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2The new star of particle physics

Appropriate that Higgs discovery day 
took place on July 4 (aka 
Higgsdependence Day)?
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5Reminder: Why we needed the Higgs boson

We knew something was responsible for 
electroweak symmetry breaking

Higgs mechanism 
gives mass not just to 
W and Z bosons but 
also to all the 
fermions ...
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6Yukawa couplings

• Mass of fermions proportional to their coupling to the Higgs 
field
• Top quark Yukawa coupling > 0.9
•Close to unity - why? 
•Does this point to a special role for the top                            

quark in electroweak symmetry breaking?
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7Indirect evidence for top-Higgs coupling

Already strong, indirect evidence of 
top quark-Higgs boson coupling

Gluon-gluon fusion (dominant 
Higgs production mechanism 

at LHC)

W/X/

/W/X

W/X/

Induces decay to massless 
photons. Destructive 

interference with W boson
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8Cross sections for ttH production at 8 (14) TeV

• ggFusion: 19 pb (50 @ 14 TeV)
• VBFusion: 1.6 pb (4.2 @ 14 TeV)
•WH associated: 0.70 pb (1.5 @ 14 TeV)
• ZH associated: 0.42 pb (0.88 @ 14 TeV)
• ttH: 0.13 pb (0.61 @ 14TeV)

 [GeV] HM
80 100 200 300 400 1000

 H
+X

) [
pb

]  
  

→
(p

p 
σ

-210

-110

1

10

210
= 8 TeVs

LH
C

 H
IG

G
S 

XS
 W

G
 2

01
2

 H (NNLO+NNLL QCD + NLO EW)

→pp 

 qqH (NNLO QCD + NLO EW)

→pp 

 WH (NNLO QCD + NLO EW)

→
pp 

 ZH (NNLO QCD +NLO EW)

→
pp 

 ttH (NLO QCD)

→
pp 

Direct observation 
of ttH vertex

LHC Higgs WG



Jahred Adelman Yale University Top2013 ttH

9Direct searches for top-Higgs coupling are not easy ...

• We know that the production cross sections are small
•Relative to other Higgs boson production processes, 

let alone ttbar production, EW processes and QCD

• Busy final state
•Minimum of 8 final state objects                                      

in the event

• So what’s the plan of attack?
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10Large luminosity

As much data as possible is needed and is used
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11Excellent detectors

Need well-understood and performing detectors 
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12ttH, H→ƔƔ
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• Diphoton branching ratio @ 125 GeV = 2.28e-3
• Low statistics for signal

• Narrow reconstructed Higgs boson mass resolution ~3 GeV
• Fit the sidebands to estimate backgrounds

LHC Higgs WG
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13H→ƔƔ object selection

ATLAS (ATLAS-CONF-2013-080) CMS (CMS PAS HIG-13-015)

Photon ET
35/25 GeV at trigger
40/30 GeV offline

26/18 and 36/22 GeV at trigger
0.5/mƔƔ / 25 GeV offline

Electron ET 15 GeV 20 GeV

Muon pT 10 GeV 20 GeV

Jet pT 25 GeV 25 GeV

Jet b-tagging 80% efficiency (4% mistag) 70% efficiency (2% mistag)

Leptonic selection
One or more leptons, one or more    
b-tags, MET > 20 GeV. Reject events 
with e-photon mass near Z peak

One or more leptons, one or more    
b-tags, two or more jets

Hadronic selection 
(orthogonal)

0 leptons, two or more b-tags,                
six or more jets

0 leptons, one or more b-tags,                
four or more jets

19.6 fb-120.3 fb-1
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14ATLAS ttH, H→ƔƔ

• Fit invariant mass distribution to exponentials
•Background normalization from signal region 

sidebands (not in 120-130 GeV)
•Slope of exponentials determined from control 

region sidebands (not in 120-130 GeV)

Sample composition
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15ATLAS ttH, H→ƔƔ systematic uncertainties

Systematic 
uncertainties small 

compared to 
statistical 

uncertainties 

Uncertainties (in number of events) in 
background estimation
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16ATLAS ttH, H→ƔƔ signal region

One event observed in signal region (in leptonic channel)
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17ATLAS ttH, H→ƔƔ results
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18ATLAS ttH, H→ƔƔ limits

