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ttH production 

•  ttH production is the best direct way to probe the 
coupling between top quark and Higgs boson 
–  tree-level process, cross section prop. to λt

2 

–  complementary evidence to loop-induced ggH,   
which in the SM is also dominated by the λt

2  
contribution from the top quark loop 

•  SM ttH cross section at 13 TeV: 507 fb: ~1/96th of ggH 
–  small, but top quarks in the final state provide  

good handles to trigger and select the events 
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Searches for ttH @ LHC 

Searches can be approximately grouped in: 

•  Hadronic  
H→bb, H→τhτh 

•  Leptonic  
H→WW, H→τℓτany 

•  Bosonic:  
H→γγ, H→ZZ*→4ℓ 
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higher purity 

higher yield 



ttH, γγ & 4ℓ  

•  γγ and 4ℓ are the cleanest Higgs decays, and 
may provide best evidence for ttH: 
– events can be selected with high purity 
–  the “tt” and “H” part of the event can be cleanly 

separated, and thus identified & reconstructed 
•  Main challenge: small signal yield 
– σ×BR: ~ 1 fb (γγ), ~ 0.14 fb (4ℓ) 

•  Maximize analysis acceptance targeting both 
tt → ℓ+jets and tt → all jets: 
– see backup slide for full selection criteria 
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ttH, H → γγ: example  
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γγ data in the ttH leptonic category 

S B[±2σγγ] 
ATLAS 1.4 2.8(*) 

CMS 1.1 2.7(*) 

(*) my approximation; see backup 



results 
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μ σ(all) σ(stat) σ(syst) 

ATLAS γγ 
CONF-2016-068, 13.3 fb−1 

−0.3 +1.2 +1.2 +0.2 
−1.0 −1.0 −0.2 

CMS γγ 
PAS HIG-16-020, 12.9 fb−1 

1.9 +1.5 
−1.2 

CMS 4ℓ 
PAS HIG-16-041, 35.9 fb−1 

0.0 +1.2* 

−0.0* 
* 

m4ℓ  [118, 130] 
signal 0.5 

bkg. 0.3 
data 0 

(*)  −2ΔlnL = 1 interval 
with μ ≥ 0 constraint  



ttH, H→bb 

•  Main challenge: overcome large background from  
tt + jets, and especially tt + bb, and associated large 
theory uncertainties on its modelling. 
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σ(tt) = 830 pb 
σ(tt + b-jets) ~ O(10) pb 

  
σ(ttH) × BR(bb) = 0.3 pb  

•  Very similar analyses in ATLAS & CMS, both in 
overall strategy and in sensitivity: 
–  ATLAS-CONF-2016-080  (Aug 2016, L = 13.2 fb−1) 
–  CMS PAS HIG-16-038  (Nov 2016, L = 12.9 fb−1) 



ttH, H→bb: strategy 

1.  select semi-leptonic and di-leptonic tt decays 
(fully hadr. explored only @ATLAS 8 TeV[#]) 

2.  categorize events in N(jet), N(b-jet):  
first step of separating tt+b/c/jets vs ttH→bb 

3.  build discriminators to separate the signal 
from the background in each category. 

4.  fit the data in all categories to constrains the 
backgrounds, allowing to extract a signal 
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[#] JHEP 05 (2016), 160 



ttH, H→bb: categorization 
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ATLAS & CMS categorizations for the more sensitive 
semi-leptonic tt final state 

 

ATLAS CR 
ATLAS SR 

CMS SR 



ttH, signal extraction 

•  ATLAS uses two Boosted Decision Trees  (BDT): 
–  First to “reconstruct”  the event, i.e. find the best 

assignment of reconstructed jets to partons 
–  Second to classify the events as ttH / background. 

Output of second BDT is used for the final fit. 
–  In control regions, the final fit uses simply HT 

•  CMS uses a BDT to further categorize events 
–  In each category,   a Matrix Element discriminator is 

computed for the ttH vs tt+bb hypotheses, and the 
output of it is used for the final fit 
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[*]  for 2ℓ 3j 3b events, ATLAS uses a Neutral Network instead of two BDTs, 
 and CMS uses the BDT in the final fit instead of the Matrix Element. 

