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Abstract

A search for third generation leptoquarks and stops using events from a data sample
of pp collisions corresponding to an integrated luminosity of 4.8 fb™?, collected by
the CMS detector at the LHC with /s = 7 TeV is presented. The number of observed
events containing two taus and two b jets is found to be in agreement with the stan-
dard model prediction. A 95% CL limit is set on the scalar (vector) leptoquark pair
production cross section times %, where  is the branching fraction of leptoquark to
a tau and a b quark. The third generation leptoquarks with masses below 525 GeV
(for B = 1) and SU(5) vector leptoquarks with masses below 760 GeV are excluded at
95% CL. Limits are also set on the cross section for pair production of the supersym-
metric partner of the top quark (stop) in R-parity violating supersymmetric scenario.
Stops with masses below 453 GeV are excluded at 95% CL for a typical benchmark
scenario, assuming coupling between stop, tau, and b quark, A};; = 1. Both of these
results represent the most stringent mass limits on these particles to date. The strin-
gent limits on A},, are also set excluding coupling values not ruled out by indirect
bounds.
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1 Introduction

Many extensions of the standard model (SM), such as SU(5) grand unification [1, 2], Pati-Salam
SU(4) [3], composite models [4, 5], superstrings [6], and technicolor [7-9] predict new bosons,
called leptoquarks (LQ), that carry color and both lepton and baryon quantum numbers. Lep-
toquarks decay to a quark and a lepton with a branching fraction () to a quark and a charged
lepton that is model dependent. Stringent limits on flavor-changing neutral currents and other
rare processes favour leptoquarks that couple to quarks and leptons within the same SM gen-
eration for LQ masses accessible to current colliders [5, 10].

The dominant pair production mechanisms for leptoquarks at energies and masses accessible
at the Large Hadron Collider (LHC) for current integrated luminosities are gluon-gluon fusion
and quark-antiquark annihilation. The cross section for these processes has been calculated to
next-to-leading-order (NLO) in &, [11], and is independent of the coupling between the lepto-
quark, the lepton, and the quark (1), depending only on its mass and spin. Results obtained
are interpreted in both scalar and vector leptoquark context.

Supersymmetry (SUSY) is an attractive extension of the SM because it can resolve the hierarchy
problem [12] without unnatural fine-tuning, if the mass of the supersymmetric partner of the
top quark (stop) is not too large [13, 14]. Supersymmetric models can also have a new con-
served quantum number, R-parity (R,) [15], that distinguishes SM and SUSY particles. If R, is
violated, supersymmetric particles can decay to final states containing standard model particles
only. Searches for supersymmetry that assume the supersymmetric partners of the quarks have
degenerate masses and conservation of R parity have been so far unsuccessful [16, 17]. How-
ever, the large mixing angle (6) between the left-chiral and right-chiral stops (t.. and tg) due to
the large top Yukawa coupling can produce two mass eigenstates, t; and tp, with M; < M,
M, can be smaller than the masses of the other scalar SUSY particles. Such a scenario, with a
light stop and R-parity violation, would still allieviate the hierarchy problem of SM and is not
excluded by current searches.

At the LHC, a stop and an anti-stop pair can be produced via strong interactions. When the
mass of the supersymmetric partner of the gluon and quarks, excluding top quark are large,
the stop anti-stop pair production cross section is the same as for third generation scalar lep-
toquarks. The cross section also depends on the first generation squark mass and the stop
mixing angle due to the loop-corrections, but contribution from these processes is less than
two percent. Trilinear R-parity violating operators allow the lepton-number-violating decay
t. — 7b [15] with a coupling A}, resulting in the same signature as one considered for third
generation leptoquarks, with similar kinematics.

In this note, a search for a pair-production of third generation leptoquarks or stops decaying
to two taus and two b jets using pp collision data collected by the CMS experiment equivalent
to 4.8 fb~! of integrated luminosity is presented. One of the taus in the final state is required
to decay leptonically: T — fv v, where ¢ can be either a muon or an electron. The other tau
() is required to decay to hadrons: T — hadrons v;. This requirement results in two inde-
pendent final states referred to as et,bb and ut,bb, respectively. The experimental signature
is characterized by an energetic electron or muon, a 7,, and two jets produced by the hadron-
ization of b quarks (b jets). The scalar sum of the transverse momenta of the decay products,
St = pp +ph+ pl%l + p?, is expected to be large for pair production of LQs or stops, and
the tau and the bjet that originated from the same heavy particle are expected to have a large
invariant mass.

