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• Top-boson processes offer insight into QCD and EW sectors 

• Differential measurements of tZq and t Z with Run 2                                                                                                           
by both ATLAS and CMS 

• Evidence for tWZ reported by CMS 

• Simultaneous measurement: 

• less dependent on signal modelling assumptions, 

• consistently treat correlations between systematic uncertainties 

✦ enhance sensitivity to deviations from SM that affect all processes                                                                                              
(e.g. anomalous tZ, tbW couplings)
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Modelling of tWZ
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• Overlaps with t Z and t  within the SM beyond the leading order: 

• Amplitude split into resonant and non-resonant part 

• DR1 removes  in , DR2 removes  in , leaving interference term, DS adds a subtraction term 

• DR1 used as nominal, DR2 for uncertainty (DS lies in between the two)

t̄ t̄

𝒜resonant
pp→tWZ 𝒜 |𝒜resonant

pp→tWZ |2 𝒜2

is 
t Z!t̄

|𝒜pp→tWZ |2 = |𝒜non−resonant
pp→tWZ |2 + |𝒜resonant

pp→tWZ |2 + 2ℛ(𝒜non−resonant
pp→tWZ 𝒜resonant †

pp→tWZ )

𝒜pp→tWZ = 𝒜non−resonant
pp→tWZ + 𝒜resonant

pp→tWZ
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• Overlaps with t Z and t  within the SM beyond the leading order: 

• Amplitude split into resonant and non-resonant part 

• DR1 removes  in , DR2 removes  in , leaving interference term, DS adds a subtraction term 

• DR1 used as nominal, DR2 for uncertainty (DS lies in between the two)

t̄ t̄

𝒜resonant
pp→tWZ 𝒜 |𝒜resonant

pp→tWZ |2 𝒜2

is 
t Z!t̄

|𝒜pp→tWZ |2 = |𝒜non−resonant
pp→tWZ |2 + |𝒜resonant

pp→tWZ |2 + 2ℛ(𝒜non−resonant
pp→tWZ 𝒜resonant †

pp→tWZ )

𝒜pp→tWZ = 𝒜non−resonant
pp→tWZ + 𝒜resonant

pp→tWZ

t Z and tWZ are treated 
as one signal

t̄
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Selection strategy for t Z, tWZ, and tZqt̄
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• Single signal region with exactly three leptons (e or ), 2 jets, 1 b-tagged jet 

• One opposite sign lepton pair with invariant mass consistent with Z boson 

• Jets with , if b-tagged required to be central

μ ≥ ≥

|η | < 5

Nonprompt lepton 
contribution estimated 
from data

WZ and other smaller 
backgrounds from 
simulation
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Nonprompt lepton estimation
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Measurement region (MR) 

- QCD multijet samples 
- Exactly 1 “fakeable”* lepton 
- >= 1 jet well-separated from lepton

Application region (AR) 

- Same selection as SR, but with “fakeable” 
leptons

*fakeable: leptons with loose quality criteria

Compute per lepton:

"fake" factor fi =
Ntight

Ntight + Nfakeable

Apply to

weight = (−1)n**−1
3

∏
i=1

fi
1 − fi

per event:

,

** : # of fakeable leptons not passing the tight IDn

• Contribution in SR = (Reweighted data in AR - prompt contribution from simulation) 

• Estimation validated in off Z-peak region 

• Statistical uncertainties on  propagated from MR & additional per-bin uncertainty for 
residual nonclosure

fi



Top quark reconstruction
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• Top quark reconstruction algorithm considers three cases: 

• 2 jets, 1 b tag: leptonic top is reconstructed from  

• 3 jets, 1 b tag: leptonic and hadronic top candidates are reconstructed separately, lowest  kept 

