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1 Introduction

Leptoquarks (LQ) are hypothetical particles that carry both lepton (L) and baryon (B)

quantum numbers. They appear in theories beyond the standard model (SM), such as grand

unification [1–3], technicolor [4], and compositeness [5, 6] models. A minimal extension of

the SM to include all renormalizable gauge invariant interactions, while respecting existing

bounds from low-energy and precision measurements leads to the effective Buchmüller-

Rückl-Wyler model [7]. In this model, LQs are assumed to couple to one generation of

chiral fermions, and to separately conserve L and B quantum numbers. An LQ can be

either a scalar (spin 0) or a vector (spin 1) particle with a fractional electric charge. A

comprehensive list of other possible quantum number assignments for LQs coupling to SM

fermions can be found in ref. [8].

This paper presents the first search for a third-generation scalar LQ (LQ3) decaying

into a top quark and a τ lepton. Previous searches at hadron colliders have targeted

LQs decaying into quarks and leptons of the first and second generations [9–11] or the

third-generation in the LQ3 → bν and LQ3 → bτ decay channels [12–17]. The presented
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search for third-generation LQs can also be interpreted in the context of R-parity violating

(RPV) supersymmetric models [18] where the supersymmetric partner of the bottom quark

(bottom squark) decays into a top quark and a τ lepton via the RPV coupling λ′333.

At hadron colliders, such as the CERN LHC, LQs are mainly pair produced through

the quantum chromodynamic (QCD) quark-antiquark annihilation and gluon-gluon fusion

subprocesses. There is also a lepton mediated t(u)-channel contribution that depends on

the unknown lepton-quark-LQ Yukawa coupling, but this contribution is suppressed at the

LHC for the production of third-generation LQs as it requires third-generation quarks in the

initial state. Hence, the LQ pair production cross section depends only upon the assumed

values of the LQ spin and mass, and upon the proton-proton center-of-mass energy. We

consider scalar LQs in the mass range up to several hundred GeV. The corresponding

next-to-leading-order (NLO) pair production cross sections and associated uncertainties at√
s = 8 TeV are taken from the calculation presented in ref. [19].

It is customary to denote the branching fractions of LQs into a quark and a charged

lepton or a quark and a neutrino within the same generation as β and 1− β, respectively.

Assuming that third-generation scalar LQs with charge −1/3 exclusively couple to quarks

and leptons of the third-generation, the two possible decay channels are LQ3 → tτ− and

LQ3 → bν. In this paper, we initially assume that β = 1 so that the LQ3 always decays to

a tτ pair. The results are then reinterpreted as a function of the branching fraction with

β treated as a free parameter.

We consider events with at least one electron or muon and one τ lepton where the τ

lepton undergoes a one- or three-prong hadronic decay, τh → hadron(s) + ντ . In LQ3LQ3

decays, τ leptons arise directly from LQ decays, as well as from W bosons in the top

quark decay chain, whereas electrons and muons are produced only in leptonic decays of

W bosons or τ leptons. The major backgrounds come from tt+jets, Drell-Yan(DY)+jets,

and W+jets production, where a significant number of events have jets misidentified as

hadronically decaying τ leptons. The search is conducted in two orthogonal selections,

labelled as category A and category B. In category A, a same-sign µτh pair is required

in each event, which suppresses SM backgrounds. Misidentified τh candidates originating

from jets constitute the main background in category A. Category B utilizes both eτh
and µτh pairs with slightly relaxed τ lepton identification criteria without imposing a

charge requirement on the lepton pair. This yields a higher signal acceptance, but a larger

irreducible background from SM processes. In order to keep the two samples statistically

independent, events that satisfy the category A criteria are removed from the category B

sample. Figure 1 shows a schematic representation of an LQ3LQ3 decay chain that can

satisfy the requirements for both categories.

The signature for this search is chosen to be `τh+X, where ` denotes an electron or

a muon, and X is two or more jets and any additional charged leptons in category A, or

three or more jets and any additional charged leptons in category B. The additional jet

requirement in category B is beneficial in suppressing background events from dominant

SM processes with two jets and an opposite-sign `τh pair.
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Figure 1. One of the LQ3LQ3 decay chains with both same-sign and opposite-sign `τh pairs.

Labels u and d denote up and down type quarks, and ` denotes an electron or a muon.

2 Reconstruction and identification of physics objects

The CMS apparatus is a multipurpose particle detector with a superconducting solenoid

of 6 m internal diameter, which provides a magnetic field of 3.8 T. Within the volume of

the solenoid are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic

calorimeter, and a brass and scintillator hadron calorimeter, each composed of a barrel

and two endcap sections. Muons are measured in gas-ionization 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 more 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. [20].

The electron, muon, and τ lepton candidates used in this paper are reconstructed

using a particle-flow (PF) event reconstruction technique [21, 22] which reconstructs and

identifies single particles (muons, electrons, charged/neutral hadrons, and photons) using

an optimized combination of all subdetector information.

Muon candidates are reconstructed from a combined track in the muon system and the

tracking system [23]. The hadronically decaying τ lepton candidates are reconstructed via

the “hadron-plus-strips” algorithm which combines one or three charged hadrons with up

to two neutral pions that are reconstructed from PF candidates combining tracker and cal-

orimeter information [24]. Electron candidates are obtained by reconstructing trajectories

from hits in the tracker layers and energy depositions in the electromagnetic calorimeter

with a Gaussian sum filter [25].

Jets are reconstructed by using the anti-kT algorithm [22, 26, 27] to cluster PF can-

didates with a distance parameter of ∆R = 0.5 (where ∆R =
√

(∆η)2 + (∆φ)2, η denotes

the pseudorapidity and φ denotes the azimuthal angle in radians). The missing transverse

momentum ~pmiss
T is calculated as a negative vectorial sum of the transverse momenta of all

the PF candidates. The missing transverse energy Emiss
T is defined as the magnitude of the

~pmiss
T vector. Jet energy corrections are applied to all jets and are also propagated to the

calculation of Emiss
T [28].

The collisions are selected using a two-tiered trigger system, composed of a hardware

based level-1 trigger and a software based high-level trigger (HLT) [29] running on a com-

puting farm.

– 3 –



J
H
E
P
0
7
(
2
0
1
5
)
0
4
2

The following quantities are constructed using the physics objects described earlier:

• ST is the scalar pT sum of all objects in the event, including muons, hadronically

decaying τ leptons, electrons, jets, and Emiss
T .

• MT(`, ~pmiss
T ) is the transverse mass,

√
2p`TE

miss
T (1− cos(∆φ(~pmiss

T , `))), reconstructed

from the given lepton and the ~pmiss
T in the event where ∆φ(~pmiss

T , `) is the difference

in the azimuthal angle between the directions of the missing transverse momentum

and the lepton momentum.

• |̃η| is the pseudorapidity defined as |̃η| = − ln tan (θ̄/2), where θ̄ is the average ab-

solute polar angle of all electrons, muons, and hadronically decaying τ leptons in an

event as measured from the beam-axis in the lab frame, and is used as a measure of

the event centrality.

3 Data and simulated samples

This analysis uses data collected with the CMS detector at the LHC during proton-proton

(pp) collisions at
√
s = 8 TeV. Proton bunches were separated by 50 ns and the average

number of additional primary vertices in the collision of the two beams in the same proton

bunch crossing was 20 (pileup). The search is conducted using a combination of isolated

and non-isolated single-muon data corresponding to an integrated luminosity of 19.5 fb−1

in category A, and using isolated single-muon or single-electron data corresponding to

an integrated luminosity of 19.7 fb−1 in category B. The muon triggers require a muon

candidate to have pT > 24 GeV and |η| < 2.1. The electron trigger requires an isolated

electron candidate with pT > 27 GeV and |η| < 2.5.