Previous searches for leptoquarks were carried out at pp, pp, eTe~, and ep colliders [18-23].



2 3 Trigger and event selection

The most stringent lower limit to date on the mass of a third generation leptoquarks in the final
state with tau, lepton, and two b]ets assuming B = 1, is 210 GeV from the D0 experiment [19].
The most recent constraints on t;t; production in the final state with tau, lepton and two b jets

come from the CDF experiment, using 322 pb~! of data. A 95% CL upper limit of 153 GeV
was placed on the t; mass [24]. The indirect bounds exclude couplings between stop, tau and
b quark, stronger than 0.26 [25] for ME ~ 100 GeV.

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid, of 6 m internal diame-
ter, providing a field of 3.8 T. Within the field volume are a silicon pixel and strip tracker, which
allows the reconstruction of the trajectories of charged particles within the pseudorapidity
range |77| < 2.5, where § = —Intan(6/2) and 6 is the polar angle, and calorimetry system con-
sisting of a lead tungstate crystal electromagnetic calorimeter (ECAL) and a brass/scintillator
hadron calorimeter (HCAL), which measures particle energy depositions for || < 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 [26]. A
more detailed description of CMS detector can be found in Ref. [27].

3 Trigger and event selection

Candidate LQ or stop events were collected using a set of triggers requiring the presence of
two objects, a T, and an electron or a muon with transverse momentum thresholds ranging
between 12-20 GeV depending on the data-taking period.

Electrons are reconstructed within the geometrical acceptance || < 2.1 using information from
the ECAL and the tracker. Selected electrons are required to have transverse momenta pr >
30 Gev, an electromagntic 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 > 30 GeV. A particle-flow (PF) technique [28-30] 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, and photons. These particles are used with the hadron plus strip (HPS) algorithm [31]
to identify 7,s. 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 > 50 GeV and |y| < 2.3.
Selected electrons, muons, and taus are required to be isolated from other reconstructed particle
activities. The identified electron (muon) and 1, are required to originate from the same vertex
and be separated spatially by AR = \/A¢? + Ay? > 0.5. The lepton and the T, are also required
to have opposite electric charge.

Jets are reconstructed with the anti-k; algorithm with a distance parameter R = 0.5 [32, 33]
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 correct-
ing the jet momentum to better reflect the true total momentum of the particles in the jet [34].
Selected jets are required to be within || < 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 selected events are required
to have at least two jets identified as originating from b-quark hadronization (b-tagged) using



the track counting algorithm, based on the track impact parameter significance [35]. The pr
distribution of bjets is shown in Fig. 1.
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Figure 1: pr distribution of the leading b-tagged jet (left) and second leading b-tagged jet (right)
for data (black dots) and stacked SM backgrounds (color) and 450 GeV LQ signal (black line).

To discriminate between signal and background, the mass of the 7, and b jet, (M, 1,), is required
to be greater than 170 GeV (190 GeV) for signal hypotheses with masses up to 450 GeV (greater
than 450 GeV). Of the two possible pairings of the tau and b jet (M, 1, and M, ,), the one for
which the the invariant mass is closest to the invariant mass of the lepton and the other b jet is
chosen as an observable. Other possible pairings were found to have similar sensitivity. The
St distribution after the final selection is used to extract the limit.

4 Event samples

The dominant sources of /7,bb events from SM processes is pair production of top quarks and
associated production of a W or Z boson with jets, where the jet is misidentified as a 7,. There
is also a small contribution from Z bosons decaying to a pair of taus, or to pairs of electrons or
muons, when one of the electrons or muons is misidentified as the 7,, and from single top, and
diboson processes.

The signal is modeled using the PYTHIA v6.4 [36] generator for a range of leptoquark masses
M| g spanning 200 to 650 GeV. We use the MADGRAPH generator [37] interfaced with TAUOLA [38]
for tau lepton decay, and PYTHIA v6.4 for hadronization and showering, to model the domi-
nant tt and W+jets backgrounds. These generators are also used to model the less significant
Drell-Yan process Z/v* — £{. The single top production is modeled with the POWHEG [39]
generator interfaced with PYTHIA v6.4, and diboson processes are modeled with PYTHIA v6.4.
All generated samples are passed through a full detector simulation based on GEANT4 [40] and
the complete reconstruction chain used for the analysis of collision data. The NLO [11] and the
next-to-next-to-leading order cross sections are used to normalize the signal and background
processes [41-43], respectively.

