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Introduction

Search Dataset Final State Documentation

Heavy N and WR
of LRSM

3.6/fb, √s=8 TeV μμjj, eejj EXO-12-017Heavy N and WR
of LRSM 5.0/fb, √s=7 TeV μμjj EXO-11-091

Heavy Majorana N 5.0/fb, √s=7 TeV μ+μ+jj, e+e+jj EXO-12-076

1st Gen. LQ 5.0/fb, √s=7 TeV eejj, eνjj EXO-11-027

2nd Gen. LQ 5.0/fb, √s=7 TeV μμjj, μμjj EXO-11-028

3rd Gen. LQ + 
light RPV stop

4.8/fb, √s=7 TeV τebb, τμbb EXO-12-002

3rd Gen. LQ 1.8/fb, √s=7 TeV ννbb EXO-11-030

In final states with leptons and jets, CMS searches for
‣ Heavy neutrinos : left-right symmetric model (LRSM), SU(2)L isosinglet
‣ Three generations of leptoquarks (LQ)

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXOAll results:
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Left/Right Symmetric Model
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• Explains parity violation from LR 
symmetry breaking at intermediate scale.

• Heavy LRSM neutrino + seesaw 
mechanism [4] explains small Mν in SM.

• Assumptions:  gR=gL @ MWR, small WR-WL 
and Nl-Nl’ mixing, only one lepton 
channel kinematically accessible.

• Search for decay of WR to μμjj and eejj.
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Heavy Neutrino and 
WR of LRSM

Selection
• Decay topology ➞ asymmetric lepton 

pT requirements (60/40GeV),
• Jet pT>40 GeV, 
• Mll > 200 GeV reduces DY+jets.

Search for decay of WR to μμjj and eejj.

Background Estimation
Top: completely data-driven from eμjj 
data control sample.
DY+jets: normalize MC shape in Z-peak.
QCD: data-driven fake rate 
VV, single top: from MC
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Heavy Neutrino and 
WR of LRSM (2)

Signal Kinematics
Acceptance: 70-80% at MN≈MWR/2, goes 
to zero as MN➞0.
Efficiency: 75-80% for events within 
acceptance.

Dominant Systematic Uncertainty
Signal Efficiency: 6-10% for l reco/ID/iso.
Background: 
~50% from DY+jets shape.
~16% from top shape

MWR > 2.8 TeV for MN=MWR/2 from 
2011+2012 combination of μμjj.
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Heavy Majorana 
Neutrino

Search for μ+μ+ or e+e+ + jets: 
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EXO-11-076 Extend LEP limits beyond MN =90 GeV

Background estimation:
lepton mis-ID: data-driven, validated in MC and MET>50GeV data sample.
charge mis-ID: from MC with data validation.
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Selection: pT,jet>30, pT,l>20, MET<50 GeV

μ+μ+jj

μ+μ+jj

Model: phenomenological SU(2)L isosinglet [5,6]

VμN describes 
N-νμ mixing
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• Predicted by many BSM theories:  GUTs [1,7], composite models [8], 
technicolor [9-11], and superstring-inspired E6 [12]. 
‣ Natural explanation for observed quark-lepton symmetry of SM.

• Spin 0 or 1, fractional charge, carry both baryon and lepton number.
‣ In general, we search for spin 0; consider also spin 1 in LQ3 search.
‣ Observed FCNC constraints ➞ no coupling b/w three generations.

• Production at LHC from model-independent LQ-gluon coupling:

!"#

Leptoquarks 
Supporting theory 

 Hypothetical particles that carry both lepton & baryon # 
 Have both color and electric charge 
 Couple to quarks & leptons: unlike anything else! 
 Predicted in GUT models, would explain why (# of 
leptons) = (# of quarks) 
 
 

 

Leptoquarks

• NLO cross sections from Kramer et al. [13].
• Search in final states: 
‣ 1st/2nd Gen: lj+lj, νj+lj for l=e,μ
‣ 3rd Gen:  τhadb+lb for l=e,μ  (and νb+νb, not discussed today).