95% CL upper limits on Higgs production

95% CL upper limits on ttH
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19ATLAS ttH, H→ƔƔ event
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20CMS ttH, H→ƔƔ

• Select background model by fitting for spurious signal 
in control samples of events with one photon ID 
reversed
•Choose exponential for leptonic channel and 

second-order polynominal for hadronic channel
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21CMS ttH, H→ƔƔ other systematic uncertainties

Overall 6% effect on limits (small)

Source Hadronic Selection Leptonic Selection

Luminosity 4.4% 4.4%

Photon reco 3-4% 3-4%

Jet Energy Scale 2% ttH, 5% other H 2% ttH, 5% other H

Jet Energy Resolution <1% ttH, 1% other H <1% ttH, 1% other H
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22CMS ttH, H→ƔƔ results
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23CMS ttH, H→ƔƔ results
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24CMS ttH, H→ƔƔ results

Signal strength (ttH) assuming all other production modes fixed 
to SM values = -0.2+2.4/-1.9
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25Alternative to narrow Higgs mass resolution

Aim for statistics: 57.7% of Higgs event decay to bb
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26ttH, H→bb

• Highest statistics, but challenging
•We know that ttbar reconstruction is difficult to begin with 

and now we added two additional heavy flavor jets
• Lots of jets, combinatorics, no narrow signal resonance

• Produced 1500 ttH, H→bb events at                             
each LHC experiment in 2012
• vs 100,000 ttbb events (with large                                

uncertainty)
• vs 5 million ttbar events
•Multivariate techniques helpful
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27H→bb object selection

ATLAS (7 TeV),  ATLAS-CONF-2012-135 CMS (8 TeV), CMS PAS HIG-13-019

Triggers 20-22 GeV single electron and 18 GeV single 
muon

Single lepton 27/24 GeV for e/mu, 
dilepton 17+8 GeV

Jets 25 GeV, 70% efficiency b-tagging (1%           
mistag rate)

30 GeV, at least two b-tags (70% 
efficiency, 2% mistag rate)

L+J selection
Four or more jets, single                           
electron (muon) > 25 (20) GeV 
Ele: MET > 30 GeV, mT > 30 GeV            
Mu: MET > 20 GeV, mT+MET > 60 GeV

Four or more jets (3 with pt > 40 
GeV), one 30 GeV lepton

DIL selection ----- Two OS leptons, at least one lepton 
> 20 GeV, second lepton > 10 GeV

19.5 fb-14.7 fb-1



Jahred Adelman Yale University Top2013 ttH

28CMS ttH, H→bb analysis strategy

• Separate events into distinct categories
• L+J: 4 jets + 3/4 b-tags, 5 jets + 3/4 b-tags, 6 jets + 2/3/4 b-tags
• DIL: 3 jets + 2 b-tags, 4 jets + 2 b-tags, 3-jets + 3 b-tags
• Boosted decision tree trained separately for each category
• 6j3b (jet closest to tag is promoted to b), 6j4b, 5j4b (loose 6th jet 

added) use an additional BDT (to separate ttbb from ttH) as 
input, including kinematic fit to ttbar hypothesis

• Use continuous b-tagging discriminant (not just cuts)
• Scale factors for mistags from Z+2 jet events
• Scale factors for heavy flavor from 2j2b DIL ttbar events
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29CMS ttH, H→bb
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30CMS ttH, H→bb BDT input (L+J)

BDT output
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31CMS ttH, H→bb BDT input (DIL)
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32CMS ttH, H→bb systematic uncertainties

Variation of tt+HF more than 6x the signal
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33CMS ttH, H→bb importance of profiling
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34CMS ttH, H→bb
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35CMS ttH, H→bb results
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36ATLAS ttH, H→bb
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• Divide events based on njet and ntag
• Events with < 6 jets: Use HThad as single discriminating 

variable
• Events with ≥ 6 jets: Kinematic likelihood fit to ttH system 

with mbb as variable of interest
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37ATLAS ttH, H→bb
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38ATLAS ttH, H→bb systematic uncertainties

HF fraction, JES and 
tagging uncertainties 
dominate
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39ATLAS ttH, H→bb profiling importance

Pre-fit plots

Post-fit plots
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40ATLAS ttH, H→bb results
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41Other channels?

