signal and diboson processes. The leptoquark
signal samples are generated with masses ranging from 250 GeV to 1500 GeV in steps of 50 GeV
in LQ mass. The branching ratio of the LQ to 7 lepton and b quark is assumed to be 100%.
The Wr signal samples are generated with masses ranging from 1000 GeV to 3000 GeV in steps
of 500 GeV in mass of the Wr boson. The mass of the heavy neutrino is assumed to be half
of the Wg mass. The MADGRAPH_.AMC@NLO generator [32] is used to model the tt, W+jets,
Z+jets, and diboson (WW, WZ and Z Z) processes. The single top production is modeled with
the POWHEG [33] generator. Both MADGRAPH_AMC@NLO and POWHEG generators are inter-
faced with PYTHIA v8.2 for hadronization and showering. The TAUOLA program [34] is used
for T lepton decay. The signal and background samples are normalized to the next-to-next-
to-leading-order (NNLO) and the next-to-leading-order (NLO) cross sections [35, 36], respec-
tively. Small differences between data and MC simulation in trigger, particle identification and
isolation efficiencies, and in the resolution of the pr of jets and E%ﬁss are corrected by applying
suitably chosen scale factors to simulated events.

The tt events in simulation are reweighted according to the top quark pr measured in data [37,
38]. The normalization and shape of the tt background is then verified in data sample that
consists of events containing an electron, a muon, and at least two jets and including all final
selection requirements. Purity of tt events in this sample is above 95%. Signal contamination
in this control region is found to be negligible and does not affect the data to MC simulation
comparison even at the tail of the St distribution. The normalization and shape of tt simulated
sample agrees well with the one observed in data. Thus, the MC simulation is used to predict
tt background in signal region.

The W+jets background mainly arises from events with a genuine electron or muon from the
leptonic decay of a W boson and an initial or final state radiation jet misidentified as 7,. The
normalisation and shape of W background are obtained from MC simulation and a correction
factor is applied on the normalisation to take into account the possible difference between data
and MC simulation. The correction factor is estimated in a data sample that consists of W — v
events with three or more associated jets. One of the jets is required to pass 7, identification
criteria. Events containing jets which pass the b-tagging criteria are rejected to reduce the con-
tamination from tf background. Signal contamination in this control region is negligible. A
normalization correction factor for the W background is obtained by performing a binned max-
imum likelihood fit to the transverse mass distribution of the muon and EX'*S. Transverse mass
distribution is found to have the most discriminating power of W background against the other
backgrounds. As the input to the fit, the normalisation and shape of all backgrounds are esti-
mated from MC simulation. The uncertainties on the cross section of backgrounds are included
as the nuisance parameters to the fit. The contribution from QCD multijet background in the W
control region in uT, channel is small and derived from MC simulation. The best fit value for
the W normalization correction factor is found to be 1.0 + 0.2. The same scale factor is used for
eT, channel as the two channels mainly differ by lepton flavour which is well modelled both
in data and MC simulation. Consistency of W scale factor in e, channel with y 1, channel has
been tested by repeating the above procedure, this time replacing muon with electron. The only
difference is that QCD shape is derived from data after inverting the electron identification and
isolation and subtracting small contamination of other backgrounds. The measured correction
factor in eTy, channel is found to be 1.3 £ 0.3 which is consistent with the scale factor derived in
the 7, channel. A 30% uncertainty is applied on both channels.

The QCD multijet production does not constitute a major background in this search. However,
as this background is not well modelled by the MC simulation its contribution in both 7, and



eTy channels is estimated from data. This data sample, enriched in QCD multijet background,
is selected by inverting the 7, identification criteria. Events in this data sample are required to
pass all criteria of final selection except one: the T, candidate is required to pass loose, but to
fail tight isolation criteria. These events are weighted by the pr-dependent probability of a jet
satisfying a loose isolation criteria that will also pass final T, isolation criteria. This probability
is measured as a function of jet pr in an independent data sample for each channel, where
lepton is required to fail the isolation and have the same electric charge as 7,.

Other minor backgrounds, arising from the single top, Z boson, and dibosons production are
estimated from MC simulation.

5 Systematic uncertainties

The results of the analysis are extracted from a binned fit of the St distributions in the e,
and p 1, channels. Systematic uncertainties may affect the normalisation or the shape of the St
distribution of the signal and background processes.

Uncertainties that affect the normalisation of the signal and most of the simulated backgrounds
are summarised in Table 1. The uncertainty on the integrated luminosity of the analyzed
dataset, amounting to 6.2% [39], affects the normalization of the signal and most of the back-
ground processes. Uncertainties in muon and electron identification and trigger efficiency,
as well as in the 7, identification efficiency, are determined using the “tag-and-probe” tech-
nique [25, 26, 40] and amount 2% for electrons and muons and 6% for 7,. Changes in accep-
tance due to the uncertainty in the b tagging efficiency and the b mistag rate is measured to
be between 3 to 5% depending on the processes. The uncertainty on the yield of QCD mul-
tijet and W+jet backgrounds amounts to 30%. The uncertainty on the normalization of the
tt background due to the PDF and scale uncertainty amounts to 5% [41, 42]. A 10% uncer-
tainty is attributed to Z boson background while the uncertainty on the diboson and single top
background amounts to 15% [43]. The uncertainty in the signal acceptance due to the PDF set
included in the simulated samples is evaluated, in accordance to the PDFALHC recommenda-
tions [42, 44] by comparing the results obtained using the CTEQ6.6L, MSTWO08, and NNPDF10
PDF sets [45-47] with those from the default PDF set (CTEQ6L1). It amounts to 5% [19].