7Saturday, July 7, 2012



1st/2nd Generation Leptoquarks
Pre-selection

Optimized requirements on 
[Example value from lljj/lνjj MLQ=650GeV]
‣ ST = scalar sum of l,l/ν,j,j pT [810 GeV]
‣ Mll removes Z+jets in lljj [130 GeV]
‣ MET removes W+jets in lνjj [180 GeV]
‣ lljj: Mlj  (lighter of pair that minimizes 
ΔM(LQ,LQ))  [400 GeV]

‣ lνjj: MT(l,j) from pairing that minimizes 
ΔMT(LQ,LQ) [540 GeV]
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Background estimation
Z+jets: MC shape normalized in Z-peak.
top: Shape and norm from eμjj for lljj
W+jets, top (for lνjj): MC shape 
normalized in MT(l,MET) sideband.

EXO-11-027/28
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• Statistics dominated; bkg. modeling largest source of uncertainty
• Mass exclusion:
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1st/2nd Generation Leptoquarks (2)

β ≡ BR(LQ➞l±q)

LQ2LQ1

eejj+eνjj μμjj+μνjj

‣ MLQ1 > 830 (640) GeV for β = 1.0 (0.5)
‣ MLQ2 > 840 (650) GeV for β = 1.0 (0.5)

EXO-11-027/28
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3rd Generation LQ + light RPV stop
Search for LQ3, SU(5) vector LQ (VLQ) 
[14], and light RPV stop [15] pairs 
decaying to τb+τb, assuming one 
leptonic τ decay: lτhadbb (l=e,μ).

Selection
• pT,jet>30, pT,μ>30, pT,τ>50 GeV
• Mτb>170 (190) GeV depending on 

MLQ where Mτb minimizes ΔM(τb,lb)

Background estimation:
top: MC validated in Mτb sideband,
V+jets:  Rate of jet misID as τhad 
measured in data,
Z➞ll/ττ and diboson:  From MC

EXO-12-002
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pected exclusion at 474 GeV. The results are also interpreted in terms of limit on RPV coupling172

λ�
333 between stop, tau and bquark as a function of stop mass, shown in Fig 2. The stops with173

masses below 240 GeV are excluded for all values of λ�
333 coupling.174

µ + τ channel e + τ channel
tt 38.1 ± 3.4 ± 4.9 10.9 ± 1.8 ± 1.4
W+jets/Z+jets 11.6 ± 0.1 ± 2.6 8.4 ± 0.1 ± 1.8
Z(ττ/ll) 5.0 ± 1.6 ± 0.7 2.1 ± 1.5 ± 0.3
diboson 0.5 ± 0.1 ± 0.2 0.3 ± 0.1 ± 0.1
Total Bkg. 55.2 ± 5.2 ± 8.4 21.8 ± 3.5 ± 3.6
Data 46 25
Signal (450 GeV) 13.2 ± 0.3 ± 0.9 8.4 ± 0.2 ± 0.6

Table 1: Estimated signal and background yields and observed data events after the final se-
lection with Mτh,b > 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.

 (GeV)TS
100 200 300 400 500 600 700 800 900 1000

Ev
en

ts

0

10

20

30

40

50
 = 7 TeVs, -1CMS 4.8 fb

Data
ttbar
W/Z + jets
Other

=450 GeV
LQ

Signal M

Figure 1: The stacked ST distribution the SM backgrounds and LQ signal and ST distribution
in data after requiring Mτh,b > 170 GeV.

We performed a search for pair production of the third generation scalar leptoquarks and su-175

persymmetric partner of top-quark with R-parity violation in the final state with an electron or176

muon, a hadronically-decaying tau, and two b jets. No excess above the SM background pre-177

diction is observed at high ST, and therefore we exclude the existence of the scalar leptoquarks178

with masses below 525 GeV assuming 100% branching ratio to a τ and a b quark at 95% CL.179

The SU(5) vector leptoquarks with masses below 760 GeV are excluded at 95% CL. We also180

excluded stop with masses below 453 GeV for a given benchmark scenario and λ�
333 = 1, and181

excluded stop masses below 240 GeV for any value of the λ�
333 coupling. All these limits are182

most stringent to date, and the limits on λ�
333 coupling are the first direct limits that significantly183

improve previously-set indirect bounds.184

We wish to congratulate our colleagues in the CERN accelerator departments for the excellent185

performance of the LHC machine. We thank the technical and administrative staff at CERN186

and other CMS institutes, and acknowledge support from: FMSR (Austria); FNRS and FWO187

(Belgium); CNPq, CAPES, FAPERJ, and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST,188

and NSFC (China); COLCIENCIAS (Colombia); MSES (Croatia); RPF (Cyprus); Academy of189

Sciences and NICPB (Estonia); Academy of Finland, ME, and HIP (Finland); CEA and190

μτbb+eτbb
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Trilinear RPV model [15]
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μ=380GeV, tanβ=40,
tL-R mixing angle θ=0,
λ333 is t1-τb coupling.

