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Why look for ttH (tH)?

 top Yukawa coupling in loops:
→ Higgs gluon fusion production
→ Higgs diphoton decay

 Can be extracted from fit of all 
production and decay modes

 Run 1 CMS-ATLAS result:

kt = yt/yt(SM) = 0.87 ± 0.15 

 top Yukawa coupling measured with 
<20% precision!
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JHEP 08 (2016) 045

https://link.springer.com/article/10.1007/JHEP08(2016)045
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Why look for ttH (tH)?

 top Yukawa coupling in loops:
→ Higgs gluon fusion production
→ Higgs diphoton decay

 Can be extracted from fit of all 
production and decay modes

 Run 1 CMS-ATLAS result:

kt = yt/yt(SM) = 0.87 ± 0.15 

 But assumes no BSM contributions 
in loop, while ttH (tH) process allows 
for direct measurement of top 
Yukawa coupling
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How to look for ttH?

 Signature depends on:
→ ttbar system decay: 0, 1, or 2 

leptons
→ Higgs decay: bb, WW, ττ, ZZ*, γγ  

Four very different analyses:
 ttH with H→bb (0, 1, or 2 e/μ)
 ttH to multilepton targets mostly          

H → WW and H → ττ
 ttH with H → γγ (0 or 1 e/μ)
 ttH with H → ZZ* → 4 leptons (e/μ)

(all based on 36 fb-1)

  H→bb 58%

H→WW 21%

H→ττ 6%

H→ZZ* 2.6%

H→γγ 0.2%

tt→WbWb
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Phys. Rev. D 97, 072016 (2018)

ttH, H→bb

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-03/
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ttH, H→bb

 Largest Higgs BR, but:
→ ttbb background large and difficult to 

model
→ Complex final state with large jet and b-jet 

multiplicity → challenging object (b-
tagging) and event reconstruction

 Signature:
→ 1 (or 2) e/μ + 4 (2) jets from W's
→ 4 b-jets (2 from ttbar, 2 from Higgs)

 All-hadronic channel also studied:
→ Run 1 result: JHEP 05 (2016) 160
→ Additional large multijet background

ttH(bb) hadronic

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2015-05/
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ttH, H→bb: ttbb modelling

 ttbar inclusive MC: Powheg+Pythia8 
normalized to NNLO+NNLL cross-
section
→ tt+≥1b and tt+≥1c also from 

Powheg+Pythia8 but left free-floating in 
the fit

 Split into tt+HF categories depending 
on HF jets at particle level:
→ tt+b : 1 additional b-jet
→ tt+bb : 2 additional b-jet
→ tt+B : only one b-jet containing 2 B hadrons
→ tt+≥3b : other
→ Rescale fractions of categories to 

Sherpa+OpenLoops 4F scheme (massive 
b-quarks, first g→bb from ME)
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ttH, H→bb: strategy

 Preselection:
→ Dilepton: two opposite sign e/μ, 3 jets, 2 medium b-tags
→ Single Lepton: one e/μ, 5 jets, 2 very-tight or 3 medium b-tags
→ Single Lepton Boosted: one e/μ, large-R jets from R=0.4 

reclustered jets, Higgs candidate (pT>200 GeV) and top candidate 
(pT>250 GeV) (takes precedence over resolved channel)

→ Single lepton trigger → leading lepton pT > 27 GeV
 Split into Signal and Control Regions based on jet and b-tag 

multiplicity/quality
 Multivariate analysis to separate tt+jets from ttH in each 

Signal Region
 Combined fit of all regions (fitting the MVA discriminant in the 

Signal Regions)
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Semi-continuous b-tagging

 Four b-tagging working points 
calibrated on data:
→ Loose – Medium – Tight – Very Tight 

corresponding to: 

85% - 77% - 70% - 60% eff. to tag a b-jet
→ Assign a b-tagging score from 1 to 5 (from 

not-tagged to 60%) 

 b-jets calibrated with ttbar events (2-
10% uncertainty, dominated by ttbar 
modelling)

 c-jets calibrated with ttbar events 
(W→cs) and W+c events (5-20% 
uncertainty)

 light-jets calibrated with dijets events 
(10-50% uncertainty)

arXiv:1805.01845

ATLAS-CONF-2018-001

b-jets

c-jets

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/PERF-2016-05/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2018-001/
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ttH, H→bb: Signal and Control Regions 

 Split into jet and b-jet multiplicity/quality, merge regions with 
similar background content
→ SR = Signal Region (“large” S/B); CR = Control Region (low S/B)