The energy scales (ES) of 7, and jet affect the shape of St as well as the normalization of sig-
nal and background processes. The effects of ES uncertainties on the analysis are estimated by
varying the 7, and jet energies within their respective uncertainties and recomputing St after
the final selection. The uncertainty on the 7, ES amounts to 3% [26]. An additional uncertainty
of 20% - pT/1TeV is applied to cover the extrapolation from low pr, where the 7, ES is mea-
sured, to high pr. The uncertainty on the jet energy scale affects the pr spectrum of the jets and
consequently EMis® which affects the acceptance as well as the St distribution, and is applied
for all backgrounds where normalization is taken from simulation [48]. The uncertainty on the
EMisS energy scale affects the acceptance in Wg — 7 + Ny analysis as well as the St distribu-
tion in both analyses. These uncertainties are derived by varying the energy scale of the jet
and underlying events and is applied for all backgrounds where normalization is taken from
simulation. As this uncertainty is found to have negligible effect on the shape, it is considered
as a normalisation systematics.

Uncertainty due to the top quark pr reweighting correction is derived by changing the event
weight between zero and twice the nominal reweighting correction. value [37, 38]. Finally,
uncertainties due to the limited number of simulated events, or the number of events in the
control regions in data, are taken into account. These uncertainties are uncorrelated across
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the bins in each background distribution [49]. The systematic uncertainties are represented by
nuissance parameters in the fit. Those uncertainties marked with * in the Table 1 are treated
correlated between T, and ey, channels.

Table 1: Systematic uncertainties. Those uncertainties marked with * are treated correlated
between T, and e7, channels.

Systematic Source Uncertainty
Ut \ ety
Luminosity * 6.2% 6.2%
Electron Id - 2%
Electron Trigger - 5%
'g Muon Id 2% -
S Muon Trigger 5% -
= Tau Id 6% 6%
£| b-tagging efficiency /mistag rate * 3-5% 3-5%
Zo Z /v* — Il normalization * 10% 10%
QCD multijet normalisation * 30% 30%
W-jets normalisation * 30% 30%
tt cross section (PDF+scale) * 5% 5%
Diboson cross section * 15% 15%
Single top quark cross section * 15% 15%
EMsS energy scale * 5% 5%
Tau energy scale described in the text | described in the text
v Jet energy scale * described in the text | described in the text
E" tt pr reweighting * described in the text | described in the text
n High pr w, described in the text | described in the text
6 Results

The St distributions in the e7, and u7, channels are shown in Fig. 1 for LQ analysis and
WRr — T+ N; analysis. No excess is seen above the SM expectation within the statistical
and systematical uncertainties in both analyses.

Upper limits on the product of signal cross section times branching ratio are set at 95% con-
fidence level (CL) using the modified frequentist construction CLs [50]. The limit obtained
from the combination of et}, and T, channels is shown in Fig. 2 for LQ analysis and in Fig. 3
for W — 7+ N; analysis. The observed(expected) limit at 95% CL on the masses of third-
generation scalar leptoquarks is set to 900(950) GeV, respectively, assuming a 100% branching
fraction for the leptoquark decay to a T lepton and a b quark. In the heavy right handed neu-
trino analysis, considering Wr — TN/ regions in the (Wg,N;) mass space, and assuming the
mass of neutrino to be half of the mass of W boson, the observed(expected) limit at 95% CL on
the masses of W boson is set to (3.2) 3.2 TeV, respectively.

7 Conclusion

A search is performed for third generation scalar leptoquarks and for heavy right handed neu-
trinos in events containing one electron or muon, one hadronically decaying T lepton, and
two or more jets, using a pp collision data at /s = 13 TeV centre-of-mass energy recorded by
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Figure 1: Distribution in St observed in the ut, (left) and e, (right) channel of the LQ (top)
and heavy RH neutrino (bottom) analysis, compared to the expected SM background contri-
bution and to a hypothetic LQ signal of mass m; o = 900 GeV and a hypothetic heavy RH
neutrino signal of mass my, = 3 TeV. A binned maximum likelihood fit is performed to the
St distribution. “Electroweak” background is the sum of W boson, Z boson, and dibosons.
The uncertainty bands represent the sum of statistical and systematic uncertainties, added in
quadrature.
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the CMS detector at the LHC and corresponding to an integrated luminosity of 12.9 fb~1. The
events observed in data is found to be in good agreement with the SM prediction in both search
analyses. A 95% CL limit is set on the product of the leptoquark pair production cross section
and f?, where B denotes the branching fraction of decay of the leptoquark to a T lepton and ab
quark. Assuming B = 1, third generation leptoquarks with masses below 900 GeV are excluded
at 95% CL. In the heavy RH neutrino analysis, considering Wg — TN, decay and assuming the
mass of heavy neutrino to be half of the mass of Wr boson W boson masses below 3.2 TeV are
excluded at 95% confidence level. These results improve the limits from the previous searches
for third generation leptoquarks and heavy right handed neutrino with 7 lepton in final state.
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