The LQ signal processes have been simulated using the pythia generator (v6.426) [30].

Single top quark and top quark pair production have been simulated with powheg

(v1.0) [31–34]. For the W+jets background, DY+jets processes, and tt production in

association with W or Z bosons, MadGraph (v5.1) has been used [35]. Diboson and QCD

multijet processes as well as processes involving Higgs bosons have been generated with

pythia, other SM backgrounds have been simulated with MadGraph. The parton shower

and hadronization in samples generated with powheg or MadGraph has been performed

with pythia. In case of MadGraph, the matching to pythia has been done with the

MLM scheme [36]. In all of the generated samples, τ lepton decays were simulated via

tauola [37] and the response of the CMS detector has been simulated with Geant4 [38].

The powheg samples are produced with the CT10 [39] parton distribution function (PDF),

all other samples have been generated using CTEQ6L1 [40] PDF set. The Monte Carlo

(MC) simulated events are re-weighted to account for differences in trigger and lepton re-

construction efficiencies, pileup modeling, and jet/missing transverse energy response of the

detector. The simulated events are normalized using next-to-next-to-leading-order (NNLO)

(W+jets, DY+jets [41], tt+jets [42], WH, ZH [43]), approximate NNLO (t, tW [44]), NLO

(diboson [45], ttZ [46], ttW [46, 47], ttH [48, 49], triboson [50]), or leading-order (W±W±qq,

ttWW, Wγ∗, QCD multijet [30, 35]) cross sections at
√
s = 8 TeV.
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Category A Category B

Lepton selection Same-sign µτh pair µτh or eτh pair

(category A events are removed)

Jet selection At least two jets At least three jets

Emiss
T requirement No Emiss

T requirement Emiss
T > 50 GeV

ST and τ lepton pT Optimized for each LQ ST > 1000 GeV, pτT > 20 GeV

requirements mass hypothesis

Background estimation

Main component containing Estimated via simulation, corrections

misidentified muons & τ leptons applied for τ lepton misidentification

estimated using data events rate and top quark and W pT distributions

Search regions 2 search regions binned in |̃η|
8 search regions in 4 τ lepton pT regions

for µτh and eτh channels

Table 1. Summary of the search strategies in event categories A and B.

The characteristics of the simulated tt+jets and W+jets events have been found to con-

tain discrepancies when compared with measurements of the pT spectrum of top quarks [51]

and the leading jet [52], respectively. Re-weighting factors, parametrized as functions of

the respective pT distributions, are applied to the simulated events to correct for these dis-

crepancies. The correction factors for tt+jets [51] range up to 30% whereas the correction

factors for the W+jets samples vary between 8% and 12%.

4 Event selection

A summary of the search regions, selection criteria, and the methods used to determine

background contributions for categories A and B is given in table 1.

4.1 Event selection in category A

In category A, two selections, denoted as loose and tight, are defined for the muon and τ

lepton candidates, which differ only in the thresholds of the isolation requirements. The

tight selections are applied to define the signal region, and the loose selections are used in

the estimation of backgrounds as defined in section 5.1.

Muon candidates are required to have pT > 25 GeV and |η| < 2.1. The loose muon

selection has no isolation requirement, whereas the tight muon selection requires the scalar

pT sum of all PF candidates in a cone of radius ∆R = 0.4 around the muon to be less than

12% of the muon pT. The muon kinematic and isolation thresholds are chosen to match

the trigger requirements used in selecting the events.

Hadronically decaying τ lepton candidates are required to satisfy pT > 20 GeV and

|η| < 2.1. For the loose τ lepton selection, the scalar pT sum of charged hadron and

photon PF candidates with pT > 0.5 GeV in a cone of radius ∆R = 0.3 around the τ

lepton candidate is required to be less than 3 GeV. For the tight τ lepton selection, a

more restrictive isolation requirement is applied with a cone of radius ∆R = 0.5 and a
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threshold value of 0.8 GeV [24]. All τh candidates are required to satisfy a requirement

that suppresses the misidentification of electrons and muons as hadronically decaying τ

leptons [24].

Electron candidates are required to have pT > 15 GeV and |η| < 2.5. The ratio of

the scalar pT sum of all PF candidates in a cone of radius ∆R = 0.3 around the electron

object, relative to the electron pT, is required to be less than 15%.

All muon, electron, and τh candidates are required to be separated by ∆R > 0.3 from

each other. In addition, the separation between the muon and τ lepton candidates and

the nearest jet to which they do not contribute is required to be ∆R(µ, j)min > 0.5 and

∆R(τ, j)min > 0.7 respectively. This requirement is imposed in order to reduce the impact

of QCD jet activity on the respective isolation cones.

Jet candidates are required to have pT > 40 GeV, |η| < 3. Jets overlapping with the

electron, muon, and τh candidates within a cone of ∆R = 0.5 are not considered.

Each event is required to contain a same-sign µτh pair, chosen among the muon and τh
lepton candidates satisfying the loose selection criteria. If the event contains more than one

µτh pair, the same-sign pair with the largest scalar sum pT is selected. The selected µτh
pair is then required to satisfy the tight selection criteria. Events failing the tight selection

criteria on one or both leptons are utilized in the estimation of backgrounds described in

section 5.1.

For the signal selection, same-sign µτh events are required to have ST > 400 GeV and

two or more jets. Events containing an opposite-sign dimuon pair with an invariant mass

within 10% of the Z boson mass are vetoed. In order to exploit a feature of the signal

model that produces the LQ3 pair dominantly in the central region, the search is split

into two channels with |̃η| < 0.9 (central) and |̃η| ≥ 0.9 (forward). Furthermore, a 2D

optimization is performed using the simulated samples for the determination of selection

criteria in the (ST,pτT) plane for each LQ3 mass hypothesis in the range of 200–800 GeV.

The pτT requirement is only applied to the τ lepton candidate that is a part of the selected

same-sign µτh pair. The optimization is accomplished by maximizing the figure of merit

given in eq. (4.1) [53]:

χ(pτT, ST) =
ε(pτT, ST)

1 +
√
B(pτT, ST)

(4.1)

where ε is the signal efficiency and B is the number of background events. The (ST,pτT)

thresholds have been optimized in the central channel and applied identically in the forward

channel. These optimized selections and the corresponding efficiencies as a function of the

LQ3 mass are presented later, in section 6.

A signal-depleted selection of events with a same-sign µτh pair, created by vetoing

events with more than one jet, is used to check the performance and normalization of the

simulated background samples. In order to reduce the QCD multijet background contri-

bution, an additional requirement of MT(µ,Emiss
T ) > 40 GeV is imposed using the muon

candidate in the selected same-sign µτh pair. Figure 2 illustrates the agreement between

data and simulation in the |̃η| and ST distributions, which is found to be within 20%.
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4.2 Event selection in category B

In category B, muon candidates are required to have pT > 30 GeV and |η| < 2.1. The

muon isolation requirement follows the tight muon selection defined for category A.

Hadronically decaying τ leptons must satisfy pT > 20 GeV and |η| < 2.1. For τh can-

didates a medium isolation requirement is used, where the scalar pT sum of PF candidates

must not exceed 1 GeV in a cone of radius ∆R = 0.5. As in category A, τh candidates must

satisfy the requirement discriminating against misreconstructed electrons and muons.

