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Leptons at a “Hadron” Collider 
• The LHC has been designed to: 

- find (or..) the Higgs boson. 
- probe the electroweak sector of the SM. 

• After a ~decade of intense work:  
- A Higgs boson is found at 125 GeV! 
   (looking increasingly like a SM Higgs boson) 
- Constraints are placed on some of the leading  
  contenders for Beyond the SM physics. 

• In all these efforts, leptonic signatures are ubiquitous  
- All known “heavy” particles decay into leptons!  
- Clean final states & triggers, excellent S/B  
- A precious probe of BSM physics in busy pp collisions  
 

Leptonic final states
https://en.wikipedia.org/wiki/Standard_Model
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• The “standard model” is not a theory of everything. 

• Neutrino masses are non-zero,  <𝒪(0.1)eV 
(oscillations ~ Δm2) 

• Neutrinos are massless in SM in LO. 

• New heavy SU(2) fermions  with Majorana 
mass terms (non-EWSB) can mix with  
neutrinos give ~naturally  
light mass states  
 
 
 
 

• Seesaw mechanism allows new heavy fermions with masses around 𝒪(1)TeV 

m± =
p

mM+4m2
D±mM

2 !
(
m+ ' mM

m� ' m2
D/mM “SM” neutrino

New heavy state

“seesaw mechanism”

Setting the stage: Seesaw & Neutrinos
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Type-I  SU(2) singlet fermion  𝞶R

Type-II  SU(2) triplet scalar  Δ0,±,±±

Type-III  SU(2) triplet fermion  𝚺0,±

LR Symmetry, SO(10),  SU(5), GUT, … 
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• The “standard model” is not a theory of everything. 

• Multiplicity and mass hierarchy of fermion families is arbitrary 
- not a prediction of the SM (built in “by hand”)  
- vectorlike leptons (VLL) can explain this hierarchy via  
  their mixings with SM leptons  (extra dimensions, supersymmetry…) 

- VLL masses can again be decoupled from EWSB  

• Vectorlike leptons can be as light as ~𝒪(100)GeV

?

?

?

?

Vector-like

Setting the stage: Vectorlike leptons
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• The “standard model” is not a theory of everything. 

• The 125 GeV Higgs boson might be the first of  
multiple scalar sector particles.  
- Supersymmetric models  
- N-Higgs Doublet models 

- Higgs portal models with scalar mediators.. 

• Masses of (pseudo)scalars could be as light as 𝒪(10) GeV 

• A minimal model where a new (pseudo)scalar,  

only with  nonzero couplings to  

top quarks and charged leptons 

- “To a person with a hammer, everything looks like a nail”

?

?

Setting the stage: Extended Scalar Sector 
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BSM models “to scale”

LT (or LT+MET)

Example LO diagrams
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73

Type-III 
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Dilepton Mass

tt𝜙

Vectorlike 
Taus

1. Introduction 1

1 Introduction1

The standard model (SM) of particle physics is a quantum field theory that describes the known2

fundamental particles and their interactions. The predictions of the SM have been experimen-3

tally tested with great precision [1]. However, the SM does not explain several observations,4

such as the existence of dark matter and the baryon asymmetry in the universe. In addition,5

there exist theoretical issues such as the hierarchy problem, that suggest that an extension of6

the SM, predicting new particles, is needed to provide a more complete description of nature.7

In one class of new particles there are nonchiral color singlet fermions that couple to the SM8

leptons. The term nonchiral implies that the left- and right-handed components of these par-9

ticles transform identically under gauge symmetries. These particles are thus referred to as10

vector-like leptons (VLLs). They arise in a wide variety of models invoking, for example, su-11

persymmetry or extra dimensions [2–5]. The VLLs are often classified by the SM lepton gen-12

eration with which they are associated. VLLs and their associated SM leptons have identical13

lepton numbers.14

This paper presents a search for an SU(2) doublet VLL extension [6] of the SM with couplings to15

the third generation SM leptons. The search is carried out in final states with multiple charged16

leptons (e, µ, t), using proton-proton (p p) collision data collected by the CMS detector at the17

LHC in 2016 and 2017. The model that we consider introduces a vector-like t lepton (t 0�),18

its antiparticle (t 0+), and the corresponding neutrinos (n 0
t and n 0

t ). At the LHC, they can be19

produced in t 0±n 0
t , t 0+t 0�, and n 0

t n 0
t channels, with subsequent decays of t 0 to Z t or H t and20

of n 0
t to W t , where W, Z, and H are the SM W, Z, and Higgs bosons. At tree-level, the t 0

21

and n 0
t are mass degenerate, whereas higher order radiative corrections predict < 0.3% relative22

mass splitting between these two states, for VLL masses greater than 100 GeV. In this paper,23

t 0 and n 0
t are assumed to be mass degenerate. The mass of the VLL is the only free parameter24

both in the production cross section and in the branching fraction calculations. The tree-level25

Feynman diagrams for associated and pair production of the doublet model VLLs are shown26

in Fig. 1 along with possible subsequent decay chains that would result in a multilepton final27

state.28

The ATLAS Collaboration performed a search for heavy lepton resonances decaying into a Z29

boson and a lepton in a multilepton final state at a center-of-mass energy of 8 TeV [7], constrain-30

ing a singlet VLL model and excluding VLLs in the mass range of 114–176 GeV. However, to31

date, there are no such constraints on the doublet VLL model from any of the LHC experi-32

ments. The L3 Collaboration at LEP placed a lower bound of ⇡100 GeV on additional heavy33

leptons [8]. Given these existing constraints, this analysis focuses on VLL masses greater than34

100 GeV.35
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Figure 1: Two illustrative leading order Feynman diagrams for associated production of t 0 with
a n 0

t (left) and for pair production of t 0 (right), and possible subsequent decay chains that result
in a multilepton final state.
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73

Non-resonant enhancement in tails
Resonant structures

Excellent generators of striking multi-leptonic signatures at the LHC, around the EWK scale!

𝒪(1)TeV

𝒪(100)GeV

𝒪(10)GeV
CMS EXO-19-002

CMS EXO-19-002

CMS EXO-18-005
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CMS Preliminary

Z(ll) ~𝒪(10)M  

WZ(3l𝜈) ~𝒪(10)K  

 at ~40/fb

tt(2l2𝜈) ~𝒪(1)M
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• Multilepton searches:  
- Clean objects, well-defined SM backgrounds  (SM EW sector: WZ/ZZ/..)  
- But.. misidentified leptons complicate things!

(2𝓵+j➝ 2𝓵 + 𝓵misID)

Z 𝓵

𝓵
hadron

s
𝓵misID

Prompt part

 
 

➞ varies in Z+jets vs tt+jets environments

P(hadrons → 10 GeV iso . e/μ) ∼ 10−3

P(hadrons → 20 GeV iso . τh) ∼ 10−2

From the SM “peaks”..
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• Look for “non-resonant” and “resonant” excesses in multilepton events! 

• “Bin, not cut!”  
- Comprehensive consistency check of the SM in 3 and 4 lepton final states 

• Focus on a relatively few, “catch-it-all” parameters 
- LT, MET (MT), ST, b-tagged jet multiplicity, dilepton mass, … (continuous R&D) 

• Use of single lepton triggers throughout to achieve near maximum efficiency 
- Lepton (jet) pT  ≳ 10-30 (30) GeV 

• Some manifestly SM dominated regions are  
used to develop and commission the  
background predictions  
(MC based or data driven methods)

Anatomy of Multilepton Analyses

MET

 
Most “Z-like” Dilepton Mass

0 OSSF …

WZ
ttZ

BelowZ OnZ AboveZ

±15 GeV

𝜸➞𝓁 j➞𝓁

Signal like

1 OSSF

“3L  
  events”

100 GeV

50 GeV

Next few slides

Background like
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• Misidentified lepton backgrounds are estimated via data-driven  techniques 
- similarly for e/μ/𝜏 
 

Misidentified Leptons
7. Systematic uncertainties 7
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Figure 3: The dilepton mass (left) and the LT (right) distributions in data and simulation in
a misidentified th control region. This control region contains 2L1T (OS) events with p

miss
T <

50 GeV. The total SM background is shown as a stack of all contributing processes. The hatched
gray bands in the upper panels represent the total uncertainty in the expected background. The
lower panels show the ratios of observed data to the total expected background. In the lower
panels, the light gray band represents the combined statistical and systematic uncertainty in
the expected background, while the dark gray band represents the statistical uncertainty only.
The rightmost bins include the overflow events.

in the Z+jets and tt+jets rates contribute to the systematic uncertainty in this background. We212

vary the rates within their respective uncertainties and observe the change in the background213

yield in all SRs. The final estimates vary by 20–35% depending upon the year the data were214

collected and the SR. The WZ and ZZ background estimates have systematic uncertainties of215

4–5% arising from the normalization factor measurements in the dedicated CRs. The conver-216

sion background estimate has a systematic uncertainty of 11%.217

To account for differences between the data and simulation, a number of different sources of218

systematic uncertainty are considered. Lepton energy (or momentum) scale uncertainties, as219

well as jet and lepton resolution uncertainties are applied at the per-object level, where the220

corresponding object momenta are varied up and down by their corresponding uncertainties.221