Efficiencies of the trigger and final selection criteria for signal process are estimated from the
simulation and corrected to match that observed in data during different data-taking periods.
The trigger efficiency for signal events with a LQ mass hypothesis 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% =4 0.3%(stat.) & 0.9%(syst.) for eTy,bb and u1;,bb channels, respectively.

The top background is estimated using the simulated data. The normalization and several kine-
matic distributions of the top background are validated using events rejected by the M, , >
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170 GeV criterium. Both the yield from the simulation and the distribution of St agree well
with the data observation (Fig. 2). Systematic uncertainties of 17% and 13% are assigned to the
normalization of the tt background in et;,bb and yT,bb channels, respectively, based on the sta-
tistical uncertainties of the control sample and the uncertainties assigned to the MC prediction
(Sec. 5) to which it is compared.
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Figure 2: Stacked St distribution of the sample of events rejected by the M ;, > 170 GeV
selection. This control region is dominated by the top processes and is used to validate the
level of the top background.

The number of background events containing a jet misidentified as a T, is estimated from data.
The probability of misidentification is measured using events with a W boson produced in
association with one jet passing loose T, identification that does not include the isolation re-
quirement. The leptonic decay of the W boson is used. In the selected sample, the lepton is
required to be well identified, and the transverse mass of the lepton and missing transverse
energy, defined as

Mr = \/2p{E1(1 — cos(Ap)), )

is required to be greater than 50 GeV. Here, p} and Et are transverse momentum of the lep-
ton and imbalance of the transverse energy in the event, respectively, and A¢ is the azimuthal
angle between the lepton and the Et direction. To reduce the contribution from tt events,
the candidate 7, and the lepton are required to have the same electric charge. The measured
misidentification probability to pass the full 1, requirements is independent of the transverse
momentum and pseudorapidity of the candidate 7,, and is fr = 2.44% =+ 0.53%. The number
of background events is obtained using this misidentification probability and the number of
events in a sample requiring a lepton, two bjets, and an additional jet passing the loose 7, iden-
tification requirement but failing the isolation requirement. The lepton is required to satisfy the
identification criteria used in the signal selection and the 7, is required to have opposite electric
charge to the lepton. The number of background events is calculated using the formula:

»
1—fr

The St distribution for this background is determined using the simulated data. Because of
statistical limitations on the existing MC samples, events with a lepton, a 7,, and two jets were
used, and the jet pr spectrum is reweighted to match that expected from b jets. The difference

kag = Nanti—iso (2)



in pr spectra was obtained by comparing MC samples requiring only one jet and also by com-
paring samples with the lepton and 7, required to have pr below the values used to select the
signal region.

The small backgrounds, Z— t1 and diboson processes decaying to real T, are estimated using
the simulated data, as are the contributions from Z — ee, and Z — upu processes, with an
electron or a muon misidentified as a T,.

5 Systematic uncertainties

The background estimation as well as the signal selection efficiency could be affected by sys-
tematic uncertainties. The uncertainty on the total integrated luminosity is 2.2% [44]. The
uncertainty assigned to the trigger and lepton efficiencies is 1-3%. The uncertainty on the 7,
identification efficiency is 6%, while the uncertainty on the b-tagging and mis-tagging efficien-
cies are 4% and 10%, respectively. The normalization uncertainties on the tt, diboson, and
Z— 1T/l are 13-17%, 30%, and 3.5%, respectively, due to the precision of their cross section
measurements [45-47]. Due to the statistical limitation on Z— 77/#¢¢ simulation, the uncer-
tainty on these backgrounds is 70% and 30% for the et,bb and p1,bb respectively. Due to the
misknowledge of the Zbb background in the phase space selected by the analysis, a 40% sys-
tematic uncertainty is assigned to the modelling of the Zbb background [48]. A 4% uncertainty
is assigned to the signal acceptance due to modelling of initial and final state radiation in the
simulation. The effect of pileup modelling in the MC is estimated to be on the order of 3%. Jet
energy scale (2—-4% depending on pseudorapidity and transverse momentum) as well as en-
ergy scale and resolution uncertainties for 7,s (3%) which affects 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 on the signal theoretical cross section are calculated using the CTEQ6.6 PDF
sets from [49], and vary from 19.5% to 28.1% depending on the mass hypothesis. Uncertainties
on the detector acceptance have a negligible impact on both signal and background processes.

6 Results

The number of observed events and the expected signal and background yields after the fi-
nal selection criteria M, ;, > 170(190) GeV are listed in Table 1(Table 2). Data are in good
agreement with the SM background prediction.