Electron candidates are required to have pT > 35 GeV and |η| < 2.1. The electron

isolation requirement follows the description in category A, but with a tighter threshold at

10% in order to match the trigger isolation requirements in the eτh channel.

Jets are required to have pT > 30 GeV, |η| < 2.5, and those overlapping with τh
candidates within a cone of ∆R = 0.5 are ignored. Furthermore, τ leptons that overlap with

a muon, and electrons that overlap with a jet within a cone of ∆R = 0.5 are not considered.

Each event is required to have at least one electron or muon and one τh candidate.

Events containing muons are vetoed in the eτh channel. Events satisfying the category A

selection criteria are also vetoed, thus in the case of the µτh selection, category B mostly

consists of events with opposite-sign µτh pairs.

In addition, events are required to have ST > 1000 GeV, Emiss
T > 50 GeV, and at least

three jets, where the leading and subleading jets further satisfy pT > 100 and 50 GeV,

respectively. The analysis in category B is performed in four search regions defined as a

function of the transverse momentum of the leading τh candidate: 20 < pτT < 60 GeV,

60 < pτT < 120 GeV, 120 < pτT < 200 GeV, and pτT > 200 GeV. Since events with eτh
and µτh pairs are separated, this selection leads to eight search regions. The two low-pτT
regions are mainly used to constrain the SM background processes, whereas the signal is

expected to populate the two high-pτT regions. The selections on ST, the momenta of the

three jets, and Emiss
T have been optimized with respect to the expected limits on the signal

cross section obtained in the statistical evaluation of the search regions as described in

section 6.

A signal-depleted selection is used to check the performance of the simulated back-

ground samples in category B. In this selection, events with `τh pairs are required to have

Emiss
T < 50 GeV and at least two jets with pT > 50 GeV, |η| < 2.5. Figure 3 shows that in

general the agreement between data and simulation is within the statistical uncertainties in

the leading pτT distributions. In the eτh channel, a small excess in the pT distribution is ob-

served around 150 GeV . As the other kinematic distributions in the signal-depleted region

show no other significant deviations, the excess is assumed to be a statistical fluctuation.

5 Backgrounds

For this analysis, prompt leptons are defined to be those that come from the decays of

W bosons, Z bosons or τ leptons, and are usually well isolated. Leptons originating from

semileptonic heavy-flavor decays within jets and jets misreconstructed as leptons are both

labelled as misidentified leptons, and generally are not isolated. In category A, the expected

same-sign background events are mostly due to misidentified leptons, while category B has
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production, as well as QCD multijet and other rare SM processes detailed in section 3. The hatched

regions in the distributions and the shaded bands in the Data/MC ratio plots represent the statisti-

cal uncertainties in the expectations. The data-simulation agreement is observed to be within 20%,

and is assigned as the normalization systematic uncertainty for the tt+jets, DY+jets and diboson
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significant additional prompt-prompt contributions. In accordance with the expected back-

ground compositions, data events are used to estimate the dominant misidentified lepton

backgrounds in category A, eliminating the need to evaluate the simulation based sys-
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tematic uncertainties, whereas the prompt-prompt backgrounds in category B require the

consideration of these uncertainties. Simulated samples corrected for τ lepton misidentifi-

cation rates are used for the estimation of the backgrounds in category B.

5.1 Backgrounds in category A

The same-sign dilepton requirement yields a background which mainly consists of events

that contain misidentified leptons (especially jets misidentified as τ leptons). These events

come from semileptonic tt+jets and W+jets processes in approximately equal proportions.

Smaller background contributions result from SM processes with genuine same-sign dilep-

tons, such as diboson, ttW, ttZ, and W±W±qq events, and opposite-sign dilepton events

in which the τh charge has been misidentified, such as DY+jets and fully leptonic tt+jets

events. Events with misidentified leptons contribute up to 90% of the total background,

depending on the set of ST and τ lepton pT requirements, and are especially dominant in

selections for MLQ3
≤ 400 GeV.

5.1.1 Lepton misidentification

Background contributions due to misidentified leptons are estimated using the observed

data via a “matrix method” [54]. For a given set of selection requirements, four com-

binations are defined based on the selection quality of the selected same-sign µτh pair.

Events in which both leptons satisfy the tight selection requirements are classified as TT

events, whereas those with both leptons failing the tight selection while satisfying the loose

selection requirements are classified as LL events. Similarly, events with only the muon

or the τh candidate satisfying the tight selection and with the other lepton satisfying the

loose selection but failing the tight selection requirements are labeled as TL or LT events,

respectively, where the muon is denoted first in the labeling.

The probabilities with which prompt (p) and misidentified (m) muon and τh candidates

pass a tight selection, given that they satisfy a loose selection, are measured as a function

of the lepton pT in regions of ST, lepton |η|, and ∆R(µ, j)min or ∆R(τ, j)min. The TT

events constitute the search region, whereas TL, LT, and LL events, together with the

prompt and misidentification probabilities, are used to calculate the misidentified lepton

contributions to the signal region, NmisID
TT , as given in eqs. (5.1) and (5.1).

NMM

NMP

NPM

NPP

 =
1

(pµ −mµ)(pτ −mτ )


pµ·pτ −pµ·p̂τ −p̂µ·pτ p̂µ·p̂τ

−pµ·mτ pµ·m̂τ p̂µ·mτ −p̂µ·m̂τ

−mµ·pτ mµ·p̂τ m̂µ·pτ −m̂µ·p̂τ
mµ·mτ −mµ·m̂τ −m̂µ·mτ m̂µ·m̂τ



NLL

NLT

NTL

NTT

 ,

(5.1)

NmisID
TT = mµmτNMM +mµpτNMP + pµmτNPM. (5.2)

N denotes the number of events in a given combination, and MM, MP, PM, and PP

labels denote the double-misidentified, muon misidentified, τh misidentified, and double-

prompt combinations, respectively. The complementary prompt probability is given as

p̂ = 1− p, and the complementary misidentification probability is given as m̂ = 1−m.
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Muon and τ lepton prompt probabilities are measured in DY+jets enhanced data re-

gions with Z → µµ and Z → ττ → µτh decays, respectively, and in simulated tt+jets,

W+jets and LQ3 events. For the τ lepton misidentification probability measurements, a

W(→ µν)+jets enriched data set with additional τh candidates is used. A QCD multi-

jet enhanced data set with a single muon candidate is used for the muon misidentification

probability measurements. In simulated samples, the τ lepton misidentification probability

measurement is conducted in W+jets, tt+jets, and LQ3 samples, while the muon misiden-

tification probability measurement is made in QCD multijet, tt+jets, and LQ3 samples.

The individual prompt and misidentification probability measurements conducted us-

ing simulated samples are combined into a single value for each of the p and m bins. For

each of these, an average value and an associated uncertainty is calculated to account for

the process dependent variations. These simulation based values are then combined with

correction factors derived from the p and m measurements in data, to account for any bias

in the simulated detector geometry and response, providing the values used in eqs. (5.1)

and (5.1). The resultant muon prompt probabilities vary from (70 ± 3)% to (95± 3)% for

low and high pT muons, whereas τ lepton prompt probabilities are around (60± 6)%. The

muon and τ lepton misidentification probabilities are measured to be about (1 ± 1)% and

(14± 2)%, respectively.

The matrix method yields consistent results for the misidentification backgrounds when

applied to a signal-depleted selection of events in data and to simulated events in the signal

region. The expected yields are in agreement with the observations within 1.5 standard

deviations in both selections.

