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Theoretical motivation 4

• Associated production of the Higgs boson with a single top can happen in three possible ways: 
t-channel (tHq), tWH, s-channel  

‣ tH common term to refer to tHq + tWH 

‣ Contribution of s-channel production is considered negligible (0.2879 fb 1) 

• tH cross-section is the only process sensitive to both magnitude and sign of  

• tH cross-section is very sensitive to changes in CP mixing angle 

yt

yt
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Eur. Phys. J. C 75 (2015) 267

σ(tHq) = 74.25 fb 1 σ(tWH) = 15.17 fb 1

1Yellow Report

https://link.springer.com/article/10.1140/epjc/s10052-017-4601-7
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/CERNYellowReportPageAt13TeV#tH_Process


tH cross-section: state-of-the-art 5
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Eur. Phys. J. C 81, 378 (2021)Nature 607 (2022) 52

ATLAS Full Run2  measurement in  [Phys. Rev. Lett. 125 (2020) 061802] 

‣ upper limit of 12 times the SM expectation is set on its rate at 95% CL 

CMS Full Run 2  final state [JHEP 02 (2025) 097]  

‣ upper limit relative to the SM prediction is 14.6 at 95% confidence level 

CMS Full Run 2 multi-lepton final state [Eur. Phys. J. C 81, 378 (2021)] 

‣

tt̄H + tH H → γγ

H → bb̄

μ(tH ) = 5.7 ± 2.7 (stat.) ± 3.0 (syst.)

https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x
https://doi.org/10.1038/s41586-022-04893-w
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.061802
https://doi.org/10.1007/JHEP02(2025)097
https://link.springer.com/article/10.1140/epjc/s10052-021-09014-x
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Analysis strategy 7

• Analysis optimised to maximise tHq SM significance using Full Run 2 dataset 

• Fitting both SM and Inverted Top Coupling (ITC) cases 

• Three orthogonal  final state explored, all targeting leptonic decay of the top-quark 

• Using single lepton (with ) triggers and veto on hadronic -leptonsℓ = e/μ τ
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Spectator jet with high pseudo-rapidity

Top decaying into W( → ℓν) + b

Number of leptons (e/μ) Channel Higgs decay

1 H—> bb H—> bb

2 2LSS H—> WW*/ZZ*/ττ

3 3L H—> WW*/ZZ*/ττ

Charge asymmetry translated to 
lepton from top charge



Analysis strategy 8

Loose preselection with obvious cuts 
[this is where orthogonality is ensured]

Several BDT models trained over signal and 
background events 

[tHq vs all,  vs all, etc etc]tt̄

Cuts on BDT(s) and other variables to define  
Signal Regions (SRs) and Control Regions (CRs)

Profile Likelihood Fit to simultaneously 
extract  and background 

normalisation factors
μ(tHq + tWH)
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Process Generator ME order Parton shower PDF set Tune

tHq MG5_aMC NLO P!"#$% 8 NNPDF3.0&’( A14
(MG5_aMC) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)

tWH MG5_aMC NLO P!"#$% 8 NNPDF3.0&’( A14
(MG5_aMC) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)

tt P(+#), B(- NLO P!"#$% 8 NNPDF3.0&’( A14
(P(+#), B(-) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)
(P(+#), B(-) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14 𝐿hard

T )
(MG5_aMC) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14)

tt + bb (P(+#), B(- R).) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14)

ttH P(+#), B(- NLO P!"#$% 8 NNPDF3.0&’( A14
(P(+#), B(-) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)
(MG5_aMC) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14)

tt𝑀 S#)*/% 2.2.10 NLO QCD+EW S#)*/% NNPDF3.0&&’( default
(MG5_aMC) (NLO QCD+EW) (P!"#$% 8) NNPDF3.0&&’( (A14)

tt𝑀 (EW) S#)*/% 2.2.10 LO S#)*/% NNPDF3.0&&’( default
(MG5_aMC) (LO) (P!"#$% 8) (NNPDF3.0&’() (A14)

ttZ MG5_aMC NLO P!"#$% 8 NNPDF3.0&’( A14
(S#)*/% 2.2.10) (LO) (S#)*/%) (NNPDF3.0&&’() (default)
(MG5_aMC) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)

Single top quark P(+#), B(- NLO P!"#$% 8 NNPDF3.0&’( A14
(𝑁-ch., tW , 𝑂-ch.)