6.32% of decays to ditau
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42CMS ttH, H→

• Start with same single lepton triggers and lepton selection as 
bb single lepton analysis

• Jet pT > 30 GeV, |ƞ| < 2.4, 2 or more jets

• Two OS hadronic one-prong tau jets > 20 GeV, |ƞ| < 2.1 
with pT of pion > 5GeV

• Divide by 2, 3 or ≥ 4 jets and 1 vs 2 b-tags 

• Uncertainty on tau fake rates from jets (electrons) of 20% 
(5%) per object

• BDT to separate signal and background

𝜏𝜏 CMS PAS HIG-13-019, 19.5 fb-1



Jahred Adelman Yale University Top2013 ttH

43CMS ttH, H→𝜏𝜏
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44CMS ttH, H→     results𝜏𝜏
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45With such complex analyses...

• Obvious need to attack from as many angles as 
possible
• ttbar+jets and ttbar+HF will continue to be 

challenging at new energies and luminosities
•WW is on the way from both collaborations
• CMS result nearly hot off the press - keep an eye 

out over the next week
• No matter what, will clearly need to combine in as 

many channels as possible
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46CMS ttH combination
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Best fit combined signal 
strength: 0.74 +1.34/-1.30
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47And what about the Tevatron experiments?

Substantial integrated luminosity and well understood detectors
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48CDF semi-leptonic bb search

• Require single electron or muon > 18 GeV
• MET > 10 (muon), 20 (central ele), 25 (forward ele) GeV
• Jet pT > 20 GeV, |ƞ| < 2.0, ≥ 2 b-tags

• Same strategy at the Tevatron and the                                          
LHC: Divide events by ntag, njet

• Use neural networks to separate out                                              
signal and background
• Each NN uses 18 variables, including                                                         

MET, jet ET, scalar sums ET of objects,                                                                 
dR between objects

Phys Rev Lett 109.181802, 9.45 fb-1

NN
validation
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49CDF semi-leptonic bb

• Dominant detector uncertainties are the b-tag efficiency (5.4) and 
JES (7.8%)
• Alter acceptance by 1-20% (also shape)
• 10% uncertainty on tt normalization (6.9% effect) and 100% 

uncertainty on tt+bb (9.0% effect)
• Smaller uncertainties on background normalization, ISR/FSR, PDFs, 

luminosity and mistag probability

Expected (observed) limit 
12.6x (20.5x) the SM 
expectation
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50CDF 0-lepton bb

• Explicitly reject events with lepton
• Trigger requires four jets ET > 15 GeV, ΣEt > 175 GeV
• Leading jet > 50 GeV, subleading jet > 40 GeV
• Require at least 2 b-tags, split by == 2 or > 2 tags
• Σ Jet + MET > 300 GeV
• Define METsignifiance = MET/(√(ΣEt)
• MET+jets channel (missing lepton):
• METsignificance > 2 GeV0.5

• Njet: 5-8
• All-jets channel (no lepton):
• METsignificance < 2 GeV0.5

• Njet: 7-11

CDF Note 10582, 5.7 fb-1
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51CDF 0-lepton signal vs background separation

• Use NNtop to separate background from ttH signal
• Control regions of 1-btag or low NNQCD scores
• Final discriminant is NNtop * NNQCD

Max trijet mass HT NNTOP

NNTOP
HT

HT

Njet
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52CDF 0-lepton systematic uncertainties

• Biggest uncertainty is JES
• ttbb uncertainty of 100%
• Background uncertainties obtained by examining the 

low-NN region
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53CDF 0-lepton result
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54DZero ttH(bb) search

• Require single electron(muon) > 20 GeV with |ƞ| < 
1.1 (2.0)
• For electron (muon), require MET > 20 (25) GeV
• Jet pT > 20 GeV, |ƞ| < 2.5, ≥ 1 b-tag
• Leading jet > 40 GeV
• Split by njet and nbtag and then use HT as 

discriminating variable
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55DZero ttH(bb) results
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Uncertainties are profiled to 
reduce their effect. Dominated 
by ttbb uncertainty
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56What else can we do longer term?

Far into the future, exciting to look for single top + 
Higgs production (direct test of Yukawa sign), and maybe 

one day to probe the structure of the ttH vertex (is 
there any CP odd component)?

arXiv: 1211.0499
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57Conclusions and prospects

• Lots of hard work at the LHC and the Tevatron to 
search for ttH, with more to come
• Not too much more room for ttH to hide. 