5.1.2 Charge misidentification and irreducible backgrounds

The background contributions due to lepton charge misidentification and irreducible pro-

cesses with same-sign µτh pairs are estimated directly from the simulated samples. These

prompt-prompt contributions are calculated by requiring a match (∆R < 0.15) between the

reconstructed lepton candidate and a generator-level object of the same kind without any

requirement on the charge. The charge misidentification backgrounds are dominated by τh
candidates, and these backgrounds contribute to 2–3% of the total expected backgrounds

in selections for MLQ3
≤ 400 GeV, whereas are negligible in those for higher LQ3 masses.

5.2 Backgrounds in category B

In category B, major background processes are tt+jets, W+jets, and DY+jets events.

Smaller contributions come from single top quark, diboson, ttZ, and QCD multijet events.

Contributions from prompt-prompt `τh pairs are mainly expected in fully leptonic tt+jets

events, as well as DY+jets events with Z → ττ → `τh decays and diboson events. In

all other processes, the τh candidates are expected to originate from misidentified jets.

The misidentified electron and muon contributions have been found to be negligible after

applying isolation and Emiss
T requirements. The background estimation in category B is

obtained from simulated samples with various corrections applied to account for differences

between data and simulation in the reconstruction and identification of misidentified τ

lepton candidates.
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The τ lepton misidentification rate is defined as the probability for a misidentified τ

lepton candidate originating from a jet to satisfy the final τ lepton identification criteria

used in the analysis. The corresponding correction factor for the simulation is defined as

the ratio of the data and the simulation-based rates. The misidentification rates in data

and simulation are measured in W(→ `ν)+jets enriched events, containing at least one τ

lepton candidate. The τ lepton candidate is used as a misidentified probe, and the results

are parametrized as a function of the τ lepton pT. Additional parametrizations, such as

ST, jet multiplicity, and ∆R(τ, j)min, reveal no further deviations between the data and

simulation. Thus a one-dimensional parametrization as a function of the τ lepton pT is

used to describe any discrepancy between data and simulation. A small discrepancy is

observed in the distribution of scale factors as a function of the τ lepton η for |η| > 1.5. An

additional uncertainty is therefore assigned to the τ lepton scale factors for misidentified

τ leptons in this η region.

Measurements based on data are corrected by subtracting the small contributions due

to prompt τ leptons, muons, and electrons which are misidentified as τ lepton candidates

using the predictions from the simulated samples. The systematic uncertainties in the

correction factors are estimated by varying the cross sections of the dominant simulated

processes within their uncertainties [55].

The resulting correction factors on the τ lepton misidentification rate are found to be

in the range of 0.6–1.1 for the four τ lepton pT regions. These weights are applied to each

misidentified τ lepton candidate in all simulated background processes.

A jet originating from gluon emission has a smaller probability of being misidentified

as a τh candidate than those originating from quarks. Quarks tend to produce incorrectly

assigned τ lepton candidates with a like-sign charge. Therefore, an additional systematic

uncertainty is assigned to the correction factors based on the flavor composition of jets

misidentified as τ leptons. To determine this uncertainty, the measurement of the τ lepton

misidentification rate is repeated for each of the charge combinations of the `τh pair, τ±h `
±

and τ±h `
∓. Because of the different production modes of W+and W−bosons at the LHC,

the four charge combinations have different quark and gluon compositions. An estimate

of the maximally allowed variance in the probability of each quark or gluon type to be

misidentified as a τ lepton is obtained via the comparison of the misidentification rate

measurements in the four channels. The uncertainties in the misidentification rates are

scaled according to the different expected flavor compositions in the signal and W(→
`ν)+jets enriched regions used for the misidentification rate measurements.

5.3 Systematic uncertainties

In category A, the backgrounds due to misidentified leptons are derived from data and

the associated systematic uncertainties are calculated by propagating the uncertainties

in the muon and τ lepton prompt and misidentification probability measurements. The

uncertainties in the background rate of misidentified leptons lie in the range of 21–28% in

the central channel and 21–36% in the forward channel.

In category B, the uncertainties in the correction factors on the misidentification rate

of τ leptons vary from 23–38% for the lower three τ lepton pT regions and up to 58–82% for
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the highest pT region in the µτh and eτh channels. These uncertainties are propagated to

the estimate of the background of misidentified hadronically decaying τ leptons by varying

the correction factors applied to the simulation within their uncertainties.

Since both the signal efficiencies and the prompt-prompt contributions to the back-

ground in category A and all the signal and background estimates in category B

are determined using simulated events, the following sources of systematic uncertainty

are considered.

Normalization uncertainties of 20% are applied for tt+jets, DY+jets and diboson pro-

cesses in category A as observed in the signal-depleted region presented in figure 2. An

uncertainty of 30% is applied for other rare SM process as motivated by the theoreti-

cal uncertainties in the NLO cross sections for processes such as ttW, ttZ [46, 47], and

triboson [50] production. For category B, these uncertainties in the MC normalization

vary in a range between 15% and 100% according to previous measurements [55]. The

CMS luminosity used in the normalization of signal and MC samples has an uncertainty

of 2.6% [56].

In order to account for uncertainties in the efficiency of τ lepton identification, an

uncertainty of 6% is applied for each prompt τ lepton found in the event. The uncertainty

in the τ lepton energy is taken into account by varying the energy of all τ leptons by ±3%.

Uncertainties induced by the energy resolution of prompt τ leptons in simulated samples

are estimated by changing the resolution by ±10%.

Muon and electron identification, isolation, and trigger efficiencies are determined with

a tag-and-probe method [57] in DY+jets enriched data. In both categories, the muon re-

construction and isolation uncertainty is about 1% and the single muon trigger matching

uncertainty is ≤0.5%. Uncertainties in electron identification, isolation, and trigger effi-

ciencies are considered only in the eτh channel of category B. These uncertainties are pT-

and η-dependent and are found to be 0.3% for electrons in the central detector region with

pT < 50 GeV and up to 25% for electrons with pT > 500 GeV.

Uncertainties in the jet energy resolution [27] are taken into account by changing the

correction factors within their uncertainties. These correction factors lie between 1.05 and

1.29 depending on jet η, with corresponding uncertainties varying from 5% to 16%. The

pT- and η-dependent scale factors for the jet energy scale [27] are similarly varied by one

standard deviation to obtain the corresponding uncertainties in simulated samples. This

corresponds to a 1–3% variation of the scale factors.

The energy scale and resolution uncertainties in τ lepton, muon, electron, and jet

candidates are also propagated in the calculation of Emiss
T and ST.

The uncertainty in the pileup re-weighting of simulated samples is estimated by varying

the total inelastic cross section [58] by 5%. Signal samples are produced with the CTEQ6L1

PDF set and the associated PDF uncertainties in the signal acceptance are estimated using

the PDF uncertainty prescription for LHC [59–61]. In category B, the PDF uncertainties

are also calculated for the background processes estimated using simulations.

Additional uncertainties in major SM processes estimated from simulations are consid-

ered in category B. Uncertainties in the factorization and normalization scales, µr and µf ,

respectively, on tt+jets and W+jets events are calculated by changing the corresponding
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Category A Category B

µτh ch. eτh ch.