(P(+#), B(-) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)
(MG5_aMC) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)

𝑃 + jets S#)*/% 2.2.1 MEPS@NLO S#)*/% NNPDF3.0&’( default

𝑃𝑃 , 𝑄𝑄𝑃𝑃 S#)*/% 2.2.2 MEPS@NLO S#)*/% NNPDF3.0&&’( default
(P(+#), B(-) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14)

𝑃𝑃𝑃 S#)*/% 2.2.2 MEPS@NLO S#)*/% NNPDF3.0&&’( default

𝑁𝑅 MG5_aMC NLO P!"#$% 8 NNPDF3.1&’( A14

𝑁𝑀𝑅 MG5_aMC NLO DR1 P!"#$% 8 NNPDF2.3’( A14
(MG5_aMC) (NLO DR2) (P!"#$% 8) NNPDF2.3’( (A14)

𝑁𝑁𝑁, 𝑁𝑁𝑁𝑁 MG5_aMC QCD NLO P!"#$% 8 NNPDF3.1&’( A14

𝑆𝑆𝑇, 𝑄𝑄𝑇 P(+#), B(- QCD NLO P!"#$% 8 CTEQ6L1 AZNLO

𝑀𝑇, 𝑅𝑇 P!"#$% 8 QCD NLO P!"#$% 8 NNPDF2.3’( A14

• 4FS NLO tHq simulation normalised to the NLO QCD theory prediction without NLO EW and in 
the 5FS of  

• 5FS NLO tWH simulation with DR1 scheme and cross-section normalised to NLO at 

74.3+6.5%
−14.9%(QCD) ± 3.7 % (PDF + αs) fb

15.2+4.9%
−6.7%(QCD scale) ± 6.3 % (PDF + αs) fb
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• Anti-  Pflow jets with  and   

• Identification of jet flavour using DL1r b-tagging algorithm for jets up to  

• Rejection of jets from pileup using JVT in  and fJVT in 

kT pT > 20 GeV |η | < 4.5

|η | < 2.5

|η | < 2.5 2.5 < |η | < 4.5

Object selection
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Eur. Phys. J. C 77 (2017) 580

Eur. Phys. J. C 83 (2023) 681

10

https://link.springer.com/article/10.1140/epjc/s10052-017-5081-5
https://link.springer.com/article/10.1140/epjc/s10052-023-11699-1
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Loose  selection of lepton showed increase in signal acceptance in  and  final state.  
Tight isolation requirements to remove non-prompt and fake leptons: 
‣ In all channels:  

‣ BDTs applied to both electrons and muons to remove non-prompt leptons generated in heavy flavour decays 
‣ In  and  channels:  

‣ removal of material and internal conversion of photons to electron reduced by applying cut on displaced 
vertices position and mass using electron associated tracks 

‣ In  only:  
‣ additional BDT to reject electron charge mis-assignment

pT 3ℓ 2ℓSS

3ℓ 2ℓSS

2ℓSS

Object selection

Valentina Vecchio (UoM)                                                                               6th November 2025

11

Non-prompt lepton from 
heavy flavour decay

Non-prompt electron from 
photon conversion

Fake lepton from mis-
identified jet



Preselection region and background composition 12

 CHANNEL 
- Three light leptons with  

- Number of jets >= 1 

- Number of b-jets = 1-3

3ℓ
pT > 27/20/10 GeV

Irreducible backgrounds: 
-  and  
- Diboson (mainly WZ and WW) 
-  🍉

tt̄Z tZq

tt̄W

Reducible backgrounds: 
- Non-prompt/fake leptons (mainly from  and Z+jets) 

