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Abstract

A search for pair production of heavy scalar particles is presented using events from
a data sample of pp collisions corresponding to an integrated luminosity of 19.7 fb~1,
collected by the CMS detector at the LHC with /s = 8 TeV. The number of observed
events is found to be in agreement with the standard model prediction. A 95% CL
limit is set on the scalar particle pair production cross section times decay branch-
ing fraction. Third generation scalar leptoquarks with masses below 740 GeV are
excluded at the 95% CL, assuming 100% braching fraction for the leptoquark decay
to pair of a T lepton and a b quark. This limit also directly constrains supersymmetric
top partners, stops, decaying via an R-parity violating coupling A%4;. A limit is also
set on the cross section times branching fraction for stop pair production decaying
via a mixture of both R-parity conserving and violating couplings. Stop quarks in
this model with masses below 576 GeV are excluded at the 95% CL.
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1 Introduction

Many extensions of the standard model (SM) predict new scalar or vector bosons, called lepto-
quarks (LQ), which carry non-zero lepton and baryon numbers, as well as color and fractional
electric charge. Examples of such SM extensions include SU(5) grand unification [1], Pati-Salam
SU(4) [2], composite models [3], superstrings [4], and technicolor [5] models. Leptoquarks de-
cay to a quark and a charged lepton with a branching fraction that is model-dependent. Exper-
imental limits on flavor-changing neutral currents and other rare processes favor leptoquarks
that couple to quarks and leptons within the same SM generation, for leptoquark masses ac-
cessible to current colliders [3, 6].

The dominant pair-production mechanisms for leptoquarks at the Large Hadron Collider (LHC)
are gluon-gluon fusion and quark-antiquark annihilation, and the cross sections for these pro-
cesses depend only on the leptoquark mass and spin. In this report, a search for third-generation
scalar leptoquarks, each decaying to a tau lepton and a b quark, is presented.

Similar signatures arising from supersymmetric models are also covered by this search. Su-
persymmetry (SUSY) is an attractive extension of the SM because it can resolve the hierarchy
problem without unnatural fine-tuning, if the mass of the supersymmetric partner of the top
quark (top squark, or stop) and the mass of the higgsinos are not too large [7]. In many nat-
ural SUSY models, the stop and higgsino are substantially lighter than the other scalar SUSY
particles. In addition, a large mixing angle typically arises between the left-handed and right-
handed chiral states of the stop, due to the large Yukawa coupling between the top and the
Higgs boson. This produces two mass eigenstates, t; and t,, with a large mass splitting. Thus,
M, can be significantly smaller than M .

This light stop scenario can be realized in both R-parity conserving (RPC) and R-parity violat-
ing (RPV) SUSY models, where R-parity is a new, multiplicatively conserved quantum num-
ber [8] that distinguishes SM and SUSY particles. In the context of an RPC decay of the stop,
the presence of an undetected particle (the lightest supersymmetric particle) is expected to gen-
erate a signature with large missing transverse momentum. If R-parity is violated, however,
supersymmetric particles can decay into final states containing only standard model particles.
The RPV terms in the superpotential are:

1 1

At the LHC, a t1t; pair is produced via strong interactions. When the masses of the super-
symmetric partners of the gluon and quarks, excluding the top quark, are large, the stop pair
production cross section is the same as that of the third generation LQ. The cross section also
depends on the first-generation squark mass and the stop mixing angle because of loop correc-
tions, but the contribution from these diagrams is less than 2%. In this search, two different
decays of top squarks are considered. Both cases are simplified models with all of the other
supersymmetric particles decoupled.

e The two-body lepton number violating decay t; — tb [8] with a coupling constant
AL is allowed by the trilinear RPV operators. In this case, the final state signature
and kinematics are identical to those from the pair production of third generation
scalar leptoquarks. Thus, the results of an LQ3 search can be directly interpreted in
the context of RPV stops. We search for stops with masses in the range 200 GeV to
1000 GeV.



