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Abstract

Results are presented from a search for the pair production of third-generation scalar
and vector leptoquarks, as well as for top squarks in R-parity-violating supersym-
metric models. In either scenario, the new, heavy particle decays into a τ lepton and
a b quark. The search is based on a data sample of pp collisions at

√
s = 7 TeV, which

is collected by the CMS detector at the LHC and corresponds to an integrated lumi-
nosity of 4.8 fb−1. The number of observed events is found to be in agreement with
the standard model prediction, and exclusion limits on mass parameters are obtained
at the 95% confidence level. Vector leptoquarks with masses below 760 GeV are ex-
cluded and, if the branching fraction of the scalar leptoquark decay to τ lepton and
b quark is assumed to be unity, third-generation scalar leptoquarks with masses be-
low 525 GeV are ruled out. Top squarks with masses below 453 GeV are excluded for
a typical benchmark scenario, and limits on the coupling between the top squark, τ
lepton, and b quark, λ′333 are obtained. These results are the most stringent for these
scenarios to date.
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Many extensions [1–6] of the standard model (SM) predict new scalar or vector bosons, called
leptoquarks, which carry nonzero lepton and baryon numbers, as well as color and fractional
electric charge. Such particles are motivated by a unified description of quarks and leptons. The
combination of both baryon and lepton numbers implies that leptoquarks can mediate quark-
lepton transitions, and leptoquarks decay into a quark and a lepton (with model-dependent
branching fractions). For leptoquark masses that are within reach of current collider experi-
ments, limits on flavor-changing neutral currents, i.e. processes that change quark flavor but
not electric charge, along with limits on other rare processes [7], favor leptoquarks that couple
to quarks and leptons within the same SM generation.

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. The results are interpreted in the context
of models with either scalar leptoquarks (LQ) or vector leptoquarks (VLQ).

Supersymmetry (SUSY) is an attractive extension of the SM because it can resolve the hier-
archy problem [8] without unnatural fine-tuning, if the mass of the supersymmetric partner
of the top quark (top squark, or stop) is not too large [9]. In this scenario, the large mixing
angle between the left-chiral and right-chiral stops (̃tL and t̃R), which arises from the large
top Yukawa coupling to the Higgs boson, can produce two mass eigenstates, t̃1 and t̃2, with a
large mass splitting. Thus, Mt̃1

can be substantially smaller than the masses of the other scalar
SUSY particles. This light-stop scenario can be realized in both R-parity-conserving (RPC) and
R-parity-violating (RPV) SUSY models, where R-parity is a new, multiplicatively conserved
quantum number [10] that distinguishes SM and SUSY particles. Most previous searches for
the light stop have been performed in the context of RPC models, in which the presence of two
undetected particles (the lightest supersymmetric particles) generates a signature with large
missing transverse momentum. If R-parity is violated, however, supersymmetric particles can
decay into final states containing the standard model particles only. These signatures are not
considered in most searches [11, 12].

At the LHC, a t̃1̃t1 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 similar to 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%. Trilinear RPV operators allow
the lepton-number-violating decay t̃L → τb [10] with a coupling λ′333, resulting in the same
final state as for third-generation LQ decay, with similar kinematics.

In this Letter, a search is presented for pair production of third-generation leptoquarks or stops
each decaying to a τ lepton and a b quark, using pp collision data at

√
s = 7 TeV. The data

sample has been recorded by the CMS detector and corresponds to an integrated luminosity
of 4.8 fb−1. One of the τ leptons in the final state is required to decay leptonically, τ → `ν`ντ,
where ` can be either a muon or an electron, referred to as the light lepton below. The other
τ lepton is required to decay to hadrons (τh), τ → hadrons + ντ. These requirements result in
two possible final states referred to as eτhbb and µτhbb. The experimental signature is charac-
terized by an energetic electron or muon, a τh, and two jets produced by the hadronization of b
quarks (b jets). For the pair production of leptoquarks or stops, the scalar sum of the transverse
momenta (pT) of the decay products, ST ≡ pτh

T + p`T + pb1
T + pb2

T , is expected to be large, as is
the invariant mass of each system containing a b jet and a τ lepton originating from the same
heavy particle.