Single Lepton, ≥6 jets (Single Lepton 5 jets 
and Dilepton in backup)

SR1: 4 b-tags at 60% eff. working point

(boosted has 
only one region)
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ttH(bb) (1 and 2 leptons)
Background composition

 9 Signal Regions
 10 Control Regions

Single LeptonDilepton
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ttH(bb) (1 and 2 leptons)
Background composition

 Zooming in on most sensitive regions (Single Lepton 6 jets) 
and splitting ttb into categories:
→ tt+≥1b ~ only relevant background in SR1 (four Very Tight b-tags)
→ Within tt+≥1b: tt+bb dominant, tt+≥3b also important (two g→bb)
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ttH(bb) Multi-Variate Analysis

 Several MVA ingredients:
→ Recontruction BDT to attempt to reconstruct top quarks and H→bb
→ Likelihood (LHD) for ttH signal vs tt+≥1b background using product of 

1D pdf's of kinematic variables 
→ Matrix Element Method (MEM)

Single Lepton 6-jet SR1:
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ttH(bb) Multi-Variate Analysis

 Final discriminant: classification BDT. Input variables:
→ Reconstruction BDT, LHD, MEM
→ Kinematic variables

 Combined fit of all 9 SRs and 10 CRs:
→ Signal Regions: fit the classification BDT output

→ Control Regions: fit the event yield (except in tt+≥1c 1l CRs: fit HT to 
constrain tt+≥1c)

Dilepton Pre-Fit Single Lepton Pre-Fit
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ttH(bb) Multi-Variate Analysis

 Final discriminant: classification BDT. Input variables:
→ Reconstruction BDT, LHD, MEM
→ Kinematic variables

 Combined fit of all 9 SRs and 10 CRs:
→ Signal Regions: fit the classification BDT output

→ Control Regions: fit the event yield (except in tt+≥1c 1l CRs: fit HT to 
constrain tt+≥1c)

Dilepton Post-Fit Single Lepton Post-Fit
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ttH(bb) Single Lepton Signal Regions:
Pre-fit
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ttH(bb) Single Lepton Signal Regions:
Post-fit
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ttH(bb) systematics

 By far dominant: tt+≥1b modelling
→ Esp. Sherpa vs PP8

 Also important: MC stat.
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ttH, H→bb: result

 Significance wrt bgd-only hypothesis: 1.4σ (1.6σ expected)
 Signal strength μ = σttH/σttH(SM)

μ < 2.0 at 95% CL
μ = 0.84 +0.64 – 0.61
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Phys. Rev. D 97, 072003 (2018)
ttH, multilepton

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/
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ttH multilepton

 Channels w/o hadronic-τ target H→WW (and H→ZZ*):
2lSS = 2 light leptons (e or μ) of same sign

3l = 3 light leptons

4l = 4 light leptons (veto H→ZZ*→4l, treated by dedicated 
analysis)

 Channels w/ 1 or 2 hadronic-τ target H→ττ and H→WW:
2lSS+1τ, 2lOS+1τ, 3l+1τ, 1l+2τ
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ttH multilepton: strategy

 Common preselection: 2 jets, 1 b-jet
 Further sel. of jet and leptons optimized 

for each channel
 Acceptance, S/B, bgd composition very 

different across channels

 MVA discriminant trained against main 
backgrounds:
→ 2lSS: ttH vs tt and ttH vs ttV
→ 3l: 5-dimensional multinomial BDT: ttH, ttW, ttZ, tt, VV
→ 4l (Z-enriched): ttH vs ttZ
→ Tau channels: ttH vs tt

(4l (Z-depleted) and 3l+1τ: cut-and-count)
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ttH multilepton: prompt lepton backgrounds

 Irreducible background from ttZ, ttW, diboson, from MC
 Also rare processes: tttt, ttt, tZ, tWZ, ttWW, tty*

 Electron charge mis-ID (for 2lSS0τ and  2lSS1τ): 
→ reduced by dedicated MVA
→ Data-driven estimate: rate from SS Z→ee applied to OS CRs

 CRs for ttZ and ttW 
show good 
agreement with SM 
prediction:

3l ttZ CR 3l ttW CR
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ttH multilepton: fake/non-prompt lepton 
backgrounds

 BDT to reduce light lepton fake/non-prompt
→ Isolation and b-tagging of track-jet near lepton

 Bgd estimate (mostly) data-driven
→ 2lSS0τ/3l0τ: Matrix Method. Real and fake eff. from 

CRs, applied to loose-not-tight events
 MC-based correction for HF vs conversion comp.