2 2 CMS detector

e In some scenarios [9], the stop decay may preferentially proceed via superpartners,
such as t; — %%, t; — {*b, etc., with the superpartner’s decay involving one of
the RPV operators. Such scenarios can occur if the higgsino, which is required to be
light by naturalness, is lighter than the stop, or if the RPV couplings that allow direct
decays are sufficiently small. We focus on a scenario in which the mass splitting
between stop and chargino is ~100 GeV. In this case, the dominant RPC decay of the
stop is t; — §*b. The chargino is assumed to be a pure higgsino and we consider
the case when = — 7+t — jj + =, (m(¥) = 2000 GeV). The latter decay occurs
according to an RPV operator with a coupling constant A’gjk. Only the cases in which
j,k = 1,2 are considered. From such a signal process, we expect signatures with two
T leptons, two jets originating from hadronization of the b quarks, and at least four
additional jets. Similarly to the LQ search, here as well two channels based on the
different leptonic decays of one of the T leptons are considered. We search for stops
with masses in the range 300 GeV to 900 GeV.

Another decay of chargino to v 4 T through the )\éjk coupling is highly suppressed
due to chirality as the chargino must decay to v, 4 Tg, while Tz is not part of the
L superfield. Therefore, decays through this coupling do not produce events with
large missing transverse energy and are not covered by other searches.

The data sample used in this search has been recorded by the CMS detector and corresponds to
an integrated luminosity of 19.7 fb~! of pp collisions at a center-of-mass energy of 8 TeV. One
of the T leptons in the final state is required to decay leptonically: T — fvyv,, where ¢ can be
either a muon or an electron, denoted as a light lepton. The other 7 lepton is required to decay
to hadrons (7,): T — hadrons + v;. Additionally, at least two more jets expected to originate
from hadronization of the two b quarks are required. These requirements result in two possible
final states labeled below as e, and uT,, or £7,. In this report, the search for scalar leptoquarks
and stops decaying through the coupling A%,,, which have the same final state and kinematics,
is called the leptoquark search. The search for the chargino-mediated decay of stops involving
the A} i coupling is called the stop search.

No evidence for third generation leptoquarks or stops has been found in previous searches,
using a final state with a 7,, a light lepton, and b jets. The most stringent lower limit to date on
the mass of scalar third generation leptoquarks decaying to pair of a T lepton and a b quark with
100% branching fraction is at ~530 GeV from both the ATLAS [10] and CMS [11] experiments.
This is the first search for the chargino-mediated decay of the stop through the RPV coupling
AL e

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal di-
ameter, providing a field of 3.8 T. Within the field volume are several subdetectors. A silicon
pixel and strip tracker allows the reconstruction of the trajectories of charged particles within
the pseudorapidity range || < 2.5, where 1 = —Intan(6/2) and 0 is the polar angle. The
calorimetry system consists of a lead tungstate crystal electromagnetic calorimeter (ECAL) and
a brass/scintillator hadron calorimeter (HCAL), and measures particle energy depositions for
|7| < 3. CMS also has extensive forward calorimetry. Muons are measured in gas-ionization
detectors embedded in the steel return yoke. Collision events are selected using a two-tiered
trigger system [12]. A more detailed description of the CMS detector can be found in [13].



3 Trigger and event selection

Candidate LQ or stop events were collected using a set of triggers requiring the presence of
either an electron or a muon with transverse momentum thresholds of 27 GeV and 24 GeV,
respectively.

Electrons are reconstructed within the geometrical acceptance |7| < 2.1 using information from
the ECAL and the tracker. Selected electrons are required to have transverse momenta pr >
30GeV, an electromagnetic shower shape consistent with that of an electron, and an energy
deposition in ECAL that is compatible with the track reconstructed in the tracker. Muons are
required to be reconstructed by both the tracker and the muon spectrometer. They are required
to have || < 2.1 and pr > 30GeV. A particle-flow (PF) technique [14-16] is used for the
reconstruction of hadronically decaying 7, candidates. In the PF approach, information from
all subdetectors is combined to reconstruct and identify all final-state particles produced in
the collision. The particles are classified as either charged hadrons, neutral hadrons, electrons,
muons, or photons. These particles are used with the hadron plus strip (HPS) algorithm [17]
to identify T, objects. Hadronic decays of taus with one or three charged pions and up to
two neutral pions are reconstructed. The reconstructed T, is required to have pt > 50GeV
and || < 2.3. Selected electrons, muons, and taus are required to be isolated from other
reconstructed particles. The identified electron (muon) and T, are required to originate from
the same vertex and be separated spatially by AR = /A¢? + Ay? > 0.5. The lepton and the
Ty, are also required to have opposite electric charge. Events containing additional light leptons
with an opposite electric charge from the already selected light lepton are vetoed.