No evidence for third-generation LQ or stops has been found in previous searches, using a
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final state with τh, light lepton, and two b jets. The most stringent lower limits on LQ and
stop masses are 210 GeV [13] and 153 GeV [14], respectively. A search performed by the CMS
Collaboration has excluded the existence of a third-generation LQ with an electric charge of
±1/3 and mass below 450 GeV, assuming 100% branching fraction to a b quark and a ντ [15].
Indirect bounds [16] exclude the region λ′333 > 0.26 for Mt̃1

∼ 100 GeV.

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal di-
ameter, providing a field of 3.8 T. A silicon pixel and strip tracker, which allows the recon-
struction of the trajectories of charged particles within the pseudorapidity range |η| < 2.5,
where η = − ln[tan(θ/2)] and θ is the polar angle with respect to the counterclockwise proton
beam, are the innermost parts of the CMS detector. The tracker is surrounded by a calorime-
try system, consisting of a lead-tungstate crystal electromagnetic calorimeter (ECAL) and a
brass/scintillator hadron calorimeter, which measures particle energy depositions for |η| < 3.
The tracker and ECAL are placed within the superconducting solenoid. Muons are identified
in gas-ionization detectors embedded in the steel flux return yoke of the magnet. Collision
events are selected using a two-tiered trigger system. A more detailed description of the CMS
detector can be found in Ref. [17].

Events are collected using triggers requiring the presence of an electron or a muon and a τh with
transverse momentum thresholds ranging between 12–20 GeV and 15–20 GeV, respectively, de-
pending on the data-taking period. Electrons are reconstructed using the tracker and fully
instrumented barrel (|η| < 1.44)) or endcap (1.57 < |η| < 2.1) regions of the ECAL. Selected
electrons are required to have transverse momenta pT > 30 GeV, an electromagnetic shower
shape consistent with that of an electron, and an ECAL energy deposition that is compatible
with the track reconstructed in the tracker. Muons are required to be reconstructed by both the
tracker and the muon spectrometer. Candidates are required to have |η| < 2.1 and pT > 30 GeV.
A particle-flow (PF) technique [18] is used for the reconstruction of τh candidates. Information
from all subdetectors is combined to reconstruct and identify final-state particles (PF candi-
dates) produced in the collision. The PF candidates are used with the hadron-plus-strips algo-
rithm [19] to reconstruct hadronic decays of τ leptons with one or three charged pions and up
to two neutral pions. The reconstructed τh is required to have pT > 50 GeV and |η| < 2.3. The
light lepton and τh are required to have opposite electric charge. To reduce background from
additional proton-proton interactions in the same beam crossing (pileup), the light lepton and
τh are required to originate from the same vertex. The criteria for association to the vertex are
optimized to take into account the finite lifetime of the τ lepton and are efficient for selecting an
electron or muon from its decay. Selected electrons, muons, and τh are required to be isolated
from other PF candidates and to be separated by ∆R ≡

√
(∆φ)2 + (∆η)2 > 0.5 for both the

eτhbb and µτhbb channels. Here, ∆φ is an azimuthal and ∆η is a pseudorapidity separation
between the light lepton and τh.

Jets are reconstructed using PF candidates with the anti-kT algorithm [20] with a distance pa-
rameter of 0.5. An average contribution of pileup interactions is estimated and subsequently
subtracted from the jet energy [21]. Selected jets are required to be within |η| < 2.4 and have
pT > 30 GeV. Additionally, these jets must be separated from the selected light lepton and τh
by ∆R > 0.5. The selected events are required to have at least two jets identified as originating
from b quark hadronization (b-tagged) using a displaced track counting algorithm, based on
track impact parameter significance [22].