→ Fake τ: fake SF from 2lOS1τ CR, applied to 
simulation in all τ channels

 2lSS1τ: must also consider fake light+fake τ
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ttH multilepton: fit of eight channels
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ttH multilepton: systematics

 Systematic uncertainties already important for some multilepton channels
 JES:

→ Largest experimental uncertainty
→ Flavor composition: can be improved by taking into account predicted flavor composition

 Fake estimates
 Can constrain ttW and ttZ backgrounds with more data
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ttH multilepton result with 36 /fb

 Observed significance over background-only hypothesis: 
4.1σ (exp. 2.8σ)

 Signal strength μ = 1.6 +-0.3 (stat) +0.4-0.3 (syst)
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arXiv:1802.04146 [hep-ex]

ttH, H→γγ

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-21/
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ttH, H→γγ

 H→γγ analysis defines 31 
exclusive categories optimized to 
separate production processes 
and phase space regions
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ttH, H→γγ

 One ttH leptonic category
 Four ttH hadronic category

→ Four bins of BDT output
 Four tH categories (in fact 

dominated by ttH)

 ttH leptonic: 1 e/μ, 2 central 
jets, 1 b-jets

 ttH hadronic: 0 e/μ, 3 jets, 1 
b-jet. BDT trained to separate 
ttH vs ggH+multijet

 Combined fit of each 
category m(γγ) distribution
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ttH, H→γγ: result

 Considers both ttH and tH categories, signal strength 
also applying to both ttH and tH processes:

 Completely stat-limited!
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JHEP 03 (2018) 095

ttH, H→ZZ*→4 light leptons

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2016-22/
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ttH, H→ZZ*→4 light leptons

 Select Higgs candidates with mass 118 < m(4l) < 129 GeV
  Split into categories:

ttH
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ttH, H→ZZ*→4 light leptons

 Select Higgs candidates with mass 118 < m(4l) < 129 GeV
  ttH-enriched category:

→ ≥1 b-tagged jet
→ ≥4 jets (hadronic ttbar) or 

1l+≥2 jets (semi-leptonic ttbar)
 Expect <0.1 background event!
 Observe zero event
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ttH, combination of all channels
Phys. Rev. D 97, 072003 (2018)

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/PAPERS/HIGG-2017-02/
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ttH, combination of all channels

 Combining:
→ H→bb, multilepton
→ H→γγ, H→ZZ*→4l, fitting only 

the ttH categories, fixing non-
ttH Higgs processes (incl. tH) to 
SM prediction
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ttH, combination of all channels
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Conclusion

 Latest ATLAS results using 36/fb recorded in '15-'16 show 
evidence for ttH with significance of 4.2σ (3.8σ expected):

 Cross-section measurement:

in agreement with SM prediction:
 ttH(bb) already systematics-limited. Requires some 

breakthrough to make significant progress from here.
 ttH multilepton currently most sensitive analysis and still 

mostly stat-limited.
 With the additional data, ttH(yy) will become the single most 

sensitive channel. 
 Already close to 100 fb-1 now on tape!
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Backup
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ttH(bb) (1 and 2 leptons)

 Split into jet and b-jet multiplicity, merge regions with similar 
background content
→ SR = Signal Region (“large” S/B); CR = Control Region (low S/B)

Single Lepton, 5 jets
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ttH(bb) (1 and 2 leptons)

 Split into jet and b-jet multiplicity, merge regions with similar 
background content
→ SR = Signal Region (“large” S/B); CR = Control Region (low S/B)

Dilepton Lepton, ≥4 jets



2018/05/28 Higgs Toppings, Benasque 42

ttH(bb) (1 and 2 leptons)

 Split into jet and b-jet multiplicity, merge regions with similar 
background content
→ SR = Signal Region (“large” S/B); CR = Control Region (low S/B)

Dilepton Lepton, 3 jets
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ttH(bb) Single Lepton Control Regions:
Pre-fit



2018/05/28 Higgs Toppings, Benasque 44

ttH(bb) Single Lepton Control Regions:
Post-fit
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ttH(bb) Dilepton Signal Regions:
Pre-fit
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ttH(bb) Dilepton Signal Regions:
Post-fit
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ttH(bb) systematics
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ttH, multilepton
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ttH, multilepton
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ttH, multilepton
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ttH, multilepton
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ttH, multilepton and combination
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ttH, H→ZZ*→4 light leptons
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ttH, combination of all channels
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