• 4 jets, 1 b tag: both hadronic and leptonic top are reconstructed

ℓ + ν + b

≥ χ2

≥ ≥

χ2
t,lep = ( mlνb − mt

σt,lep )
2

χ2
t,had = (

mjjb − mt

σt,had )
2

χ2
t = ( mlνb − mt

σt,lep )
2

+ (
mjjb − mt

σt,had )
2



Signal/background discrimination
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• 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) 

• Input variables: kinematic properties; output of top quark reconstruction; number of jets, bjets

t̄
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Inclusive measurement
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• Simultaneous fit to 3 max-score output nodes in SR and number of jets / b jets in two extra regions 
(t Z and WZ enriched) 

• Profiled likelihood-ratio scan for  and  

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

• Inclusive cross sections measured to be:

t̄

σtt̄Z+tWZ σtZq

σtt̄Z+tWZ = 1.14 ± 0.07 pb

σtZq = 0.81 ± 0.10 pb

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

• Fixing the t Z (tWZ) and tZq processes to the SM 
prediction yields a tWZ (t Z) cross section consistent 
with previous measurements

t̄
t̄



Inclusive measurement — post-fit distributions
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Differential measurements
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• Cross sections measured as function of lepton and Z observables 

• Maximum likelihood unfolding 

• Templates split in generator-level bins of observable to measure for the tZq and ttZ+tWZ signals

• Measurements compared to predictions from aMC@NLO
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Differential measurements
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• Measurements compared to predictions from aMC@NLO
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• Extract cross section modifiers from the fit and compute differential cross sections for both processes



Absolute differential cross sections
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• Good agreement overall for tZq, slight excess for t Z+tWZt̄
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Absolute differential cross sections
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• Good agreement overall for tZq, slight excess for t Z+tWZt̄
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• First simultaneous measurements of tZq and t Z+tWZ, inclusive and differential 

• Now on arXiv and submitted to JHEP 

• Correlations between processes studied for five kinematic variables 

• Slight excess for t Z+tWZ, while tZq is in agreement with the SM predictions

t̄

t̄

Outlook

• Can be used for EFT interpretations 

• Still limited by statistical uncertainties  Run 3 to bring improved precision!→

Thank you!Thank you

https://arxiv.org/abs/2410.23475


BACKUP SLIDES

B. R. Lopes 

12.11.2024



Uncertainties on the nonprompt estimation
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• Per bin nuisance:

Statistical unc. in MR
Statistical unc. in AR

Systematic unc. to cover 
from residual mismodellings

• No difference in the behavior was observed as a function of lepton flavor 

• Limited statistics in AR  some terms in FF application are = 0.  

• However, the uncertainties are not 0, but a one-sided uncertainty is set as the upper 

confidence interval of the Poisson statistics for 0 observed events,  

• This is more relevant at low lepton pT, where the fake rates are close to 1

→

1.8·
fi

1 − fi
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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
http://10.1016/j.physletb.2024.138815
http://10.1016/j.physletb.2024.138815
http://10.1016/j.physletb.2024.138815
http://10.1016/j.physletb.2024.138815
http://10.1016/j.physletb.2024.138815
http://10.1016/j.physletb.2024.138815
http://10.1016/j.physletb.2024.138815
http://10.1016/j.physletb.2024.138815


Treating the interference between tWZ and ttZ
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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


ttZ, tWZ and tZq - other differential distributions
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ttZ, tWZ and tZq - systematic uncertainties
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 5×(tot.) fb  2− 
 5+  5 = 102× tZqσ