Systematic uncertainty Magnitude (%) B (%) S (%) B (%) S (%) B (%) S (%)

Integrated luminosity 2.6 0.4/1.2 2.6 2.6 2.6 2.6 2.6

Electron reco/ID/iso & trigger pT, η dependent — — — — 1.4 2.2

Muon reco/ID/iso & trigger 1.1 0.1/0.5 1.1 0.9 0.9 — —

τ lepton reco/ID/iso 6.0 0.8/2.8 6.0 1.5 3.0 0.6 3.1

Muon momentum scale & resolution pT dependent 0.1/0.3 0.4 — — — —

τ lepton energy scale 3.0 1.2/4.1 2.0 2.3 2.7 0.6 1.5

τ lepton energy resolution 10.0 0.2/0.8 0.9 1.2 1.3 0.2 0.1

Jet energy scale pT, η dependent 0.9/3.2 1.9 4.2 1.9 5.6 2.7

Jet energy resolution η dependent 0.4/1.2 1.0 0.8 0.3 1.6 0.8

Pileup 5.0 0.1/1.2 1.0/2.5 0.8 0.3 0.9 0.5

PDF (on acceptance) — — +2.9
−4.3

/
+2.4
−6.2 — 0.7 — 0.9

PDF (on background) — — — 8.7 — 8.3 —

Matrix method — 23.1/15.3 — — — — —

Jet→ τ misidentification rate pT dependent — — 8.2 1.0 10.9 0.8

e→ τ misidentification rate η dependent — — 0.1 0.1 0.1 0.1

tt factorization/renormalization +100
−50 — — +6.1

−5.9 — +2.9
−2.7 —

Top quark pT re-weighting pT dependent — — 0.1 — 0.1 —

W+jets factorization/renormalization +100
−50 — — 4.3 — 0.3 —

W+jets matching threshold +100
−50 — — 1.3 — 2.5 —

Table 2. Systematic uncertainty sources and their effects on background (B) and signal (S) es-

timates. Uncertainties affecting the signal yields in both categories and the background yields in

category A are calculated using the selection criteria for the MLQ3
= 550 GeV hypothesis. In cate-

gory A, the uncertainties are reported for central/forward channels separately, where appropriate.

In category B, all uncertainties are averaged over the four pτT search bins. All values are symmetric

except for the PDF uncertainty in the signal acceptance in category A, and the tt factorization and

normalization scale uncertainty in category B. The τ misidentification rate uncertainties considered

in category B are included in the matrix method uncertainty in category A. All uncertainties in

the background estimates are scaled according to their relative contributions to the total expected

background.

scales by a factor of 2 or 0.5. The effect of an uncertainty in the jet-parton matching

threshold in the simulation of W+jets processes is evaluated by varying it within a factor

of 2. The uncertainty in the top quark pT re-weighting procedure is estimated by doubling

and removing the correction factors.

Table 2 shows a summary of the systematic uncertainties for categories A and B.

6 Results

The search results for category A (B) are presented in table 3 (4 and 5). Figures 4 and 5

show the comparison of data and the predicted backgrounds as a function of ST, τ lepton

pT, and jet multiplicity parameters. The dashed curves show the expectation for LQ signals.
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For the comparison of expected and observed number of events in tables 3–5 and figures 4–

5, Z-scores are used. These are computed taking into account the total uncertainty in the

mean number of expected events. A unit Z-score, |Z| = 1, refers to a two-tailed 1-standard

deviation quantile (∼68%) of the normal distribution. For each selection, the observed

number of events is found to be in an overall agreement with the SM-only hypothesis and

the distributions reveal no statistically significant deviations from the SM expectations.

A limit is set on the pair production cross section of charge −1/3 third-generation

scalar LQs by using a combined likelihood fit in the ten search regions of category A and

B. The theta tool [62] is used to produce Bayesian limits on the signal cross section, where

the statistical and systematic uncertainties are treated as nuisance parameters. Statistical

and systematic uncertainties that are specific to category A or B, such as the uncertainties

in the backgrounds from misidentified leptons, are assumed to be uncorrelated, whereas

common sources of systematic uncertainties are treated as fully correlated. The common

uncertainties are the uncertainties in the jet energy scale and resolution, τ lepton and

muon identification and isolation efficiencies, τ lepton energy scale and resolution, PDFs,

and integrated luminosity.

The observed and expected exclusion limits as a function of the LQ mass are shown

in figure 6. Assuming a unit branching fraction of LQ decays to top quark and τ lepton

pairs, pair production of third-generation LQs is excluded for masses up to 685 GeV with

an expected limit of 695 GeV. The exclusion limits worsen as the LQ3 mass approaches the

mass of the top quark because the LQ3 decay products become softer. At MLQ3
= 200 GeV,

more than 90% of τ leptons originating from LQ3 decays have pT < 60 GeV, which causes

a decrease both in the signal selection efficiency and the discriminating performance of the

τ lepton pT spectrum. Therefore, no exclusion limits are quoted for masses below 200 GeV.

Branching fraction dependent exclusion limits are presented in figure 6 (lower right),

where limits on the complementary LQ3 → bν (β = 0) decay channel are also included.

The results for β = 0 are obtained via reinterpretation of a search for pair produced

bottom squarks [17] with subsequent decays into b quark and neutralino pairs, in the limit

of vanishing neutralino masses. In a statistical combination of this analysis with the search

for bottom squarks, third-generation scalar LQs are also excluded for masses below 700 GeV

for β = 0 and for masses below 560 GeV over the full β range. If upper limits on β are

to be used to constrain the lepton-quark-LQ Yukawa couplings, λbν and λtτ , kinematic

suppression factors that favor bν decay over the tτ have to be considered as well as the

relative strengths of the two Yukawa couplings [12, 13].

Additionally, the results presented here for the third-generation scalar LQs are directly

reinterpreted in the context of pair produced bottom squarks decaying into top quark and τ

lepton pairs. Thus, pair production of bottom squarks where the decay mode is dominated

by the RPV coupling λ′333 is also excluded up to a bottom squark mass of 685 GeV.
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MLQ3
pτT ST NPP

Bkg Total NExp
Bkg NObs Z-score NExp

LQ3
εLQ3

(GeV) (GeV) (GeV) ± (stat) ± (stat)± (syst) ± (stat) (%)

