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¡ Introduction 

¡ WR è jj [CMS-PAS-EXO-12-017] 

¡ Wʹ′ è ν [CMS-PAS-EXO-12-060]	


¡ Zʹ′ è +- [CMS-PAS-EXO-12-061]	


¡ LQ2LQ2 è µνjj / µµjj [CMS-PAS-EXO-12-042] 

¡ Conclusion 
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¡  A common approach to explain BSM physics is to extend the SM symmetry 
group 
§ SU(3)C×SU(2)L×U(1)Y×U(1)ʹ′ è Additional neutral gauge boson (Zʹ′) 
§ SU(3)C×SU(2)L×U(1)Y×SU(2)ʹ′ è Additional charged (Wʹ′) and neutral (Zʹ′) 

gauge bosons 
▪ SU(2)ʹ′ = SU(2)R 
▪ Left-Right Symmetric Model with Wʹ′ = WR and right-handed neutrinos N 

¡  Another approach is to embed SM within a larger symmetry group 
§ GUTs - E6, SU(6), SO(10), … 
▪ Additional charged (Wʹ′) and neutral (Zʹ′) gauge bosons 
▪  Leptons and quarks together within a multiplet è Leptoquarks 
▪ Color triplets bosons carrying both lepton and baryon number 

¡  Additional gauge bosons and/or leptoquarks also predicted by: 
§ Models with extra dimensions 
§ Composite models 
§ RPV SUSY 

§ Little Higgs models 
§ Technicolor 
§ … 

5/17/13 John Stupak III - LHCP 2013 3 



¡ Leptonic ( = e,µ) final states are promising 
topologies for NP searches 
§ Triggering 
§ Background rejection 
§ Large BR in many scenarios 

¡ Searches shown here based on data collected 
by CMS in 2012 
§ s1/2 = 8 TeV 
§                 fb-1  (except WR search - based on 3.6 fb-1) 
§ Single or di-lepton triggers 
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¡ Left-Right Symmetric model predicts existence of additional 
charged gauge bosons (WR) and heavy right-handed 
neutrinos (N) 
§ WR could decay according to: 

▪ Search for resonances in m(jj) 
¡ Event selection 

§ ≥ 2 isolated SF leptons 
▪ Leading (sub-leading) lepton pT > 60 (40) GeV 

§ ≥ 2 jets (pT > 40 GeV) 
§ m() > 200 GeV 
§ m(jj) > 600 GeV 
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WR ! !N!! !!WR
*! !!q "q

Muon Selection 
§ Combined ID + MS 
§ pT > 40 GeV 
§  |η| < 2.4 
§ Rel Iso (ΔR=0.3) < 0.1 
§ ΔR(j) > 0.5  
§ Track quality cuts 

§ Npixel hits ≥ 1 
§ Ntracker hits ≥ 8 
§ Nmuon stations ≥ 2 
§  |d0| < 2 mm 
§  |z0| < 5 mm 

Electron Selection 
§ ID track + Calo cluster 

§ Quality cuts 
§ ET > 40 GeV 
§  |η| < 2.5  
§ Tracker + Calo Iso 
§ ΔR(j) > 0.5  

Jet Selection 
§ Anti-kT (R=0.5) 
§ pT > 40 GeV 
§  |η| < 2.5 

q 

qʹ′ q 

qʹ′ 

 

 
WR 
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[CMS-PAS-EXO-12-017] 



¡ Background modeling 
§ Z+jets 
▪ Shape from MadGraph 
▪ Normalization from data in m(Z) window 

§  ttbar 
▪ Shape and normalization from eµjj 

events in data 
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Table 1: Observed events from data and the expected contribution from signal and background

samples after different stages of the selection requirements are applied. The specific back-

ground contributions from tt, Z+jets and QCD multijet processes are included, with all other

SM backgrounds collected in the final column. For comparison, the ”Signal” column indicates

the expected contribution for MWR = 1800 GeV, with MNµ = 900 GeV. The systematic un-

certainties for the background expectation given in Table 2 are derived for the final stage of

selection. Earlier selection stages are likely to have greater uncertainty.

Electron Channel

Selection Stage Data Signal Total Bkgd tt Z+jets QCD Other

Two electron, two jets 8807 61 8943 968 7821 8 146

e1 pT > 60 GeV 6054 61 5905 767 5014 3 121

Mee > 200 GeV 310 59 296 199 75 3 20

Meejj > 600 GeV 144 59 ± 12 135 ± 30 83 ± 18 43 ± 23 2 ± 1 9 ± 3

Muon Channel

Selection Stage Data Signal Total Bkgd tt Z+jets QCD Other

Two muons, two jets 10333 75 10016 968 8830 3 215

µ1 pT > 60 GeV 7058 75 6873 767 5933 2 171

Mµµ > 200 GeV 352 72 294 199 71 0.7 23

Mµµjj > 600 GeV 144 72 ± 13 130 ± 24 83 ± 17 35 ± 17 0.7 ± 0.4 11 ± 4

We summarize the observed and expected number of events surviving our selection require-

ments in Table 1, highlighting the specific contributions from tt, Z+jets, multijet, and all other

SM background processes, and present the M��jj distribution for events passing all selection

criteria in Fig. 1. The data are in good agreement with expectations from the standard model.
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Figure 1: Four-object mass distribution for eejj (left) and µµjj (right) events surviving event

selection criteria, neglecting the M�� requirement, using the collision data collected in 2012.