This results in a 2–10% impact on the background prediction, depending on LT and the SR. The222

uncertainty in the trigger efficiency results in a 2–3% uncertainty in the background predic-223

tion. Additionally, an integrated luminosity measurement uncertainty of 2.5 (2.3)% is applied224

to the simulated rare background estimates for the 2016 [40] (2017 [41]) analysis. For the sub-225

dominant, rare background processes such as ttV, triboson, or associated Higgs boson produc-226

tion, a 50% systematic uncertainty is applied to the theoretical cross sections to cover the PDF,227

and the renormalization and factorization scale uncertainties. The pileup modeling uncertainty228

is evaluated by varying the cross section used in the reweighting procedure up and down by229

5%, which results in a 4% impact on background yields according to simulation. The typical230

variations for various sources of systematic uncertainty are provided in Table 2.231

Direct fake rate measurements:  

 
 

➞ varies in Z+jets vs tt+jets environments

Anti-isolated Isolated

L
e
p
to
n

isolation probability

Z➝ 2𝓵 + 𝓵misID

nP · p + nF · f = <niso>  
nP ·(1-p) + nF · (1-f) = <nanti-iso>

2L1T

- Z-like:  Trilepton (3L or 2L1T) with OSSF e/μ pair onZ, low MET  
- tt-like:  Same-sign dilepton

CMS EXO-18-005 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Misidentified Leptons
7. Systematic uncertainties 7
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Figure 3: The dilepton mass (left) and the LT (right) distributions in data and simulation in
a misidentified th control region. This control region contains 2L1T (OS) events with p

miss
T <

50 GeV. The total SM background is shown as a stack of all contributing processes. The hatched
gray bands in the upper panels represent the total uncertainty in the expected background. The
lower panels show the ratios of observed data to the total expected background. In the lower
panels, the light gray band represents the combined statistical and systematic uncertainty in
the expected background, while the dark gray band represents the statistical uncertainty only.
The rightmost bins include the overflow events.

in the Z+jets and tt+jets rates contribute to the systematic uncertainty in this background. We212

vary the rates within their respective uncertainties and observe the change in the background213

yield in all SRs. The final estimates vary by 20–35% depending upon the year the data were214

collected and the SR. The WZ and ZZ background estimates have systematic uncertainties of215

4–5% arising from the normalization factor measurements in the dedicated CRs. The conver-216

sion background estimate has a systematic uncertainty of 11%.217

To account for differences between the data and simulation, a number of different sources of218

systematic uncertainty are considered. Lepton energy (or momentum) scale uncertainties, as219

well as jet and lepton resolution uncertainties are applied at the per-object level, where the220

corresponding object momenta are varied up and down by their corresponding uncertainties.221

This results in a 2–10% impact on the background prediction, depending on LT and the SR. The222

uncertainty in the trigger efficiency results in a 2–3% uncertainty in the background predic-223

tion. Additionally, an integrated luminosity measurement uncertainty of 2.5 (2.3)% is applied224

to the simulated rare background estimates for the 2016 [40] (2017 [41]) analysis. For the sub-225

dominant, rare background processes such as ttV, triboson, or associated Higgs boson produc-226

tion, a 50% systematic uncertainty is applied to the theoretical cross sections to cover the PDF,227

and the renormalization and factorization scale uncertainties. The pileup modeling uncertainty228

is evaluated by varying the cross section used in the reweighting procedure up and down by229

5%, which results in a 4% impact on background yields according to simulation. The typical230

variations for various sources of systematic uncertainty are provided in Table 2.231
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Figure 2: The MT distribution in the WZ enriched control selection (upper left), the LT distri-
bution in the misidentifed lepton enriched control selection (upper right), the LT distribution
in the tt̄Z enriched control selection (lower left), and the ST distribution in the ZZ enriched
control selection (lower right). The lower panels show the ratio of observed to expected events.
The hatched gray band in the upper panels and the light gray bands in the lower panels repre-
sent the total (systematic and statistical) uncertainty in each bin, whereas the dark gray bands
in the lower panels represent the statistical uncertainty only. The last bins contain the overflow
events in each distribution.

Misidentified Taus 
 
~O(10) more dominant

Misidentified Electrons/Muons

• Misidentified lepton backgrounds are estimated via data-driven  techniques 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Irreducible SM: WZ
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Figure 2: The upper row shows the mT (left) and the LT (right) distributions in the WZ control
region in data and simulation. The WZ control region contains events with three leptons and
an OSSF pair with mass on-Z, and 50 < p

miss
T < 100 GeV. The lower row shows the m4`

(left) and the LT (right) distributions in the ZZ control region. The ZZ control region contains
events with two OSSF lepton pairs, both of which are on-Z, and p

miss
T < 50 GeV. The total SM

background is shown as a stack of all contributing processes. The hatched gray bands in the
upper panels represent the total uncertainty in the expected background. The lower panels
show the ratios of observed data to the total expected background. In the lower panels, the
light gray band represents the combined statistical and systematic uncertainty in the expected
background, while the dark gray band represents the statistical uncertainty only. The rightmost
bins include the overflow events.

7 Systematic uncertainties207

The primary sources of systematic uncertainty in the SM background arise from those in the208

MisID background, and from those in the WZ and ZZ backgrounds. The systematic uncer-209

tainty in the MisID background contribution arises primarily via the uncertainties in the mea-210

surement of prompt and misidentified rates in the matrix method. In addition, the uncertainties211

σ(WZ) is normalized to data in CR 
   - both in yield, and jet multiplicity (0-3)  
   - reduces MC Generator sensitivity  
     (aMC@NLO vs POWHEG) 
   - absorbs some higher order corrections  
   - relative norm. uncertainty is ~5%

Exactly 3 leptons 
On-Z pair 
50<MET<100 GeV 
(0 btags)

CMS EXO-18-005 
https://arxiv.org/abs/1905.10853

A “ZZ CR” follows similarly in 4L
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Irreducible SM: ttZ

σ(ttZ) is normalized to data in CR 
   - both in yield, and jet multiplicity (0-2)  
   - reduces MC Generator sensitivity  
     (aMC@NLO vs POWHEG) 
   - absorbs some higher order corrections  
   - relative norm. uncertainty is ~20%

Exactly 3 leptons, with an On-Z pair 
MET<100 GeV 
ST>350 GeV 
1 b-tagged jet
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Figure 2: The MT distribution in the WZ enriched control selection (upper left), the LT distri-
bution in the misidentifed lepton enriched control selection (upper right), the LT distribution
in the tt̄Z enriched control selection (lower left), and the ST distribution in the ZZ enriched
control selection (lower right). The lower panels show the ratio of observed to expected events.
The hatched gray band in the upper panels and the light gray bands in the lower panels repre-
sent the total (systematic and statistical) uncertainty in each bin, whereas the dark gray bands
in the lower panels represent the statistical uncertainty only. The last bins contain the overflow
events in each distribution.

ht
tp
s:
//a
rx
iv.
or
g/
ab
s/
17
11
.0
25
47

CMS PAS-EXO-19-002 
http://cds.cern.ch/record/2668721

http://cds.cern.ch/record/2668721


Halil Saka (Rutgers University)                               Search for BSM physics in multilepton final states with the CMS Detector    |   Blois 2019 �16

BSM models “to scale”
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73
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Vectorlike 
Taus

1. Introduction 1

1 Introduction1

The standard model (SM) of particle physics is a quantum field theory that describes the known2

fundamental particles and their interactions. The predictions of the SM have been experimen-3

tally tested with great precision [1]. However, the SM does not explain several observations,4

such as the existence of dark matter and the baryon asymmetry in the universe. In addition,5

there exist theoretical issues such as the hierarchy problem, that suggest that an extension of6

the SM, predicting new particles, is needed to provide a more complete description of nature.7

In one class of new particles there are nonchiral color singlet fermions that couple to the SM8

leptons. The term nonchiral implies that the left- and right-handed components of these par-9

ticles transform identically under gauge symmetries. These particles are thus referred to as10

vector-like leptons (VLLs). They arise in a wide variety of models invoking, for example, su-11

persymmetry or extra dimensions [2–5]. The VLLs are often classified by the SM lepton gen-12

eration with which they are associated. VLLs and their associated SM leptons have identical13

lepton numbers.14

This paper presents a search for an SU(2) doublet VLL extension [6] of the SM with couplings to15

the third generation SM leptons. The search is carried out in final states with multiple charged16

leptons (e, µ, t), using proton-proton (p p) collision data collected by the CMS detector at the17

LHC in 2016 and 2017. The model that we consider introduces a vector-like t lepton (t 0�),18

its antiparticle (t 0+), and the corresponding neutrinos (n 0
t and n 0

t ). At the LHC, they can be19

produced in t 0±n 0
t , t 0+t 0�, and n 0

t n 0
t channels, with subsequent decays of t 0 to Z t or H t and20

of n 0
t to W t , where W, Z, and H are the SM W, Z, and Higgs bosons. At tree-level, the t 0