Combination between experiments + a bit more data 
might be enough to see hints of a signal
• Hopefully getting closer to understanding if top quark 

has a special role in electroweak symmetry breaking

+
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58Backup
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59Backup
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60CDF 0-lepton final discriminant
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61CMS ttH, H→bb NN
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62CMS ttH, H→𝜏𝜏
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63DZero ttH(bb) signal region
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64CMS ttH, H→bb systematic uncertainties
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65DZero ttH(bb) yields and uncertainties

Uncertainties are profiled to 
reduce their effect. Dominated 
by ttbb uncertainty
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66CDF semi-leptonic bb search
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67CMS ttH, H→ƔƔ CR

•Reweight data in control region 
to match pt and ƞ distributions 
in SR
•Plots: >= 1 lepton (leptonic 

channel) or >= 2 jets (hadronic 
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68ATLAS ttH, H→bb

-1 L dt = 4.7 fb0, Preliminary (Simulation) ATLAS  = 125 GeVHm
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• Divide events based on njet and 
ntag
• Events with < 6 jets: Use HThad as 

single discriminating variable
• Events with ≥ 6 jets: Kinematic 

likelihood fit to ttH system with 
mbb as variable of interest
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69What about longer term?

Clear that discovery of ttH will take quite some time. 
Precision measurements even longer
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70CMS ttH combination

95% CL 
upper 
limits

Best fit 
signal 
strength

CMS PAS HIG-13-019
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71CMS ttH, H→     BDT𝜏𝜏
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72ATLAS ttH, H→ƔƔ control regions

• Leptonic control region: replace lepton with jet, no b-tag 
requirement, 2 ≤ njet ≤ 4
•Hadronic control region: == 5 jets, no b-tag requirement
•Reverse photon ID and remove isolation criteria and then 

check control region assumptions
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73H→ƔƔ simulation and non-ttH Higgs uncertainties

ATLAS CMS

(tt/W/Z) + H Pythia Pythia

ggF, VBF Powheg + Pythia Powheg + Pythia

tH Madgraph + Pythia --

non-ttH + jets 
uncertainties 50% in hadronic channel 30%

ggF + HF 200% uncertainty from tt+HF 
measurement

100% uncertainty from tt+HF 
measurement

WH/VBF + HF 150% uncertainty (from W+b 
measurement) --
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74CMS ttH, H→ƔƔ CR

•Reweight data in control region to match pt and ƞ 
distributions in SR
•Plots: >= 1 lepton (leptonic channel) or >= 2 jets 

(hadronic channel)
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75H→bb simulation samples

ATLAS (7 TeV) CMS (8 TeV)

ttH Pythia Pythia

W/Z + jets Alpgen + Herwig Madgraph + Pythia

ttW, ttZ Madgraph + Pythia Madgraph + Pythia

Single top MC@NLO + Herwig (s-channel and 
WT), ACER+Pythia (t-channel) Powheg + Pythia

Dibosons Herwig Pythia

tt+jets Alpgen+Herwig up to 5 additional 
partons separated into tt+LF/tt+HF

Madgraph + Pythia, split into ttbb/ttb/
ttc(c) based on reco-to-truth matching
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76H→bb simulation samples

ATLAS (7 TeV) CMS (8 TeV)

tt+jets reweighting -----
Top pT reweighting to NNLO 
predictions (uncertainty by halving/
doubling the correction)

tt+jets uncertainty

Factorization Q2 = ∑(m2+pT2) varied 
up and down by x2. Also compare to 
x1x2s (larger).  tt+HF fraction assigned 
50% uncertainty. Renormalization scale 
independently up and down by x2 at 
each vertex (LF only)

Scale variations (factorization and 
renormalization) varied up and down 
by x2 (separately for ttbb/ttcc/tt light) 
+ extra 50% for tt+HF
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77CDF 0-lepton background estimation

• Use neural networks trained with no b-tag requirement to 
separate QCD from signal (separately for each channel)
• Variables include METsignificance, angles, jet ET, invariant masses
• Missing lepton: Require NNQCD > 0.8
• All-jets: Require NNQCD1 > 0.9, NNQCD2 > 0.7

NNQCD1

NNQCD

NNQCD1

NNQCD1

NNQCD1

NNQCD1

NNQCD2

NNQCD2