3rd Generation LQ + 
light RPV stop (2)

EXO-12-002
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Summary
• CMS has an active search program 

for new physics manifesting in 
leptons+jets final states.
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• Results from complete 2011 
dataset appearing now (soon).

• First look at 2012 data in the 
LRSM search.

• Much more to come, of course!
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Additional Material
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CMS Detector

~76k scintillating PbWO4 crystals

Silicon strips
  ~16m2   ~137k channels

~13000 tonnes

MUON CHAMBERS 
Barrel:   250 Drift Tube & 480 Resistive Plate Chambers
Endcaps: 468 Cathode Strip & 432 Resistive Plate Chambers

STEEL RETURN YOKE 

HADRON CALORIMETER (HCAL)
Brass + plastic scintillator
~7k channels

SILICON TRACKER

FORWARD
CALORIMETER 

PRESHOWER

SUPERCONDUCTING
SOLENOID 

CRYSTAL ELECTROMAGNETIC
CALORIMETER (ECAL)

Total weight 
Overall diameter 
Overall length
Magnetic field

: 14000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

Niobium-titanium coil
carrying ~18000 A

Pixels (100 x 150 m2)
  ~1m2      ~66M channels
Microstrips (80-180 m)
  ~200m2   ~9.6M channels

Steel + quartz fibres
~2k channels

CMS Detector
Pixels
Tracker
ECAL
HCAL
Solenoid
Steel Yoke
Muons
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Search for Heavy N and WR of LRSM
Final state eejj, 2012 data.

 [GeV]
RWM

1000 1500 2000 2500 3000

 e
e 

jj)
 [f

b]
! R

 B
R(

W
") R

 W
!

(p
p

#

1

10

210 CMS Preliminary=8 TeVs at -1 L dt = 3.6 fb$ /2
RW=M

eN Method          MSCL

Observed Limit (95%CL)

Expected Limit (95%CL)

# 1 ±Expected 

# 2 ±Expected 

)
L

=g
R

Theory Expectation (g

 [GeV]
RWM

1000 1500 2000 2500

 [G
eV

]
eN

M

0
200
400
600
800

1000
1200
1400
1600
1800
2000

RW > M
eNM

CMS Preliminary  at 8 TeV-13.6 fb
Observed
Expected

16Saturday, July 7, 2012



Search for Heavy N and WR of LRSM
Final state μμjj, 2011 data.
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Heavy Majorana Neutrino
5

Table 1: Observed event yields and estimated backgrounds for the analysis in the muon and
electron channel analyses. The first quoted uncertainty on each background estimate is statis-
tical and the second is the systematic.

Source µ±µ± e±e±
Irreducible SM Backgrounds:
WZ 3.2 ± 0.3 ± 0.1 4.9 ± 0.3 ± 0.2
ZZ 1.0 ± 0.1 ± 0.04 2.1 ± 0.1 ± 0.08
Wγ 0.75 ± 0.27 ± 0.07 1.7 ± 0.4 ± 0.2
tt̄W 1.06 ± 0.05 ± 0.53 0.62 ± 0.04 ± 0.31
W+W+qq 0.76 ± 0.06 ± 0.38 0.73 ± 0.07 ± 0.37
W−W−qq 0.45 ± 0.03 ± 0.23 0.27 ± 0.02 ± 0.13
Double parton W±W± 0.07 ± 0.02 ± 0.04 0.19 ± 0.03 ± 0.10

Total Irreducible SM Background 7.3 ± 0.4 ± 0.7 10.6 ± 0.6 ± 0.6
Charge Mismeasurement Background 0+0.2

−0 31.9 ± 2.7 ± 8.0
Misidentified Lepton Background 63.1 ± 4.2 ± 22.1 176.8 ± 4.7 ± 61.9
Total Background 70.4 ± 4.2 ± 22.1 219.3 ± 5.5 ± 62.4
Observed in Data 65 201