21

and n 0
t are mass degenerate, whereas higher order radiative corrections predict < 0.3% relative22

mass splitting between these two states, for VLL masses greater than 100 GeV. In this paper,23

t 0 and n 0
t are assumed to be mass degenerate. The mass of the VLL is the only free parameter24

both in the production cross section and in the branching fraction calculations. The tree-level25

Feynman diagrams for associated and pair production of the doublet model VLLs are shown26

in Fig. 1 along with possible subsequent decay chains that would result in a multilepton final27

state.28

The ATLAS Collaboration performed a search for heavy lepton resonances decaying into a Z29

boson and a lepton in a multilepton final state at a center-of-mass energy of 8 TeV [7], constrain-30

ing a singlet VLL model and excluding VLLs in the mass range of 114–176 GeV. However, to31

date, there are no such constraints on the doublet VLL model from any of the LHC experi-32

ments. The L3 Collaboration at LEP placed a lower bound of ⇡100 GeV on additional heavy33

leptons [8]. Given these existing constraints, this analysis focuses on VLL masses greater than34

100 GeV.35
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Figure 1: Two illustrative leading order Feynman diagrams for associated production of t 0 with
a n 0

t (left) and for pair production of t 0 (right), and possible subsequent decay chains that result
in a multilepton final state.
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73

Σ± → ℓ±Z → ℓ±ℓ′�±ℓ′ �∓

Σ0 → νH
Σ± → νW± → νν′�ℓ′�±

LT

MET

Heavy Lepton Triplets

6

Table 1: Multilepton signal region definitions for the signal models. All events containing a
same-flavor lepton pair with mass below 12 GeV, and 3L events containing an OSSF lepton pair
with mass below 76 GeV when the trilepton mass is within a Z boson mass window (91 ± 15
GeV) are vetoed.

Label N` NOSSF MOSSF Nb p
miss
T Variable Binning scheme

Signal model: type-III seesaw
3L below-Z 3 1 < 76 GeV � � LT + p

miss
T 0 � 1200 GeV 6 bins

3L on-Z 3 1 76 � 106 GeV � > 100 GeV MT 0 � 700 GeV 7 bins
3L above-Z 3 1 > 106 GeV � � LT + p

miss
T 0 � 1600 GeV 8 bins

3L OSSF0 3 0 � � � LT + p
miss
T 0 � 1200 GeV 6 bins

4L OSSF1 �4 1 � � � LT + p
miss
T 0 � 1000 GeV 5 bins

4L OSSF2 �4 2 � � > 100 GeV
LT + p

miss
T 0 � 1200 GeV 6 bins

if double on-Z
Signal model: tt̄f ST (GeV)

0 � 400 400 � 800 > 800

3L(``)? 0B 3 1 off-Z 0 � M
20
OSSF 12 � 77 GeV 13 bins 13 bins 5 bins

M
300
OSSF 106 � 356 GeV 10 bins 10 bins 10 bins

3L(``)? 1B 3 1 off-Z �1 � M
20
OSSF 12 � 77 GeV 13 bins 13 bins 5 bins

M
300
OSSF 106 � 356 GeV 10 bins 10 bins 10 bins

0 � 400 > 400

4L(``)? 0B �4 � 1 off-Z 0 � M
20
OSSF 12 � 77 GeV 3 bins 2 bins

M
300
OSSF 106 � 356 GeV 3 bins 2 bins

inclusive

4L(``)? 1B �4 � 1 off-Z �1 � M
20
OSSF 12 � 77 GeV 3 bins

M
300
OSSF 106 � 356 GeV 3 bins

? ` = e or µ

6 Background estimation and systematic uncertainties
The irreducible backgrounds are estimated using simulation samples, and are dominated by
the WZ, ZZ, tt̄Z, and Zg processes. These processes are normalized to data using dedicated
control selections as described below, and the normalizations as well as associated uncertain-
ties are propagated to the corresponding background estimates in the signal regions. All nor-
malizations and uncertainties are corrected to account for the contamination of events from
other processes, and include both statistical and systematic contributions.

For WZ and tt̄Z processes we select events with exactly three leptons with an OSSF pair on-
Z, and the minimum lepton pT is required to be above 20 GeV to increase the purity of these
selections in the targeted process. For the WZ enriched selection, we require 50 < p

miss
T <

100 GeV and 0 b tagged jets, whereas for the tt̄Z enriched selection we require p
miss
T < 100 GeV,

ST > 350 GeV, and at least 1 b tagged jet. Similarly, for ZZ, we select events with exactly four
leptons, p

miss
T < 100 GeV, and with 2 distinct on-Z OSSF lepton pairs. In WZ and ZZ enriched

selections, the MC based predictions are normalized to data in 0 � 3 and 0 � 2 jet multiplicity
bins including overflows, respectively, yielding normalization uncertainties in the range of 5 �
25%, whereas an inclusive normalization is performed in the tt̄Z enriched selection, resulting
in a 20% uncertainty. Following a study of same-sign dielectron events where the dielectron
invariant mass is within a Z boson mass window (91 ± 15 GeV), a relative 50% uncertainty is
assigned to a small subset of the the irreducible WZ and ZZ background contributions due to
charge misidentification of electrons in 3L OSSF0 and 4L OSSF1 signal regions. Similarly, a Zg
enriched selection is created in three lepton events with an OSSF lepton pair of mass below
76 GeV and the trilepton mass within the Z boson mass window, 91 ± 15 GeV. This selection
is dominated by Z+jets events with internal and external photon conversions originating from
final state radiation, and the normalization yields a relative uncertainty of 20%.
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Figure 3: Type-III seesaw signal regions in 3L below-Z (upper left), on-Z (upper right), above-Z
(center left), OSSF0 (center right), and in 4L OSSF1 (lower left) and OSSF2 (lower right) events.
The total SM background is shown as a stacked histogram of all contributing processes. The
predictions for type-III seesaw models with S masses of 300 GeV and 700 GeV are also shown.
The lower panels show the ratio of observed to expected events. The hatched gray band in the
upper panels and the light gray bands in the lower panels represent the total (systematic and
statistical) uncertainty in each bin, whereas the dark gray bands in the lower panels represent
the statistical uncertainty only. The last bins contain the overflow events in each distribution.
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Figure 3: Type-III seesaw signal regions in 3L below-Z (upper left), on-Z (upper right), above-Z
(center left), OSSF0 (center right), and in 4L OSSF1 (lower left) and OSSF2 (lower right) events.
The total SM background is shown as a stacked histogram of all contributing processes. The
predictions for type-III seesaw models with S masses of 300 GeV and 700 GeV are also shown.
The lower panels show the ratio of observed to expected events. The hatched gray band in the
upper panels and the light gray bands in the lower panels represent the total (systematic and
statistical) uncertainty in each bin, whereas the dark gray bands in the lower panels represent
the statistical uncertainty only. The last bins contain the overflow events in each distribution.
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Figure 3: Type-III seesaw signal regions in 3L below-Z (upper left), on-Z (upper right), above-Z
(center left), OSSF0 (center right), and in 4L OSSF1 (lower left) and OSSF2 (lower right) events.
The total SM background is shown as a stacked histogram of all contributing processes. The
predictions for type-III seesaw models with S masses of 300 GeV and 700 GeV are also shown.
The lower panels show the ratio of observed to expected events. The hatched gray band in the
upper panels and the light gray bands in the lower panels represent the total (systematic and
statistical) uncertainty in each bin, whereas the dark gray bands in the lower panels represent
the statistical uncertainty only. The last bins contain the overflow events in each distribution.
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73
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1. Introduction 1

1 Introduction1

The standard model (SM) of particle physics is a quantum field theory that describes the known2

fundamental particles and their interactions. The predictions of the SM have been experimen-3

tally tested with great precision [1]. However, the SM does not explain several observations,4

such as the existence of dark matter and the baryon asymmetry in the universe. In addition,5

there exist theoretical issues such as the hierarchy problem, that suggest that an extension of6

the SM, predicting new particles, is needed to provide a more complete description of nature.7

In one class of new particles there are nonchiral color singlet fermions that couple to the SM8

leptons. The term nonchiral implies that the left- and right-handed components of these par-9

ticles transform identically under gauge symmetries. These particles are thus referred to as10

vector-like leptons (VLLs). They arise in a wide variety of models invoking, for example, su-11

persymmetry or extra dimensions [2–5]. The VLLs are often classified by the SM lepton gen-12

eration with which they are associated. VLLs and their associated SM leptons have identical13

lepton numbers.14

This paper presents a search for an SU(2) doublet VLL extension [6] of the SM with couplings to15

the third generation SM leptons. The search is carried out in final states with multiple charged16

leptons (e, µ, t), using proton-proton (p p) collision data collected by the CMS detector at the17

LHC in 2016 and 2017. The model that we consider introduces a vector-like t lepton (t 0�),18

its antiparticle (t 0+), and the corresponding neutrinos (n 0
t and n 0

t ). At the LHC, they can be19

produced in t 0±n 0
t , t 0+t 0�, and n 0

t n 0
t channels, with subsequent decays of t 0 to Z t or H t and20

of n 0
t to W t , where W, Z, and H are the SM W, Z, and Higgs bosons. At tree-level, the t 0