To discriminate between signal and background, the invariant mass of the τh and b jet (Mτh,b)
is required to be greater than 170 GeV. Of the two possible pairings of the τh and b jets, the one
for which the invariant mass is closest to the invariant mass of the light lepton and the other
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b jet is chosen as an observable. After the final selection, the ST distribution is used to search
for an excess above the SM expectation.

The dominant sources of `τhbb events from SM processes are the production of a W or Z boson
associated with jets, where a jet is misidentified as a τh, and tt pair production. There is also a
small contributions from Z bosons decaying to a pair of τ leptons, or to a pair of electrons or
muons, where one of the electrons or muons is misidentified as the τh, and from single-top and
diboson production processes.

The LQ signal is generated using the PYTHIA (v6.420) [23] generator for a range of leptoquark
masses MLQ spanning 150 to 800 GeV. The MADGRAPH generator [24] interfaced with PYTHIA

for hadronization and showering is used to model the dominant tt and W+jets backgrounds.
These generators are also used to model the less significant Drell–Yan process Z/γ∗+jets. The
single top production is modeled with the POWHEG [25] generator, and diboson processes are
modeled with PYTHIA v6.4. All generated samples are interfaced with TAUOLA [26] for τ decay,
passed through a full detector simulation based on GEANT4 [27] and the complete reconstruc-
tion chain used for data analysis. The VLQ and stop pair production processes are modeled
using the CALCHEP [28, 29] and PROSPINO [30] generators in order to compare the kinemat-
ics of their decay products with those from scalar LQ. The most precise available cross section
calculations, either next-to-leading order (NLO) or next-to-NLO, are used to normalize the sig-
nal [31] and background processes [32, 33].

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 found from data in dif-
ferent data-taking periods, and used where necessary to correct the event selection efficiency
estimates from the simulation. The trigger efficiency for signal events with a LQ mass hy-
pothesis of 550 GeV is close to 90% for both channels. The efficiency of the final selection is
(8.4 ± 0.2 (stat.) ± 0.6 (syst.))% and (13.3 ± 0.3 (stat.) ± 0.9 (syst.))% for the eτhbb and µτhbb
channels, respectively.

The tt background is estimated using simulation. The normalization and several kinematic
distributions of the tt background are validated using events rejected by the Mτh,b > 170 GeV
criterion. Both the yield and the ST distribution in this control region agree well with the data
observation.

The number of W or Z background events containing a jet misidentified as a τh is estimated
from data. The probability of misidentification is measured using events with a W boson pro-
duced in association with one jet passing τh selection criteria except the isolation requirement.
The decay to electron or muon of the W boson is used. In the selected sample, the lepton is
required to be well identified. The transverse mass MT = (2p`TET/ (1− cos(∆φ)))1/2 is required
to be greater than 50 GeV. Here, p`T and ET/ are the transverse momentum of the lepton, and the
imbalance of the transverse energy in the event, respectively, and ∆φ is the azimuthal angle be-
tween the lepton and the ET/ direction. To reduce the contribution from tt events, the candidate
τh and the lepton are required to have the same electric charge. The probability to satisfy the
final τh selection criteria is found to be independent of the transverse momentum and pseudo-
rapidity of the candidate τh, and is f = (2.44± 0.53)%. The number of background events is
given by Nbkg = NWτh

× f /(1− f ), where NWτh
is the number of events in the control sample

with well identified lepton, two b jets, and a τ candidate that passes the τh identification criteria
but fails the isolation requirement and has opposite electric charge to that of the lepton. The
contribution from tt background in this sample is subtracted. The ST distribution for this back-
ground is determined from the Monte Carlo (MC) simulation. Because of statistical limitations
on the MC samples, events with a lepton, a τh candidate, and two jets are used, and the jet pT
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spectrum is reweighted to match that expected from b jets.

The small background processes, such as Z → ττ and dibosons decaying into genuine τh or
Z→ ee and Z→ µµ, with a light lepton misidentified as a τh, are estimated using the simulated
data.