- Split in  🍉 ,  🍉  and  🍉  
- Electron charge flip 🍋  [measured in  events]

tt̄
μHF eHF eConv

Z → e+e−
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 CHANNEL 
- Two light leptons with  and same charge 

- Number of jets >= 1 

- Number of b-jets = 1-3

2ℓSS
pT > 27/20 GeV

🍉  = backgrounds with normalisation estimated from the final profile likelihood fit with dedicated CR 
🍋  = background with dedicated data-driven estimation

• Normalisation uncertainty of 50% for non-prompt/fake leptons with unknown origin



Preselection region and background composition 13
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 CHANNEL 
- One light lepton with  

- Number of b-jets >= 3 

- Veto events with Number of jets >=5 and Number of b-jets >= 4 

-  

H → bb̄
pT > 27 GeV

Emiss
T > 25 GeV

Irreducible backgrounds: 
-  🍉tt̄ + ≥ 1b

Reducible backgrounds: 
-  
-  
- Non-prompt leptons 🍋  [measured using Matrix Method]

tt̄ + ≥ 1c
tt̄ + ≥ 0 light

🍉  = backgrounds with normalisation estimated from the final profile likelihood fit with dedicated CR 
🍋  = background with dedicated data-driven estimation

• Normalisation uncertainty of 50% on  and 6% on  

• 4v5FS scheme uncertainty using alternative 4FS  [Ferencz et al. arXiv:2301.11670], decor related for 
different  sub-components

tt̄ + ≥ 1c tt̄ + ≥ 0 light

tt̄ + bb̄
tt̄ + ≥ 1b

https://arxiv.org/abs/2301.11670


Multivariate Analysis 14

Training Boosted Decision Trees (BDTs) to discriminate signal and background 
processes, optimised to have a minimal set of input features: 

•  channel employed one multi-class BDT to simultaneously disentangle tHq 
signal from , ,  and the rest 

•  and  channels optimised binary BDTs to disentangle tHq vs rest,  vs rest, 
 vs rest 

•  channel has additional BDT to separate  vs rest

H → bb̄
tt̄ + ≥ 1b tt̄ + ≥ 1c tt̄ + ≥ 0 light

3ℓ 2ℓSS tt̄
tt̄W

2ℓSS VV
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 channel used BDT output 
probability to fit their shape in the 

SR and CR

H → bb̄  and  channels used BDT output scores 
to both apply cut to define analysis regions and 

fit their shape 

3ℓ 2ℓSS



Analysis Regions 15
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• SR defined to maximise tHq acceptance 

• Control regions to constraint normalisation of major backgrounds: 

• CR( ) and CR( ) 

• CRs for electron and muons fakes from heavy flavour decay 

• CRs for electrons from conversion

tt̄ + ≥ 1b tt̄W



Background estimation 16
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using predicted cross-section of  + PP8 relative 
contribution prediction

k(tt̄ + ≥ 1b) = 1.24+0.17
−0.15

834+29
−37 pb

*using predicted cross-section of  from 
Frederix et all [JHEP 11 (2021) 029]

k(tt̄W ) = 1.09 ± 0.11 722+70
−78 (scale)+7

−7 (PDF) fb

http://JHEP%2011%20(2021)%20029


Results 17
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• SM hypothesis significance observed (expected) is 2.8 (0.4) standard deviation for SM hypothesis 

• Observed SM cross-section: σ(tH ) = 720 ± 270 fb



Uncertainties 18
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• ITC hypothesis:  with exclusion limit of 1.2 @95 CL  

•  channel leading the sensitivity due to usage of variables sensitive to differences between SM 
and ITC in the training of the  and  channels BDT(tHq)

μtH(kt = − 1) = 1.2 ± 0.4 (stat.) ± 0.5 (syst.)