21

and n 0
t are mass degenerate, whereas higher order radiative corrections predict < 0.3% relative22

mass splitting between these two states, for VLL masses greater than 100 GeV. In this paper,23

t 0 and n 0
t are assumed to be mass degenerate. The mass of the VLL is the only free parameter24

both in the production cross section and in the branching fraction calculations. The tree-level25

Feynman diagrams for associated and pair production of the doublet model VLLs are shown26

in Fig. 1 along with possible subsequent decay chains that would result in a multilepton final27

state.28

The ATLAS Collaboration performed a search for heavy lepton resonances decaying into a Z29

boson and a lepton in a multilepton final state at a center-of-mass energy of 8 TeV [7], constrain-30

ing a singlet VLL model and excluding VLLs in the mass range of 114–176 GeV. However, to31

date, there are no such constraints on the doublet VLL model from any of the LHC experi-32

ments. The L3 Collaboration at LEP placed a lower bound of ⇡100 GeV on additional heavy33

leptons [8]. Given these existing constraints, this analysis focuses on VLL masses greater than34

100 GeV.35
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Figure 1: Two illustrative leading order Feynman diagrams for associated production of t 0 with
a n 0

t (left) and for pair production of t 0 (right), and possible subsequent decay chains that result
in a multilepton final state.
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73

Non-resonant enhancement in tails
Resonant structures

Excellent generators of striking multi-leptonic signatures at the LHC, around the EWK scale!

𝒪(1)TeV

𝒪(100)GeV

𝒪(10)GeV



Halil Saka (Rutgers University)                               Search for BSM physics in multilepton final states with the CMS Detector    |   Blois 2019 �21

τ′� → Zτ, Hτ

ν′� → Wτ

1. Introduction 1

1 Introduction1

The standard model (SM) of particle physics is a quantum field theory that describes the known2

fundamental particles and their interactions. The predictions of the SM have been experimen-3

tally tested with great precision [1]. However, the SM does not explain several observations,4

such as the existence of dark matter and the baryon asymmetry in the universe. In addition,5

there exist theoretical issues such as the hierarchy problem, that suggest that an extension of6

the SM, predicting new particles, is needed to provide a more complete description of nature.7

In one class of new particles there are nonchiral color singlet fermions that couple to the SM8

leptons. The term nonchiral implies that the left- and right-handed components of these par-9

ticles transform identically under gauge symmetries. These particles are thus referred to as10

vector-like leptons (VLLs). They arise in a wide variety of models invoking, for example, su-11

persymmetry or extra dimensions [2–5]. The VLLs are often classified by the SM lepton gen-12

eration with which they are associated. VLLs and their associated SM leptons have identical13

lepton numbers.14

This paper presents a search for an SU(2) doublet VLL extension [6] of the SM with couplings to15

the third generation SM leptons. The search is carried out in final states with multiple charged16

leptons (e, µ, t), using proton-proton (p p) collision data collected by the CMS detector at the17

LHC in 2016 and 2017. The model that we consider introduces a vector-like t lepton (t 0�),18

its antiparticle (t 0+), and the corresponding neutrinos (n 0
t and n 0

t ). At the LHC, they can be19

produced in t 0±n 0
t , t 0+t 0�, and n 0

t n 0
t channels, with subsequent decays of t 0 to Z t or H t and20

of n 0
t to W t , where W, Z, and H are the SM W, Z, and Higgs bosons. At tree-level, the t 0

21

and n 0
t are mass degenerate, whereas higher order radiative corrections predict < 0.3% relative22

mass splitting between these two states, for VLL masses greater than 100 GeV. In this paper,23

t 0 and n 0
t are assumed to be mass degenerate. The mass of the VLL is the only free parameter24

both in the production cross section and in the branching fraction calculations. The tree-level25

Feynman diagrams for associated and pair production of the doublet model VLLs are shown26

in Fig. 1 along with possible subsequent decay chains that would result in a multilepton final27

state.28

The ATLAS Collaboration performed a search for heavy lepton resonances decaying into a Z29

boson and a lepton in a multilepton final state at a center-of-mass energy of 8 TeV [7], constrain-30

ing a singlet VLL model and excluding VLLs in the mass range of 114–176 GeV. However, to31

date, there are no such constraints on the doublet VLL model from any of the LHC experi-32

ments. The L3 Collaboration at LEP placed a lower bound of ⇡100 GeV on additional heavy33

leptons [8]. Given these existing constraints, this analysis focuses on VLL masses greater than34

100 GeV.35
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Figure 1: Two illustrative leading order Feynman diagrams for associated production of t 0 with
a n 0

t (left) and for pair production of t 0 (right), and possible subsequent decay chains that result
in a multilepton final state.

Energetic taus (hadronic) in each event 
No direct decays to neutrinos! 
 -  not necessarily of high MET  

pp → τ′�τ′�, τ′�ν′�, ν′�ν′�

Vector-like Tau Doublet

Vectorlike Taus

4

to-next-to-leading (NNLO) order PDF [37]. The 2016 signal samples are generated with the
NNPDF3.0 LO PDF, and the 2017 signal samples are generated with the NNPDF3.1 NNLO
PDF. The response of the CMS detector is simulated using dedicated software based on the
GEANT4 toolkit [38]. Additional weights are applied to all simulated events to account for dif-
ferences in the trigger and lepton identification efficiencies between data and simulation. For
the simulated events, additional minimum bias interactions are superimposed on the primary
collision, reweighted in such a way that the frequency distribution of the extra interactions
matches that observed in data.

5 Event selection criteria
We collectively refer to electrons and muons as light-leptons to distinguish them from th lep-
tons. Events are then categorized as those with four or more light-leptons (4L), exactly three
light-leptons (3L), and exactly two light-leptons along with at least one th lepton (2L1T). In the
2L1T channel, we have a further division based on whether the two light-leptons are of oppo-
site sign (OS) or same sign (SS). In all categories, the leptons are ordered by decreasing trans-
verse momenta and those with the largest pT are labeled as the leading leptons. The leading
light-lepton is required to satisfy pT > 38 (28) GeV if it is an electron (muon). These thresholds
are imposed so that the corresponding single lepton triggers are fully efficient for events that
would subsequently satisfy the offline selection. All of the other leptons are required to satisfy
pT > 20 GeV.

We use the scalar pT sum of the leptons (denoted as LT) to discriminate signal from SM back-
grounds in all channels. The LT distribution is divided into 150 GeV bins, each of which is
treated as a separate experiment. In the 2L1T and 4L categories that contain more than one th
and more than four light-lepton candidates, respectively, only the leading th and the leading
four light-leptons are used in the calculation of LT.

In order to improve sensitivity for the signal, in each of the 4L, 3L, and 2L1T (OS, SS) categories,
the events are divided into low- and high-p

miss
T regions. While the 4L category is divided into

p
miss
T < 50 GeV and >50 GeV regions, the 3L and 2L1T (OS, SS) categories are divided into

p
miss
T < 150 GeV and >150 GeV regions. These categories form the bases of signal regions (SR)

that would be sensitive to the presence of a VLL signal. They are complemented by orthogonal
control regions (CR) that are expected to be dominantly populated by backgrounds. Addition-
ally, all events with a light-lepton pair invariant mass below 12 GeV are vetoed regardless of the
flavor and sign of the pair, in order to suppress low mass quarkonia resonances. The SRs are
described in Table 1, where OSSF refers to an opposite-sign, same-flavor lepton pair. A detailed
description of the CRs is given in Section 6.

Table 1: The signal regions defined in this analysis. The on-Z mass window is defined as
76 < m`` < 106 GeV, while the below-Z condition is defined as m`` < 76 GeV.