The estimations of the background and the signal efficiency are affected by systematic uncer-
tainties. The uncertainty in the total integrated luminosity is 2.2% [34]. The uncertainty in the
trigger and lepton efficiencies is 1–3%. The uncertainty assigned to the τh identification effi-
ciency is 6%, while the uncertainty in the b-tagging efficiency and mistagging probability are
4% and 10%, respectively. Systematic uncertainties of 17% and 13% are assigned to the nor-
malization of the tt background in the eτhbb and the µτhbb channels, respectively, based on
the statistical uncertainties of the control sample and the uncertainties in the MC prediction, to
which it is compared. The uncertainty in the cross section measurements for diboson produc-
tion [35] is 30%, leading to a normalization uncertainty in the corresponding background rate.
Owing to the statistical limitation on Z → ττ/`` simulation, the uncertainty in these back-
grounds is 70% and 30% for the eτhbb and µτhbb, respectively. A 40% systematic uncertainty
is assigned to the modeling of Z production in association with two b jets [36]. A 4% uncer-
tainty, 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 simulations is
estimated to be 3%. Jet energy scale (2–4% depending on pseudorapidity and transverse mo-
mentum) as well as energy scale (3%) and resolution (10%) uncertainties for τh which affect
both the ST distribution and the expected yields from the signal and background processes are
taken into account.

Uncertainties due to the choice of parton distribution functions (PDF) of the proton lead to
changes in the total cross section and the acceptance for both signal and background processes.
PDF uncertainties in the theoretical cross section and on the final-state acceptance are calcu-
lated using the PDF4LHC [37] prescription, and are found to vary between 10–30% and 1–3%,
respectively.

The number of observed events and the expected signal and background yields after the final
selection are listed in Table 1. Data are in good agreement with the SM background prediction.
The ST distribution of selected events in data and MC simulation is shown in Fig. 1. As the
distribution of ST predicted for the SM background is in good agreement with the distribution
obtained in data, a limit is set on the product of the cross section for pair production of third-
generation LQ and the square of the branching fraction for the decay to τ lepton and b quark.
The modified frequentist construction CLs [38] is used for limit calculation. A maximum like-
lihood fit is performed to the ST spectrum simultaneously for both eτhbb and µτhbb channels,
taking into account correlations between the systematic uncertainties. The limits as a function
of the LQ mass are shown in Fig. 2. Assuming B(LQ → τb) = 1, we exclude LQ with masses
below 525 GeV at 95% Confidence Level (CL), in good agreement with the expected limit at
543 GeV. The difference between acceptance and selection efficiency for LQ and VLQ is less
than a few percent [39]. Thus, the same observed limit can be used to extract the limit on a top
SU(5) VLQ predicted by the model of Ref. [2]. Such vector leptoquarks with masses 760 GeV
are excluded at 95% CL, in agreement with the expected limit of 762 GeV.

These results are interpreted as a limit on stop pair production with RPV decay. Assuming
B(̃t1 → τb) = 1, stop masses below 525 GeV are excluded. A limit is also extracted for a
benchmark scenario, where the branching ratio B(̃t1 → τb) decreases as stop mass increases
as R-parity-conserving decays open up. The MSSM parameters used in a benchmark scenario
are heavy SU(2) gaugino M2 = 250 GeV, heavy Higgsino mixing parameter µ = 380 GeV,
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Table 1: Estimated signal (LQ) and background yields and observed events in data after the
final selection. The first value in the uncertainty on the yield is the statistical contribution and
the second value is the systematic contribution. The PDF uncertainties are not included.