In the muon channel the systematic uncertainty due to the muon trigger, as indicated above,173

is based on tag-and-probe studies of Z → µ+µ−, and is determined to be 2% per muon. The174

offline muon slection effieciency is taken from Monte Carlo, and cross-checked with data using175

tag-and-probe studies of Z → µ+µ−. The agreement between the efficiencies measured in176

data and Monte Carlo is very good, and the systemetic uncertainty associated with the small177

differences is 2%. The overall systematic uncertainty due to the muon trigger and selection is178

therefore 2.8%. In the electron channel the systematic uncertainty from the trigger and electron179

selections is determined in a similar way, and found to be 10%.180

We see no evidence for a significant excess in the data beyond the backgrounds predicted181

from the SM and set 95% confidence level (CL) exclusion limits on the square of the Majorana-182

neutrino mixing element as a function of mN using the CLs method [26–28]. Figure 2 shows the183

resulting upper limits in the muon channel (|VµN |2 vs. mN), while Fig. 3 shows the upper lim-184

its in the electron channel (|VeN |2 vs. mN). These are the first direct upper limits on the heavy185

Majorana-neutrino mixing for mN > 90 GeV.186
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4 4 Background Estimate

the E
miss

T
vector is required to be ∆φ(E

miss

T
, j1) > 0.5; for the same reason, the lepton and the129

E
miss

T
are required to be separated by ∆φ(E

miss

T
, l) > 0.8. Events are further rejected if the scalar130

transverse energy S
lν
T
= pT(l) + E

miss

T
+ pT(j1) + pT(j2) is below 250 GeV.131

The initial selection criteria are summarized in Table 1.132

Table 1: Initial selection criteria in the eejj, µµjj, eνjj, and µνjj channels.

Variable eejj µµjj eνjj µνjj

pT(l1) [GeV] 40 40 40 40

pT(l2)[GeV] 40 40 — —

|η(l1)| 2.5 2.1 2.2 2.1

|η(l2)| 2.5 2.1 — —

pT(j1) [GeV] 30 30 40 40

pT(j2) [GeV] 30 30 40 40

∆R(l, j) 0.3 0.3 0.3 0.3

E
miss

T
[GeV] — — 55 55

|∆φ(E
miss

T
, j1)| — — 0.5 0.5

|∆φ(E
miss

T
, l)| — — 0.8 0.8

Mll [GeV] 60 50 — —

M
lν
T

[GeV] — — 50 50

S
ll

T
[GeV] 250 250 — —

S
lν
T

[GeV] — — 250 250

3 Signal and Background Modeling133

The MC samples for the signal processes are generated for a range of leptoquark mass hy-134

potheses between 250 and 900 GeV. The MC generation uses the PYTHIA generator [24] (ver-135

sion 6.422) and CTEQ6.6 parton distribution functions (PDF). MC samples used to estimate136

the contribution from SM background processes are: tt̄ + jets events, generated with MAD-137

GRAPH [25, 26]; single-top events (s, t, and tW channels), generated with MADGRAPH; Z/γ∗ +138

jets events and W + jets events, generated with SHERPA [27]; VV events, where V either repre-139

sents a W or a Z boson, generated with PYTHIA; QCD muon-enriched multijet events, gener-140

ated with PYTHIA in bins of transverse momentum of the hard-scattering process from 15 GeV141

to the kinematic limit. The simulation of the CMS detector is based on GEANT4 [28], and in-142

cludes pileup interactions corresponding to the luminosity profile of the LHC during the data143

taking periods of interest.144

4 Background Estimate145

The main processes that can mimic the signature of a leptoquark signal in the ll jj channels

are Z/γ∗ + jets, tt̄, VV + jets, W + jets, and QCD multijets. The Z/γ∗ + jets background is

determined by comparing events from data and MC samples in two different regions: at the Z

boson mass peak (70 < Mll < 100 GeV for electrons and 80 < Mll < 100 GeV for muons) and

in the high-mass region (Mll > 100 GeV). The RZ is measured to be 1.27 ± 0.02 for both eejj

and µµjj channels, where RZ ≡ NL/N
MC

L
. The number of Z/γ∗ + jets events above 100 GeV is

then estimated as:

NH = RZ N
MC

H
. (1)

1st/2nd Generation Leptoquarks
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Table 2: Optimized thresholds for different mass hypothesis of the ll jj signal.