Nleptons p
miss
T (GeV) CR veto

�4e/µ
<50 2 OSSF on-Z pairs and p

miss
T < 50 GeV

>50

3e/µ
<150 OSSF on-Z pair and p

miss
T < 100 GeV, or

>150 OSSF below-Z pair and p
miss
T < 50 GeV, or

OSSF below-Z pair and on-Z m3`

2e/µ OS (or SS) + �1th
<150

p
miss
T < 50 GeV

>150

(ν̄′�)

(ℓ′�+ )

(q)

(q̄)

Same-sign dilepton (e/μ) + tau is the golden channel

CMS EXO-18-005 
https://arxiv.org/abs/1905.10853

https://arxiv.org/abs/1510.03456
Kumar, Martin.

https://arxiv.org/abs/1510.03456


Halil Saka (Rutgers University)                               Search for BSM physics in multilepton final states with the CMS Detector    |   Blois 2019 �22

Vectorlike Taus

2LOS+Tau, high MET 2LSS+Tau, low MET

CMS EXO-18-005 
https://arxiv.org/abs/1905.10853

10

0 100 200 300 400 500 600 700 800 900
1−10

1

10

210

310

410

510

610

710

810

Ev
en

ts
 / 

15
0 

G
eV

Data
MisID
WZ
ZZ
Conversion
H+X

Vtt
VVV
Uncertainty

200VLL
500VLL

CMS
 (13 TeV)-177.4 fb

,
h
τ 1 ≥ (OS) + µ2 e/

 < 150 GeV
T
missp

0 100 200 300 400 500 600 700 800 900
 (GeV)TL

0
0.5

1
1.5

2

O
bs

/E
xp 0 100 200 300 400 500 600 700 800 900

1−10

1

10

210

310

410

510

610

Ev
en

ts
 / 

15
0 

G
eV

Data
MisID
WZ

Vtt
H+X
ZZ
VVV
Conversion
Uncertainty

200VLL
500VLL

CMS
 (13 TeV)-177.4 fb

,
h
τ 1 ≥ (OS) + µ2 e/

 > 150 GeV
T
missp

0 100 200 300 400 500 600 700 800 900
 (GeV)TL

0
0.5

1
1.5

2

O
bs

/E
xp

0 100 200 300 400 500 600

1−10

1

10

210

310

410

510

610

Ev
en

ts
 / 

15
0 

G
eV

Data
MisID
WZ
H+X

Vtt
Conversion
ZZ
VVV
Uncertainty

200VLL
500VLL

CMS
 (13 TeV)-177.4 fb

,
h
τ 1 ≥ (SS) + µ2 e/

 < 150 GeV
T
missp

0 100 200 300 400 500 600
 (GeV)TL

0
1
2
3

O
bs

/E
xp 0 100 200 300 400 500 600

1−10

1

10

210

310

410

510

610

Ev
en

ts
 / 

15
0 

G
eV

Data
MisID
WZ
H+X

Vtt
Conversion
VVV
ZZ
Uncertainty

200VLL
500VLL

CMS
 (13 TeV)-177.4 fb

,
h
τ 1 ≥ (SS) + µ2 e/

 > 150 GeV
T
missp

0 100 200 300 400 500 600
 (GeV)TL

0
0.5

1
1.5

2

O
bs

/E
xp

Figure 5: The LT distributions for the 2L1T OS signal regions with p
miss
T < 150 GeV (upper left)

and p
miss
T > 150 GeV (upper right), and for the 2L1T SS signal regions with p

miss
T < 150 GeV

(lower left) and p
miss
T > 150 GeV (lower right). The total SM background is shown as a stack

of all contributing processes. The predictions for VLL signal models (sum of all production
and decay modes) with mt 0/n 0 = 200 and 500 GeV are also shown as dashed lines. The hatched
gray bands in the upper panels represent the total uncertainty in the expected background. The
lower panels show the ratios of observed data to the total expected background. In the lower
panels, the light gray band represents the combined statistical and systematic uncertainty in
the expected background, while the dark gray band represents the statistical uncertainty only.
The rightmost bins include the overflow events.
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Figure 5: The LT distributions for the 2L1T OS signal regions with p
miss
T < 150 GeV (upper left)

and p
miss
T > 150 GeV (upper right), and for the 2L1T SS signal regions with p

miss
T < 150 GeV

(lower left) and p
miss
T > 150 GeV (lower right). The total SM background is shown as a stack

of all contributing processes. The predictions for VLL signal models (sum of all production
and decay modes) with mt 0/n 0 = 200 and 500 GeV are also shown as dashed lines. The hatched
gray bands in the upper panels represent the total uncertainty in the expected background. The
lower panels show the ratios of observed data to the total expected background. In the lower
panels, the light gray band represents the combined statistical and systematic uncertainty in
the expected background, while the dark gray band represents the statistical uncertainty only.
The rightmost bins include the overflow events.
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Figure 5: The LT distributions for the 2L1T OS signal regions with p
miss
T < 150 GeV (upper left)

and p
miss
T > 150 GeV (upper right), and for the 2L1T SS signal regions with p

miss
T < 150 GeV

(lower left) and p
miss
T > 150 GeV (lower right). The total SM background is shown as a stack

of all contributing processes. The predictions for VLL signal models (sum of all production
and decay modes) with mt 0/n 0 = 200 and 500 GeV are also shown as dashed lines. The hatched
gray bands in the upper panels represent the total uncertainty in the expected background. The
lower panels show the ratios of observed data to the total expected background. In the lower
panels, the light gray band represents the combined statistical and systematic uncertainty in
the expected background, while the dark gray band represents the statistical uncertainty only.
The rightmost bins include the overflow events.

schap en Technologie (IWT-Belgium); the F.R.S.-FNRS and FWO (Belgium) under the “Excel-263

lence of Science – EOS” – be.h project n. 30820817; the Beijing Municipal Science & Technology264

Commission, No. Z181100004218003; the Ministry of Education, Youth and Sports (MEYS)265
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1. Introduction 1

1 Introduction1

The standard model (SM) of particle physics is a quantum field theory that describes the known2

fundamental particles and their interactions. The predictions of the SM have been experimen-3

tally tested with great precision [1]. However, the SM does not explain several observations,4

such as the existence of dark matter and the baryon asymmetry in the universe. In addition,5

there exist theoretical issues such as the hierarchy problem, that suggest that an extension of6

the SM, predicting new particles, is needed to provide a more complete description of nature.7

In one class of new particles there are nonchiral color singlet fermions that couple to the SM8

leptons. The term nonchiral implies that the left- and right-handed components of these par-9

ticles transform identically under gauge symmetries. These particles are thus referred to as10

vector-like leptons (VLLs). They arise in a wide variety of models invoking, for example, su-11

persymmetry or extra dimensions [2–5]. The VLLs are often classified by the SM lepton gen-12

eration with which they are associated. VLLs and their associated SM leptons have identical13

lepton numbers.14

This paper presents a search for an SU(2) doublet VLL extension [6] of the SM with couplings to15

the third generation SM leptons. The search is carried out in final states with multiple charged16

leptons (e, µ, t), using proton-proton (p p) collision data collected by the CMS detector at the17

LHC in 2016 and 2017. The model that we consider introduces a vector-like t lepton (t 0�),18

its antiparticle (t 0+), and the corresponding neutrinos (n 0
t and n 0

t ). At the LHC, they can be19

produced in t 0±n 0
t , t 0+t 0�, and n 0

t n 0
t channels, with subsequent decays of t 0 to Z t or H t and20

of n 0
t to W t , where W, Z, and H are the SM W, Z, and Higgs bosons. At tree-level, the t 0

21

and n 0
t are mass degenerate, whereas higher order radiative corrections predict < 0.3% relative22

mass splitting between these two states, for VLL masses greater than 100 GeV. In this paper,23

t 0 and n 0
t are assumed to be mass degenerate. The mass of the VLL is the only free parameter24

both in the production cross section and in the branching fraction calculations. The tree-level25

Feynman diagrams for associated and pair production of the doublet model VLLs are shown26

in Fig. 1 along with possible subsequent decay chains that would result in a multilepton final27

state.28

The ATLAS Collaboration performed a search for heavy lepton resonances decaying into a Z29

boson and a lepton in a multilepton final state at a center-of-mass energy of 8 TeV [7], constrain-30

ing a singlet VLL model and excluding VLLs in the mass range of 114–176 GeV. However, to31

date, there are no such constraints on the doublet VLL model from any of the LHC experi-32

ments. The L3 Collaboration at LEP placed a lower bound of ⇡100 GeV on additional heavy33

leptons [8]. Given these existing constraints, this analysis focuses on VLL masses greater than34

100 GeV.35
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Figure 1: Two illustrative leading order Feynman diagrams for associated production of t 0 with
a n 0

t (left) and for pair production of t 0 (right), and possible subsequent decay chains that result
in a multilepton final state.
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73
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LHC in 2016 and 2017. The model that we consider introduces a vector-like t lepton (t 0�),18

its antiparticle (t 0+), and the corresponding neutrinos (n 0
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t ). At the LHC, they can be19

produced in t 0±n 0
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t n 0
t channels, with subsequent decays of t 0 to Z t or H t and20

of n 0
t to W t , where W, Z, and H are the SM W, Z, and Higgs bosons. At tree-level, the t 0
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and n 0
t are mass degenerate, whereas higher order radiative corrections predict < 0.3% relative22

mass splitting between these two states, for VLL masses greater than 100 GeV. In this paper,23

t 0 and n 0
t are assumed to be mass degenerate. The mass of the VLL is the only free parameter24

both in the production cross section and in the branching fraction calculations. The tree-level25

Feynman diagrams for associated and pair production of the doublet model VLLs are shown26

in Fig. 1 along with possible subsequent decay chains that would result in a multilepton final27

state.28

The ATLAS Collaboration performed a search for heavy lepton resonances decaying into a Z29

boson and a lepton in a multilepton final state at a center-of-mass energy of 8 TeV [7], constrain-30

ing a singlet VLL model and excluding VLLs in the mass range of 114–176 GeV. However, to31

date, there are no such constraints on the doublet VLL model from any of the LHC experi-32

ments. The L3 Collaboration at LEP placed a lower bound of ⇡100 GeV on additional heavy33

leptons [8]. Given these existing constraints, this analysis focuses on VLL masses greater than34
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Figure 1: Two illustrative leading order Feynman diagrams for associated production of t 0 with
a n 0

t (left) and for pair production of t 0 (right), and possible subsequent decay chains that result
in a multilepton final state.
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73
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Table 1: Multilepton signal region definitions for the signal models. All events containing a
same-flavor lepton pair with mass below 12 GeV, and 3L events containing an OSSF lepton pair
with mass below 76 GeV when the trilepton mass is within a Z boson mass window (91 ± 15
GeV) are vetoed.