The QCD and other minor SM backgrounds (e.g. diboson) are combined into a single “Other”

category, and the signal mass point MWR = 1800 GeV, MN�
= 900 GeV, is included for com-

parison. The uncertainty in the data/MC ratio includes the statistical uncertainty on both the

reconstructed events in data as well as the background expectation.

L! dt = 3.6 fb"1

Pythia 
m(WR) = 1.8 TeV 
m(N) = 0.9 TeV 

§ QCD 
▪ Data-driven “fake-rate” method 

§ VV and single top 
▪ Modeled with MC 

§ QCD 
▪ Data-driven “fake-rate” method 

§ Other backgrounds 
▪ Modeled with MC 
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Electron channel 

Data is consistent with background expectation 
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¡  Search for Jacobian peak in SM mT tail 
¡  Event selection 

§ 1 isolated lepton  
▪ Electron (muon) pT > 100 (45) GeV 

§ 0.4 < pT()/MET < 1.5 
§ Δϕ(,MET) > 0.8π 

¡  Background modeling 
§ W+jets 
▪ Pythia 
▪ NLO K-factor(mT) 
▪ Normalized to σNNLO 

§ Other backgrounds 
▪ Modeled with MC 
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Muon Selection 
§ Combined ID + MS 
§ pT > 45 GeV 
§ |η| < 2.1 
§ Rel Iso (ΔR=0.3) < 0.15 
§ Track quality cuts 

§ Npixel hits ≥ 1 
§ Ntracker layers ≥ 6 
§ Nmuon stations ≥ 2 
§ |d0| < 0.2 mm 
§ ΔpT / pT < 0.3 

Electron Selection 
§ ID track + Calo cluster 

§ Quality cuts 
§ ET > 100 GeV 
§ |η| < 2.5  
§ Tracker + Calo Iso 
§ |d0| < 2 mm 

f (mT ) =
a

(mT
3 + bmT + c)

d

mT = 2 ! pT
! !ET

miss ! (1" cos#!!,! )

§ Final background expectation obtained from fit to MC: 
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14 6 Summary

Table 3: Summary of all exclusion limits in the electron and muon channels as well as their
combinations. The interpretation labelled as SSM assumes no interference of W� and SM W.
This interference effect is considered with opposite signs of the couplings in the model labelled
as SSMO and same sign with SSMS. The reinterpretation in terms of split UED is given for two
bulk mass parameters µ and the corresponding two W2

KK mass limits are shown. Limits on Λ
in the helicity non-conserving CI are given in the last rows.

Model Channel Observed limit Expected limit
SSM e mW� < 3.20TeV mW� < 3.25TeV
SSM µ mW� < 3.15TeV mW� < 3.10TeV
SSM combined mW� < 3.35TeV mW� < 3.40TeV

SSMO e mW� < 3.60TeV mW� < 3.60TeV
SSMO µ mW� < 3.05TeV mW� < 3.30TeV
SSMO combined mW� < 3.60TeV mW� < 3.60TeV
SSMS e mW� < 3.00TeV mW� < 3.10TeV
SSMS µ mW� < 2.80TeV mW� < 2.90TeV
SSMS combined mW� < 3.10TeV mW� < 3.20TeV
W2

KK µ=0.05 TeV, combined mW2
KK

< 1.7TeV mW2
KK

< 1.7TeV
W2

KK µ=10.0 TeV, combined mW2
KK

< 3.7TeV mW2
KK

< 3.6TeV
HNC CI e Λ < 13.0 TeV Λ < 13.3 TeV
HNC CI µ Λ < 10.9 TeV Λ < 12.2 TeV

SSM = Sequential Standard Model  
SSMO = constructive interference w/ SM 

SSMS = destructive interference w/ SM 
WKK = KK excitations of W in split-UED 

HNC = Helicity Non-Conserving CI model 
!CI!!" = #

ŝ
12"2
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¡  Search for resonance in SM m(+-) tail 
¡  Event selection 

§  2 SF isolated leptons 

▪  Electron (muon) pT > 35 (40) GeV 
▪  Muons are required to have OS, originate from 

common vertex 

§  Cosmic / beam halo veto 

¡  Signal Modeling 
§  Pythia 

§  Mass-dependent NNLO k-factors 

§  Total background normalized to data in Z mass window 

§  Final background expectation obtained from fit:  
¡  Separate barrel-barrel and barrel-endcap events (electron channel) 
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Electron Selection 
§ ID track + Calo cluster 

§ Quality cuts 
§ ET > 35 GeV 
§ |η| < 2.5  
§ Tracker + Calo Iso 
§ |d0| < 0.2 (0.5) mm in B (EC) 

Muon Selection 
§ Combined ID + MS 
§ pT > 45 GeV 
§ |η| < 2.1 
§ Rel Iso (ΔR=0.3) < 0.1 
§ Track quality cuts 

§ Npixel hits ≥ 1 
§ Ntracker layers ≥ 6 
§ Nmuon stations ≥ 2 
§ |d0| < 2 mm 
§ ΔpT / pT < 0.3 

m!e"m+#m
2

¡  Background modeling 
§  Z+jets 

▪  Powheg 
▪  Normalized to σNNLO 

§  QCD 
▪  Data-driven “fake-rate” method 

§  Other backgrounds 
▪  Modeled with MC 
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Electron channel 
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Table 2: The number of dilepton events with invariant mass in the control region 120 < m�� <
200 GeV and in the search region m�� > 200 GeV for an integrated luminosity of 20.6 fb−1 in
the muon channel and 19.6 fb−1 in the electron channel. The total background is the sum of
the events for the standard model processes listed. The yields from simulation are relatively
normalised using the expected cross sections, and overall the simulation is normalised to the
data using the number of events in the mass window 60–120 GeV. Uncertainties include both
statistical and systematic components added in quadrature.

