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what is it?
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what is it really?

3

Where do the masses of particles come from?
Have been searching for the Higgs Boson for 
many years

Mr. Somebody Mr. Nobody
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where does it come from:  
higgs production
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@LHC
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where does it go: 
 higgs decay

At 125.7 GeV, H→bb dominates.
Huge background makes direct search difficult.
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higgs boson discovery

We found “A” Higgs boson!
Is it truly “The” SM Higgs Boson???
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why ttH?

Complementary to other H searches
Directly probes the top-Higgs 
Yukawa coupling(Yt)

Key component to evaluate the 
consistency of the new boson with SM 
expectations

It could be sensitive to Beyond SM 
physics

7

Why ttH?
• Large top quark mass:

• expect top quark Yukawa (Yt) coupling to be of 
order one

• too large to observe Higgs-to-top decay

• Yt  also contributes to 

• fermion loop in H production from gluons

• H decay to photons

• But due to potential BSM physics contributing to the 
loop they can’t be used to measure Yt directly

• ttH allows direct measurement of  Yt

• Deviation from SM prediction could hint at heavy 
top-partners
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1 Introduction

Since the discovery of a new boson by the CMS and ATLAS Collaborations [1, 2] in 2012, exper-
imental studies have focused on determining the consistency of this particle’s properties with
the expectations for the standard model (SM) Higgs boson [3–8]. To date, all measured prop-
erties, including couplings, spin, and parity are consistent with the SM expectations within
experimental uncertainties [9–13].

One striking feature of the SM Higgs boson is its strong coupling to the top quark relative to
the other SM fermions. Based on its large mass [14] the top-quark Yukawa coupling is expected
to be of order one. Because the top quark is heavier than the Higgs boson, its coupling cannot
be assessed by measuring Higgs boson decays to top quarks. However, the Higgs boson’s
coupling to top quarks can be experimentally constrained through measurements involving the
gluon fusion production mechanism that proceeds via a fermion loop in which the top quark
provides the dominant contribution (left panel of figure 1), assuming there is no physics beyond
the standard model (BSM) contributing to the loop. Likewise the decay of the Higgs boson
to photons involves both a fermion loop diagram dominated by the top-quark contribution
(center panel of figure 1), as well as a W boson loop contribution. Current measurements of
Higgs boson production via gluon fusion are consistent with the SM expectation for the top-
quark Yukawa coupling within experimental uncertainties [9–12].

Probing the top-quark Yukawa coupling directly requires a process that results in both a Higgs
boson and top quarks explicitly reconstructed via their final-state decay products. The pro-
duction of a Higgs boson in association with a top-quark pair (ttH) satisfies this requirement
(right panel of figure 1). A measurement of the rate of ttH production provides a direct test of
the coupling between the top quark and the Higgs boson. Furthermore, several new physics
scenarios [15–17] predict the existence of heavy top-quark partners, that would decay into a
top quark and a Higgs boson. Observation of a significant deviation in the ttH production rate
with respect to the SM prediction would be an indirect indication of unknown phenomena.
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Figure 1: Feynman diagrams showing the gluon fusion production of a Higgs boson through
a top-quark loop (left), the decay of a Higgs boson to a pair of photons through a top-quark
loop (center), and the production of a Higgs boson in association with a top-quark pair (right).
These diagrams are representative of SM processes with sensitivity to the coupling between the
top quark and the Higgs boson.