[*] 

[*] 



Highest S/B 1ℓ category, pre-fit 
very large a-priori background uncertainty 

(ATLAS: float tt+≥1c, tt+≥1b; CMS: ±50% on each tt+b/c) 
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   x20 



Highest S/B 1ℓ category, post-fit 
substantial reduction of uncertainties from the fit,  

and MC prediction becomes closer to the data 
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 (μ = 2.1) 



ttH → bb: results 

•  Sensitivity on μ: ~1·SM, limited by systematics 
–  dominated by those on tt+(b-)jets background 
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ttH, multilepton 
•  Select events with ℓ±ℓ± or  ≥3ℓ, plus jets and b-tags. 
•  Residual backgrounds are mainly 
–  tt + W/Z/γ* production: irreducible except for jets & ν’s. 

•  Taken from theory predictions, with O(10%) uncertainty 

–  reducible backgrounds, mostly from tt + jets with  
non-prompt leptons or charge mis-assignment 
•  Estimated from data, with O(30%) uncertainty 
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ttH → 3ℓ + X ttZ → 3ℓ + X tt → 3ℓ + X 



ttH, multilepton 

•  Select events with ℓ±ℓ± or  ≥3ℓ, plus jets and b-tags. 
•  Residual backgrounds are mainly: 
–  tt + W/Z/γ* production: irreducible except for jets & ν’s 
–  reducible backgrounds, mostly from tt + jets with  

non-prompt leptons or charge mis-assignment 
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•  Similar strategies but different implementations: 
–  CMS analysis makes extensive use of MVA methods for 

lepton selection & signal extraction, ATLAS cut based 

•  Latest results: 
–  ATLAS-CONF-2016-058  (Aug 2016, L = 13.2 fb−1) 
–  CMS PAS HIG-17-004  (Mar 2017, L = 35.9 fb−1) 



ttH, multilepton: categorization 

ATLAS 
•  ℓ±ℓ±  + 0 τh + ≥ 5 jets (≥ 1 b) 

–  further split in ee, eμ, μμ 

•  3ℓ + ≥ 3 jets (≥ 1b) 
–  ≥ 4 jet if only one b tag 
–  no requirements on τh 

•  4ℓ + ≥ 2 jets (≥ 1b) 
–  no requirements on τh 

–  veto H → 4ℓ  

•  ℓ±ℓ±  + 1τh + ≥ 4 jets (≥ 1 b) 

 

CMS 
•  ℓ±ℓ±  + 0 τh + ≥ 4 jets (≥ 1 b) 

–  split in ee, eµ, µµ, − − vs + + 
–  eµ, µµ split in loose/tight  

b-tagging (tight is ≥2 b) 

•  3ℓ  + 0 τh + ≥ 2 jets (≥ 1b) 
–  split in tight vs loose b-tag, 

split total charge  +1 vs −1 

•  4ℓ  + 0 τh + ≥ 2 jets (≥ 1b) 
–  veto H → 4ℓ 

•  ≥1τh states to be done in 
dedicated H→ ττ analysis 
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ttH multilepton: signal extraction 

•  ATLAS, all final states: counting experiment 
•  CMS, 2ℓ and 3ℓ: 2D BDT approach: 
– Train two BDTs to discriminate ttH vs tt  / ttV 

Incremental updates since ICHEP 2016: 
•  2ℓ: new BDT inputs from hadronic top tagging (vs tt) 

and “jet from Higgs” tagging (vs ttV) 
•  3ℓ: BDT vs ttV uses likelihood ratio from Matrix 

Element computation for ttH, ttW, ttZ/γ* 

– Resulting 2D plane mapped into 1D histogram 
by grouping 2D bins with similar S/B 

•  CMS 4ℓ: counting experiment 
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e±e± 
0τh  

e±μ± 
0τh  

μ±μ± 
0τh  

ℓ±ℓ± 
1τh  

3ℓ  4ℓ  

ATLAS data 
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CMS data, 2ℓ 
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Categories SR bins (all cat. combined) 

post-fit plots with μ(ttH) constrained to SM predictions 



CMS data, 3ℓ & 4ℓ 
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3ℓ categories 3ℓ SR bins (all cat. comb.) 

