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Introduction

• Rare processes : associated production of single top-quark with a 
boson (Z or photon). 

• With high luminosity at the LHC, the observation of rare (SM) single 
top processes becomes possible.

• Results presented here are based on 2016 (+2015) datasets, ~36 𝑓𝑏−1.

• Motivations : 
• Improve our understanding of these important backgrounds for other 

processes and searches,
• Sensitive to triple gauge couplings,
• Sensitive to new physics, EFT and FCNC.

• Outline :
• arXiv:1808.02913 (submitted to PRL) : CMS evidence of single top-

quark + 𝜸,
• PLB 779 (2018) 358 : CMS evidence of single top-quark + Z,
• PLB 780 (2018) 557 : ATLAS evidence of single top-quark + Z.
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Search for t𝜸q in the 
muon+jet channel 

at 13 TeV
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t𝜸q Motivations

• Associated production of a single top 
quark (t-channel) with a photon.

• Photons arising either from ISF/FSR or 
via a triple gauge couplings (WW𝛾).

• Sensitivity to “anomalous” triple gauge 
couplings.

• Signature also sensitive to top-𝛾 FCNC.
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• Ambiguity in the definition of signal, overlap
between single top+“soft” photons emissions from 
PS (t-chan) and ”hard” photons from ME (t𝛾j).

• Apply cuts to minimize the overlap: 𝐸𝑇
𝛾
>25GeV, 

∆𝑅 𝑋 − 𝛾 >0.5 with 𝑋=lepton or jets.

Etesami&al. Eur.Phys.J. C76 (2016) no.10, 533
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Event selection 
and background estimations

• Event selection :
• Single muon trigger,
• One isolated muon with 𝑝𝑇> 26 GeV, |𝜂|<2.4,
• 2 jets with 𝑝𝑇> 40 GeV : 1 light jet potentially 

forward |𝜼|<4.7, 1 b-tag (|𝜂|<2.4),
• 1 isolated photon with 𝑝𝑇> 25 GeV, |𝜂|<1.44 

(restricted to barrel => better signal/noise),
• 𝑝𝑇

𝑚𝑖𝑠𝑠> 30 GeV,
• ∆𝑅 𝑋 − 𝛾 >0.5.

• Backgrounds with real photons estimated from 
simulation.

• Backgrounds with fake photons estimated from 
data:

1. Select sample enriched in jets faking photons 
(isolation/shower shape inversion,                 
looser photon ID),

2. Estimate 𝑝𝑇 dependent probability for a jet to 
fake a photon (ABCD method, isolation/shower ),

3. Weight the sample with the probability.
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Evidence for t𝜸q 

• Signal extraction : likelihood fit of 
a multivariate discriminant (BDT).

• Input variables : 𝜂(𝑗𝑒𝑡),cos 𝜃∗,, 
𝜂(𝜇), ∆𝑅(𝑗 − 𝛾), 𝑚𝑡𝑜𝑝,𝑁𝑗𝑒𝑡𝑠,𝑚𝑇

𝑊, 
muon charge. 

• Observed (expected) 
significance of 4.4 (3.0).
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Dominant 

systematic 

source

Contribution

JES 12%

Signal mod. 9%

Z𝛾+jets 8%

b-tag/mistag 7%
𝜎𝑡ℎ𝑒𝑜 =

arXiv:1808.02913, submitted to PRL

~30%



Search for tZq in 
trileptons at 13 TeV
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tZq : signal definition

Associated production of a single top and a Z boson:

Z from initial/final states, WWZ triple gauge coupling, “off-peak” production.
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• Different signal definitions 
between ATLAS and CMS.

• Accounting for 𝑍 → 𝑙+𝑙− decay 
branching ratio, differences of FS and 
scale, cross sections are compatible. 

• Differences of ~10% on NLO cross 
section (Eleni Vryonidou
@LHCtopWP link).

• Difference in jet multiplicity 
description can still be larger.

ATLAS CMS

QCD LO (NLO norm.) NLO

Dilepton pair On-shell Z only Off-shell Z accounted

𝑚𝑙𝑙 > 30 GeV

Flavour

scheme

4th 5th (norm) and 

4th (MC)

Cross 

sections

800 fb ±6/7% 

(scale)

94 fb ±2% (scale) 

±2.5%(PDF)

https://indico.cern.ch/event/708573/contributions/2995420/attachments/1649998/2638496/VryonidoutZjsm.pdf


Event selection and 
analysis strategy

• Tri-leptonic channels (𝑒𝑒𝑒, 𝑒𝑒𝜇, 𝜇𝜇𝑒, 𝜇𝜇𝜇).
• single, di- and tri- leptons triggers (~100% efficiency),

• 3 isolated leptons 𝑝𝑇 > 25 GeV |𝜂|<2.4(2.5),

• 2 same flavour opposite sign leptons (|𝑚𝑙𝑙-91|<15 GeV),
• Jet selection 𝑝𝑇 > 30 GeV, |𝜂|<4.5, b-tagging eff 83%,           

mistag 10%.

• Analysis strategy :
• Likelihood fit in different samples (Njets-Nbjets) and different 

channels : signal or enriched in backgrounds => constrains of the 
backgrounds,

• Signal vs background discrimination from a boosted decision tree 
(BDT) variables (including MEM, 10-20% improvement).