The results of a search for ttH production using the CMS detector [18] at the LHC are described
in this paper. The small ttH production cross section—roughly 130 fb at

p
s = 8 TeV [19–28]—

makes measuring its rate experimentally challenging. Therefore, it is essential to exploit every
accessible experimental signature. As the top quark decays with nearly 100% probability to a W
boson and a b quark, the experimental signatures for top-quark pair production are determined
by the decay of the W boson. When both W bosons decay hadronically, the resulting final state
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ttH @ cms

13TeV paper in preparation, huge ttH groups
This talk will focus on the ttH (H→bb) analysis 
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Decay Mode No. of 
Institutes Paper Data(fb-1)

7TeV bb 3 x 5

8TeV bb/
ττ/WW/ZZ/γγ

3(bb)
≥4(non-bb)

1 bb*
1 combination 19.5

13TeV(2016) bb/
ττ/WW/ZZ/γγ

11(bb)
≥7(non-bb)

1 bb
1 ττ/WW/ZZ

1 comb.
35.9
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ttH(bb)

Advantage:
Highest branching fraction 

Challenges:
Tiny production cross section
Higgs invariant mass hard to 
reconstruct
Difficult irreducible 
background ttbb
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overview

Split channels by top pair decay 
Lepton + jets (e, µ): LJ channel
Dilepton: DIL channel

For each channel, separate 
events into categories
Use MVA* to separate S/B and 
fit simultaneously all categories 
to data to extract signal
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*MVA: Multi-Variate-Analysis method using various machine learning techniques 
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Compact Muon Solenoid
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Tracker, ECAL, HCAL, Magnet, Muon Chamber
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detector signatures

typical tracks for various kinds of particles

12

Particle Flow: combine the info in different sub-
detectors to identify particle types
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data samples
Full 2016 Data, √s = 13TeV
The total integrated luminosity is: L = 35.9/fb 
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Triggers

lepton+jets triggers

Dataset Trigger Name
SingleMu HLT_IsoMu22_v*
SingleMu HLT_IsoTkMu22_v*
SingleEle HLT_Ele27_eta2p1_WPTight_Gsf_v*

dilepton triggers

Channel Trigger Name
µ+µ� HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_v*
µ+µ� HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_v*
e+e� HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ_v*
µ±e⌥ HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_v*
µ±e⌥ HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_v*

Additional Material Backup

Karim El Morabit – Search for t̄tH in the H!bb̄ channel Nov 4, 2016 49/167
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signal and background

Signal ttH samples
All Higgs and top decays allowed
ttH(bb) sample and ttH(non-bb) sample

tt+Jets is the main background
Dedicated samples by ttbar decay mode
Separated by extra jet content: tt+lf/bb/b/B/cc

Other relevant bkg MC 
tt+Z/W, WJets, ZJets, WW, WZ, ZZ, single top

15
*XS from CERN Yellow Report Page
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selection: lepton

Lepton Pt > trigger thresholds
Tight ID and isolation to 
suppress multi-jet events
Veto Z+jets events for DL
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Selection: Leptons
Muons Single Muon Leading ID Sub-Leading Dilepton ID

Channel ID Dilpeton Veto ID for Single Muon
pT [GeV] > 25 25 15
|⌘| < 2.1 2.4 2.4
ID tight tight tight
Iso��/pT < 0.15 0.25 0.25

Electrons Single Electron Leading ID Sub-Leading Dilepton ID
Channel ID Dilpeton Veto ID for Single Electron

pT [GeV] > 30 25 15
|⌘| < 2.1 2.4 2.4
ID 80% eff. non-trig. MVA ID 80% eff. non-trig. MVA ID 80% eff. non-trig. MVA ID
Iso⇢A/pT < 0.15 0.15 0.15

µ+µ� and e+e� Channel:
m`` > 20 GeV
m`` < 76 GeV or m`` > 106 GeV
MET > 40 GeV

Lepton pT > trigger thresholds

Tight ID and isolation to suppress
multijet events

Veto Z and low-mass dilepton
resonances

Additional Material Backup

Karim El Morabit – Search for t̄tH in the H!bb̄ channel Nov 4, 2016 50/167
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selection: jets

Jet multiplicity:
≥4 jets in LJ channel
≥2 jets in DL channel

b-tags: jets originating from b quarks
use CSV(Combined Secondary Vertex) algorithm 
identify as b-jets if passing Medium working point
1(2) b-tags for DL(LJ) inclusive selection

17

Selection: Jets

Jets Single Lepton Channel Dilepton Channel
Leading 2 Jets Dilepton Subleading Jets Dilepton

