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• Top quark measurements central to LHC program 

• Deep connection to both EW and QCD sectors  

• t( ) + vector boson processes all accessible with 
Run 2 data

t̄

https://arxiv.org/abs/2405.18661
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t Zt̄
tWZ

tZq

• Top quark measurements central to LHC program 

• Deep connection to both EW and QCD sectors  

• t( ) + vector boson processes all accessible with 
Run 2 data 

• Observation or at least evidence for all 
processes 

• Most of them entered the precision era 

• Differential distributions give access to regions 
of the phase space where new physics effects 
may be enhanced - ideal for Effective Field 
Theory

t̄

https://arxiv.org/abs/2405.18661
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t Zt̄
tWZ

tZq

• Top quark measurements central to LHC program 

• Deep connection to both EW and QCD sectors  

• t( ) + vector boson processes all accessible with 
Run 2 data 

• Observation or at least evidence for all 
processes 

• Most of them entered the precision era 

• Differential distributions give access to regions 
of the phase space where new physics effects 
may be enhanced - ideal for Effective Field 
Theory

t̄

*
tW

• First tW measurement using data from Run 3*
(not shown in plot)

https://arxiv.org/abs/2405.18661


• TOP-23-004

Summary of recent CMS measurements

• TOP-22-008
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• TOP-23-008

tWZ tWZ t Zt̄ tZq tW

Now published 

in PLB!

Run 3
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• Explore two top quark electroweak couplings in one process 

• Challenges: 

• Very rare process: exp. cross section ~136 fb 

• Overwhelming and irreducible t Z backgroundt̄

tWZ production

6

(NLO in QCD)

• Interference with the t Z process within the SM beyond the leading ordert̄

t Zt̄

tWZ:



• Explore two top quark electroweak couplings in one process 

• Challenges: 

• Very rare process: exp. cross section ~136 fb 

• Overwhelming and irreducible t Z backgroundt̄

tWZ production

t Zt̄
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(NLO in QCD)

• Interference with the t Z process within the SM beyond the leading ordert̄

tWZ:

First analysis using state-of-the-art tWZ 
signal modeling at NLO, consistently 

treating the interference
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• Two regions of the phase space considered: 

✓ Low top quark pT (resolved): higher stat., sensitive to the SM tWZ production 

✓ Top quark with pT > 270 GeV (boosted): enhanced sensitivity for new phenomena 

• Signal and control regions built based on number of leptons and b jets 

• Resolved: 3 leptons, 2j, ≥ 1b  
                          3 leptons, ≥ 3j, ≥ 1(2)b 
                          4 leptons, ≥ 1b 

• Boosted: hadronic top decay (fat jet) 
                            leptonic top decay (lep. top tagger) 

• Diboson CRs: 4 leptons (ZZ) 
                                  3 leptons, 0b (WZ) 

Analysis strategy for tWZ

Simultaneous fit 
of 7 distributions

Nonprompt lepton background 
estimated from data

Other backgrounds taken from 
simulation and some (WZ, ZZ) 

constrained with CRs
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• Two regions of the phase space considered: 

✓ Low top quark pT (resolved): higher stat., sensitive to the SM tWZ production 

✓ Top quark with pT > 270 GeV (boosted): enhanced sensitivity for new phenomena 

• Signal and control regions built based on number of leptons and b jets 

• Resolved: 3 leptons, 2j, ≥ 1b  
                          3 leptons, ≥ 3j, ≥ 1(2)b 
                          4 leptons, ≥ 1b 

• Boosted: hadronic top decay (fat jet) 
                            leptonic top decay (lep. top tagger) 

• Diboson CRs: 4 leptons (ZZ) 
                                  3 leptons, 0b (WZ) 

Analysis strategy for tWZ

Multiclass NN

Binary NN

Simultaneous fit 
of 7 distributions

Multiclass 
NN

Multiclass 
NN
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Inclusive tWZ cross section

• Observed (expected) significance of 3.4σ (1.4σ) → evidence! 

• Dominant systematic uncertainties: 

• t Z normalization: 18% - strongly anti-correlated with the signal 

• Other background normalization 

• Sensitivity driven by resolved SRs, especially the SR with 3 leptons, ≥ 3j, ≥ 1b

t̄

𝜎tWZ = 354 ± 54 (stat) ± 95 (syst) fb 


(two s.d. above the SM)

Additional studies showed that when fixing the t Z cross section to 
the previously measured value, the significance stays above 3σ 

t̄

Now published 

in PLB!

http://10.1016/j.physletb.2024.138815
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Simultaneous measurement of t Z, tWZ, and tZqt̄
• t Z and tZq already measured, inclusively and differentially 

• Evidence for tWZ production (previous slides) 

• Significant interference between tWZ and t Z beyond leading order

t̄

t̄

• Simultaneous measurement: 

• less dependency on signal modelling assumptions 

• processes are major backgrounds to each other 

• consistently treat correlations between systematic uncertainties 

✦ enhance sensitivity to deviations from SM that affect all processes (e.g. anomalous tZ, tbW couplings) 

• Strategy: Measure t Z + tWZ together, and simultaneously with tZqt̄
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Selection strategy for t Z, tWZ, and tZqt̄

• Signal region with three leptons (e or ), 2 jets, 1 b-tagged jet 

• Nonprompt lepton contribution is estimated from data, WZ and other smaller backgrounds from simulation

μ ≥ ≥
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Signal/background discrimination

• Neural network (multi-class classifier) to disentangle different signals and backgrounds 

• 3 output nodes for t Z+tWZ, tZq, and background (maximum-score splitting to build fit categories)t̄
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Inclusive measurement