µ + τhbb channel e + τhbb channel
tt 38.1± 3.4± 5.7 10.9± 1.8± 2.0
W+jets/Z+jets 11.6± 0.1± 3.6 8.4± 0.1± 2.6
Z(ττ/ll) 5.0± 1.6± 2.1 2.1± 1.5± 0.9
Diboson 0.5± 0.1± 0.2 0.3± 0.1± 0.1
Total background 55.2± 3.8± 7.5 21.8± 2.3± 3.6

Data 46 25

Signal (450GeV) 13.2± 0.3± 0.9 8.4± 0.2± 0.6
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Figure 1: The measured ST distribution (points) compared to the stacked distribution of the SM
backgrounds (shaded region) and a simulated MLQ = 450 GeV LQ signal (solid line) after the
final selection (color online).

tanβ = 40, where β is the ratio of the Higgs vacuum expectation values, stop mixing angle
θ = 0, and λ′333 = 1. The limit on σB(̃t1 → τb)2 as a function of stop mass is shown in Fig. 2.
Using this benchmark, the R-parity-violating stop is excluded for masses below 453 GeV in
agreement with an the expected exclusion mass of 474 GeV. Using the same parameter set, but
two M2 values (250 GeV and 1 TeV), limits are set on RPV coupling λ′333 as a function of stop
mass. The results are shown in Fig 2. Top squarks with mass below 240 GeV (340 GeV) are
excluded for M2 = 250 GeV (M2 = 1 TeV) for all values of λ′333 > O(10−7), corresponding to a
decay length of about 0.5 mm. Stops with very small values of λ′333 have been excluded by a
different CMS analysis [40].

In summary, a search for pair production of third-generation scalar and vector leptoquarks and
top squarks decaying in a RPV scenario has been presented. The search is performed in the
final state including an electron or a muon, a hadronically decaying τ lepton and two b jets. No
excess above the SM background prediction is observed at high ST. Assuming a 100% branch-
ing fraction to a τ lepton and a b quark, the existence of the scalar leptoquarks with masses
below 525 GeV is excluded at 95% CL. The existence of SU(5) vector leptoquarks with masses
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Figure 2: Left: the expected and observed upper limit at 95% CL on the LQ (̃t1, VLQ) pair
production cross section times B(LQ/̃t1/VLQ → τb) as a function of the LQ (̃t1, VLQ) mass.
The ±1 σ and ±2 σ uncertainties on the expected limit are also shown as green (inner) and
yellow (outer) bands around the expected limit. The blue (solid) curve, magenta (dashed)
curve, and red (dotted) curve and the matching shaded bands represent the theoretical LQ,
t̃1, and VLQ pair production cross section and the uncertainties due to the choice of PDF and
renormalization and factorization scales, respectively. Right: the expected and observed 95%
CL limit on the RPV coupling λ′333 for M2 = 250 GeV and M2 = 1 TeV (color online).

below 760 GeV is also excluded at 95% CL. Limits are also set on top squark pair production
with RPV decay. The limits are obtained on λ′333 as a function of stop mass, and stops with
masses below 453 GeV are excluded for a benchmark scenario with λ′333 = 1. These limits are
the most stringent to date, and the limits on λ′333 are the first direct limits that significantly
improve previous indirect bounds.
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Université de Lyon, Université Claude Bernard Lyon 1, CNRS-IN2P3, Institut de Physique
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Paul Scherrer Institut, Villigen, Switzerland
W. Bertl, K. Deiters, W. Erdmann, K. Gabathuler, R. Horisberger, Q. Ingram, H.C. Kaestli,
S. König, D. Kotlinski, U. Langenegger, F. Meier, D. Renker, T. Rohe, J. Sibille34

Institute for Particle Physics, ETH Zurich, Zurich, Switzerland
L. Bäni, P. Bortignon, M.A. Buchmann, B. Casal, N. Chanon, A. Deisher, G. Dissertori,
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A. Raval, B. Safdi, H. Saka, D. Stickland, C. Tully, J.S. Werner, A. Zuranski

University of Puerto Rico, Mayaguez, USA
E. Brownson, A. Lopez, H. Mendez, J.E. Ramirez Vargas