Central channel: |̃η| < 0.9

200 35 410 8.5± 1.0 128± 5± 25 105 −1.0 53± 21 0.04

250 35 410 8.5± 1.0 128± 5± 25 105 −1.0 252± 24 0.58

300 50 470 4.2± 0.5 39.9± 2.9± 8.3 27 −1.5 153± 11 0.98

350 50 490 4.0± 0.5 34.6± 2.7± 7.1 25 −1.2 92.4± 5.6 1.45

400 65 680 0.9± 0.2 7.2± 1.2± 1.7 4 −1.0 28.4± 2.1 1.00

450 65 700 0.8± 0.2 6.3± 1.1± 1.6 4 −0.8 17.3± 1.1 1.27

500 65 770 0.5± 0.2 3.2± 0.8± 0.8 4 +0.5 9.8± 0.6 1.43

550 65 800 0.4± 0.1 2.7± 0.8± 0.6 4 +0.7 6.1± 0.3 1.71

600 65 850 0.2± 0.1 1.8± 0.6± 0.4 3 +0.9 3.6± 0.2 1.85

650 65 850 0.2± 0.1 1.8± 0.6± 0.4 3 +0.9 2.2± 0.1 1.99

700 85 850 0.1± 0.1 1.1± 0.5± 0.3 2 +0.8 1.3± 0.1 2.02

750 85 850 0.1± 0.1 1.1± 0.5± 0.3 2 +0.8 0.8± 0.1 2.20

800 85 850 0.1± 0.1 1.1± 0.5± 0.3 2 +0.8 0.5± 0.1 2.80

Forward channel: |̃η| ≥ 0.9

200 35 410 4.2± 0.5 72± 4± 15 87 +1.1 — —

250 35 410 4.2± 0.5 72± 4± 15 87 +1.1 50± 11 0.11

300 50 470 1.8± 0.3 20.3± 2.2± 3.9 23 +0.5 33.4± 5.2 0.21

350 50 490 1.7± 0.3 18.2± 2.0± 3.5 19 +0.2 18.5± 2.5 0.29

400 65 680 0.7± 0.2 2.7± 0.7± 0.6 1 −0.9 6.1± 1.0 0.21

450 65 700 0.7± 0.2 2.3± 0.6± 0.4 1 −0.7 3.8± 0.5 0.28

500 65 770 0.5± 0.1 1.2± 0.4± 0.2 1 0.0 1.6± 0.2 0.24

550 65 800 0.4± 0.1 0.9± 0.4± 0.2 1 +0.3 1.2± 0.2 0.32

600 65 850 0.3± 0.1 0.6± 0.3± 0.1 1 +0.6 0.6± 0.1 0.29

650 65 850 0.3± 0.1 0.6± 0.3± 0.1 1 +0.6 0.3± 0.1 0.26

700 85 850 0.1± 0.1 0.4± 0.2± 0.1 0 −0.4 0.2± 0.1 0.28

750 85 850 0.1± 0.1 0.4± 0.2± 0.1 0 −0.4 0.1± 0.1 0.35

800 85 850 0.1± 0.1 0.4± 0.2± 0.1 0 −0.4 0.1± 0.1 0.36

Table 3. Category A search results in the signal region for several LQ3 mass hypotheses. The τ

lepton pT and ST columns represent the optimized thresholds defined in section 4.1. The corre-

sponding expected number of prompt-prompt and total background events, as well as the observed

number of data events are listed as NPP
Bkg, total NExp

Bkg , and NObs. The statistical and systematic

uncertainties quoted in the expected number of background events are combinations of misidentified

lepton and prompt-prompt components. The εLQ3
is the expected signal efficiency at a given LQ3

mass with respect to the total number of expected LQ3 signal events at
√
s = 8 TeV with a µτh

pair of any charge combination. No expected signal efficiency for MLQ3
= 200 GeV is reported in

the forward channel since the associated yield in the signal sample was measured to be zero.
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Process pτT < 60 GeV 60 < pτT < 120 GeV 120 < pτT < 200 GeV pτT > 200 GeV
εLQ3

(%)

OS SS

LQ3 (200 GeV) 21± 12+7
−2 0.0± 0.1± 0.0 0.0± 0.1± 0.1 0.0± 0.1± 0.1 0.01 0

LQ3 (250 GeV) 31.0± 8.2+6.6
−3.4 13.1± 5.5+1.1

−2.9 0.0± 0.1± 0.1 0.0± 0.1± 0.1 0.09 0.02

LQ3 (300 GeV) 33.1± 5.3+2.8
−3.8 24.6± 4.6+2.8

−2.1 7.6± 2.6+1.1
−1.7 3.9± 1.8+0.9

−0.3 0.35 0.08

LQ3 (350 GeV) 18.1± 2.6+1.8
−1.4 13.3± 2.2+1.0

−1.1 7.2± 1.6+0.8
−0.7 2.9± 0.9+0.5

−1.4 0.57 0.08

LQ3 (400 GeV) 13.9± 1.4+1.1
−2.6 13.4± 1.4+1.0

−1.1 7.8± 1.1+0.8
−0.6 4.1± 0.8+0.6

−0.8 1.30 0.12

LQ3 (450 GeV) 10.1± 0.9+0.8
−1.9 8.6± 0.8+0.8

−0.8 7.1± 0.7+0.5
−0.6 5.8± 0.6+0.7

−0.6 2.05 0.27

LQ3 (500 GeV) 5.2± 0.4+0.5
−0.9 6.0± 0.5± 0.5 5.3± 0.4+0.4

−0.5 4.4± 0.4+0.7
−0.5 2.75 0.27

LQ3 (550 GeV) 3.2± 0.3+0.3
−0.6 4.4± 0.3+0.4

−0.3 4.3± 0.3+0.5
−0.4 4.0± 0.3± 0.4 4.04 0.36

LQ3 (600 GeV) 2.0± 0.1+0.2
−0.5 2.7± 0.2± 0.2 2.7± 0.2± 0.2 3.5± 0.2± 0.4 5.11 0.43

LQ3 (650 GeV) 1.3± 0.1+0.1
−0.3 1.8± 0.1+0.1

−0.2 2.0± 0.1± 0.2 2.5± 0.1+0.3
−0.2 6.07 0.67

LQ3 (700 GeV) 0.7± 0.1± 0.1 1.1± 0.1± 0.1 1.1± 0.1± 0.1 1.6± 0.1+0.2
−0.1 6.66 0.57

LQ3 (750 GeV) 0.4± 0.1± 0.1 0.5± 0.1± 0.1 0.7± 0.1± 0.1 1.1± 0.1± 0.1 6.71 0.59

LQ3 (800 GeV) 0.2± 0.1± 0.1 0.4± 0.1± 0.1 0.5± 0.1± 0.1 0.8± 0.1± 0.1 7.77 0.61

tt+jets 29.9± 2.9+7.3
−7.2 8.8± 1.3+3.2

−3.4 1.7± 0.6+0.6
−0.6 0.4± 0.3+0.9

−0.4

W+jets 7.4± 1.7+5.1
−5.1 0.6± 0.5± 0.6 0.0± 0.1± 0.1 0.4± 0.4± 0.4

DY+jets 4.8± 0.7± 2.5 1.8± 0.4+1.1
−0.9 0.5± 0.2± 0.3 0.4± 0.2± 0.2

Other backgrounds 3.1± 0.9+1.8
−1.9 0.2± 0.1+0.8

−0.3 0.2± 0.1± 0.4 0.1± 0.1+0.1
−0.2

Total NExp
Bkg 45.2± 3.5+9.4

−9.3 11.5± 1.4+3.4
−3.6 2.5± 0.6± 0.8 1.2± 0.5+1.0

−0.6

NObs 44 15 1 0

Z-score −0.1 +0.7 +0.8 −1.0

Table 4. Category B search results for the four pτT search regions of the µτh channel. All expected

values for background and signal processes (LQ3 masses indicated in parentheses) are reported with

the corresponding statistical and systematic uncertainties. The expected signal efficiency εLQ3
at

a given LQ3 mass is determined with respect to the total number of expected LQ3 signal events

at
√
s = 8 TeV with a µτh pair of any charge combination, and εLQ3

is reported separately for

opposite-sign (OS) and same-sign (SS) µτh events.
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Process pτT < 60 GeV 60 < pτT < 120 GeV 120 < pτT < 200 GeV pτT > 200 GeV εLQ3