MadGraph5_aMC@NLO
NLO QCD

 5×(tot.) fb  3− 
 3+  5 = 94× tZqσ

MadGraph5_aMC@NLO
NLO QCD

(tot.) fb 42− 
 36+   = 515γtqσ

MadGraph5_aMC@NLO
NLO QCD

 5× 4(tot.) fb ± 5 = 81 × γtqσ

MadGraph5_aMC@NLO
NLO QCD

 2×(tot.) fb  8− 
 9+  2 = 136× tWZσ

MadGraph5_aMC@NLO
NLO QCD

-1= 139 fbintATLAS, L
JHEP 07 (2020) 124

-1= 138 fbintCMS, L
JHEP 02 (2022) 107

, Vis 1-1= 139 fbintATLAS, L
PRL 131 (2023) 181901

, Vis 2-1= 36 fbintCMS, L
PRL 121 (2018) 221801

-1= 138 fbintCMS, L
arXiv:2312.11668

 (syst.)± (stat.) ± meas.σ

 5× 7 fb ± 13 ±97 

 5× fb  6−
 7+   7−

 8+88  

 fb 71−
 75+ 23  ±688 

 5× 30 fb ± 17 ±115 

 2× 95 fb ± 54 ±354 

tZq

γtq

tWZ

total          stat.

ATLAS+CMS
LHCtopWG

Preliminary  = 13 TeV, April 2024s

0 200 400 600 800 1000 1200
 [fb]tXσ

 0.01(PDF) pb± 0.05(scale) ±  = 0.75 Wttσ

PRL 131 (2023) 231901
NNLO(QCD)+NLO(EW)

 0.02(PDF) pb±(scale)  0.08− 
 0.07+   = 0.86Zttσ

EPJC 80 (2020) 428
NLO(QCD+EW)+NNLL

 0.10(tot.) pb±  = 0.98 Z+tWZttσ

MadGraph5_aMC@NLO
NLO QCD

 3×(tot.) pb  0.03− 
 0.03+  3 = 0.30×  prod.γttσ

MadGraph5_aMC@NLO
NLO QCD

 20×(tot.) pb  0.002− 
 0.001+  20 = 0.038× 

γ+tWγttσ

JHEP 10 (2018) 158
NLO QCD

 5× 0.03(tot.) pb ± 5 = 0.15 × 
γttσ

MadGraph5_aMC@NLO
NLO QCD

 0.14(tot.) pb±  = 0.77 
γttσ

MadGraph5_aMC@NLO
NLO QCD

-1= 140 fbintATLAS, L
arXiv:2401.05299

-1= 140 fbintATLAS, L
arXiv:2312.04450

, Vis 1-1= 140 fbintATLAS, L
arXiv:2403.09452

, Vis 2-1= 139 fbintATLAS, L
JHEP 09 (2020) 049

-1= 138.0 fbintCMS, L
JHEP 07 (2023) 219

-1= 77.5 fbintCMS, L
JHEP 03 (2020) 056

-1= 138 fbintCMS, L
CMS-PAS-TOP-23-004*

, Vis 3-1= 138 fbintCMS, L
JHEP 05 (2022) 091

, Vis 4-1= 137 fbintCMS, L
JHEP 12 (2021) 180

 (syst.)± (stat.) ± meas.σ

 0.07 pb± 0.05 ±0.88 

 0.04 pb± 0.04 ±0.86 

 3× 0.015 pb ± 0.005 ±0.322 

 20× pb  0.0022−
 0.0026+ 0.0008  ±0.0396 

 0.05 pb± 0.04 ±0.87 

 0.06 pb± 0.05 ±0.95 

 0.04 pb± 0.05 ±1.14 

 5× 0.006 pb ± 0.003 ±0.175 

 0.048 pb± 0.007 ±0.798 

Wtt

Ztt

Z+tWZtt

γtt dilepton

γtt l+jets

γ+tWγtt µe

 prod.γtt l+jets & dilepton

total          stat.

ATLAS+CMS Preliminary
LHCtopWG

 = 13 TeVs

April 2024

*preliminary

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
 [pb]Xttσ

Su
m

m
ar

y 
of

 t
(t

)X
 m

ea
su

re
m

en
ts



25

El
ec

tr
ow

ea
k 

an
d

 a
ss

oc
ia

te
d

 t
op

 q
ua

rk
 p

ro
d

uc
ti

on
Physics Reports: arxiv.2405.18661

t Zt̄
tWZ

tZq

https://arxiv.org/abs/2405.18661