Type PFJets, CHS PFJets, CHS
Algorithm anti-kT 0.4 anti-kT

pT [GeV] > 30 20
|⌘| < 2.4 2.4
Lepton cleaning Require �R(`, j) > 0.4 Require �R(`, j) > 0.4

Jet multiplicity

� 4 anti-kT 0.4 jets in l+jets channel
� 2 anti-kT 0.4 jets in dilepton channel

b-tags

CSVv2 IVF algorithm
Using medium working point for categorization
1 (2) b-tags for dilepton (l+jets) ttcontrol region

Additional Material Backup

Karim El Morabit – Search for t̄tH in the H!bb̄ channel Nov 4, 2016 51/167
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event categorization
Different channels based on top pair decay

LJ channel and DIL channel
For each channel, categorize events based on number of  
jets and number of b-tags (alternative scheme later*)

18

Lepton + Jets(LJ)

4jets 5jets ≥6jets

2tags x x x

3tags x x √
≥4tags √ √ √

Dilepton(DIL)

3jets ≥4jets

2tags x x

3tags x √
≥4tags √ √
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categorization

19

Lepton+Jets Channel

tt+lf

tt+cc

tt+b

tt+2b

tt+bb

EWK

ttH

=0.973BS/B=0.035, S/

 4 b-tags≥ 6 jet, ≥
tt+lf

tt+cc

tt+b tt+2b
tt+bb

EWK
ttH

=0.895BS/B=0.011, S/

 6 jets, 3 b-tags≥

tt+lf

tt+cc

tt+b

tt+2b tt+bb

EWK

ttH

=0.242BS/B=0.015, S/

4 jets, 4 b-tags

tt+lf

tt+cc

tt+b

tt+2b

tt+bb

EWK

ttH

=0.532BS/B=0.024, S/

 4 b-tags≥5 jets, 

CMS Simulation

Dilepton Channel

tt+lf

tt+cc
tt+b

tt+2b

tt+bb

EWK
ttH

=0.417BS/B=0.040, S/

 4 b-tags≥ 4 jets, ≥

tt+lf

tt+cc

tt+b
tt+2b

tt+bb

EWK
ttH

=0.453BS/B=0.012, S/

 4 jets, 3 b-tags≥
tt+lf

tt+cc

tt+b

tt+2b

tt+bb
EWK
ttH

=0.084BS/B=0.004, S/

3 jets, 3 b-tags
tt+lf
tt+cc
tt+b
tt+2b
tt+bb
EWK
ttH

CMS Simulation
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corrections to MC

MC samples were created based on certain theory assumptions
Need corrections to match Data

Pileup vertex reweighting
Reproduce number of PU interactions

Jet energy calibration: jet energy resolution/scale
Lepton data/MC scale factor

Based on lepton PT and η

B-tag CSV reweighting
Correct MC b-tag efficiency as a function of the CSV discriminator

21
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b-tag csv reweighting
We need to model CSV b-tagging correctly:

Use CSV medium working point to identify b-tagged jets
Use CSV distributions to separate signal from background

We require corrections to CSV shape bin-by-bin 
We derive a reweighting of CSV discriminant shape 
for both light and heavy flavor jets

22

8 3 Tag-and-Probe

of interest (either b quarks or LF) and the contamination from other sources. The sum of the188

MC expectations is normalized to the total data yield. The second plot shows a comparison of189

the data shape with the contamination subtracted out (subtracting c and LF from the b-jet scale190

factor, and subtracting b and c from the LF scale factor), compared to the relevant (b-jet or LF)191

component from the MC. The last plot shows the resulting scale factor that comes from taking192

the ratio of the subtracted data. The plots for all pT and h bins are shown in Appendices A193

and B.194
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Figure 4: Left: Data/MC CSV distribution comparison, with MC normalized to Data yields.
Middle: CSV distributions for (Data - MCHF) compared with MCLF. Right: scale factor as
a function of pT along with the fitted function. The plots shown here are from the bin with
40 GeV/c  pT < 60 GeV/c and |h| < 0.8.
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Figure 5: Left: Data/MC CSV distribution comparison, MC stack are normalized to Data yields.
Right: CSV distributions for (Data - MCnon�b) and MCb. The plots shown here are from the bin
with 40 GeV/c  pT < 60 GeV/c. (Recall that the HF scale factor is not binned in h.)