Label N` NOSSF MOSSF Nb p
miss
T Variable Binning scheme

Signal model: type-III seesaw
3L below-Z 3 1 < 76 GeV � � LT + p

miss
T 0 � 1200 GeV 6 bins

3L on-Z 3 1 76 � 106 GeV � > 100 GeV MT 0 � 700 GeV 7 bins
3L above-Z 3 1 > 106 GeV � � LT + p

miss
T 0 � 1600 GeV 8 bins

3L OSSF0 3 0 � � � LT + p
miss
T 0 � 1200 GeV 6 bins

4L OSSF1 �4 1 � � � LT + p
miss
T 0 � 1000 GeV 5 bins

4L OSSF2 �4 2 � � > 100 GeV
LT + p

miss
T 0 � 1200 GeV 6 bins

if double on-Z
Signal model: tt̄f ST (GeV)

0 � 400 400 � 800 > 800

3L(``)? 0B 3 1 off-Z 0 � M
20
OSSF 12 � 77 GeV 13 bins 13 bins 5 bins

M
300
OSSF 106 � 356 GeV 10 bins 10 bins 10 bins

3L(``)? 1B 3 1 off-Z �1 � M
20
OSSF 12 � 77 GeV 13 bins 13 bins 5 bins

M
300
OSSF 106 � 356 GeV 10 bins 10 bins 10 bins

0 � 400 > 400

4L(``)? 0B �4 � 1 off-Z 0 � M
20
OSSF 12 � 77 GeV 3 bins 2 bins

M
300
OSSF 106 � 356 GeV 3 bins 2 bins

inclusive

4L(``)? 1B �4 � 1 off-Z �1 � M
20
OSSF 12 � 77 GeV 3 bins

M
300
OSSF 106 � 356 GeV 3 bins

? ` = e or µ

6 Background estimation and systematic uncertainties
The irreducible backgrounds are estimated using simulation samples, and are dominated by
the WZ, ZZ, tt̄Z, and Zg processes. These processes are normalized to data using dedicated
control selections as described below, and the normalizations as well as associated uncertain-
ties are propagated to the corresponding background estimates in the signal regions. All nor-
malizations and uncertainties are corrected to account for the contamination of events from
other processes, and include both statistical and systematic contributions.

For WZ and tt̄Z processes we select events with exactly three leptons with an OSSF pair on-
Z, and the minimum lepton pT is required to be above 20 GeV to increase the purity of these
selections in the targeted process. For the WZ enriched selection, we require 50 < p

miss
T <

100 GeV and 0 b tagged jets, whereas for the tt̄Z enriched selection we require p
miss
T < 100 GeV,

ST > 350 GeV, and at least 1 b tagged jet. Similarly, for ZZ, we select events with exactly four
leptons, p

miss
T < 100 GeV, and with 2 distinct on-Z OSSF lepton pairs. In WZ and ZZ enriched

selections, the MC based predictions are normalized to data in 0 � 3 and 0 � 2 jet multiplicity
bins including overflows, respectively, yielding normalization uncertainties in the range of 5 �
25%, whereas an inclusive normalization is performed in the tt̄Z enriched selection, resulting
in a 20% uncertainty. Following a study of same-sign dielectron events where the dielectron
invariant mass is within a Z boson mass window (91 ± 15 GeV), a relative 50% uncertainty is
assigned to a small subset of the the irreducible WZ and ZZ background contributions due to
charge misidentification of electrons in 3L OSSF0 and 4L OSSF1 signal regions. Similarly, a Zg
enriched selection is created in three lepton events with an OSSF lepton pair of mass below
76 GeV and the trilepton mass within the Z boson mass window, 91 ± 15 GeV. This selection
is dominated by Z+jets events with internal and external photon conversions originating from
final state radiation, and the normalization yields a relative uncertainty of 20%.
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control selections as described below, and the normalizations as well as associated uncertain-
ties are propagated to the corresponding background estimates in the signal regions. All nor-
malizations and uncertainties are corrected to account for the contamination of events from
other processes, and include both statistical and systematic contributions.

For WZ and tt̄Z processes we select events with exactly three leptons with an OSSF pair on-
Z, and the minimum lepton pT is required to be above 20 GeV to increase the purity of these
selections in the targeted process. For the WZ enriched selection, we require 50 < p

miss
T <

100 GeV and 0 b tagged jets, whereas for the tt̄Z enriched selection we require p
miss
T < 100 GeV,

ST > 350 GeV, and at least 1 b tagged jet. Similarly, for ZZ, we select events with exactly four
leptons, p

miss
T < 100 GeV, and with 2 distinct on-Z OSSF lepton pairs. In WZ and ZZ enriched

selections, the MC based predictions are normalized to data in 0 � 3 and 0 � 2 jet multiplicity
bins including overflows, respectively, yielding normalization uncertainties in the range of 5 �
25%, whereas an inclusive normalization is performed in the tt̄Z enriched selection, resulting
in a 20% uncertainty. Following a study of same-sign dielectron events where the dielectron
invariant mass is within a Z boson mass window (91 ± 15 GeV), a relative 50% uncertainty is
assigned to a small subset of the the irreducible WZ and ZZ background contributions due to
charge misidentification of electrons in 3L OSSF0 and 4L OSSF1 signal regions. Similarly, a Zg
enriched selection is created in three lepton events with an OSSF lepton pair of mass below
76 GeV and the trilepton mass within the Z boson mass window, 91 ± 15 GeV. This selection
is dominated by Z+jets events with internal and external photon conversions originating from
final state radiation, and the normalization yields a relative uncertainty of 20%.

Here we choose 
one low, one high mass  
OSSF pair in each event 

“Phi leptons” could be soft

CMS PAS-EXO-19-002 
http://cds.cern.ch/record/2668721Extended scalar sector: tt𝝓

https://arxiv.org/abs/1507.07004

https://arxiv.org/abs/1711.05722

Casolino et al.

Chang et al.

http://cds.cern.ch/record/2668721
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Figure 8: Dimuon M
20
OSSF (left column) and M

300
OSSF (right column) distributions in 3L(µµ) 1B tt̄f

signal regions. Upper, center, and lower plots are with 0 < ST < 400 GeV, 400 < ST < 800 GeV,
and ST > 800 GeV, respectively. The total SM background is shown as a stacked histogram of
all contributing processes. The predictions for tt̄f(! µµ) models with a pseudoscalar (scalar)
f of 20 and 125 (70 and 300) GeV mass are also shown. The lower panels show the ratio of
observed to expected events. The hatched gray band in the upper panels and the light gray
bands in the lower panels represent the total (systematic and statistical) uncertainty in each
bin, whereas the dark gray bands in the lower panels represent the statistical uncertainty only.
The last bins do not contain the overflow events as these are outside the probed mass range.

Misidentified lepton

Dominant SM process:

WZ ttZ

3L μμe+μμμ, low ST, 1B 3L μμe+μμμ, med. ST, 0B 4L μμee++μμμe+μμμμ, 1B

Extended scalar sector: tt𝝓 CMS PAS-EXO-19-002 
http://cds.cern.ch/record/2668721
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Figure 7: Dimuon M
20
OSSF (left column) and M

300
OSSF (right column) distributions in 3L(µµ) 0B tt̄f

signal regions. Upper, center, and lower plots are with 0 < ST < 400 GeV, 400 < ST < 800 GeV,
and ST > 800 GeV, respectively. The total SM background is shown as a stacked histogram of
all contributing processes. The predictions for tt̄f(! µµ) models with a pseudoscalar (scalar)
f of 20 and 125 (70 and 300) GeV mass are also shown. The lower panels show the ratio of
observed to expected events. The hatched gray band in the upper panels and the light gray
bands in the lower panels represent the total (systematic and statistical) uncertainty in each
bin, whereas the dark gray bands in the lower panels represent the statistical uncertainty only.
The last bins do not contain the overflow events as these are outside the probed mass range.
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Figure 9: Dimuon M
20
OSSF (left column) and M

300
OSSF (right column) distributions in 4L(µµ) tt̄f

signal regions. Upper, center, and lower plots are with 0B 0 < ST < 400 GeV, 0B ST > 400 GeV,
and 1B ST-inclusive, respectively. The total SM background is shown as a stacked histogram of
all contributing processes. The predictions for tt̄f(! µµ) models with a pseudoscalar (scalar)
f of 20 and 125 (70 and 300) GeV mass are also shown. The lower panels show the ratio of
observed to expected events. The hatched gray band in the upper panels and the light gray
bands in the lower panels represent the total (systematic and statistical) uncertainty in each
bin, whereas the dark gray bands in the lower panels represent the statistical uncertainty only.
The last bins do not contain the overflow events as these are outside the probed mass range.Also probed:  ➞ high masses (108-340)  

                       ➞ “dielectron+X” channels

http://cds.cern.ch/record/2668721
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Limits on absolute cross-cross-section are also provided!
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Figure 12: The 95% confidence level upper limits on the square of the Yukawa coupling to
top quarks times branching ratio for a scalar f boson in dielectron (upper left) and dimuon
(lower left) channels, and for a pseudoscalar f boson in dielectron (upper right) and dimuon
(lower right) channels, where f is produced in association with a top quark pair. Assuming
a Yukawa coupling of unity strength to top quarks, the branching ratio of new scalar (pseu-
doscalar) bosons to dielectrons and dimuons above 0.003 (0.03) are excluded for masses in the
range of 15 � 75 GeV, and above 0.04 (0.03) for masses in the range of 108 � 340 GeV.
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73

BR(ϕ → ℓℓ) ∼
|gℓ |2

Σ |gℓ |2

For mϕ < 2mt :

For gt ~ 1,  we exclude  
BR(𝜙➞ee/μμ) above ~0.1-1% level.  