4ℓ events 

( shape info not 
used in the fit ) 

post-fit plots with μ(ttH) constrained to SM predictions 



multilepton results 

•  Both results compatible with SM within about 1σ. 
•  Significance wrt μ(ttH) = 0 hypothesis: 

–  ATLAS:  2.2 σ (expected for SM ttH: 1.0 σ ) 
–  CMS:  3.3 σ (expected for SM ttH: 2.5 σ ) 

Moriond EWK, 2017 G. Petrucciani (CERN) 21 



Moriond EWK, 2017 G. Petrucciani (CERN) 22 

ATLAS Run 2 CMS Run 2 

bb 2.1 +1.0 −0.2 +0.8 
−0.9 −0.8 

multilep 2.5 +1.3 1.5 +0.5 
−1.1 −0.5 

γγ −0.3 +1.2 1.9 +1.5 
−1.0 −1.2 

4ℓ 0.0 +1.2* 
−0.0* 

comb. 1.8 
+0.7 
−0.7 

Run1 comb. 2.3 +1.2 
−1.0 JHEP 08(2016) 045 

PAS HIG 
16-038 

PAS HIG 
17-004 

(35.9 fb−1) 

PAS HIG 
16-020 

PAS HIG 
16-041 

(35.9 fb−1) 

* 

(*)  −2ΔlnL = 1 interval  
with μ ≥ 0 constraint  ATLAS-CONF-2016-068 



all results 
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Where do we go from here?  

•  Expect adiabatic improvements, mainly from: 
– H → γγ, 4ℓ: more data (systematics are small here) 
– H → bb: continuous improvement of the signal 

extraction methods & modelling of tt + (b-)jets 
(important interaction with theory & MC experts) 

– Multilepton: more data, improved handling of 
reducible backgrounds, better signal extraction 
and validation of ttV in data. 

– Dedicated H → ττ analyses 
•  In the future, boosted topologies may also help 

isolate higher S/B subsets of events in bb & 
possibly multilepton final states. 
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Conclusions 

•  Q: “Evidence for ttH production?” 
A: “Statistically, …”  

 A combination of ATLAS & CMS ttH results would 
likely be incompatible with μ = 0 

 “… but …” 
 there’s not yet a single analysis with a strong & 
unambiguous ttH signal, and it will take time and 
effort to get there. 
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ttH, H→ γγ, 4ℓ: selection 

•  H → γγ analyses define two ttH categories: 
–  leptonic:  ≥ 1 ℓ, ≥ 2 jets[#], ≥ 1 b-tag 

(ATLAS also ET
miss > 20 GeV or ≥ 2 b-tags) 

– hadronic:  ≥ 5 jets, ≥ 1 b-tag 

•  H → 4ℓ has a single ttH category as the OR of: 
– ≥ 1 ℓ, ≥ 1 jet and not tagged as WH or ZH 
– ≥ 4 jets + ≥ 1 b-tag 

•  Contamination from non top+Higgs modes 
not negligible, esp. for CMS 4ℓ & γγ hadronic. 
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[#] jet pT > 30/25/30 GeV, |η| < 4.4/2.4/4.7 @ ATLAS/CMS γγ/CMS 4ℓ  



H→γγ yields 

•  ATLAS quotes S90 = 1.3, B90 = 2.3: yields in an 
interval containing 90% of the signal yield 
– S = 1.3/0.9 = 1.44 (by definition) 
– B(±2σ) = 2.3 * (2/1.64) = 2.8 (approx) 

•  CMS quotes S = 1.12, σeff = 1.61 GeV,  
B/ [1 GeV] = 0.42 GeV−1 

– B(±2σ) = 0.42 * 4 * 1.61 = 2.7  (approx) 
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ttH bb: all events, binned in S/B 

Moriond EWK, 2017 G. Petrucciani (CERN) 29 



tt+jets background  

•  tt+jets split at generator level into  
–  tt + ≥ 1b: if at least one gen. B hadron 

•  tt + bb: two distinct generated jets with B hadrons 
•  tt + B (CMS), tt + 2B (ATLAS): a single jet with 2 B 

hadrons inside, from small-angle gluon splitting 
•  tt + b: a single jet, with a single B hadron 
•  tt + ≥3b: more than two jets with B hadrons 
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tt+≥1b background 
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multilep.: background estimations 