Jets are reconstructed with the anti-k; algorithm with a size parameter R = 0.5 [18, 19] using
PF candidates. Jet energies are corrected by subtracting the average contribution from particles
from other proton-proton collisions in the same beam crossing (pileup) and by correcting the
jet momentum to better reflect the true total momentum of the particles in the jet [20]. Selected
jets are required to be within |1| < 2.4 and have pr > 30 GeV, and to be separated from the
selected electron or muon and the 7, by AR > 0.5.

The search for leptoquarks is performed in a sample of events containing one light lepton (elec-
tron or muon for e7, and uT7, channels, respectively), a hadronically decaying tau, and at least
two jets, with at least one of the jets identified as originating from b-quark hadronization (b-
tagged) using the combined secondary vertex (CSV) algorithm [21]. To discriminate between
signal and background, the mass of the 7, and a jet (M(m,, j)) is required to be greater than
250 GeV. There are two possible pairings of the tau with a jet. The pairing is chosen to mini-
mize the difference between the mass of the tau and one jet and the mass of the lepton and the
other jet:

{m,n} < min|M (g, ju) — M(€, )], {m,n} = {1,2},m #n @

The search for stop quark pair production is performed in a sample of events containing one
light lepton (electron or muon for et, and pT, channels, respectively), a hadronically decaying
tau, and at least five jets, with at least one of the jets b-tagged using the CSV algorithm.

The St distribution after the final selection is used to extract the limits on both the leptoquark
and stop signal scenarios, where St is defined as the scalar sum of transverse momentum for
all required final state objects in each search.
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ST = pr(6) + pr(w) + pr(bret) + pr(jet) ©)
4
ST = pr(0) + pr(m) + prbdet) + Y pr(jet i) @

i=1

4 Background and Signal Models

Several standard model processes can mimic the final state signatures expected from lepto-
quark or stop pair production and decay. The major irreducible background process is the
pair production of top quarks (tt) when both the light lepton and T, are produced from de-
cays of genuine T leptons. The major reducible background consists of events in which a jet is
misidentified as a hadronically decaying tau. The processes that contribute to this background
are mainly associated production of a W or Z boson with jets, and tt. Additionally, there is
a small contribution to this background from the QCD multijet process. Small contributions
from diboson and single top processes, and from tt and Z+jets processes when a light lepton is
misidentified as a T7,, are estimated from simulation.

The PYTHIA v6.4 generator [22] is used to model the signal and diboson processes. The lep-
toquark signal samples are generated with masses ranging from 400 GeV to 1000 GeV, and the
stop signal samples are generated with masses ranging from 300 GeV to 800 GeV. The MAD-
GRAPH generator [23] is used to model the tt, W+jets, and Z+jets processes. The single top
production is modeled with the POWHEG [24] generator. Both MADGRAPH and POWHEG gen-
erators are interfaced with PYTHIA v4.6 for hadronization and showering. The TAUOLA pro-
gram [25] is used for tau lepton decay in the leptoquark, tt, W+jets, Z+jets, diboson, and single
top processes. Each sample is passed through a full simulation of the CMS detector based on
GEANT4 [26] and the complete set of reconstruction algorithms used to analyze collision data.
Theoretical cross sections are used to normalize the simulated samples. Cross sections for the
signal and diboson processes are calculated to next-to-leading order [27]. The next-to-next-to-
leading order [28-30] cross sections are used to normalize the rest of the background processes.
The contribution from the QCD multijet process is estimated from data control samples.

The efficiencies of the trigger and final selection criteria for signal processes are estimated from
the simulation. The identification efficiencies for leptons and b jets are calculated from data
collected in different periods, and used where necessary to correct the event selection efficiency
estimations from the simulation.