• Simultaneous fit to 3 max-score output nodes (SR) and two CRs 

• Profiled likelihood fit 

• Limited by statistics, main syst. uncertainties on                                          
background modelling and b tagging 

• Inclusive cross sections measured to be:
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PreliminaryCMS 

Best fit
 CLσ1
 CLσ2

SMσtt̄Z+tWZ = 1.14 ± 0.07 pb

σtZq = 0.89 ± 0.10 pb

consistent with SM for tZq,  
slight excess for t Z+tWZt̄
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Differential measurements

• Cross sections measured as function of lepton and Z observables 

• Maximum likelihood unfolding
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• Measurements compared to predictions from aMC@NLO 

• Good agreement overall for tZq, excess for t Z+tWZ at low lepton pTt̄

pT of the 
lepton from 
the W
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First simultaneous measurement of these processes, 
useful for theory and EFT interpretations

• Measurements compared to predictions from aMC@NLO 

• Good agreement overall for tZq, excess for t Z+tWZ at low lepton pTt̄

pT of the 
lepton from 
the W
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The tW process at the LHC Run 3

• Focusing on  final stateseμ

• Two SRs and CR defined based on number of jets and b jets

(Number of jets, number of b-tagged jets)
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The tW process at the LHC Run 3

• Focusing on  final stateseμ

• Two SRs and CR defined based on number of jets and b jets 

• MVA classifiers (Random Forests) to separate tW from irreducible t  
background in SRs

t̄

• First tW measurement at 13.6 TeV, using full 2022 dataset (34.7 fb-1)
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Inclusive tW cross section at 13.6 TeV

• Result:  

• Compatible with SM N3LO prediction 

• Limited by systematic uncertainties: 

• mainly jet energy scale, b tagging and 
background modelling

σtW = 84.1 ± 2.1(stat.)+9.8
−10.2(syst.) ± 3.3(lum) pb
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Differential tW cross sections at 13.6 TeV
• Differential cross sections measured in 1j1b region, with veto on jets with pT 20-30 GeV 

• Several jet and lepton observables unfolded to particle level using TUnfold [1] 

• Good agreement with predictions from different generators, and different schemes for treating the interference between t  and tWt̄

[1] [arXiv:1205.6201]

 
0

5

10

15

20

25

30

35
3−10×

) (
1/

G
eV

)
Tp

/d
(J

et
  

σ
)d

fid
.

σ
(1

/

Data
Total unc.
Stat unc.
tW PH DR + P8
tW PH DS + P8
tW PH DR + H7
tW aMC DR + P8
tW aMC DR2 + P8
tW aMC DS + P8
tW aMC DS dyn. + P8

 (13.6 TeV)-134.7 fb

CMS
Preliminary

40 60 80 100 120 140
 (GeV)

T
pJet 

0

1

2

Pr
ed

. /
 D

at
a 

 

 
0

0.2

0.4

0.6

0.8

1

1.2

1.4

)
π)/±

µ, 
± e(

ϕ
∆

/d
(

σ
)d

fid
.

σ
(1

/

Data
Total unc.
Stat unc.
tW PH DR + P8
tW PH DS + P8
tW PH DR + H7
tW aMC DR + P8
tW aMC DR2 + P8
tW aMC DS + P8
tW aMC DS dyn. + P8

 (13.6 TeV)-134.7 fb

CMS
Preliminary

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
π)/

±

µ, ±e(ϕ∆
0

1

2

Pr
ed

. /
 D

at
a 

 



21

Summary

• Putting the SM to the test with processes involving top quark EW couplings 

• Simultaneous measurements enhance sensitivity to BSM effects 

• Run 2 and Run 3 data give access to very rare top+V processes 

• Shown today: 

• First evidence for tWZ 

• First simultaneous measurement of t Z+tWZ and tZq 

• First inclusive and differential tW measurement in Run 3 

More results on their way: stay tuned!

t̄
Statistically limited, 
can still improve with 
more data!



BACKUP
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Treating the interference between tWZ and ttZ

23

MadSTR plugin used for removal through diagram removal schemes

Amplitude A divided into A(res) and A(non-res)

• 	DR1: removes A(res) in A, used for nominal 

• 	DR2: removes |A(res)|2 in |A|2 (leaves interference term) for uncertainty 

• 	DS: subtraction term, lies between DR1 and DR2 


A. Saggio 
LHCTopWG meeting 

07/06/2023

https://indico.cern.ch/event/1254906/contributions/5415888/attachments/2661752/4615473/LHCTopWG_tWZ_final.pdf


More on the tWZ selection

24

• Nonprompt lepton contribution estimated from data:  

• Weights derived from simulated QCD multimeter samples and assigned to events 
in CR enriched in nonprompt leptons 

• 30% uncertainty assigned from validation test



Neural networks in the tWZ analysis

25

• Resolved: 3 leptons, 2j, ≥ 1b  
                          3 leptons, ≥ 3j, ≥ 1b 
                          4 leptons, ≥ 1b 

• Boosted: hadronic top decay (fat jet) 
                        Leptonic top decay (lep. top tagger)

Multiclass NN

Binary NN

Fully connected DNN with tWZ, ttZ and background output 
nodes. Inputs: nbjet, jet pT and eta, observables combining jet 
and lepton kinematics, reconstructed top quark kinematics

Binary classifier DNN discriminating tWZ vs backgrounds. 
Inputs: nbjet, jet pT and eta, observables combining jet and 
lepton kinematics

Fully connected DNN to tag lepton from the high pT top quark. 
Inputs: third lepton and b jet kinematics



ttZ, tWZ and tZq - other differential distributions

26
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ttZ, tWZ and tZq - systematic uncertainties

27



tW at 13.6 TeV - more distributions and syst. Uncertainties

28
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