Number of events
Dimuon sample Dielectron sample

barrel-barrel barrel-endcap
Mll Range (GeV) 120–200 > 200 120–200 > 200 120–200 > 200
Data 78100 20000 41953 8947 28523 7995
Total Bkg. 78400 ± 3500 20100 ± 800 42700 ± 1900 8900 ± 400 28600 ± 1400 7800 ± 400
Z/γ∗ 72200 ± 3500 16300 ± 800 37800 ± 1900 7000 ± 400 25200 ± 1300 5600 ± 300
tt + others 6200 ± 300 3800 ± 200 4300 ± 300 1700 ± 100 2100 ± 100 1500 ± 100
jets 60 ± 10 30 ± 5 500 ± 200 120 ± 50 1300 ± 500 700 ± 300

tion that barrel-barrel and barrel-endcap electron events are now treated as separate channels.
This is due to the different ratio of signal to background and mass resolutions of the two chan-
nels and mainly affects the lower mass limits where there is background. As an example, at
500 GeV, the mass resolution in the barrel-barrel channel is 1.2% while it is 1.9% in the barrel-
endcap channel, an increase of over 50%. At high masses where there is little background, the
seperation into the two channels does not give any additional performance.

A key feature of the limit setting procedure is that it requires no knowledge of the integrated
luminosity as the background estimations are normalised to the data in regions where standard
model processes would dominate any potential signal and the limits are set on the ratio of Z�

to Z cross-sections.

6.1 Likelihood function

The parameter of interest is the ratio of the products of cross sections and branching fractions:

Rσ =
σ(pp → Z� + X → ��+ X)
σ(pp → Z + X → ��+ X)

. (1)

The use of this ratio, Rσ, eliminates the uncertainty in the integrated luminosity and reduces
the dependence on experimental acceptance, trigger, and offline efficiencies. The ratio of accep-
tances of the new boson to the Z is calculated using Monte Carlo simulation with the assump-
tion that the new physics comes from a resonance of spin 1. This is done separately for the
electron and muon channels. The cross sections are for a window of ±40% of the Z� on-shell
mass and a window of ±30 GeV for the Z.

The extended unbinned likelihood function for the spectrum of dilepton invariant mass values
m is based on a sum of analytic probability density functions (pdfs) for the signal and back-
ground shapes.

The pdf fS(m|Γ, M, w) for the resonance signal is a Breit-Wigner of width Γ and mass M con-
voluted with a Gaussian resolution function of width w. The width Γ is taken to be that of the
Z�

ψ. This width is sufficiently small that the detector resolution dominates.

The Poisson mean of the signal yield is µS = Rσ · µZ · R�, where R� is the ratio of selection
efficiency times detector acceptance for Z� decay to that of Z decay. The variable µZ is the
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Data is consistent with background expectation 
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Channel 
Observed m(Zʹ) Limit [TeV]  

SSM GUT 
Electron channel (barrel-barrel) 2.65  2.31 

Electron channel (barrel-endcap) 2.18 1.90 
Muon channel 2.77 2.43 
Combination 2.96 2.60 

Most stringent in existence! 

R! =
! (pp! "Z + X! !!+ X)
! (pp! Z + X! !!+ X)
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¡ Search for pair production of scalar 2nd generation leptoquarks 
¡ Event pre-selection 

§ ≥ 2 jets 
▪  Leading (2nd leading) jet pT > 125 (45) GeV 

§ ST > 300 GeV 

§ µνjj channel 
▪  1 isolated muon (pT > 45 GeV) 
▪  0 electrons 
▪  MET > 55 GeV 
▪ Δϕ(MET,jet1) > 0.5 
▪ Δϕ(MET,µ) > 0.8 
▪  mT(MET,µ) > 50 GeV 
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Muon Selection 
§ Combined ID + MS 
§ pT > 45 GeV 
§ |η| < 2.1 
§ Rel Iso (ΔR=0.3) < 0.1 
§ Track quality cuts 

§ Npixel hits ≥ 1 
§ Ntracker layers ≥ 8 
§ Nmuon stations ≥ 2 
§ |d0| < 2 mm 
§ |z0| < 5 mm 

Jet Selection 
§ Anti-kT (R=0.5) 
§ pT > 45 GeV 
§ |η| < 2.4 
§ ΔR(µ) > 0.3  

ST
µµ jj ! pT ( j1)+ pT ( j2 )+ pT (µ1)+ pT (µ2 )
ST
µ! jj ! pT ( j1)+ pT ( j2 )+ pT (µ1)+MET

§ µµjj channel 
▪  ≥ 2 isolated muons (pT > 45 GeV) 
▪  m(µµ) > 50 GeV 

mT = 2 ! pT
µ !ET

miss ! (1" cos#!µ," )



¡  Event selection 
§  Mass-dependent optimization 
§  µνjj channel 
▪  ST, m(j, µ), mT(MET,µ) 

§  µµjj channel 
▪  ST, mmin(j,µi), m(µ1, µ2) 

¡  Background modeling 
§  µνjj channel 
▪  W+jets and ttbar 
▪ Shape from MadGraph 
▪ Simultaneously normalized with preselected data in W transverse mass window 

§  µµjj channel 
▪  Z+jets 
▪ Shape from Madgraph 
▪ Normalization from preselected data in Z mass window 
▪  ttbar 
▪ Shape and normalization from from eµ data 
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4.1 Data Comparison 5

Table 3: Optimized thresholds for different mass hypotheses of the µνjj signal.