3.5 Scale Factor Application195

To apply the scale factors, for each MC event, we loop through each jet passing our analysis196

selection. If the jet is a b flavor jet, we assign a heavy flavor scale factor to it. Otherwise, if it is a197

light flavor jet, we assign a light flavor scale factor to it. The BTV POG convention is to use the198

heavy flavor scale factors for c flavor jets, just as for b flavor jets, but with twice the uncertainty.199

However, we found this convention not quite appropriate for our special needs where we not200

only have to correct the b-tagging rates but also the CSV shapes. The main problem is that the201

CSV output shape for b-jets in the data is quite different from what the MC simulation predicts202

for charm jets. Figure 6 shows two examples of the jet CSV shape comparison: the black line203

is the CSV distribution for b-jets in the control sample used for the heavy flavor scale factor204

derivation, the red and green lines are the charm jets CSV distribution in ttH (mH= 125 GeV/c2)205

and tt samples, respectively.206

If we were to apply the heavy flavor scale factors we derived to charm jets, for example, mul-207

tiplying the CSV shapes of charm jets as those in Figure 6 by the corresponding heavy flavor208

scale factors, the normalization of the charm jets CSV distribution would change by 3% to 20%,209
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tag and probe
Use Tag-and-Probe method to calculate CSV scale factors bin-
by-bin from independent control samples not used in analysis

Heavy flavor SF: DIL ttbar enriched sample
Light flavor SF: DIL Z+jets enriched sample

Require one jet to be (anti) tagged, account for LF(HF) 
contamination, correct probe jet CSV shape in MC to match data
Scale Factor is defined as:                                        (A/B=HF/LF)

23
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Figure 16: These plots are for probe jets with |�| < 0.8. Left: Comparison of CSV distribution
between data and MC. MC are normalized to data yields. Center: CSV distributions for (Data
- MCHF) and MCLF. Right: The CSV SF, including the fitted function and all systematically
varied curves. The top row is for 30 GeV/c � pT < 40 GeV/c. The middle row is for 40 GeV/c �
pT < 60 GeV/c. The top row is for pT > 60 GeV/c.
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Figure 16: These plots are for probe jets with |�| < 0.8. Left: Comparison of CSV distribution
between data and MC. MC are normalized to data yields. Center: CSV distributions for (Data
- MCHF) and MCLF. Right: The CSV SF, including the fitted function and all systematically
varied curves. The top row is for 30 GeV/c � pT < 40 GeV/c. The middle row is for 40 GeV/c �
pT < 60 GeV/c. The top row is for pT > 60 GeV/c.

Sarah Boutle7

CSV Reweighting: Method

• Use tag-and-probe procedure to calculate CSV scale factors bin-by-bin in data from an 
independent control sample:

! dilepton ttbar sample (2 jets, ≥1 b-tag) for heavy flavour SF
! Z+jets enriched control region for light flavour SF

• Uncertainties: JES, purity, statistics of the control sample

Top-Higgs Forum 11/06/2013

3.9 Lepton + Jets Categories 15

documented in a separate analysis note Ref. [40]. For convenience, we revisit that approach277

briefly here: this method was developed taking a Tag and Probe approach, we look at events278

with exactly 2 jets one of which is tagged by some criteria, then correct directly the overall279

CSV distribution of the probe jet in MC to match that in data. During this process, we are280

able to extract scale factors as a function of the jet CSV value in different jet pT and � bins.281

After matching the CSV shape, the number of events passing a chosen CSV working point will282

change as well, which is equivalent to correcting for the b-tagging efficiency.283