Purdue University, West Lafayette, USA
E. Alagoz, V.E. Barnes, D. Benedetti, G. Bolla, D. Bortoletto, M. De Mattia, A. Everett, Z. Hu,
M. Jones, O. Koybasi, M. Kress, A.T. Laasanen, N. Leonardo, V. Maroussov, P. Merkel,
D.H. Miller, N. Neumeister, I. Shipsey, D. Silvers, A. Svyatkovskiy, M. Vidal Marono, H.D. Yoo,
J. Zablocki, Y. Zheng



23

Purdue University Calumet, Hammond, USA
S. Guragain, N. Parashar

Rice University, Houston, USA
A. Adair, C. Boulahouache, K.M. Ecklund, F.J.M. Geurts, W. Li, B.P. Padley, R. Redjimi,
J. Roberts, J. Zabel

University of Rochester, Rochester, USA
B. Betchart, A. Bodek, Y.S. Chung, R. Covarelli, P. de Barbaro, R. Demina, Y. Eshaq, T. Ferbel,
A. Garcia-Bellido, P. Goldenzweig, J. Han, A. Harel, D.C. Miner, D. Vishnevskiy, M. Zielinski

The Rockefeller University, New York, USA
A. Bhatti, R. Ciesielski, L. Demortier, K. Goulianos, G. Lungu, S. Malik, C. Mesropian

Rutgers, The State University of New Jersey, Piscataway, USA
S. Arora, A. Barker, J.P. Chou, C. Contreras-Campana, E. Contreras-Campana, D. Duggan,
D. Ferencek, Y. Gershtein, R. Gray, E. Halkiadakis, D. Hidas, A. Lath, S. Panwalkar, M. Park,
R. Patel, V. Rekovic, J. Robles, K. Rose, S. Salur, S. Schnetzer, C. Seitz, S. Somalwar, R. Stone,
S. Thomas

University of Tennessee, Knoxville, USA
G. Cerizza, M. Hollingsworth, S. Spanier, Z.C. Yang, A. York

Texas A&M University, College Station, USA
R. Eusebi, W. Flanagan, J. Gilmore, T. Kamon56, V. Khotilovich, R. Montalvo, I. Osipenkov,
Y. Pakhotin, A. Perloff, J. Roe, A. Safonov, T. Sakuma, S. Sengupta, I. Suarez, A. Tatarinov,
D. Toback

Texas Tech University, Lubbock, USA
N. Akchurin, J. Damgov, C. Dragoiu, P.R. Dudero, C. Jeong, K. Kovitanggoon, S.W. Lee,
T. Libeiro, Y. Roh, I. Volobouev

Vanderbilt University, Nashville, USA
E. Appelt, A.G. Delannoy, C. Florez, S. Greene, A. Gurrola, W. Johns, C. Johnston, P. Kurt,
C. Maguire, A. Melo, M. Sharma, P. Sheldon, B. Snook, S. Tuo, J. Velkovska

University of Virginia, Charlottesville, USA
M.W. Arenton, M. Balazs, S. Boutle, B. Cox, B. Francis, J. Goodell, R. Hirosky, A. Ledovskoy,
C. Lin, C. Neu, J. Wood, R. Yohay

Wayne State University, Detroit, USA
S. Gollapinni, R. Harr, P.E. Karchin, C. Kottachchi Kankanamge Don, P. Lamichhane,
A. Sakharov

University of Wisconsin, Madison, USA
M. Anderson, D. Belknap, L. Borrello, D. Carlsmith, M. Cepeda, S. Dasu, E. Friis, L. Gray,
K.S. Grogg, M. Grothe, R. Hall-Wilton, M. Herndon, A. Hervé, P. Klabbers, J. Klukas, A. Lanaro,
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13: Also at Université de Haute Alsace, Mulhouse, France
14: Now at Joint Institute for Nuclear Research, Dubna, Russia
15: Also at Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University,
Moscow, Russia
16: Also at Brandenburg University of Technology, Cottbus, Germany
17: Also at Institute of Nuclear Research ATOMKI, Debrecen, Hungary
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24: Also at Facoltà Ingegneria, Università di Roma, Roma, Italy
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