MLQ (GeV) 300 350 400 450 500 550 600 650 700 750 800 850 900 950 ≥1000

ST > (GeV) 455 540 625 715 800 890 980 1070 1160 1250 1345 1435 1530 1625 1720

MT
µν > (GeV) 155 180 205 225 245 260 275 290 300 310 315 320 320 325 320

M(µ, jet) > (GeV) 125 150 175 200 225 250 280 305 330 355 380 410 435 465 490

are negligible once the full event selection is applied.

The contribution from the principal background, Z+jets, is estimated with MC simulation nor-

malized to data in a control region. The Z+jets MC is rescaled to agree with data at preselection

in the Z-enriched region 80 < Mµµ < 100 GeV , where Mµµ is the dilepton invariant mass.

The resulting scale factor is RZ = 0.92 ± 0.01 (stat.). The contribution from tt is estimated

with a tt-enriched data sample of eµ events, with eµ contribution from other backgrounds sub-

tracted from the total estimate. The sample is reweighted to account for the different branching

fractions of the eµ and µµ final states, the difference in electron and muon identification and

isolation efficiencies, and the difference of the single-muon trigger efficiencies in final states

with one and with two muons. The eµ sample is then used to estimate the contribution from tt

at preselection and final selection in all distributions and tables.

The contribution from QCD-multijet processes is determined using a multijet-enriched data

sample of same-sign dilepton events with no muon isolation criteria imposed. The same-sign

non-isolation data sample is reweighted according to a same-sign/opposite-sign ratio and an

isolation acceptance factor calculated using MC. After the MC-driven rescaling, the same-sign

non-isolated data sample is used to predict the multijet contribution to final selection, which is

determined to be negligible.

4.1 Data Comparison

Good agreement is found between data and background prediction for all final-state distribu-

tions at preselection level (Figures 1, 2). For all plots the Z/γ∗+jets and tt MC predictions are

normalized to data as described in Section 4.

The number of events selected in data and backgrounds at different stages of the final selection

is shown in Table 4.

Data and background predictions at final selection level are shown in Figures 3 and 4, which

compare ST and Mmin(µ, jet) for a signal LQ mass of 500 GeV and 900 GeV respectively. The

gray shaded bands give the uncertainty on the background prediction, determined as the sum

in quadrature of the statistical uncertainty on background and systematic uncertainty on back-

ground for the corresponing final selection (a constant % uncertainty is applied to each bin).

5 Background Estimation in the µνjj channel
The main processes that can mimic the signature of the signal in the µνjj channel are of three

types: a) processes which lead to the production of a real W bosons such as W+jets, tt̄, single

top production, WW and WZ processes; b) instrumental background, mostly caused by the

misidentification of jets as lepton in multijet processes, and creating misidentified muons and

misreconstructed missing transverse energy in the final state; c) Z boson production, such as

Z/γ∗+jets and ZZ processes, where only one muon passes the identification and selection

requirements.

4 4 Background Estimation in the µµjj channel

defined as the scalar sum of the transverse momenta of final state objects in the event: ST =
pT(µ1) + pT(µ2) + pT(jet1) + pT(jet2), is required to be larger than 300 GeV. We will refer to this

selection in the text as the µµjj preselection.

After preselection, the signal-to-background separation is optimized by maximizing S/
√

S + B.

The variables optimized for each leptoquark mass hypothesis in the µµjj channel are:

• Mµµ, the invariant mass of the dimuon pair, is used to remove the majority of the

contribution from the Z/γ ∗+jets background.

• ST, with a lower threshold optimized for different leptoquark mass hypotheses.

• Mmin(µ, jet) defined as the smallest of the two muon-jet invariant masses which min-

imizes the LQ − LQ invariant mass difference.

The optimized thresholds are summarized in Table 2. Mass hypothesis beyond 1000 GeV use

the same set of final-selection cuts as those for the 1000 GeV mass hypothesis.

Table 2: Optimized thresholds for different mass hypotheses of the µµjj signal.

MLQ (GeV) 300 350 400 450 500 550 600 650 700 750 800 850 900 950 ≥1000

ST > (GeV) 380 460 540 615 685 755 820 880 935 990 1040 1090 1135 1175 1210

Mµµ > (GeV) 100 115 125 140 150 165 175 185 195 205 215 220 230 235 245

Mmin(µ, jet) > (GeV) 115 115 120 135 155 180 210 250 295 345 400 465 535 610 690

3.3 µνjj channel selection

We select events containing exactly one muon, at least two jets meeting the criteria described

above, and Emiss

T
> 55 GeV. In this channel, events containing a second muon or an elec-

tron are vetoed. In addition, to reject events with misreconstructed Emiss

T
, we use the angle

in the transverse plane between the leading pT jet and the Emiss

T
, ∆φ(Emiss

T
, jet

1
), to separate the

leading jet and Emiss

T
trajectories pointing in the same direction, with the separation condition

∆φ(Emiss

T
, jet

1
) > 0.5; for the same reason, we require the leading muon and the Emiss

T
to be

separated by ∆φ(Emiss

T
, µ) > 0.8. In addition, we reject event with MT

µν, the transverse mass

of the muon and Emiss

T
, below 50 GeV and we reject events with a scalar transverse energy

ST = pT(µ1) + Emiss

T
+ pT(jet1) + pT(jet2) below 300 GeV. We will refer to this selection in the

text as the µνjj preselection.

After preselection, the following variables are optimized for each leptoquark mass hypothesis:

• MT
µν, the transverse mass of the muon and Emiss

T
.

• ST, with a lower threshold on ST optimized for different leptoquark mass hypothe-

ses.