LQ3 (200 GeV) 32± 19+6
−4 0.1± 0.1± 0.1 0.0± 0.1± 0.1 0.0± 0.1± 0.1 0.02

LQ3 (250 GeV) 33.3± 8.7+8.2
−5.8 11.9± 5.3+2.6

−2.4 0.0± 0.1± 0.1 0.0± 0.1± 0.1 0.16

LQ3 (300 GeV) 31.9± 5.2+3.2
−9.1 27.7± 4.6+3.9

−4.4 4.2± 1.9+1.1
−0.3 2.7± 1.6+0.2

−0.3 0.70

LQ3 (350 GeV) 19.6± 2.6+2.7
−3.6 19.6± 2.5+2.0

−2.1 8.6± 1.7+1.4
−0.8 4.7± 1.3± 0.5 1.35

LQ3 (400 GeV) 12.7± 1.4+1.7
−2.6 14.6± 1.5+2.0

−1.4 8.1± 1.1+1.2
−1.3 4.8± 0.9+0.6

−0.4 2.22

LQ3 (450 GeV) 7.8± 0.7+1.3
−1.4 10.1± 0.9+0.9

−1.1 7.2± 0.7+1.0
−0.7 5.5± 0.6+0.6

−0.8 3.65

LQ3 (500 GeV) 4.8± 0.4+0.5
−1.2 7.3± 0.5+0.8

−0.9 5.5± 0.4± 0.6 5.2± 0.4+0.7
−0.6 5.34

LQ3 (550 GeV) 3.3± 0.2+0.4
−1.0 4.3± 0.3± 0.4 4.4± 0.3± 0.4 4.3± 0.3± 0.5 7.28

LQ3 (600 GeV) 1.9± 0.1+0.2
−0.6 2.9± 0.2± 0.3 3.2± 0.2± 0.3 3.6± 0.2± 0.4 9.61

LQ3 (650 GeV) 1.2± 0.1+0.1
−0.4 1.8± 0.1± 0.2 2.0± 0.1± 0.2 2.4± 0.1+0.3

−0.3 10.89

LQ3 (700 GeV) 0.7± 0.1+0.1
−0.2 1.1± 0.1± 0.1 1.5± 0.1± 0.1 1.9± 0.1± 0.2 13.11

LQ3 (750 GeV) 0.4± 0.1± 0.1 0.7± 0.1± 0.1 0.7± 0.1± 0.1 1.4± 0.1+0.1
−0.2 13.84

LQ3 (800 GeV) 0.2± 0.1± 0.1 0.4± 0.1± 0.1 0.5± 0.1± 0.1 0.9± 0.1± 0.1 14.82

tt+jets 27.7± 2.4± 7.7 7.5± 1.2+2.1
−2.8 0.9± 0.4± 0.3 0.1± 0.1+0.6

−0.1

W+jets 8.5± 1.8+5.3
−5.4 1.1± 0.6+0.6

−0.7 0.0± 0.1± 0.1 0.0± 0.1± 0.1

DY+jets 4.4± 0.7+2.3
−2.4 1.4± 0.4+0.8

−0.7 0.6± 0.2± 0.3 0.2± 0.1± 0.1

Other backgrounds 3.5± 1.0+2.5
−3.0 1.1± 0.5+0.7

−0.8 0.2± 0.1± 0.2 0.4± 0.3± 0.2

Total NExp
Bkg 44.1± 3.2+10.0

−10.1 11.0± 1.5+2.5
−3.1 1.6± 0.5± 0.5 0.7± 0.4+0.7

−0.3

NObs 53 5 4 1

Z-score +0.8 −1.2 +1.1 +0.1

Table 5. Category B search results for the four pτT search regions of the eτh channel. All expected

values for background and signal processes (LQ3 masses indicated in parentheses) are reported with

the corresponding statistical and systematic uncertainties. The expected signal efficiency εLQ3
at a

given LQ3 mass is determined with respect to the total number of expected LQ3 signal events at√
s = 8 TeV with an eτh pair of any charge combination.
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Figure 4. The ST, τ lepton pT, and jet multiplicity distributions in the signal region of category

A for central (left column) and forward (right column) channels, using the optimized selection for

MLQ3
= 200 GeV (all other optimized selection criteria yield events that are a subset of this selec-

tion). The rightmost bin of each distribution includes overflow and no statistically significant excess

is observed in the suppressed bins. The systematic uncertainty for each bin of these distributions

is determined independently. Shaded regions in the histograms represent the total statistical and

systematic uncertainty in the background expectation. The Z-score distribution is provided at the

bottom of each plot.
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Figure 5. The leading τ lepton pT, ST, and jet multiplicity distributions in the signal region

of category B for µτh (left column) and eτh (right column) channels. The rightmost bin of each

distribution includes overflow and no statistically significant excess is observed in the suppressed

bins. Shaded regions in the histograms represent the total statistical and systematic uncertainty in

the background expectation. The Z-score distribution is provided at the bottom of each plot. The

four regions of the τ lepton pT correspond to the four search regions.
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Figure 6. The expected and observed exclusion limits at 95% CL on the LQ3 pair production

cross section times β2 in category A (upper left), category B (upper right) and the combination of

the two categories (lower left). The theoretical uncertainty in the LQ pair production cross section

includes the PDF and renormalization/factorization scale uncertainties as prescribed in ref. [19].

The expected and observed limits on the LQ branching fraction β as a function of the LQ mass

(lower right). The total excluded region (shaded) is obtained by including the results in ref. [17],

reinterpreted for the LQ3 → bν scenario.

7 Summary

A search for pair produced, charge −1/3, third-generation scalar leptoquarks decaying to

top quark and τ lepton pairs has been conducted in the `τh channel with two or more jets,

using a proton-proton collisions data sample collected with the CMS detector at
√
s = 8 TeV

corresponding to an integrated luminosity of 19.7 fb−1. No statistically significant excess

is observed over the SM background expectations. Assuming that all leptoquarks decay to

a top quark and a τ lepton, the pair production of charge −1/3, third-generation scalar

leptoquarks is excluded at 95% CL for masses up to 685 GeV (695 GeV expected). This
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constitutes the first direct result for leptoquarks decaying in this channel, and the mass

limit is also directly applicable to pair produced bottom squarks decaying via the RPV

coupling λ′333.
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D. Rabady2, B. Rahbaran, H. Rohringer, J. Schieck1, R. Schöfbeck, J. Strauss, W. Treberer-
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Université Catholique de Louvain, Louvain-la-Neuve, Belgium

S. Basegmez, C. Beluffi3, O. Bondu, G. Bruno, R. Castello, A. Caudron, L. Ceard, G.G. Da

Silveira, C. Delaere, T. du Pree, D. Favart, L. Forthomme, A. Giammanco4, J. Hollar,

A. Jafari, P. Jez, M. Komm, V. Lemaitre, A. Mertens, C. Nuttens, L. Perrini, A. Pin,

K. Piotrzkowski, A. Popov5, L. Quertenmont, M. Selvaggi, M. Vidal Marono

Université de Mons, Mons, Belgium

N. Beliy, G.H. Hammad

Centro Brasileiro de Pesquisas Fisicas, Rio de Janeiro, Brazil
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Laboratório de Instrumentação e F́ısica Experimental de Part́ıculas, Lisboa,

