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Associated single top quark production

● Standard single top quark production modes + (neutral) vector boson
● Very low production cross sections, sub-pb
● Production and decay via EW interaction
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For tH, see 
talk by Lucia

https://indico.cern.ch/event/1233341/contributions/5528052/
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tZq - Overview

● t channel production mode (tq)
● Z boson can couple to any quark, but also to the W boson propagator

○ Probing both ttZ and WWZ coupling
● Leptonic Z boson decays
● Nonresonant background
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tZq ATLAS - Measurement (139 fb-1) 

● 3 leptons (e or μ)
○ 2 OSSF from Z boson
○ |mll - mZ| < 10 GeV
○ 1 from leptonic top quark decay

JHEP 07 (2020) 124
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● Event categorization by jet multiplicity → SRs + CRs
● For tt CRs OSDF lepton pair

2j1b SR

https://link.springer.com/article/10.1007/JHEP07(2020)124
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tZq ATLAS - Backgrounds

● Contributing backgrounds:
○ Prompt leptons from VV, ttV, ttH
○ Nonprompt leptons on top of Z+jets, tt

● Prompt leptons from dedicated CRs
○ Constrain normalization
○ Control systematic uncertainties

● Nonprompt modeling in MC validated 
with dedicated b jet study

○ Origin mostly semileptonic b and c hadron 
decays in tt/Z+jets

○ 2 lepton + 2 b jet selection, replacing random 
b jet with lepton

JHEP 07 (2020) 124
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https://link.springer.com/article/10.1007/JHEP07(2020)124
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tZq ATLAS - Results

● NN to maximize sensitivity
● Simultaneous fit of all SRs and CRs

○ exp/obs significance >5σ
○ σtZq = 97 ± 13 (stat) ± 7 (syst) fb

● In agreement with prediction (mll > 30 GeV)
○ σtZq,SM = 102+5

-2 fb (aMC@NLO)
● Prompt leptons dominant syst uncertainty 

JHEP 07 (2020) 124
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VV CR tt CR ttZ CR (3l)

https://link.springer.com/article/10.1007/JHEP07(2020)124
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tZq CMS - Measurement  (138 fb-1)

● 3 leptons (e or μ), 2 OSSF
● Different jet categories for SRs:

○ 1 b jet, 2 or 3 jets
○ 1 b jet, ≥4 jets
○ ≥2 b jets

JHEP 02 (2022) 107
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● Dedicated CRs for prompt lepton 
background

● Nonprompt from data in sideband via 
transfer function of pT and η

WZ CR
nonprompt

ttZ CR (4l)

http://dx.doi.org/10.1007/JHEP02(2022)107
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tZq CMS - Inclusive results

● Combined fit to BDT output in SRs and CRs
○ σtZq = 87.9+7.5

-7.3 (stat) +7.3
-6.0  (syst) fb    (σtZq,SM = 94.2+1.9

-1.8 (scale) ± 2.5 (PDF) fb (aMC@NLO))
● Dominating syst uncertainty tZq scale, nonprompt
● Precision measurement → differential cross section                                               

e.g. of cos(θ*) to extract spin asymmetry

JHEP 02 (2022) 107
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≥2 b jets1 b jet, ≥4 jets 1 b jet, 2 or 3 jets

http://dx.doi.org/10.1007/JHEP02(2022)107
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tZq CMS - Differential results

● Classification with a DNN, CRs tighter defined
● Likelihood-based unfolding to parton- and particle-level

JHEP 02 (2022) 107
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http://dx.doi.org/10.1007/JHEP02(2022)107
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tqɣ - Overview

● Very rare process in the SM
● t channel production mode
● Sensitive to top quark charge, electric and magnetic dipole moments
● ɣ from top quark or its decay products?
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tqɣ CMS - Measurement  (35.9 fb-1)

● 2016 data only
● SR selection: 1 μ, 1 ɣ, pT

miss > 30 GeV,         
≥2 jets, 1 b jet

● CR with 2 b jets for data-driven ttɣ shape
● Remaining prompt photon background (Wɣ, 

Zɣ) from simulation 
● Fake photon (e → ɣ or h → ɣ) background 

(tt, W, Z) estimated from data
○ ABCD method: ɣ shower shape & isolation
○ Shape from CR enriched in nonprompt photons

PRL 121 (2018) 221802
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http://dx.doi.org/10.1103/PhysRevLett.121.221802
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tqɣ CMS - Results

● BDT to maximize sensitivity
● Simultaneous fit of SR and CR, ttɣ contribution 

unconstrained
● 4.4σ observed (3.0σ expected) significance
● σtqɣ*B(t→µνb) = 115 ± 17 (stat) ± 30 (syst) fb                             

for fid. selection: pT,ɣ > 25 GeV, |ηɣ| < 1.44, 
ΔR(X, ɣ) > 0.5

● SM pred.  σtqɣ,SM*B(t→µνb) = 81 ± 4 fb
● Dominant syst unc.: JES, signal modelling

PRL 121 (2018) 221802
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http://dx.doi.org/10.1103/PhysRevLett.121.221802
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tqɣ ATLAS - Measurement (139 fb-1)