We use the full 8 TeV DoubleMu, DoubleElectron and MuEG datasets taken in 2012. The scale284

factors for heavy flavor jets were derived in the dilepton channel, using a tt̄ enriched control285

sample dominated by events which have two b flavor jets from the top pair decay. We also286

derived the scale factors for light flavor jets in the dilepton channel, using a control sample287

dominated by Z+jets events where there are two light flavor jets. The scale factors for light288

flavor jets will account for the mis-tag efficiency discrepancy between data and MC. For events289

with one jet passing the tag requirements, we plot the CSV distribution for the probe jet in290

given pt and � bins. We normalize the total MC yields to the data yields. In order to account291

for heavy or light flavor contamination, we divide our MC samples into heavy flavor and light292

flavor components and then subtract the non-relevant part from data. The scale factor is then293

just the ratio of subtracted data CSV distribution and the relevant MC CSV distribution, as294

shown below:295

SF(CSV, pt, �) =
Data � MCA

MCB
(1)

where A, B = heavy flavor component or light flavor component.296

When we apply the scale factors, for each MC event, we loop through each jet passing our297

analysis selection, if the jet is a b or c flavor jet, we assign a heavy flavor scale factor to it,298

otherwise we assign a light flavor scale factor to the jet, similar to BTAG POG recommendation.299

The final total scale factor for the event is the multiplication of all the scale factors of the jets:300

SFtotal = SFjet1 ⇥ SFjet2 ⇥ ... (2)

3.9 Lepton + Jets Categories301

As described in Sec. 1, one of the channels that we use to search for tt̄H production is the LJ302

channel. Here, we require that events have exactly one tight lepton (e or µ), and at least four303

jets. We veto events with any additional loose or tight leptons; we also veto any 2-tag events304

that have hadronic tau candidates among the jets. These vetoes mean that there is no overlap305

between the LJ and DI or Tau analyses. Additionally, each event must have at least three jets306

with pT > 40 GeV/c. Events are then divided into categories based on the number of jets307

and the number of b-tagged jets that they contain. Table 10 lists the different categories in308

the lepton+jets channel and the corresponding sensitivity in those categories, for the case of a309

Higgs mass of 125 GeV. The number of tt̄H events increases with the number of jets and tags310

because the largest branching fraction is H to bb̄.311

3.10 Dilepton categories312

In the DIL channel, we require that events have one tight lepton (e or µ) and exactly one addi-313

tional tight or loose electron or muon and at least two jets. As described above, this sample of314

events does not overlap with the LJ or Tau analysis. We then divide the events into different315

categories according to the number of tags and number of jets. A typical event from our main316
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csv sf
Apply the CSV Scale Factors(SFs) based on jet flavor:

for b jets, assign heavy flavor SF
for light jets, assign light flavor SF
for c jets, no correction

Final scale factor for each event is: SFtotal = SFjet1 * SFjet2 * ...
Significant improvement for CSV shapes
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5.2 Testing in Lepton+Jets 15
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Figure 12: Distribution of jet CSV before (left) and after (right) applying this correction in a
control region requiring exactly one tight lepton (electron or muon) with 4 jets and 2 b-tagged
jets (top row) or �6 jets and 3 b-tagged jets (bottom row).

No CSV
reweighting

With CSV
reweighting



Wuming Luo

data/mc agreement: LJ
All corrections to MC applied
Good agreement between Data and MC
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data/mc agreement: LJ
All corrections to MC applied
Good agreement between Data and MC
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D.3 Control Plots1991

In the following, data-to-simulation comparisons are shown in different control and analysis1992

regions. Error bands represent the total (quadratic sum) of all shape-changing uncertainties.1993