The M, and St distributions of selected events in data and MC simulation are shown in
Fig. 3 and Fig. 4, respectively. As the distributions of St and My, }, observed in data are in good
agreement with the SM background prediction, a limit is set on the third generation leptoquark
pair-production cross section times 2. The modified frequentist construction CL, [50-52] is
used for limit calculation and the et,bb and p,bb channels are combined, taking into account
correlations between the systematic uncertainties. The limits as a function of mass are shown in
Fig. 5 and the limits as a function of the leptoquark branching ratio f and the mass are shown
in Fig. 6. Assuming B = 1, we exclude scalar leptoquarks with masses below 525 GeV, in good
agreement with the expected limit at 543 GeV. The difference between vector and scalar LQ
decay products kinematics is within a few percents for the used selection criteria. Thus, the
results are interpreted as a search for vector leptoquarks predicted by SU(5) model [1, 2]. SU(5)
vector leptoquarks with masses below 760 GeV are excluded that is in a good agreement with



6 7 Conclusion

# + T channel e 4+ 7 channel
tt 381+£34+£49|109+18+14
Wjets/ Z+jets 116 +01+26 || 84+01£18
Z(tt/ll) 50+£16+0.7 || 21+15+03
diboson 05+01+£02 || 0.3+£0.1+0.1
Total Bkg. 552 +52+84 || 21.8 £3.5£3.6
| Data \ 46 | 25 |

| Signal (450 GeV) | 132+03+09 || 84+£0.2£0.6 |

Table 1: Estimated signal and background yields and observed data events after the final se-
lection with M., > 170 GeV requirement. The first uncertainty number corresponds to the
statistical uncertainty and the second number to the systematic uncertainties on yield. PDF
uncertainties are not included.

i + T channel e + T channel
tt 27.0£3.0£3.5 69+14+09
Wjets/ Z+jets 91+£01+£20 72+01+£1.6
Z(tt /1) 50+1.6+0.7 21£15+£03
diboson 04+£01+£01 02+£01£01
Total Bkg. 41.5+48+6.3 16.4+31+29
| Data \ 36 I 17 |
Signal (500 GeV) | 6.75+£0.14 £0.45 || 437 £0.11 £0.29
Signal (600 GeV) | 1.81£0.03 +0.12 || 1.23+0.03 £ 0.08

Table 2: Estimated signal and background yields and observed data events after the final se-
lection with My, ,, > 190 GeV requirement. The first uncertainty number corresponds to the
statistical uncertainty and the second number to the systematic uncertainties on yield. PDF
uncertainties are not included.

the expected limit at 762 GeV.

These results are also interpreted as a limit on R-parity violation stop production assuming
massive SU(2) gaugino (M, > 1 TeV) which implies 100% branching fraction of the decay
t; — tb. If Mp = 250 GeV, Br(t; — 7b) decreases when the stop mass increases, as R-
parity conserving decays open up. The limit on ¢ x Br(t; — tb)? as a function of stop mass
assuming A%;, = 1, the higgsino mass u = 380 GeV, the ratio of higgs vacuum expectation
values tanp=40, and stop mixing angle 6 = 0, is also shown in Fig. 5. Using this benchmark,
the R-parity violating stop is excluded for masses below 453 GeV in good agreement with
expected exclusion at 474 GeV. The results are also interpreted as a of limit on RPV coupling
A}3; between stop, tau and bquark as a function of stop mass, as shown in Fig 6. The stops with
masses below 240 GeV are excluded for all values of A};; coupling.

7 Conclusion

We performed a search for pair production of third generation scalar leptoquarks and super-
symmetric partner of the top-quark with R-parity violation in the final state with an electron
or muon, a hadronically-decaying tau, and two b jets. No excess above the SM background
prediction is observed at high St. Therefore we exclude the existence of the scalar leptoquarks
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Figure 3: M, 1, distribution for data (black dots) and the stacked SM backgrounds (colors) and
450 GeV LQ signal (black line) before applying the mass selection.
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Figure 4: St distribution of data (black dots) and the stacked SM backgrounds (colors) and LQ
signal (black line) after requiring M, 1, > 170 GeV. Uncertainty band reflects the statistical and
systematic uncertainties on the SM processes.

with masses below 525 GeV assuming 100% branching ratio to a T and a b quark at 95% CL.
The SU(5) vector leptoquakrs with masses below 760 GeV are excluded at 95% CL. We also
exclude stop with masses below 453 GeV for a given benchmark scenario and A};; = 1, and
exclude stop masses below 240 GeV for any value of the A};; coupling. These limits are most
stringent to date, and the limits on A/;; coupling are the first direct limits that significantly
improve previously-set indirect bounds.
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