H → bb̄
3ℓ 2ℓSS



Signal Regions 20
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OUTLOOK

C. Monet
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• Both ATLAS and CMS performed direct measurements of the tH cross-section in several final states 🥳  
• Future measurements will benefit from advancements in experimental techniques based on modern ML: 

• Improvements in flavour-tagging techniques will translate in better limit in all final state and improved rejection of  in the  

• Holistic approach for objects definition could further reduce contribution of non-prompt/fake leptons 

• Further investigation on this process is definitely to be carried using Run 3 data 

• New prospect of enhanced sensitivity with higher acceptance of Run 4 detector update 

• Joint analysis of ttH + tH is going to be paramount necessity in the future to deal with statistical overlap 
• Higher statistics will allow for split estimation of tHq and tWH, making combinations across 

measurements easier

t t̄ + HF H → bb̄



THANKS FOR YOUR ATTENTION!

C. Monet
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Process Generator ME order Parton shower PDF set Tune

tHq MG5_aMC NLO P!"#$% 8 NNPDF3.0&’( A14
(MG5_aMC) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)

tWH MG5_aMC NLO P!"#$% 8 NNPDF3.0&’( A14
(MG5_aMC) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)

tt P(+#), B(- NLO P!"#$% 8 NNPDF3.0&’( A14
(P(+#), B(-) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)
(P(+#), B(-) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14 𝐿hard

T )
(MG5_aMC) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14)

tt + bb (P(+#), B(- R).) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14)

ttH P(+#), B(- NLO P!"#$% 8 NNPDF3.0&’( A14
(P(+#), B(-) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)
(MG5_aMC) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14)

tt𝑀 S#)*/% 2.2.10 NLO QCD+EW S#)*/% NNPDF3.0&&’( default
(MG5_aMC) (NLO QCD+EW) (P!"#$% 8) NNPDF3.0&&’( (A14)

tt𝑀 (EW) S#)*/% 2.2.10 LO S#)*/% NNPDF3.0&&’( default
(MG5_aMC) (LO) (P!"#$% 8) (NNPDF3.0&’() (A14)

ttZ MG5_aMC NLO P!"#$% 8 NNPDF3.0&’( A14
(S#)*/% 2.2.10) (LO) (S#)*/%) (NNPDF3.0&&’() (default)
(MG5_aMC) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)

Single top quark P(+#), B(- NLO P!"#$% 8 NNPDF3.0&’( A14
(𝑁-ch., tW , 𝑂-ch.)

(P(+#), B(-) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)
(MG5_aMC) (NLO) (H)*+$, 7) (NNPDF3.0&’() (H)*+$, 7.1)

𝑃 + jets S#)*/% 2.2.1 MEPS@NLO S#)*/% NNPDF3.0&’( default

𝑃𝑃 , 𝑄𝑄𝑃𝑃 S#)*/% 2.2.2 MEPS@NLO S#)*/% NNPDF3.0&&’( default
(P(+#), B(-) (NLO) (P!"#$% 8) (NNPDF3.0&’() (A14)

𝑃𝑃𝑃 S#)*/% 2.2.2 MEPS@NLO S#)*/% NNPDF3.0&&’( default

𝑁𝑅 MG5_aMC NLO P!"#$% 8 NNPDF3.1&’( A14

𝑁𝑀𝑅 MG5_aMC NLO DR1 P!"#$% 8 NNPDF2.3’( A14
(MG5_aMC) (NLO DR2) (P!"#$% 8) NNPDF2.3’( (A14)

