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Introduction

Rare top production is fully accessible with Run 2 data: ttW, ttZ, tZq, ttγ, tγq, tttt. 

What we expect to learn:
➢ top coupling to Z and γ

bosons.

➢ ttV: one of the most 
massive signatures that can 
be studied with high 
precision.

➢ Searches for four top quark 
production starting to be 

sensitive at LHC. 
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- - - - -

-



ttW/ttZ
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• Cross sections that allow high precision measurements

• Important background process for searches as ttH in multilepton final states

• ttZ is sensitive to the direct coupling of the top quark to the Z boson

• Production would be enhanced in BSM models 

-
-



ttW

JHEP 08 (2018) 011
Baseline Selection:

• 2 leptons of same charge
• mll > 12 GeV (excluding Z mass window)
• NJet ≥ 2
• NB-tag ≥ 1

Analysis strategy:
• BDT to discriminate signal vs. bkg. Most discriminant 

variables: Njet, NB-tag, HT.

• Categories in BDT score, lepton charge, Njet and NB-tag

𝜎 NLO = 0.628 ± 0.082 pb
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2016 data

Main systematics:  
Luminosity, trigger, non-prompt bkg. 

Observed (expected) significance = 4.5(5.3) 𝜎

𝜇 =

https://arxiv.org/abs/1711.02547


ttZ Inclusive  

JHEP 03 (2020) 056

Baseline Selection:
• 3 or 4 leptons
• A pair of leptons is OSSF with mll

in the Z mass window
• NJet > 0

NJet and NB Classification

Improvements with respect to JHEP 
08 (2018) 011 ttZ measurement:

• More inclusive trigger
• Lepton ID

Main Backgrounds:
at least one top quark in 

association with a W, Z or H
𝜎 NLO = 0.839 ± 0.101 pb

Precision comparable to NLO th. prediction 
5

2016 and 2017 data

-

https://arxiv.org/abs/1907.11270
https://arxiv.org/abs/1711.02547
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JHEP 03 (2020) 056

ttZ differential

Differential cross section is also measured as a function of 𝐩𝐓
of the Z boson and of the cosine of the angle between the 
negative charged lepton and the Z candidate in the Z rest 
frame.
A signal enriched sample 
is used:

• 3 leptons
• NB-tags > 1
• NJets > 3

❑ aMC@NLO generator describes the shape well

❑ Unfolding by 𝜒2 minimization without regularization

https://arxiv.org/abs/1907.11270
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JHEP 03 (2020) 056

ttZ - EFT Interpretation

• Regions defined using 𝒑𝑻(𝐙) and 𝒄𝒐𝒔(𝜽𝒁
∗ )

• 59 Wilson coefficients of dimension 6 → 4 relevant, sensitive to t-Z coupling
• New stringent limits on the anomalous couplings of t-Z and estimates of the 

Wilson Coefficients of SM EFT are obtained  

Good agreement with SM

https://arxiv.org/abs/1907.11270


tZq

8

• Sensitive to several SM interaction via triple gauge boson (WWZ), tbW and top-Z 
couplings. Also sensitive to tbW→ tZ scattering amplitude.
▪ Might be affected by modified interaction even if ttZ and single top 

production are not. 
▪ Could indicate the presence of flavour-changing neutral currents

• Presence of a forward jet is a significant difference with respect to background 
processes

-



tZq - Observation
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PRL 122 (2019) 1320032016 and 2017 data

Baseline Selection:
3  isolated leptons 
A pair of leptons is 
OSSF with mll in the Z 
mass window

NJet - NB-tag Signal 
categorization

N
B

-t
a
g

Njet
2-3 >4

=1

≥2

Best SR
SR large

ttZ

SR large ttZ

A BDT is trained 
for each SR

Improvements with respect to PLB 779 (2018) 358:
Luminosity increase
Non-prompt lepton discrimination 
New analysis strategy: more inclusive categorization 

Backgrounds:
Diboson (WZ,ZZ) → CR for WZ and ZZ are implemented
ttX and tX (mainly ttZ)
Non-prompt lepton production (DY and tt) Most discriminant variable

-

-

-

-

-

https://arxiv.org/abs/1812.05900
https://arxiv.org/abs/1712.02825


tZq - Observation
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PRL 122 (2019) 132003

Main systematics: non-prompt background, lepton ID, FSR modeling, jet energy

tZq is observed with a significance well above 5 𝛔, result in good agreement 
with SM prediction 

m ℓ+ℓ− > 30 GeV/c2

σ NLO = 94.2 ± 3.1 fb

https://arxiv.org/abs/1812.05900


ttγ
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JHEP 10 (2017) 006 2012 data @ 8TeV

Top selection:
• 1 lepton (𝑒, 𝜇, 𝜏 → 𝑒, 𝜇)
• NJet ≥ 3
• NB-tag ≥ 1

• 𝑝𝑇
𝑚𝑖𝑠𝑠 > 20 GeV

Photon selection:

• ≥ 1 isolated prompt photon
Main backgrounds:

1) tt + fake γ

2) V+γ (V= Z/W)

Main Systematics: 
fit stats., JES, modeling…

Top reconstruction using M3

Evaluate photon purity using 
MC truth information

M3: Inv. mass of the 3-jet 
combination with highest 
sum of pT

-

https://arxiv.org/abs/1706.08128


t-channel

tγq
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PRL 121 (2018) 221802 
2016 data