D.3.1 Baseline Selection1994

D.3.1.1 Single-lepton channel1995

Different event and kinematic quantities are compared in data and simulation in an inclusive1996

control region requiring 1 lepton, � 4 jets, � 2 b-tags.1997

In all distributions, the tt̄ + H signal being defined as the combinaton tt̄ + H with all Higgs1998

boson decay modes combined, is drawn overlaid and labelled as tt̄ + H. The tt̄ + H contribution1999

is scaled such that it has the same integral as the stacked contributions, i.e. all background2000

processes together. The scale factor shown in the legend thus corresponds to the inverse signal-2001

over-background ratio for this process.2002
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data/mc agreement: DIL
All corrections to MC applied
Good agreement between Data and MC

27

7

Table 2: Event yields after the baseline selection requirements observed in data and predicted
by the simulation in the dilepton channel. The quoted uncertainties are statistical only.

Process Yield
tt̄+lf 241032 ± 98.71
tt̄+cc̄ 24550.2 ± 31.59
tt̄+b 5978.6 ± 15.81
tt̄+2b 1784.54 ± 8.567
tt̄+bb̄ 1840.48 ± 8.88
Single Top 12206 ± 124.82
V+jets 5684.13 ± 209.20
tt̄V 2570.12 ± 22.78
Diboson 430.83 ± 14.75
Total background 296077 ± 266.88
tt̄H 314.0 ± 0.88
Data 283942
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Figure 3: Jet (left) and b-tagged jet (right) multiplicity after the baseline event selection in the
dilepton channel. The uncertainty bands correspond to the total statistical and systematic
uncertainties (except uncertainties on normalization predicted by the theoretical calculation)
added in quadrature.

5 Analysis Strategy and Classification221

After the baseline selection described above in Section 4, the analysis proceeds as follows: in222

both the lepton+jets and dilepton channels, events are further selected into categories with223

varying signal purity and different background composition. In each category, several multi-224

variate discriminants and combinations of them are optimised to separate signal from back-225

ground. The signal is then extracted in a simultaneous template fit of the discriminant output226

to the data across all the categories, correlating processes and their uncertainties where ap-227

propriate. This way, the different background composition in the different categories helps to228

constrain the uncertainties of the different processes and increases the overall sensitivity.229

For mastering the complex analysis, different analysis management systems have been em-230
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multivariate analysis

Can’t use Higgs invariant mass as discriminant like 
other analyses (H→γγ or H→ZZ→4l).
Background very similar to Signal
Multi-Variate Analysis:

Combine several variables’ discriminating power
Use Boosted Decision Tree (BDT) or Deep Neural 
Network(DNN)

Train separate BDT/DNN for each category
Fit BDT/DNN discriminators from all categories 
simultaneously to extract signal

29
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bdt example

30

output discriminator

input
variables
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bdt

BDT training is a machine learning process
Aim to classify/separate signal or background 

For the BDT training in each jet/tag category
ttH as signal(S) and ttjets as background(B)

Input variables: CSV tagging, invariant mass, angular 
correlations, event shapes, and jet Pt variables

31

pool of well 
modeled
variables

rank by 
separation

optimization
algorithm
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bdt input/output

32

B-tagging likelihood ratio
2− 1− 0 1 2 3 4 5 6 7 8

Ev
en

ts

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200 data

+lftt
+btt

b+btt
V+jets
Diboson

H x   93tt
c+ctt

+2btt
Single Top
+Vtt

B-tagging likelihood ratio
2− 1− 0 1 2 3 4 5 6 7 8

D
at

a/
Bk

g.

0.5

1

1.5

 (13 TeV)-112.9 fb
Preliminary CMS

6 jets, 3 b-tags≥
lepton+jets,

fourth highest btag
0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

Ev
en

ts

0

20

40

60

80

100

120

140
data
+lftt
+btt

b+btt
V+jets
Diboson

H x   28tt
c+ctt

+2btt
Single Top
+Vtt

fourth highest btag
0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

D
at

a/
Bk

g.