𝑁𝑁𝑁, 𝑁𝑁𝑁𝑁 MG5_aMC QCD NLO P!"#$% 8 NNPDF3.1&’( A14

𝑆𝑆𝑇, 𝑄𝑄𝑇 P(+#), B(- QCD NLO P!"#$% 8 CTEQ6L1 AZNLO

𝑀𝑇, 𝑅𝑇 P!"#$% 8 QCD NLO P!"#$% 8 NNPDF2.3’( A14
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Process 𝐿 → 𝑀𝑀̄ 2𝑁 SS 3𝑁

tHq 91.1± 1.7 12.41± 0.17 3.15± 0.05
tWH 37.21± 0.26 3.97± 0.09 2.36± 0.07
tt – 1430± 14 324± 6
tt+ ↑ 1b 60170± 90 – –
tt+ ↑ 1c 33585± 70 – –
tt+ ↑ 0 light 106290± 120 – –
𝑂/𝑃Fakes 8028± 80 – –
ttH 1676.9± 1.5 126.6± 1.2 74.62± 0.25
ttW 362.0± 1.6 798.0± 2.1 205.7± 1.1
ttZ 891.0± 6 165.3± 1.0 567.8± 1.7
tZq 170.5± 1.3 88.9± 0.5 273± 0.9
tWZ 2.22± 0.22 18.73± 0.08 80.47± 0.16
Z/W+jets 4681± 34 518± 30 131± 25
VV, VVV 292± 6 298.6± 3.3 579± 4
Single-top 9331± 31 164± 4 20.1± 1.5
ttt, tttt 8.9± 0.1 4.81± 0.06 4.88± 0.06
𝑄H,VBFH, 𝑅𝑅H 25.0± 0.1 19± 4 7.4± 2.8

Total 225640± 190 3650± 33 2274± 26
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Channel Region BDT score Conversion cut Jets Leptons flavour (𝐿T ordered) Other

𝑀 → 𝑁𝑁̄

SR
𝑂70

not-𝐿 < 2
- - 𝑂 jet

forward ↑ 1 - -

CR(tt+ ↑ 1b)
𝑂70

not-𝐿 ↑ 2
- - 𝑂 jet

forward = 0 -

2𝑃 SS

SR
BDT(tHq) > 0.65
BDT(tt) < 0.5 yes - - -
BDT(ttW) < 0.6 and BDT(𝑄𝑄) < 0.8

CR(𝑅HF)
BDT(tHq) < 0.65
BDT(tt) > 0.3 yes - 𝑅 𝑅 -
BDT(ttW) < 0.6 and BDT(𝑄𝑄) < 0.9

CR(𝑆HF)
BDT(tHq) < 0.65
BDT(tt) > 0.3 yes - 𝑅 e, e e 𝑀T (𝑃) < 225 GeV
BDT(ttW) < 0.6 and BDT(𝑄𝑄) < 0.9

CR(𝑆conv) BDT(tt) > 0.3 inverted - 𝑅 e, e e m(𝑃𝑃) < 150 GeV

CR(ttW)
BDT(ttW) > 0.6
BDT(tt) < 0.3 yes - - -

3𝑃

SR
BDT(tHq) > 0.7
BDT(tt) < 0.9 yes - - -
BDT(ttW) < 0.8

CR(𝑅HF)
BDT(tHq) < 0.7
BDT(tt) > 0.5 yes - 𝑅 𝑅 𝑅, e 𝑅 𝑅, -
BDT(ttW) < 0.8 𝑅 e 𝑅, e e 𝑅

CR(𝑆HF)
BDT(tHq) < 0.7
𝑇𝑈𝑉 (tt) > 0.5 yes - 𝑅 𝑅 e, e 𝑅 e -
𝑇𝑈𝑉 (ttW) < 0.8 𝑅 e e, e e e

CR(𝑆conv) - inverted - 𝑅 𝑅 e, e 𝑅 e, -
𝑅 e e, e e e

CR(ttW) BDT(ttW) > 0.8 yes - - -
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k(μHF)2ℓSS = 0.80 ± 0.32 k(μHF)3ℓ = 0.91 ± 0.24
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k(eHF)2ℓSS = 0.55 ± 0.65 k(eHF)3ℓ = 1.47 ± 0.42
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k(eConv)2ℓSS = 1.20 ± 0.47 k(eConv)3ℓ = 0.82 ± 0.59