Portugal

P. Bargassa, C. Beirão Da Cruz E Silva, A. Di Francesco, P. Faccioli, P.G. Ferreira Parracho,

M. Gallinaro, L. Lloret Iglesias, F. Nguyen, J. Rodrigues Antunes, J. Seixas, O. Toldaiev,

D. Vadruccio, J. Varela, P. Vischia

Joint Institute for Nuclear Research, Dubna, Russia

S. Afanasiev, P. Bunin, M. Gavrilenko, I. Golutvin, I. Gorbunov, A. Kamenev, V. Karjavin,

V. Konoplyanikov, A. Lanev, A. Malakhov, V. Matveev31, P. Moisenz, V. Palichik,

V. Perelygin, S. Shmatov, S. Shulha, N. Skatchkov, V. Smirnov, T. Toriashvili32, A. Zarubin

Petersburg Nuclear Physics Institute, Gatchina (St. Petersburg), Russia

V. Golovtsov, Y. Ivanov, V. Kim33, E. Kuznetsova, P. Levchenko, V. Murzin, V. Oreshkin,

I. Smirnov, V. Sulimov, L. Uvarov, S. Vavilov, A. Vorobyev

Institute for Nuclear Research, Moscow, Russia

Yu. Andreev, A. Dermenev, S. Gninenko, N. Golubev, A. Karneyeu, M. Kirsanov,

N. Krasnikov, A. Pashenkov, D. Tlisov, A. Toropin

Institute for Theoretical and Experimental Physics, Moscow, Russia

V. Epshteyn, V. Gavrilov, N. Lychkovskaya, V. Popov, I. Pozdnyakov, G. Safronov,

A. Spiridonov, E. Vlasov, A. Zhokin

P.N. Lebedev Physical Institute, Moscow, Russia

V. Andreev, M. Azarkin34, I. Dremin34, M. Kirakosyan, A. Leonidov34, G. Mesyats,

S.V. Rusakov, A. Vinogradov

Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University,

Moscow, Russia

A. Baskakov, A. Belyaev, E. Boos, M. Dubinin35, L. Dudko, A. Ershov, A. Gribushin,

V. Klyukhin, O. Kodolova, I. Lokhtin, I. Myagkov, S. Obraztsov, S. Petrushanko, V. Savrin,

A. Snigirev

– 34 –



J
H
E
P
0
7
(
2
0
1
5
)
0
4
2

State Research Center of Russian Federation, Institute for High Energy

Physics, Protvino, Russia

I. Azhgirey, I. Bayshev, S. Bitioukov, V. Kachanov, A. Kalinin, D. Konstantinov,

V. Krychkine, V. Petrov, R. Ryutin, A. Sobol, L. Tourtchanovitch, S. Troshin, N. Tyurin,

A. Uzunian, A. Volkov

University of Belgrade, Faculty of Physics and Vinca Institute of Nuclear

Sciences, Belgrade, Serbia

P. Adzic36, M. Ekmedzic, J. Milosevic, V. Rekovic

Centro de Investigaciones Energéticas Medioambientales y Tec-
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Campderros, M. Fernandez, G. Gomez, A. Graziano, A. Lopez Virto, J. Marco, R. Marco,

C. Martinez Rivero, F. Matorras, F.J. Munoz Sanchez, J. Piedra Gomez, T. Rodrigo,
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T. Medvedeva, M. Mooney, J. Olsen, P. Piroué, X. Quan, H. Saka, D. Stickland, C. Tully,

J.S. Werner, A. Zuranski

Purdue University, West Lafayette, U.S.A.

V.E. Barnes, D. Benedetti, D. Bortoletto, L. Gutay, M.K. Jha, M. Jones, K. Jung, M. Kress,

N. Leonardo, D.H. Miller, N. Neumeister, F. Primavera, B.C. Radburn-Smith, X. Shi,

I. Shipsey, D. Silvers, J. Sun, A. Svyatkovskiy, F. Wang, W. Xie, L. Xu, J. Zablocki

Purdue University Calumet, Hammond, U.S.A.

N. Parashar, J. Stupak

Rice University, Houston, U.S.A.

A. Adair, B. Akgun, Z. Chen, K.M. Ecklund, F.J.M. Geurts, W. Li, B. Michlin, M. Northup,

B.P. Padley, R. Redjimi, J. Roberts, J. Rorie, Z. Tu, J. Zabel

University of Rochester, Rochester, U.S.A.

B. Betchart, A. Bodek, P. de Barbaro, R. Demina, Y. Eshaq, T. Ferbel, M. Galanti,

A. Garcia-Bellido, P. Goldenzweig, J. Han, A. Harel, O. Hindrichs, A. Khukhunaishvili,

G. Petrillo, M. Verzetti, D. Vishnevskiy

The Rockefeller University, New York, U.S.A.

L. Demortier

Rutgers, The State University of New Jersey, Piscataway, U.S.A.

S. Arora, A. Barker, J.P. Chou, C. Contreras-Campana, E. Contreras-Campana, D. Dug-

gan, D. Ferencek, Y. Gershtein, R. Gray, E. Halkiadakis, D. Hidas, E. Hughes, S. Kaplan,

R. Kunnawalkam Elayavalli, A. Lath, S. Panwalkar, M. Park, S. Salur, S. Schnetzer,

D. Sheffield, S. Somalwar, R. Stone, S. Thomas, P. Thomassen, M. Walker

University of Tennessee, Knoxville, U.S.A.

M. Foerster, K. Rose, S. Spanier, A. York

Texas A&M University, College Station, U.S.A.

O. Bouhali61, A. Castaneda Hernandez, M. Dalchenko, M. De Mattia, A. Delgado,

S. Dildick, R. Eusebi, W. Flanagan, J. Gilmore, T. Kamon62, V. Krutelyov, R. Montalvo,

R. Mueller, I. Osipenkov, Y. Pakhotin, R. Patel, A. Perloff, J. Roe, A. Rose, A. Safonov,

I. Suarez, A. Tatarinov, K.A. Ulmer

Texas Tech University, Lubbock, U.S.A.

N. Akchurin, C. Cowden, J. Damgov, C. Dragoiu, P.R. Dudero, J. Faulkner, K. Kovitang-

goon, S. Kunori, K. Lamichhane, S.W. Lee, T. Libeiro, S. Undleeb, I. Volobouev

Vanderbilt University, Nashville, U.S.A.

E. Appelt, A.G. Delannoy, S. Greene, A. Gurrola, R. Janjam, W. Johns, C. Maguire,

Y. Mao, A. Melo, P. Sheldon, B. Snook, S. Tuo, J. Velkovska, Q. Xu

– 41 –



J
H
E
P
0
7
(
2
0
1
5
)
0
4
2

University of Virginia, Charlottesville, U.S.A.

M.W. Arenton, S. Boutle, B. Cox, B. Francis, J. Goodell, R. Hirosky, A. Ledovskoy, H. Li,

C. Lin, C. Neu, E. Wolfe, J. Wood, F. Xia

Wayne State University, Detroit, U.S.A.

C. Clarke, R. Harr, P.E. Karchin, C. Kottachchi Kankanamge Don, P. Lamichhane,

J. Sturdy

University of Wisconsin, Madison, U.S.A.

D.A. Belknap, D. Carlsmith, M. Cepeda, A. Christian, S. Dasu, L. Dodd, S. Duric, E. Friis,
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38: Also at Scuola Normale e Sezione dell’INFN, Pisa, Italy

39: Also at University of Athens, Athens, Greece

40: Also at Warsaw University of Technology, Institute of Electronic Systems, Warsaw, Poland

41: Also at Institute for Theoretical and Experimental Physics, Moscow, Russia

42: Also at Albert Einstein Center for Fundamental Physics, Bern, Switzerland

43: Also at Adiyaman University, Adiyaman, Turkey

44: Also at Mersin University, Mersin, Turkey

45: Also at Cag University, Mersin, Turkey

46: Also at Piri Reis University, Istanbul, Turkey

47: Also at Gaziosmanpasa University, Tokat, Turkey

48: Also at Ozyegin University, Istanbul, Turkey

49: Also at Izmir Institute of Technology, Izmir, Turkey

50: Also at Mimar Sinan University, Istanbul, Istanbul, Turkey

51: Also at Marmara University, Istanbul, Turkey

52: Also at Kafkas University, Kars, Turkey

53: Also at Yildiz Technical University, Istanbul, Turkey
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