• M(µ, jet), defined as the invariant mass of the muon and jet pair which minimizes

the difference in the transverse mass of the muon-jet and Emiss

T
-jet pair.

The optimized µνjj thresholds are summarized in Table 3. Mass hypothesis beyond 1000 GeV

use the same set of final-selection cuts as those for the 1000 GeV mass hypothesis.

4 Background Estimation in the µµjj channel
The main processes that can mimic the signature of the signal in the µµjj channel are Z/γ∗ +
jets, tt̄, VV + jets, W + jets, and QCD multijets. The contributions from the latter three processes
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Pre-selected events Selected events 

µνjj 

µµjj 

Data is consistent with background expectation 
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µνjj  

µµjj 
Channel β Observed (Expected) Limit [GeV] 

µνjj 0.5 740 (790) 
µµjj 1 1070 (1045) 

Combination 0.5 785 (870) 
Most stringent in existence! 
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¡ CMS is pursuing broad program of 
BSM searches 
§  Sensitive to variety of NP scenarios 

¡ No sign of BSM physics yet 
§  Setting strong cross section and mass exclusions 
▪  In many cases, most stringent in existence 
▪ Strongly constrain NP scenarios 

5/17/13 John Stupak III - LHCP 2013 19 

Observed m(Zʹ) Limit 
[TeV]  

SSM GUT 
2.96 2.60 

Model Observed 
Limit [TeV] 

Wʹ′ 
SSM 3.55 

SSMO 3.6 

SSMS 3.1 

µ = 0.05 TeV 1.7 

µ = 10 TeV 3.7 

HNC CI 
e 13 

µ 10.9 

WKK
2
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Muon channel Electron channel 
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Muon channel Electron channel 
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2012 data alone 
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Muon channel Electron channel 
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Muon channel – 2011 + 2012 
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Muon channel Electron channel 
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Wʹ′ including SM interference Helicity Non-Conserving model 
(contact interaction) 



7

Table 1: Data, background, and signal event yields for different transverse mass thresholds.
The given uncertainties are the combined uncertainties assuming a log-normal distribution.
Not considered is the uncertainty on the lumionsity which is 4.4%.

MT > 1.0 TeV MT > 1.5 TeV MT > 2.0 TeV
Electron channel

Data 22 1 1
SM background 26+2.6

−2.4 1.99+0.27
−0.24 0.218+0.037

−0.032
W� , MW� = 2.5 TeV 51+1.2

−1.2 39+0.96
−0.94 24+0.74

−0.72
W� , MW� = 3 TeV 10+0.25

−0.25 8.03+0.2
−0.2 5.91+0.17

−0.16
CI Λ = 4 TeV 1205+26

−26 398+13
−13 114+5.9

−5.6
CI Λ = 9 TeV 46+1

−1 15+0.52
−0.5 4.45+0.23

−0.22
Muon channel

Data 33 3 1
SM background 26+4

−3.5 2.27+0.62
−0.49 0.33+0.15

−0.1
W� , MW� = 2.5 TeV 47+5.4

−4.8 35+4.9
−4.3 20+4.8

−3.8
W� , MW� = 3 TeV 9.9+1.5

−1.3 7.4+1.3
−1.1 5.15+1.2

−0.99
CI Λ = 4 TeV 1120+91

−84 366+62
−53 119+34

−26
CI Λ = 9 TeV 43+3.5

−3.3 14+2.4
−2.1 4.6+1.3

−1

than 0.5 events for MT >2 TeV.

Uncertainties due to lepton energy or momentum resolution and scale, varying between 1%
and 10%, are applied to the transverse mass spectrum, which is distorted (scaled and smeared).
For the missing transverse energy, each energy deposition is assigned to its corresponding ob-
ject (jet, tau, photon, electron, muon, and unclustered energy). It is then varied according to
its type and from this the uncertainty on the missing transverse energy is calculated. For each
systematic uncertainty, the MT distributions are shifted by ±1σ and the resulting distribution
is fit again. The difference to the original fit is used as the systematic uncertainty on the consid-
ered numbered of background events. For the signal estimation, the difference to the shifted
distributions is used directly as the systematic uncertainty. Additionally, an uncertainty on
the integrated luminosity of 4.4% is considered [35]. The difference between two methods for
pileup determination is introduced as additional uncertainty. The total uncertainty of the ex-
pected background is shown as grey, hatched bands in Figure 3. The largest contribution in the
electron channel derives from the electron energy scale, while the muon-transverse-momentum
scale constitutes the major contribution in the corresponding channel.

5 Results and limits
No significant excess has been observed in the data. The observed highest transverse mass
events have MT = 2.3 TeV in the electron channel, and MT = 2.1 TeV in the muon channel.

Upper limits on the production cross section times the branching fraction σW� × B(W� → �ν),
with � = e or µ are set. Cross-section limits are derived using a Bayesian method [36] with
a uniform prior probability distribution for the signal cross section. Systematic uncertainties
on the signal and background yield were included via nuisance parameters with a log-normal
prior distribution. For the limits on the three models, the limit is calculated using a binned
likelihood, unlike the single bin counting approach above an optimized Mmin

T threshold in our
previous publications [3, 4]. Multiple bins as displayed in Fig. 3 with MT > 250 GeV are con-
sidered. For the upper limit on W� masses both methods are equally sensitive, mainly because
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Electron and muon channels separately 
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Including Interference 
with SM 

Constructive 

Destructive 
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Including Interference with SM – Electron and muon channels combined 

Constructive Destructive 
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Helicity Non-Conserving model (contact interaction) 

Λ > 13.0 TeV Λ > 10.9 TeV 
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Electron channel 
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Muon channel 
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barrel-barrel events barrel-endcap events 

event classification for limit setting 
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muon channel 

barrel-barrel barrel-endcap 
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electron channel 

mee = 1.78 TeV 
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muon channel 

mµµ = 1.82 TeV 
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4.1 Data Comparison 5

Table 3: Optimized thresholds for different mass hypotheses of the µνjj signal.