The tt𝝓 parameter space CMS EXO-19-002
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In lieu of conclusions
• Seesaw : M > 880 GeV  

Vectorlike Taus : M > 790 GeV 
Scalars in ttbar associated production : BR ≲ 0.1-1% for 15<M<340 GeV 

• Signature driven program:  
- low vs high lepton pT 
- low vs high MET  
- lepton charge, flavor, and mass 
- … 

• Target many flavor and kinematic combinations 
- Arguably, an “experimentally driven” era in high energy physics 

• Signatures are exotic, but backgrounds are standard 
- Is everything behaving as it should? 

• We have just scratched off the surface of the LHC Run-2 dataset 
- Early days of ~𝒪(100)/fb era
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Additional 
Material
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Irreducible SM: ZZ

σ(ZZ) is normalized to data in CR 
   - both in yield, and jet multiplicity (0-2)  
   - reduces MC Generator sensitivity  
     (aMC@NLO vs POWHEG) 
   - absorbs some higher order corrections  
   - relative norm. uncertainty is ~5%

Exactly 4 leptons 
2 distinct On-Z pairs 
MET<100 GeV

8

0 50 100 150 200 250 300 350 400

1−10

1

10

210

310

410

510

Ev
en

ts
 

Data WZ
ZZ Ztt
MisID Conversion
Rare Uncertainty

CMS Preliminary  (13 TeV)-1137 fb

0 50 100 150 200 250 300 350 400
 (GeV)TM

0
0.5

1
1.5

2

O
bs

/E
xp 0 100 200 300 400 500 600 700 800 900 1000

1−10

1

10

210

310

410

510

Ev
en

ts
 

Data WZ
ZZ Ztt
MisID Conversion
Rare Uncertainty

CMS Preliminary  (13 TeV)-1137 fb

0 100 200 300 400 500 600 700 800 900 1000
 (GeV)TL

0
0.5

1
1.5

2

O
bs

/E
xp

0 100 200 300 400 500 600 700 800 900 1000

1−10

1

10

210

310

410

Ev
en

ts
 

Data WZ
ZZ Ztt
MisID Conversion
Rare Uncertainty

CMS Preliminary  (13 TeV)-1137 fb

0 100 200 300 400 500 600 700 800 900 1000
 (GeV)TL

0
0.5

1
1.5

2

O
bs

/E
xp 0 200 400 600 800 1000 1200 1400

1−10

1

10

210

310

410

Ev
en

ts
 

Data ZZ
Ztt MisID

Conversion Rare
Uncertainty

CMS Preliminary  (13 TeV)-1137 fb

0 200 400 600 800 1000 1200 1400
 (GeV)TS

0
0.5

1
1.5

2

O
bs

/E
xp

Figure 2: The MT distribution in the WZ enriched control selection (upper left), the LT distri-
bution in the misidentifed lepton enriched control selection (upper right), the LT distribution
in the tt̄Z enriched control selection (lower left), and the ST distribution in the ZZ enriched
control selection (lower right). The lower panels show the ratio of observed to expected events.
The hatched gray band in the upper panels and the light gray bands in the lower panels repre-
sent the total (systematic and statistical) uncertainty in each bin, whereas the dark gray bands
in the lower panels represent the statistical uncertainty only. The last bins contain the overflow
events in each distribution.

2016+2017+2018 luminosity

CMS PAS-EXO-19-002 
http://cds.cern.ch/record/2668721

http://cds.cern.ch/record/2668721
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Type-III seesaw, flavor democratic scenario

CMS Preliminary  (13 TeV)-1137 fb

Figure 10: The 95% confidence level upper limits on the total production cross section of heavy
fermion pairs. Also shown is the theoretical prediction for the cross section of the S pair
production via the type III seesaw mechanism, with its uncertainty. Type-III seesaw heavy
fermions are excluded for masses below 880 GeV (expected 930 GeV) in the flavor democratic
scenario.
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Figure 1: Leading order Feynman diagrams for the type-III seesaw (left) and tt̄f (right) signal
models, depicting example production and decay modes in pp collisions.

2 The CMS detector44

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-45

ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip46

tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintillator47

hadron calorimeter, each composed of a barrel and two endcap sections. Forward calorimeters48

extend the pseudorapidity (h) coverage provided by the barrel and endcap detectors. Muons49

are detected in gas-ionization chambers embedded in the steel flux-return yoke outside the50

solenoid. A more detailed description of the CMS detector, together with a definition of the51

coordinate system used and the relevant kinematic variables, can be found in Ref. [25].52

The CMS detector uses a two-tiered trigger system [26]. The first level, composed of custom53

hardware processors, uses information from the calorimeters and muon detectors to select up to54

100 kHz of the most relevant pp collision events. These are further processed by a second level55

consisting of a farm of processors, known as the high level trigger, that combines information56

from all CMS subdetectors to yield a final event rate of less than 1kHz for data storage.57

3 Data samples and simulation58

The data sample analyzed in this search corresponds to an integrated luminosity of 137 fb�1
59

recorded in pp collisions at
p

s = 13 TeV. A combination of isolated single muon and isolated60

single electron triggers are used with the corresponding transverse momentum (pT) thresholds61

of 24 and 27 GeV in 2016, 27 and 32 GeV in 2017, and 24 and 32 GeV in 2018 data-taking periods,62

collecting 35.9, 41.5, and 59.7 fb�1 of data, respectively.63

Monte Carlo (MC) simulation samples are used to estimate the rates of signal and relevant SM64

background processes. The ZZ background contribution from quark-antiquark annihilation is65

generated using POWHEG 2.0 [27–29] at next-to-leading order (NLO), whereas the contribu-66

tion from gluon-gluon fusion is generated at LO using MCFM [30]. The WZ, Zg, tt̄Z, tt̄W, and67

triboson backgrounds are generated at NLO using MADGRAPH5 aMC@NLO (2.2.2 in 2016,68

2.4.2 in 2017 and 2018) [31]. Backgrounds from Higgs production are generated at NLO us-69

ing POWHEG 2.0 and JHUGEN 7.0.11 [32–35]. Simulated samples for DY and tt̄ processes70

generated at NLO with MADGRAPH5 aMC@NLO (2.2.2 in 2016, 2.4.2 in 2017 and 2018) and71

POWHEG 2.0, respectively, are also extensively used for systematic studies.72

All signal samples are simulated using MADGRAPH5 aMC@NLO 2.6.1 at LO precision. The73

Vℓ ∼ 10−4
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Flavor democratic mixings

of the NNPDF30_lo_as_0130_nf_4 PDF set [48], and are
found to be less than 3% in all signal bins. The signal yields
also have uncertainties due to the integrated luminosity
measurement (2.5%) and the corrections applied to the
simulation samples mentioned in the previous paragraph.
We observe no statistically significant excess in the

various signal regions that we probe. We calculate a
95% confidence level (CL) upper limit on the sum of
cross sections for the production of heavy fermion pairs
(Σ0Σþ, Σ0Σ−, and ΣþΣ−) using the CLs criterion [49–52].
We consider all sources of systematic and statistical
uncertainties as nuisance parameters, with log-normal
and gamma prior distributions, respectively, and perform
a simultaneous fit across all search regions. Figure 2 shows
the upper limits on the cross section in the flavor-
democratic scenario where the observed (expected) limit

on masses of heavy fermions is 840 (780) GeV. The signal
cross section has an uncertainty of approximately 5%–15%
due to choices of PDFs, and factorization and renormal-
ization scales in the mass range we consider. Figure 3
shows the expected and observed excluded mass limits in
the Be-Bτ plane [note that Bμ ¼ 1 − ðBeþ BτÞ]. The limits
are the most restrictive when the Σ branching fraction to
either electron or muon flavor is maximal, and become less
restrictive as the branching fraction to τ flavor increases.
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FIG. 1. TheLT þ pmiss
T distribution for events with three leptons