The tt irreducible background is estimated from the observed ey sample. Selected events are
required to contain one electron, one muon, and satisfy the remaining final selection criteria,
except that a 7, is not required. The signal contamination of this sample has been found to
be negligible for any signal mass hypothesis. The final yield of the ey sample is scaled by the
relative difference of the selection efficiencies between the /7, and ey samples. The selection
efficiencies are measured in the simulation and are corrected to match those from data. The
data-driven estimation of the final yield agrees with both the direct prediction from the simula-
tion and the yield obtained after applying the same method to the MC samples. Systematic un-
certainties are assigned to the final yield based on statistical uncertainty in the control samples
and on the propagation of the uncertainties on the acceptances, efficiencies, and scale factors.
The St distribution for this background is obtained from the simulated tt sample consisting
exclusively of fully leptonic decays of top quarks.

The reducible background from tt, W+jets, and Z+jets events in which a jet is misidentified as



a hadronically decaying tau is estimated from observed data. The probability of misidentifica-
tion is measured using events recorded with a Z boson produced in association with jets and
decaying to a pair of muons (Z — pp). The invariant mass of the muon pair is required to be
greater than 50 GeV and events are required to contain at least one 7, candidate, which may or
may not pass the usual isolation requirement. The misidentification probability is calculated as
the fraction of 7, candidates which pass the isolation requirement and depends on the trans-
verse momentum of the candidates. The background yield is estimated from a sample of events
satisfying the final selection criteria, except that all 7, candidates in the events must fail the iso-
lation requirement. The anti-isolated events are weighted by a function of the misidentification
probability, as given in Eq. (5):

(anti-iso)
(main) 1-— Hr[l - f(pT(T))]
Nowso e = 2T flpr (o)

where the misidentification probability is denoted as f(pr). The data-driven estimation of the
yield agrees with both the direct prediction from the simulation and the estimation performed
using the same approach on simulated samples. The major sources of systematic uncertainty
on the final background yield are the statistical uncertainty on the misidentification probability,
the estimated difference in the misidentification probability for tt events, and the variation
of the misidentification probability when requiring the presence of additional jets, separate
from the 7, candidates used in the probability calculation, in the Z — uu control sample. The
St distribution for this background is obtained using simulated samples, consisting of events
where a jet is misidentified as a 7,, for the W+jets and Z+jets processes and the tt process with
exclusively semi-leptonic decays.

©)

The QCD multijet process contributes only in the e, channel. The contribution from QCD
events is estimated from a data sample satisfying the final selection criteria for the e7, channel
except that the electron and 7, must have the same electric charge. The QCD component is
included in the distribution of the rest of the reducible background, described above.

5 Systematic uncertainties

The estimations of the background and the signal efficiency are affected by systematic uncer-
tainties. The uncertainty on the total integrated luminosity is 2.6% [31]. The uncertainty on the
trigger and lepton efficiencies is 2%, while the uncertainty assigned to the T, identification effi-
ciency is 6%. The uncertainties on the b-tagging efficiency and mistagging probability depend
on pseudorapidity and transverse momentum and are on average 4% and 10%, respectively.
Systematic uncertainties on the normalization of the major backgrounds are 19-22% for the ir-
reducible background and 16-24% for the reducible background. Due to the limited number
of events in the simulation, uncertainties on small backgrounds range between 20-50%. A 4%
uncertainty, due to modeling of initial- and final-state radiation in the simulation, is assigned to
the signal acceptance. Uncertainty due to the effect of pileup modeling in the MC is estimated
to be 3%. Jet energy scale uncertainties (2-4% depending on pseudorapidity and transverse mo-
mentum) and energy resolution uncertainties (5-10% depending on transverse momentum), as
well as energy scale (3%) and resolution (10%) uncertainties for T, affect both the St distribu-
tion and the expected yields from the signal and background processes. All of these effects are
taken into account.