MLQ (GeV) 300 350 400 450 500 550 600 650 700 750 800 850 900 950 ≥1000

ST > (GeV) 455 540 625 715 800 890 980 1070 1160 1250 1345 1435 1530 1625 1720

MT
µν > (GeV) 155 180 205 225 245 260 275 290 300 310 315 320 320 325 320

M(µ, jet) > (GeV) 125 150 175 200 225 250 280 305 330 355 380 410 435 465 490

are negligible once the full event selection is applied.

The contribution from the principal background, Z+jets, is estimated with MC simulation nor-

malized to data in a control region. The Z+jets MC is rescaled to agree with data at preselection

in the Z-enriched region 80 < Mµµ < 100 GeV , where Mµµ is the dilepton invariant mass.

The resulting scale factor is RZ = 0.92 ± 0.01 (stat.). The contribution from tt is estimated

with a tt-enriched data sample of eµ events, with eµ contribution from other backgrounds sub-

tracted from the total estimate. The sample is reweighted to account for the different branching

fractions of the eµ and µµ final states, the difference in electron and muon identification and

isolation efficiencies, and the difference of the single-muon trigger efficiencies in final states

with one and with two muons. The eµ sample is then used to estimate the contribution from tt

at preselection and final selection in all distributions and tables.

The contribution from QCD-multijet processes is determined using a multijet-enriched data

sample of same-sign dilepton events with no muon isolation criteria imposed. The same-sign

non-isolation data sample is reweighted according to a same-sign/opposite-sign ratio and an

isolation acceptance factor calculated using MC. After the MC-driven rescaling, the same-sign

non-isolated data sample is used to predict the multijet contribution to final selection, which is

determined to be negligible.

4.1 Data Comparison

Good agreement is found between data and background prediction for all final-state distribu-

tions at preselection level (Figures 1, 2). For all plots the Z/γ∗+jets and tt MC predictions are

normalized to data as described in Section 4.

The number of events selected in data and backgrounds at different stages of the final selection

is shown in Table 4.

Data and background predictions at final selection level are shown in Figures 3 and 4, which

compare ST and Mmin(µ, jet) for a signal LQ mass of 500 GeV and 900 GeV respectively. The

gray shaded bands give the uncertainty on the background prediction, determined as the sum

in quadrature of the statistical uncertainty on background and systematic uncertainty on back-

ground for the corresponing final selection (a constant % uncertainty is applied to each bin).

5 Background Estimation in the µνjj channel
The main processes that can mimic the signature of the signal in the µνjj channel are of three

types: a) processes which lead to the production of a real W bosons such as W+jets, tt̄, single

top production, WW and WZ processes; b) instrumental background, mostly caused by the

misidentification of jets as lepton in multijet processes, and creating misidentified muons and

misreconstructed missing transverse energy in the final state; c) Z boson production, such as

Z/γ∗+jets and ZZ processes, where only one muon passes the identification and selection

requirements.
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Table 5: Event yields at final selection level for the µνjj analysis. Uncertainties are poisson un-
certainties on the MC background, except for the second uncertainty for ”All BG”, which gives
the total sysematic uncertainty as detailed in Section 6. Systematic uncertainties are dominated
by energy scale and shape uncertainties.

MLQ Signal W+Jets tt VV, Z, Single Top All BG Data
300 5032 ± 69 990 ± 21 1741 ± 14 362 ± 11 3093 ± 27 ± 383 3276
350 2322 ± 28 418 ± 14 604.5 ± 8.1 201.8 ± 9.5 1224 ± 18 ± 137 1315
400 1032 ± 11 195.8 ± 9.1 243.6 ± 5.1 75.8 ± 4.1 515 ± 11 ± 60 594
450 512.8 ± 8.6 101.4 ± 6.6 110.4 ± 3.5 41.6 ± 2.9 253.3 ± 8.0 ± 28 289
500 257.6 ± 2.7 59.3 ± 5.0 53.9 ± 2.4 23.6 ± 2.1 136.8 ± 5.9 ± 15 158
550 139.2 ± 1.6 37.1 ± 3.9 24.5 ± 1.6 14.1 ± 1.7 75.8 ± 4.6 ± 8.7 87
600 75.77 ± 0.8 19.2 ± 2.7 13.7 ± 1.2 7.4 ± 1.1 40.3 ± 3.2 ± 4.8 53
650 43.18 ± 0.45 12.1 ± 2.2 7.48 ± 0.89 3.98 ± 0.71 23.6 ± 2.5 ± 3.6 32
700 24.51 ± 0.26 7.2 ± 1.7 4.82 ± 0.71 2.37 +0.77