•  irreducible background from theory predictions 
–  For the main ttV backgrounds, NLO QCD+EWK cross 

section (YR4), NLO QCD+PS MC (uncertainties ~10%) 
– CMS also performed cross check with ttW & ttZ 
floating, including some CRs for ttW & ttZ in the fit  

•  reducible background from non-prompt leptons 
estimated from data:  
–  Events in SR but with loose-but-not-tight leptons are 

weighted by lepton mis-identification probabilities 
– Mis-identification probabilities derived from multi-jet 

events (CMS) or ℓ±ℓ± + 2-4 jets + ≥1b events (ATLAS) 
–  Sizeable relative systematic uncertainty, O(30%) 
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CMS ttH multilep: input variables 
•  maximum |η| of the two leading leptons 
•  jet multiplicity 
•  minimum ∆R separation between each of the two leading leptons 

and a jet 
•  transverse mass of the leading lepton and the ET

miss  
•  maximum score among jet permutations of a BDT discriminator 

that aims at re- constructing hadronic top decays (for ttH vs tt, ℓ±ℓ
±  only);  

•  maximum score among jet permutations of a BDT discriminator 
that aims at tagging jets from Higgs decay products (for ttH vs ttV, 
ℓ±ℓ±  only);  

•  highest and lowest pT of the selected leptons (for ttH vs ttV only);  
•  matrix element weights for signal and irreducible backgrounds, 

combined in one likelihood ratio variable (3ℓ  only).  
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ttV validation 

•  ATLAS: validation of ttZ & ttW in CRs 
–  Yields in good agreement with SM expectations 

•  CMS: cross-check fit with free floating ttW & ttZ 
–  including in fit CRs with 2ℓ+3jets and 3ℓ on-Z 
–  fitted μ(ttW), μ(ttZ) compatible at 1σ with SM 
–  μ(ttH) = 1.3 ± 0.5  (3.0σ obs; 2.4σ exp. for SM) 
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ATLAS ttW CR  
(2ℓ 0τ , 2-4 jets, ≥ 2 b) 

ATLAS ttZ tight CR  
(3ℓ on-Z, ≥ 4 jets, ≥ 2 b) 



ATLAS data: N(jets) & flavour 
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 (μ = 2.5)   

Signal regions 
Jet multiplicity & flavour 



μ(ttW) > 1 ? 

•  There is a consistent pattern of μ(ttW) > 1 across 
ATLAS & CMS, Run 1 & Run 2 (see backup) 
–  Irrespectively of the analysis: ttH search vs ttV 

measurement, cut-based vs MVA, … 
– Does not happen for μ(ttZ), nor for other searches in 

same-sign dileptons (e.g. SUSY or W±W±) 

•  Maybe the ttW NLO cross section prediction 
does not capture all that we can see? 
–  e.g. experimental analyses are not really sensitive to 

the top quarks or W/H bosons being on-shell: 
our “ttW” is mainly ℓ±ℓ’± + ≥2 b + jets + ET

miss 
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ATLAS CONF 2016-068 
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2.8σ  (1.8σ) 
obs  (exp) 

2.3σ  (1.5σ) 



ttV measurements 

•  ttW measurements (assuming μ(ttH) = 1) 
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μ(ttV) =  1.3 ± 0.6 CMS 5 fb−1 7 TeV PRL 110 (2013) 172002 

μ(ttW) = 1.7 ± 0.5 ATLAS 20 fb−1 8 TeV JHEP 11 (2015) 172 

μ(ttW) = 1.9 ± 0.6 CMS 20 fb−1 8 TeV JHEP 01 (2016) 096 

μ(ttW) = 2.5 ± 1.4 ATLAS 3 fb−1 13 TeV EPJC77 (2017) 40 

μ(ttW) = 1.6 ± 0.5 CMS 13 fb−1 13 TeV CMS PAS TOP-16-017 

•  ttH analyses also compatible with this 
–  μ(ttW) = 1.4 ± 0.6 from CMS multilepton 8 TeV 

(fit result in suppl. material of PAS HIG-13-020) 
–  μ(ttW) > 1 in cross-check fit of CMS multilep 13 TeV 
–  by eye N(jet) distribution in ttW VR of ATLAS multilep 13 TeV  

seems to favour increased ttW as well. 