0.5

1

1.5

 (13 TeV)-112.9 fb
Preliminary CMS

4 b-tags≥6 jets, ≥
lepton+jets,

final discriminator (ljets_jge6_t3)
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6

Ev
en

ts

0
200
400
600
800

1000
1200
1400
1600
1800
2000
2200 data

+lftt
+btt

b+btt
V+jets
Diboson

H x   92tt
c+ctt

+2btt
Single Top
+Vtt

BDT output
0.8− 0.6− 0.4− 0.2− 0 0.2 0.4 0.6

D
at

a/
Bk

g.

0.5

1

1.5

 (13 TeV)-112.9 fb
Preliminary CMS

pre-fit expectation
6 jets, 3 b-tags≥

lepton+jets,

final discriminator (ljets_jge6_tge4)
0.6− 0.4− 0.2− 0 0.2 0.4 0.6

Ev
en

ts
0

20
40
60
80

100
120
140
160
180
200
220

data
+lftt
+btt

b+btt
V+jets
Diboson

H x   28tt
c+ctt

+2btt
Single Top
+Vtt

BDT output
0.6− 0.4− 0.2− 0 0.2 0.4 0.6

D
at

a/
Bk

g.

0.5

1

1.5

 (13 TeV)-112.9 fb
Preliminary CMS

pre-fit expectation
4 b-tags≥6 jets, ≥

lepton+jets,

Input variables

Output variable



Wuming Luo

Deep Neural Networks

Deep Neural Networks(DNNs) is very good at 
multi-classification: 

split dominant bkg ttjets into all components
BDT only separates ttH from INCLUSIVE ttjets

33

DNN approach

handles every tt subprocess and ttH on equal footing by multiclassification
categorization by number of jets and by most probable process predicted
by DNN, e.g. ttH,tt +bb,...
uses high-level and low-level variables
uses MEM as input variable
DNN allows for multi-classification

multiple outputs per input event
sum up to 1 ! probability interpretation
split largest background (tt +jets) into all processes

Events

…

var1
var2
var3
var4

varN
{

ttH-like

ttbb-like

ttcc-like
…

Probability for:
ttH

ttbb

ttcc

� = 1
Introduction & Motivation Analysis strategy and setup Multivariate analysis Uncertainties Results Summary

Michael Waßmer – ttH(bb) Pre-Approval November 15, 2017 34/62



Wuming Luo

dnn

Use DNN for alternative categorization, instead of 
the nJet-nTag scheme
Use DNN output as final fit discriminant

34

DNN approach

DNN jet-process categorization
fill event into the process class with the highest node output
take the node output as the final discriminant

Events

Multi-classif cation
ttH
ttbb
ttcc
ttlf
…Va

ria
bl

es

Probability

0.41
0.18
0.13
0.09
…

� = 1

�

� �

�

� �

i Categorize

use:
- number of jets
- process with
  highest DNN output

Advantage: for each background process and associated uncertainty, one
category with high purity of that process ! allows strong constraint of
uncertainty

Introduction & Motivation Analysis strategy and setup Multivariate analysis Uncertainties Results Summary
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dnn workflow

35

DNN overview

HttDNN response in node 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

dxdN
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0
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0.1

0.12

0.14

0.16 Example

bb�ttH, H 
b+ btt
c+ ctt

+ light flavourtt

illustration only bb�ttH, H 
b+ btt

+ light flavourtt

0.2 0.4 0.6 0.8 10

b+bttDNN response in node 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

dxdN
N1

0
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0.08

0.1
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0.14

0.16 Example

bb�ttH, H 
b+ btt
c+ ctt

+ light flavourtt

illustration only bb�ttH, H 
b+ btt

+ light flavourtt

0.2 0.4 0.6 0.8 10

Events
Number 
of jets? DNN

DNN

DNN

...

...

...

... 

4

≥6

5

ttH

ttbb

ttLF

Categorization

...