MLQ (GeV) 250 350 400 450 500 550 600 650 750 850 900

Sll
T
> (GeV) 330 450 530 610 690 720 770 810 880 900 920

Mll > (GeV) 100 110 120 130 130 130 130 130 140 150 150

minM(l, jet) > (GeV) 60 160 200 250 300 340 370 400 470 500 520

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

MLQ (GeV) 250 350 400 450 500 550 600 650 750 850

Slν
T
> (GeV) 450 570 650 700 800 850 890 970 1000 1000

Emiss

T
> (GeV) 100 120 120 140 160 160 180 180 220 240

M(l, jet) > (GeV) 150 300 360 360 360 480 480 540 540 540

The number of events selected in data and backgrounds are then compared at different stages208

of selection. This is shown in Tables 4–7 for the initial selection and for the final selection for209

each channel separately.210

Table 4: Signal, individual backgrounds, data, and total background (BG) event yields after the

initial and final selections for the eejj analysis. Only statistical uncertainties are reported.

MLQ LQ Signal VV+jets QCD tt̄ W+Jets Z+Jets γ + jets Single Top Data Total BG

Initial - 109.2 ± 1.5 60.82 ± 0.52 768.32 ± 19.40 6.3 ± 1.3 6231.8 ± 24.0 1.2 ± 0.6 30.9 ± 1.0 7201 7208.6 ± 31.0

400 487.4 ± 2.2 0.97 ± 0.17 0.88 ± 0.02 19.11 ± 3.06 0.43 ± 0.30 35.70 ± 1.76 0.40 ± 0.40 1.32 ± 0.20 55 58.8 ± 3.6

450 225.6 ± 1.0 0.35 ± 0.08 0.31 ± 0.01 7.84 ± 1.96 0.42 ± 0.42 15.15 ± 1.13 0.40 ± 0.40 0.76 ± 0.16 26 25.2 ± 2.3

500 109.3 ± 0.5 0.20 ± 0.08 0.19 ± 0.01 2.45 ± 1.10 0.00
+0.94

−0.00
6.55 ± 0.69 0.40 ± 0.40 0.44 ± 0.13 14 10.2

+1.7

−1.4

550 57.4 ± 0.2 0.16 ± 0.08 0.14 ± 0.01 0.98 ± 0.69 0.00
+0.94

−0.00
4.65 ± 0.58 0.40 ± 0.40 0.28 ± 0.10 11 6.6

+1.4

−1.0

600 31.0 ± 0.1 0.14 ± 0.08 0.09 ± 0.01 0.49 ± 0.49 0.00
+0.94

−0.00
3.04 ± 0.46 0.40 ± 0.40 0.19 ± 0.09 8 4.3

+1.2

−0.8

650 17.00 ± 0.06 0.010 ± 0.007 0.07 ± 0.01 0.49 ± 0.49 0.00
+0.94

−0.00
2.14 ± 0.38 0.40 ± 0.40 0.08 ± 0.05 6 3.2

+1.2

−0.7

750 5.53 ± 0.02 0.010 ± 0.007 0.009 ± 0.0020 0.00
+0.56

−0.00
0.00

+0.94

−0.00
1.04 ± 0.26 0.40 ± 0.40 0.0005 ± 0.0005 0 1.5

+1.2

−0.5

850 1.97 ± 0.01 0.0001 ± 0.0001 0.001 ± 0.0002 0.00
+0.56

−0.00
0.00

+0.94

−0.00
0.81 ± 0.23 0.40 ± 0.40 0.0005 ± 0.0005 0 1.2

+1.2

−0.5

Data and background predictions after final selection are also shown in Figs. 6–9, which com-211

pare ST and the best combination for MLQ for a signal leptoquark mass of 600 GeV in the four212

decay channels considered.213
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Figure 6: Comparison of See
T

and MLQ reconstruction at final selection level for a leptoquark

mass of 600 GeV in the eejj channel.

6 Systematics Uncertainties214

The uncertainty on the integrated luminosity is taken as 2.2% [29].215
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