and one OSSF pair with mass above Z (upper) and the LT þ pmiss
T

distribution for events with four or more leptons and one OSSF
pair (lower). The total SM background is shown as a stacked
histogram of all contributing processes. The predictions for signal
models (sum of all production and decay modes) with mΣ ¼ 700
(solid line) andmΣ ¼ 380 GeV (dashed line) are also shown. The
lower panels show the ratio of observed to expected events. The
hatched gray band in the upper panel, and the dark and light gray
bands in the lower panel represent the total, statistical, and
systematic uncertainties in the expected background, respectively.
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FIG. 2. The 95% confidence level upper limits on the cross
section for production of heavy fermion pairs (Σ0Σþ, Σ0Σ−, and
ΣþΣ−). Also shown is the theoretical prediction for the cross
section of the Σ pair production via the type-III seesaw mecha-
nism, with its uncertainty. In the flavor-democratic scenario
(Be ¼ Bμ ¼ Bτ), heavy fermion pair production is excluded
for masses below 840 GeV.
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FIG. 3. The 95% confidence level expected (upper) and ob-
served (lower) limits on the heavy fermionmassmΣ (GeV) for each
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flavors. The color scale represents the mass exclusion limit
obtained at each point. The branching fraction to μ can be obtained
from Bμ ¼ 1 − ½Beþ Bτ&. The highlighted box indicates the limit
on mΣ for the flavor-democratic scenario (Be ¼ Bμ ¼ Bτ).
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Figure 11: The 95% confidence level upper limits on the production cross section times branch-
ing ratio for a scalar f boson in dielectron (upper left) and dimuon (lower left) channels, and for
a pseudoscalar f boson in dielectron (upper right) and dimuon (lower right) channels, where
f is produced in association with a top quark pair. Also shown are the theoretical predictions
for the production cross section times branching ratio of the tt̄f model, with their uncertainties,
and assuming g2

t
⇥ BR(f ! ``) = 0.05. All tt̄f signal scenarios are excluded for production

cross sections above 20 fb for f masses in the range of 15� 75 GeV, and above 5 fb for f masses
in the range of 108 � 340 GeV.

Extended scalar sector: tt𝝓
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Table 2: Sources of systematic uncertainties, affected background and signal processes, relative
variation on the affected processes, and correlation model across years in signal regions.

Uncertainty source Signal/Background process Variation (%) Correlation
Luminosity Signal/Rare/Non-Zg conversion 2.3 � 2.5 No
Lepton reco, ID and iso. efficiency Signal/Background? 4 � 5 No
Lepton displacement efficiency (only in 3L) Signal/Background? 3 � 5 Yes
Trigger efficiency Signal/Background? < 3 No
B tag efficiency Signal/Background? < 5 No
Minbias cross section (pileup) Signal/Background? < 3 Yes
Factorization/renormalization scale & PDF Signal/Background? < 10 Yes
Jet energy scale Signal/Background? < 5 Yes
Unclustered energy scale Signal/Background? < 5 Yes
Muon energy scale and resolution Signal/Background? < 5 Yes
Electron energy scale and resolution Signal/Background? < 2 Yes
WZ normalization (0/1/2/�3 jets) WZ 5 � 10 Yes
ZZ normalization (0/1/�2 jets) ZZ 5 � 10 Yes
tt̄Z normalization tt̄Z 15 � 20 Yes
Conversion normalization Conversion 20 � 50 Yes
Rare normalization Rare 50 Yes
Lepton misidentification rates Misidentified lepton 30 � 40 Yes
Electron charge misidentification WZ/ZZ† < 20 No

?WZ, ZZ, tt̄Z, rare, and conversion background processes.
†Only in 3L OSSF0 and 4L OSSF1 signal regions.

the 3L(µµ) 1B ST < 400 GeV high mass tt̄f channel by making an a-posteriori choice of
M

300
OSSF > 206 GeV, resulting in a data excess of approximately 3.2 standard deviations. Simi-

larly, by examining other deviations from the SM, we report a local data deficit of -2.5 standard
deviations in the 10 < M

20
OSSF < 15 GeV bin of the 3L(ee) 0B 400 < ST < 800 GeV channel, and

a local data excess of 2.5 standard deviations in the 60 < M
20
OSSF < 65 GeV bin of the 3L(µµ)

1B 400 < ST < 800 GeV channel. Other deviations are relatively insiginificant, even without
considering the look-elsewhere effect mitigation [57]. Overall, the observations are found to be
globally consistent with the SM predictions within 2 standard deviation in each of the low and
high mass dielectron and dimuon channels.

Given the absence of a significant excess, upper limits are calculated using the asymptotic CLS
criterion at 95% confidence level on the production cross sections of the type-III seesaw and tt̄f
signal models, as well as on the square of the Yukawa coupling to top quarks times branching
ratio in the case of tt̄f signal model, where a counting experiment is performed in each signal
bin for the statistical analysis [58–60]. A simultaneous fit is performed across all the LT + p

miss
T

and MT bins for all seesaw signal models. In the tt̄f signal model, the appropriate subset of the
mass bins is used for a given mass and flavor scenario, such that only the low dielectron (high
dimuon) mass bins are considered for a 50 GeV tt̄f(! ee) (200 GeV tt̄f(! µµ)) signal.

The uncertainties on the mean values of expected signal and background yields are treated
as nuisance parameters modeled by log-normal and gamma distributions for systematic and
statistical uncertainties, respectively. Statistical uncertainties on the signal and background
yields in each bin and year are assumed to be fully uncorrelated, whereas all other systematic
uncertainties are assumed to be fully correlated among the signal bins in a given year. The
correlation model of all nuisance parameters across the datasets collected in different years is
summarized in Table 2.

Observed and expected upper limits on the production cross section s[SS] in the type-III see-
saw signal model are given in Figure 10. Type-III seesaw heavy fermions are excluded at 95%
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Uncertainties in EXO-18-0058

Table 2: The sources of systematic uncertainty and the typical variations (%) observed in the
affected background and signal yields in the analysis. All sources of uncertainty are considered
as correlated between the 2016 and 2017 data analyses except for the lepton identification and
isolation, the single lepton trigger, and the integrated luminosity. The label ALL is defined as
WZ, ZZ, Rare (ttV, VVV, Higgs boson), and Signal processes.

Source of uncertainty Typical variations (%) Processes
MisID background 20–35 —
Rare background normalization 50 —
Conversion background normalization 11 —
WZ background normalization 5 —
ZZ background normalization 4–5 —
Lepton identification & isolation 6–8 ALL
Single lepton trigger <3 ALL
Electron energy scale and resolution 2–5 ALL
Muon momentum scale and resolution 2–10 ALL
Hadronic t lepton energy scale <5 ALL
Jet energy scale 5–10 ALL
Unclustered energy scale 1–10 ALL
Integrated luminosity 2.3–2.5 Rare/Signal
Pileup modeling <4 ALL

8 Results
The LT distributions for the 4L and 3L SRs are shown in Fig. 4, while those for various 2L1T SRs
are shown in Fig. 5. We do not observe any significant discrepancies between the background
predictions and the observed data. Limits are set on the combined cross section for associated
(t 0n 0

t ) and pair (t 0t 0/n 0
t n 0

t ) production of VLLs. To obtain upper limits on the signal cross sec-
tion at 95% confidence level (CL), we use a modified frequentist approach with a test statistic
based on the profile likelihood in the asymptotic approximation and the CLs criterion [42–44].
The upper limits are shown in Fig. 6. We use a linear interpolation of the expected event yields
between the simulated signal samples in the limit calculations. Systematic uncertainties are
incorporated into the likelihood as nuisance parameters with log-normal probability distribu-
tions, while statistical uncertainties are modeled with gamma functions. The observed limits
are within two standard deviations of the expected limits from the background-only hypothe-
sis. Because of the preferential coupling of VLLs to t leptons, the major contribution to these
results comes from the 2L1T SRs. The measurements in these channels alone exclude VLLs in
the mass range 120–740 GeV. On combining all the 4L, 3L, and 2L1T SRs, with the hypothesis
of an SU(2) mass degenerate VLL doublet with couplings to the third generation SM leptons,
we exclude VLLs with mass in the range of 120–790 GeV at 95% CL.

9 Summary
A search for vector-like leptons coupled to the third generation standard model leptons has
been performed in several multilepton final states using 77.4 fb�1 of proton-proton collision
data at a center-of-mass energy of 13 TeV, collected by the CMS experiment in 2016 and 2017.
No significant deviations of the data from the standard model predictions are observed. These
results exclude a vector-like lepton doublet with a common mass in the range 120–790 GeV at
95% confidence level. These are the most stringent limits yet on the production of a vector-like
lepton doublet, coupling to the third generation standard model leptons.
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Status of Exotic Searches in CMS
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The CMS Detector

Electron (muon) reconstruction efficiency ≳90-95%  
Tau reconstruction efficiency ~70%  
Muon/electron/tau pT resolution 1-3/3-5/<5%  (for pT <100 GeV)



Halil Saka (Rutgers University)                               Search for BSM physics in multilepton final states with the CMS Detector    |   Blois 2019 �38

https://cds.cern.ch/record/2120661

Particle Signatures in CMS
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Hadronic Taus in CMS