6 6 Results

6 Resulis

The number of observed events and expected signal and background events after the final
selection for the leptoquark and stop searches are listed in Table 1 and Table 2, respectively. The
St distribution of the selected events in data and simulation, combining e, and u1, channels,
are shown in Fig. 1 for the LQ search and Fig. 2 for the stop search. The LQ signal tends to have
more events in the tail of St distribution than the backgrounds. The stop signal shows a visible
enhancement above the backgrounds in the core of the St distribution. As the data agree well
with the SM background prediction, a limit is set on the product of the cross section for pair
production of third-generation LQs (stops) and the square of the branching fraction, B, for the
LQ decay to a T lepton and a b quark (stop decay to a x* and a b quark, with a subsequent
decay of the chargino via ¥ — 7 + = — jj + T5). The modified frequentist construction
CL; [32, 33] is used for the limit calculation. A maximum likelihood fit is performed to the St
spectrum simultaneously for both the et, and u7, channels, taking into account correlations
between the systematic uncertainties. Expected and observed limits as a function of the signal
mass are shown in Fig. 3 for the LQ search and Fig. 5 for the stop search. Similar results are
obtained when calculating limits using a Bayesian method with a flat prior. These limits assume
B = 100%. The limits for the LQ search as a function of the leptoquark branching ratio and the
mass are shown in Fig. 4. We exclude scalar leptoquarks with masses below 740 GeV, in good
agreement with the expected exclusion at 754 GeV. We exclude stop quarks with masses below
576 GeV, in agreement with the expected exclusion at 588 GeV.

Table 1: Observed event yields, estimated backgrounds, and expected number of signal events
for the LQ search. Uncertainties on simulation-based estimations are given as £ (statistical
uncertainty) £ (systematic uncertainty), where the latter includes the systematic uncertainties
affecting yields.

1T, Channel eT, Channel
tt (irreducible) 66.7 +12.6 105.6 + 18.1
Reducible 117.3 +18.9 147.8 + 33.0
Z(Ll/TT)+ets 75+46+02 214+74+49
Single-t 173+28+47 16.0+2.8+44
\AY 26+05+0.8 414+06+1.3
Total Bkg. 211.4+544+234 || 2949+ 79 +39.1

| Observed \ 216 | 289 |

Signal (500 GeV) | 51.6£13+£53 57.7+14+59
Signal (600 GeV) | 17.7+£04=£1.6 201+05+1.9
Signal (700 GeV) 624+01+55 71+£02+63
Signal (800 GeV) 234+01+0.2 27+0.1+£02

In summary;, a search for pair production of third-generation scalar leptoquarks and top squarks
has been presented. The leptoquark search is performed in the final state including an electron
or amuon, a hadronically decaying T lepton, and at least two jets, one of which is b-tagged. The
stop search is performed in events containing an electron or a muon, a hadronically decaying
T lepton, and at least five jets, one of which is b-tagged. No excesses above the SM background
prediction are observed in the St distributions. Assuming a 100% branching fraction for the
decays of the hypothetical particles, the existence of the scalar leptoquarks with masses below
740 GeV and top squarks with masses below 576 GeV is excluded at the 95% CL. The limits on
the leptoquarks are the most stringent to date, while this is the first search for top squarks in
such a final state.
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Table 2: Observed event yields, estimated backgrounds, and expected number of signal events
for the stop search. Uncertainties on simulation-based estimations are given as & (statistical
uncertainty) £ (systematic uncertainty), where the latter includes the systematic uncertainties

affecting yields.

1T, Channel e, Channel
tt (irreducible) 55.0+9.5 88.3+13.7
Reducible 59.8 £13.8 65.7 £16.4
Z(ll/tT)+ets 11.6 £55+27 49 +25+
Single-t 354+1.3+09 39415+
\'AY 04+024+0.1 0.6+02+02
Total Bkg. 130.3 £ 5.6 £17.1 || 162.54+ 2.9 £21.5

] Observed \ 123 H 156 ‘

Signal (300 GeV) | 82.8+8.04+11.7 | 943 £85+13.2
Signal (400 GeV) | 383+£23+338 439 +2.6 =43
Signal (500 GeV) | 154+0.7+£1.5 194+ 0.8+ 1.8
Signal (600 GeV) 57+0.3+£0.5 6.9+09+0.7
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Figure 5: The expected and observed combined upper limit on the stop pair production cross
section times B? at the 95% CL, as a function of the stop mass. The dark blue curve and the light
blue band represent the theoretical stop pair production cross section and the uncertainties due
to the choice of PDF and renormalization/factorization scales.
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