−0.45 14.4 +2.0
−1.9 ± 2.6 22

750 14.63 ± 0.15 5.3 ± 1.5 2.87 ± 0.55 1.87 +0.76
−0.42 10 +1.7

−1.6 ± 2.3 16
800 8.879 ± 0.097 3.8 ± 1.4 1.41 ± 0.39 1.6 +0.74

−0.4 6.9 +1.6
−1.5 ± 1.9 12

850 5.346 ± 0.056 0.92 ± 0.53 0.75 ± 0.28 1.16 +0.72
−0.36 2.83 +0.94

−0.7 ± 0.98 6
900 3.265 ± 0.036 0.6 ± 0.43 0.63 ± 0.26 0.86 +0.7

−0.32 2.09 +0.86
−0.59 ± 0.92 4

950 2.056 ± 0.022 0.39 ± 0.39 0.42 ± 0.21 0.73 +0.7
−0.3 1.54 +0.83

−0.54 ± 0.54 4
1000 1.287 ± 0.014 0.39 ± 0.39 0.252 ± 0.145 0.61 +0.69

−0.28 1.25 +0.8
−0.5 ± 0.38 4

1050 0.9091 ± 0.0091 0.39 ± 0.39 0.252 ± 0.145 0.61 +0.69
−0.28 1.25 +0.8

−0.5 ± 0.38 4
1100 0.6274 ± 0.0061 0.39 ± 0.39 0.252 ± 0.145 0.61 +0.69

−0.28 1.25 +0.8
−0.5 ± 0.38 4

1150 0.4292 ± 0.0043 0.39 ± 0.39 0.252 ± 0.145 0.61 +0.69
−0.28 1.25 +0.8

−0.5 ± 0.38 4
1200 0.2989 ± 0.0027 0.39 ± 0.39 0.252 ± 0.145 0.61 +0.69

−0.28 1.25 +0.8
−0.5 ± 0.38 4

• An η-dependent jet resolution uncertainty [25], calculated by modifying the differ-
ence between generated and reconstructed jet pT by a scale factor between 11% and
23% for most jets.

• A 1-4 % pT-dependent muon resolution uncertainty.
• A 2% per muon uncertainty on the muon reconstruction, identification and isolation

requirements.
• An uncertainty on the signal acceptance and background acceptance and cross-section

due to PDF uncertainty: 2-12% (2%) for background (signal) in the µµjj channel; and
1-21% (2%) for background (signal) in the µνjj channel.

• An uncertainty on the pileup modelling of ±6%.

To determine the final uncertainties on signal and background prediction due to each source
of uncertainty, each quantity is varied within its uncertainty in both the postive and negative
direction, and the entire analysis is repeated to find the change in the predicted number of
background and signal events.

7 Results
As data are consistent with a no-signal hypothesis, we proceed to set an upper limit on the lep-
toquark production cross section using the asymptotic CLS modified frequentist approach [26,
27]. A log-normal probability function is used to integrate over the systematic uncertainties.
Uncertainties of statistical nature are described with Γ distributions with widths determined
by the number of events simulated in MC samples or observed in data control regions.
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Selection cuts 
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defined as the scalar sum of the transverse momenta of final state objects in the event: ST =
pT(µ1) + pT(µ2) + pT(jet1) + pT(jet2), is required to be larger than 300 GeV. We will refer to this

selection in the text as the µµjj preselection.

After preselection, the signal-to-background separation is optimized by maximizing S/
√

S + B.

The variables optimized for each leptoquark mass hypothesis in the µµjj channel are:

• Mµµ, the invariant mass of the dimuon pair, is used to remove the majority of the

contribution from the Z/γ ∗+jets background.

• ST, with a lower threshold optimized for different leptoquark mass hypotheses.

• Mmin(µ, jet) defined as the smallest of the two muon-jet invariant masses which min-

imizes the LQ − LQ invariant mass difference.

The optimized thresholds are summarized in Table 2. Mass hypothesis beyond 1000 GeV use

the same set of final-selection cuts as those for the 1000 GeV mass hypothesis.

Table 2: Optimized thresholds for different mass hypotheses of the µµjj signal.

MLQ (GeV) 300 350 400 450 500 550 600 650 700 750 800 850 900 950 ≥1000

ST > (GeV) 380 460 540 615 685 755 820 880 935 990 1040 1090 1135 1175 1210

Mµµ > (GeV) 100 115 125 140 150 165 175 185 195 205 215 220 230 235 245

Mmin(µ, jet) > (GeV) 115 115 120 135 155 180 210 250 295 345 400 465 535 610 690

3.3 µνjj channel selection

We select events containing exactly one muon, at least two jets meeting the criteria described

above, and Emiss

T
> 55 GeV. In this channel, events containing a second muon or an elec-

tron are vetoed. In addition, to reject events with misreconstructed Emiss

T
, we use the angle

in the transverse plane between the leading pT jet and the Emiss

T
, ∆φ(Emiss

T
, jet

1
), to separate the

leading jet and Emiss

T
trajectories pointing in the same direction, with the separation condition

∆φ(Emiss

T
, jet

1
) > 0.5; for the same reason, we require the leading muon and the Emiss

T
to be

separated by ∆φ(Emiss

T
, µ) > 0.8. In addition, we reject event with MT

µν, the transverse mass

of the muon and Emiss

T
, below 50 GeV and we reject events with a scalar transverse energy

ST = pT(µ1) + Emiss

T
+ pT(jet1) + pT(jet2) below 300 GeV. We will refer to this selection in the

text as the µνjj preselection.

After preselection, the following variables are optimized for each leptoquark mass hypothesis:

• MT
µν, the transverse mass of the muon and Emiss

T
.

• ST, with a lower threshold on ST optimized for different leptoquark mass hypothe-

ses.

• M(µ, jet), defined as the invariant mass of the muon and jet pair which minimizes

the difference in the transverse mass of the muon-jet and Emiss

T
-jet pair.

The optimized µνjj thresholds are summarized in Table 3. Mass hypothesis beyond 1000 GeV

use the same set of final-selection cuts as those for the 1000 GeV mass hypothesis.