Selection:
• 1 muon & 1 isolated photon
• NJet ≥ 2
• 1 NB-tag

• 𝑝𝑇
𝑚𝑖𝑠𝑠 > 30 GeV

Strategy: 

BDT constructed based on topological and kinematic
properties 

Main backgrounds:

1) fake γ background: data-driven estimation using photon 
isolation and shower shape

2) ttγ: CR defined with 2 b-tagged jets. 
-

σ pp → tγq BR t → μνb = 115 ± 17 stat. ± 30 syst. fb

Fiducial Region: 𝑝𝑇,𝛾 > 25 𝐺𝑒𝑉, 𝜂𝛾 < 1.44 and Δ𝑅 𝜇, 𝑏, 𝑗 , 𝛾 > 0.5

σfiducial
𝑆𝑀 (scale + pdf) = 81 ± 4 fb

Observed (expected) significance of 4.4 (3.0) 𝛔 First evidence of the process

https://arxiv.org/abs/1808.02913


tttt
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• Very low cross section process σ NLO = 12.0 −2,5
+2.0 fb

• The cross section can be used to constrain the magnitude and CP properties of the 
Yukawa coupling of the top to the Higgs.

• Can be enhanced due to BSM particles such as a heavy pseudoscalar or scalar 
boson produced in association with tt pair in 2HDM 

- -



tttt
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EPJC 80 (2020) 75 

Baseline Selection:
2ℓSS and 3ℓ final states

Selection: HT >300 GeV, 𝑝𝑇
𝑚𝑖𝑠𝑠 > 50 GeV, 

NJet ≥2 , NB-tag ≥2 

Two approaches: cut-based and BDT
variables: Njet, NB-tag, Nlep, HT, pT

jet…

Main Backgrounds:
ttW, ttZ, ttH, tt (with a misidentified charge 

of one of the leptons) 

Main syst:
jet energy, b-tagging, ttH normalization

2016+2017+2018 data

σ = 12.6−5.2
+5.8 fb

Observed (expected) significance = 2.6 (2.7) 𝜎

- - - -

-

https://arxiv.org/abs/1908.06463


tttt - interpretation
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EPJC 80 (2020) 75 

A constrain on the Yukawa coupling is imposed: |𝑦𝑡 /𝑦𝑡
𝑆𝑀|< 1.7 with a 95% confidence level 

Limits also set on the production of heavy scalar and pseudoscalar boson in a type II 2HDM 
scenario.

https://arxiv.org/abs/1908.06463


Summary
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• LHC is now capable of measuring rare SM processes with top quarks.

• These processes are sensitive to beyond the SM interactions.

• Most of the analyses are not using the full Run 2 data sample yet. 

• Some of the processes are studied for the first time are the LHC.

• All presented results show good agreement with the SM.

• Highlights:

➢ Differential ttZ

➢ First observation of tZq

➢ First evidence of tγ

➢ 4-top search increase in sensitivity

• Stay tuned!
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP/index.html

-
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-

Back up



ttW
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JHEP 08 (2018) 011

Summary of sources of systematic uncertainties 

https://arxiv.org/abs/1711.02547


ttZ Inclusive  

JHEP 03 (2020) 056
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Summary of sources of systematic uncertainties 

https://arxiv.org/abs/1907.11270
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JHEP 03 (2020) 056

ttZ - EFT Interpretation

• Regions defined using 𝒑𝑻(𝐙) and 𝒄𝒐𝒔(𝜽𝒁
∗ )

https://arxiv.org/abs/1907.11270


tZq - Observation
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PRL 122 (2019) 132003Signal enriched region and
summary of most important sources of systematic uncertainties 

https://arxiv.org/abs/1812.05900


ttγ

JHEP 10 (2017) 006 

https://arxiv.org/abs/1706.08128


t-channel

tγq
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PRL 121 (2018) 221802 
2016 data

Selection:
• 1 muon & 1 isolated photon
• NJet ≥ 2
• 1 NB-tag

• 𝑝𝑇
𝑚𝑖𝑠𝑠 > 30 GeV

Strategy: 
BDT constructed based on topological and 

kinematic properties 

Main backgrounds:
1) fake γ background: data-driven estimation 

using photon isolation and shower shape
2) ttγ: CR defined with 2 b-tagged jets. 

Two of the most 
discriminant 
input  variables

-

Main Systematics: 
JES (12%), signal modeling (9%), Z γ+ jets normalization (8%) 

and b-tagging and mistagging rates (7%)

https://arxiv.org/abs/1808.02913


tttt

Summary of sources of systematic uncertainties EPJC 80 (2020) 75 

https://arxiv.org/abs/1908.06463
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JHEP 11 (2019) 082 
Baseline Selection:

2ℓOS and single lepton final states

Strategy: 
BDT used to identify hadronic top decays. 
A second BDT is used to discriminate tttt
from tt. This takes as input the first BDT, 
event topology, event activity, NB-tag

Combination with EPJC 78 (2018) 140 
(2016 multilepton): 

2016 data

ee 𝝁𝝁 e𝝁 e 𝝁

mℓℓ >20 GeV + Z veto > 20 GeV -

Njet ≥4 ≥8 ≥7

NB-tag ≥2 ≥ 2

σ = 13−9
+11 fb

Observed (expected) significance = 1.4 (1.1)

tttt

- -

-

https://arxiv.org/abs/1906.02805
https://arxiv.org/abs/1710.10614