• Data-driven background : non prompt leptons free in the fit, 
templates obtained from data by inverting lepton isolation. 
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1b, 1-2j ≥2b ≥1 j, 0b

Signal ttZ enriched WZ, non 

prompt

PLB 779 (2018) 358 



Evidence of tZq

• Statistically dominated.

• Dominant systematics :
• Non prompt background,
• QCD scale,

• B-tagging,

• ttZ background contamination.

• Observed (expected) significance of 3.7 (3.1).
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Event selection and 
analysis strategy

• Signal extraction :

• fit of a Neural Network 
output in the signal 
region only,

• Backgrounds 
estimated in CR,

• Backgrounds 
validated in VR.
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Data-driven 
background estimation

• Diboson : 
• Scale Factors from Control Region (b-tag veto, 𝑚𝑇

𝑊>60 GeV), applied in SR,

• Uncertainty : varying 𝑚𝑇
𝑊 cut and powheg/sherpa difference, total 30%.

• ttbar (fake leptons) :
• Scale Factors from Control Region (emu-pair, no OSSF pairs), applied in SR,

• Uncertainty : varying 𝑚𝑒𝜇 cuts and MC stat, total ~40%.

• Z+jets (fake leptons) : 
• Fake Factor  ( Τ#𝒆𝒗𝒕𝒔 𝒘𝒊𝒕𝒉 𝟑 𝒊𝒔𝒐 𝒍𝒆𝒑𝒕𝒐𝒏𝒔 #𝒆𝒗𝒆𝒏𝒕𝒔 𝒘𝒊𝒕𝒉 𝟐 𝒊𝒔𝒐 𝒍𝒆𝒑𝒕𝒐𝒏𝒔), estimated at low 𝑚𝑇

𝑊, 
applied to data sample enriched in Z+jets (dilepton+anti-isolated), 

• Uncertainty : MC closure test, other backgrounds contamination (diboson), stat uncertainty, total  
40%.
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Evidence of tZq

• Observed (expected) significance 
of 4.2 (5.4).

• Measured cross section  : 

600 ± 170 𝑠𝑡𝑎𝑡. ± 140 (𝑠𝑦𝑠𝑡. ) fb
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ATLAS/CMS comparisons
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ATLAS CMS

Obs(exp) significance 4.2 (5.4) 3.7 (3.1)

Cross section 600 ± 170 𝑠𝑡𝑎𝑡. ± 140 (𝑠𝑦𝑠𝑡. )fb
𝑍 → 𝑙𝑙 branching ratio :60 ±
18 𝑠𝑡𝑎𝑡. ± 14 (𝑠𝑦𝑠𝑡. ) fb

123 ± 33 𝑠𝑡𝑎𝑡. ± 29 (𝑠𝑦𝑠𝑡. ) fb

Compatible within 1 sigma

btagging b-tagging : 77%, light-mistag 1%, 

c-mistag 17%

b-tagging : 83%, mistag 10%

Lepton identification - not state-of-the-art lepton ID, 

resulting in a much larger non-

prompt lepton contamination



ATLAS/CMS comparisons
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ATLAS CMS

Backgrounds from simulation WZ normalisation from CR

Normalisation uncertainties from 

cross section calculation

WZ constrained by the fit

30%uncertainty on all 

normalisations

Non prompt leptons ttbar from MC,          

normalisation from CR.

Z+jets from data, normalisation 

from CR.

Z+jets MC part of the training

ttbar+Zjets, 

Fully data-driven : 

data-driven templates, 

normalisation free in the fit.

Non-prompt not part of the 

training

Analysis strategies Fit of NN in SR only, 

no separation of lepton flavours,

Asymmetric 𝑝𝑇 cuts on leptons

=2 jets.

Simultaneous fit in SR and CR,

4 channels treated separately,

Symmetric 𝑝𝑇 cuts on leptons

=2-3 jets.

In summary, there are different approaches followed, 

but the difference in expected significance probably comes from 

1. contamination of non prompt leptons background in the signal region                         

(lepton ID performance and MVA discrimination). 

2. differences in MC generation (LO vs NLO).



Conclusion

• Thanks to the high luminosity at the LHC, rare single top-quark processes can be 
reached.

• First evidence of the 𝑡𝛾𝑞 and 𝑡𝑍𝑞 processes have been announced by the ATLAS 
and CMS collaborations.

• Observation and differential measurements might be reachable very soon !

• Open up the paths to discoveries of new SM processes, constraining EFT 
couplings, and search for new physics !
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Backup
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The Matrix Element Method

• Matrix Element Method, 
• Determines compatibility of the events with the signal hypothesis,
• Used as an input to the BDT.
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• Weight calculation:
• Integration of phase space,

• Accounting for PDF,

• Matrix element calculation 
(diagrams),

• Transfer function, to account 
for detector resolution.

• Improvements of 20% on the 
discrimination.

PLB 779 (2018) 358 



𝒕𝜸𝒒 events yield
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𝒕𝜸𝒒, data/MC cimparisons
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tZq CMS, events yield

21



tZq TOP-16-020
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BDT variables : “These include the 

reconstructed top quark mass and 

distributions of variables reflecting 

the kinematics and the angles of 

the recoiling jet, of the top quark, 

and of the Z boson, as well as 

those of their decay products. “



tZq ATLAS, input to the NN
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tZq ATLAS data/MC comparisons
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tZq ATLAS events yield
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