4 Background Estimation in the µµjj channel
The main processes that can mimic the signature of the signal in the µµjj channel are Z/γ∗ +
jets, tt̄, VV + jets, W + jets, and QCD multijets. The contributions from the latter three processes

8 5 Background Estimation in the µνjj channel

Table 4: Event yields at final selection level for the µµjj analysis. Uncertainties are poisson un-
certainties on the MC background, except for the second uncertainty for ”All BG”, which gives
the total sysematic uncertainty as detailed in Section 6. Systematic uncertainties are dominated
by energy scale and shape uncertainties.

MLQ Signal Z+Jets tt VV, W, Single Top All BG Data
300 14980 ± 110 716.2 ± 8.4 612 ± 18 86.7 ± 5.0 1415 ± 20 ± 45 1461
350 6975 ± 46 307.2 ± 5.5 368 ± 14 54.2 ± 4.1 730 ± 15 ± 16 714
400 3369 ± 22 176.5 ± 4.1 178.7 ± 9.4 29.6 ± 3.0 384.8 ± 10.7 ± 9.3 394
450 1664 ± 10 97 ± 3.0 89.3 ± 6.6 18.9 ± 2.4 205.3 ± 7.6 ± 5.5 210
500 859.4 ± 5.2 61.9 ± 2.4 48.5 ± 4.8 11.2 ± 1.9 121.6 ± 5.7 ± 4.8 128
550 459.3 ± 2.8 35.1 ± 1.8 25.5 ± 3.4 7.5 ± 1.6 68.1 ± 4.2 ± 2.7 75
600 252.3 ± 1.5 23 ± 1.4 15.84 ± 2.76 5.85 ± 1.41 44.7 ± 3.4 ± 2.0 44
650 143.87 ± 0.86 15.1 ± 1.13 8.86 ± 1.98 4.08 +1.32

−1.25 28 ± 2.6 ± 1.3 24
700 82.02 ± 0.49 9.66 ± 0.91 5.97 ± 1.72 2.99 +1.12

−1.04 18.6 ± 2.2 ± 1.3 15
750 48.06 ± 0.29 6.37 ± 0.74 1.41 ± 0.7 1.54 +0.78

−0.67 9.32 +1.29
−1.22 ± 0.87 11

800 28.73 ± 0.17 3.85 ± 0.58 1.55 ± 0.77 1.13 +0.71
−0.59 6.53 +1.2

−1.13 ± 0.85 9
850 17.43 ± 0.11 2.2 ± 0.42 0.56 ± 0.56 1.12 +0.72

−0.59 3.88 +1.0
−0.92 ± 0.67 5

900 10.337 ± 0.064 1.19 ± 0.31 0.0 +0.59
−0.0 0.28 +0.45

−0.2 1.47 +0.81
−0.37 ± 0.43 3

950 6.333 ± 0.04 0.71 ± 0.24 0.0 +0.59
−0.0 0.117 +0.658

−0.117 0.83 +0.91
−0.26 ± 0.29 1

1000 3.845 ± 0.025 0.38 ± 0.17 0.0 +0.59
−0.0 0.0 +0.65

−0.0 0.383 +0.894
−0.171 ± 0.031 0

1050 2.557 ± 0.016 0.38 ± 0.17 0.0 +0.59
−0.0 0.0 +0.65

−0.0 0.383 +0.894
−0.171 ± 0.031 0

1100 1.714 ± 0.01 0.38 ± 0.17 0.0 +0.59
−0.0 0.0 +0.65

−0.0 0.383 +0.894
−0.171 ± 0.031 0

1150 1.1465 ± 0.0069 0.38 ± 0.17 0.0 +0.59
−0.0 0.0 +0.65

−0.0 0.383 +0.894
−0.171 ± 0.031 0

1200 0.7554 ± 0.0045 0.38 ± 0.17 0.0 +0.59
−0.0 0.0 +0.65

−0.0 0.383 +0.894
−0.171 ± 0.031 0

The contribution from the principal background, W+jets, is estimated with MC simulation nor-
malized to data in a control region. The W+jets MC is rescaled to agree with data at preselection
in the region 70 < M

T
µν < 110 GeV. In the µνjj analysis, the region 70 < M

T
µν < 110 GeV is used

to determine both the W+jets and the tt normalization factors using two mutually exclusive se-
lections (less than four jets or at least four jets) that separately enhance the samples with W+jets
and with tt events. The results of these two selections are used to form a system of equations:

N1 = RttN1,tt + RWN1,W + N1,O;
N2 = RttN2,tt + RWN2,W + N2,O.

(1)

where Ni, Ni,W, Ni,tt, and Ni,O are the number of events in data, W+jets, tt, and other MC
backgrounds passing selection i. The solution of the system yields the following normalization
factors: Rtt = 0.99 ± 0.02 (stat.) and RW = 0.95 ± 0.01 (stat.).

The contribution from QCD multijet processes is determined to be negligible using a sample of
muon-enriched multijet MC events with no muon-isolation condition imposed. In the multijet-
enriched region with E

miss
T < 10 GeV, the muon-enriched multijet MC is reweighted to agree

with data, and a muon isolation acceptance rate is calculated in data as the number of events
passing the isolation condition divided by the total number of events. After reweighting and
adjustment by the muon isolation acceptance factor, the non-isolated muon-enriched multijet
MC is used to estimate the multijet contribution at final selection. The contribution is deter-
mined to be negligible.
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Pre-selected events 
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Selected Events 
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m(µ,jet) = 1450 GeV 
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mmin(µ,jet) = 662 GeV 