● 1 e or μ, 1 ɣ, ET
miss > 30 GeV, 1 b jet

● SRs require either 0 or ≥1 forward jets
● |meɣ - 90 GeV| > 10 GeV to suppress Z → ee
● Backgrounds:

○ ttɣ and Wɣ constrained via CR in the fit
○ e → ɣ (dileptonic tt, Z): ee/eɣ around Z peak, fake 

prob. for MC from data vs. MC
○ h → ɣ (semileptonic tt): ABCD method: ɣ ID & 

isolation

arXiv:2302.01283
Accepted by PRL
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Wɣ CRttɣ CR

≥1fj SR

https://arxiv.org/abs/2302.01283
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tqɣ ATLAS - Signal extraction

● Separate NNs trained for each SR
● Kinematic features of ɣ, lepton, b jet, 

forward jet:
○ pT, η, φ, m/E
○ Angular separation between objects

● Simultaneous fit in SRs and CRs
○ NN output in SRs
○ NN output for ttɣ CR, depending on forward jet
○ Yield for Wɣ CR 

arXiv:2302.01283
Accepted by PRL
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0fj SR

https://arxiv.org/abs/2302.01283
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tqɣ ATLAS - Results

● Significance 9.1σ (6.7σ) → first observation
● Parton-level cross section:

○ σtqɣ*B(t→lνb) = 688 ± 23 (stat) +75
-71 (syst) fb 

○ Fid. selection: pT,ɣ > 20 GeV, |ηɣ| < 2.37, ΔRFrixione = 0.2
○ Pred. (NLO QCD): 515+36

-42 fb (comp. 2.1σ)
● Particle-level cross section:

○ σtqɣ*B(t→lνb) + σt(ɣlνb)q =                                                           
303 ± 9 (stat) +33

-32 (syst) fb 
○ Fid. selection: pT,ɣ > 20 GeV, |ηɣ| < 2.37,                        

ΔR(X, ɣ) > 0.4, lepton and jet pT+η
○ Pred. (NLO QCD): 217+27

-15 fb (comp. 2.0σ)
● Dominant syst. unc.: ttɣ modelling,                   

background MC stats.

arXiv:2302.01283
Accepted by PRL
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0fj SR

Wɣ CRttɣ CR

≥1fj SR

https://arxiv.org/abs/2302.01283
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tWZ CMS - Measurement (138 fb-1)

● Single top tW production + Z boson
● Targeting different decay mode combinations

○ Combined t+W+Z decay: ≥3 leptons, ≥2 jets, ≥1 b jet
○ Boosted category targeting high-pT regime
○ CRs for diboson background

● Signal extraction:
○ SR3l2j: Binary classification DNN: tWZ vs. backgrounds
○ SR3l3j: Multiclassification DNN: tWZ vs. ttZ vs. other backgrounds

■ tWZ node for events with 1 b jet
■ ttZ node for events with ≥2 b jets

○ SR4l: b jet multiplicity
○ SRBoosted, CRZZ, CRWZ: Event yield

CMS-PAS-TOP-22-008
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-008/index.html
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tWZ CMS - Results

● Obs. (exp.) significance 3.5σ (1.4σ) → first evidence 
● σtWZ = 0.37 ± 0.05 (stat) ± 0.10 (syst) pb (comp. 2.1σ with SM)

● Dominant syst. unc.: ttZ normalization

CMS-PAS-TOP-22-008
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https://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/TOP-22-008/index.html
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Summary

● Measurements of associated single top processes done with LHC Run 2 data
○ Already differential measurements of tZq possible

● Still large statistical uncertainties for tqɣ and tWZ, more luminosity in Run 3
● Some deviations w.r.t. SM predictions
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BACKUP
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tZq ATLAS JHEP 07 (2020) 124
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https://link.springer.com/article/10.1007/JHEP07(2020)124
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https://link.springer.com/article/10.1007/JHEP07(2020)124
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https://link.springer.com/article/10.1007/JHEP07(2020)124
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https://link.springer.com/article/10.1007/JHEP07(2020)124
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http://dx.doi.org/10.1007/JHEP02(2022)107
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http://dx.doi.org/10.1007/JHEP02(2022)107
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http://dx.doi.org/10.1007/JHEP02(2022)107
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http://dx.doi.org/10.1007/JHEP02(2022)107
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http://dx.doi.org/10.1007/JHEP02(2022)107
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http://dx.doi.org/10.1007/JHEP02(2022)107
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http://dx.doi.org/10.1007/JHEP02(2022)107
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http://dx.doi.org/10.1007/JHEP02(2022)107
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http://dx.doi.org/10.1007/JHEP02(2022)107


Nils Faltermann - TOP2023

tZq CMS JHEP 02 (2022) 107

33

http://dx.doi.org/10.1007/JHEP02(2022)107
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tqɣ CMS PRL 121 (2018) 221802
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http://dx.doi.org/10.1103/PhysRevLett.121.221802
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tqɣ ATLAS arXiv:2302.01283
Submitted to PRL
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parton-level particle-level

https://arxiv.org/abs/2302.01283
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parton-level

https://arxiv.org/abs/2302.01283
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Submitted to PRL
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particle-level

https://arxiv.org/abs/2302.01283
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parton-level particle-level

https://arxiv.org/abs/2302.01283
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https://arxiv.org/abs/2302.01283