Fit to
data

SL: 3 ⇥ 6 jet-process categories

DL: 2 ⇥ 6 jet-process categories

Introduction & Motivation Analysis strategy and setup Multivariate analysis Uncertainties Results Summary
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matrix element method

Irreducible background ttbb
Use Matrix Element Method(MEM) to further 
distinguish ttbb from ttH

37

III: Matrix Element

9

8 6 Signal extraction

the two matrix elements tested really applies. However, all of the background processes anal-
ysed are found to yield discriminant shapes that can be well distinguished from that for the
signal. Also, it is found that most of the statistical power attained by this method in separating
ttH, H ! bb from tt+bb events relies on the different correlation and kinematic distributions
of the two b-quark jets not associated with the top quark decays.

6.1 Construction of the MEM probability density functions

The MEM probability density functions under the signal and background hypothesis are con-
structed at LO assuming for simplicity that in both cases the reactions proceed via gluon fusion.
At

p
s = 8 TeV, the fraction of the gluon-gluon initiated subprocesses is about 55% (65%) of the

inclusive LO (NLO) cross section, and it grows with the centre-of-mass energy [21]. Examples
of diagrams entering the calculation are shown in the middle and right panels of Fig. 1. All
possible jet-quark associations in the reconstruction of the final state are considered. For each
event, the MEM probability density function w(~y|H) under the hypothesis H = ttH or tt+bb
is calculated as:

w(~y|H) =
Na

Â
i=1

Z dxadxb

2xaxbs

Z 8

’
k=1

✓
d3~pk

(2p)32Ek

◆
(2p)4 d(E,z)

⇣
pa + pb �

8

Â
k=1

pk

⌘
R

(x,y)
⇣
~rT,

8

Â
k=1

pk

⌘
⇥

g(xa, µF)g(xb, µF)|MH (pa, pb, p1, . . . , p8)|
2
W (~y,~p) ,

(3)

where ~y denotes the set of observables for which the matrix element pdf is constructed, i.e.
the momenta of jets and leptons. The sum extends over the Na possibilities of associating the
jets with the final-state quarks. The integration on the right-hand side of Eq. (3) is performed
over the phase space of the final-state particles and over the gluon energy fractions xa,b by
using the VEGAS [65] algorithm. The four-momenta of the initial-state gluons pa,b are related to
the four-momenta of the colliding protons Pa,b by the relation pa,b = xa,bPa,b. The delta function
enforces the conservation of longitudinal momentum and energy between the incoming gluons
and the k = 1, . . . , 8 outgoing particles with four-momenta pk. To account for the possibility
of inital/final state radiation, the total transverse momentum of the final-state particles, which
should be identically zero at LO, is instead loosely constrained by the resolution function R

(x,y)

to the measured transverse recoil~rT, defined as the negative of the total transverse momentum
of jets and leptons, plus the missing transverse momentum.

The remaining part of the integrand in Eq. (3) contains the product of the gluon PDFs in the
protons (g), the square of the scattering amplitude (M), and the transfer function (W). For H =
ttH, the factorisation scale µF entering the PDF is taken as half of the sum of twice the top-quark
mass and the Higgs boson mass [20], while for H = tt+bb a dynamic scale is used equal to the
quadratic sum of the transverse masses for all coloured partons [66]. The scattering amplitude
for the hard process is evaluated numerically at LO accuracy by the program OPENLOOPS [67];
all resonances are treated in the narrow-width approximation [68], and spin correlations are
neglected. The transfer function W (~y,~p) provides a mapping between the measured set of
observables ~y and the final-state particles momenta ~p = (~p1, . . . ,~p8). Given the good angular
resolution of jets, the direction of quarks is assumed to be perfectly measured by the direction
of the associated jets. Also, since energies of leptons are measured more precisely than for jets,
their momenta are considered perfectly measured. Under these assumptions, the total transfer
function reduces to the product of the quark energy transfer function times the probability for
the quarks that are not reconstructed as jets to fail the acceptance criteria. The quark energy
transfer function is modelled by a single Gaussian function for jets associated with light-flavour
partons, and by a double Gaussian function for jets associated with bottom quarks; the latter

6.2 Event categorisation 9

are constructed by superimposing two Gaussian functions with different mean and standard
deviation. Such an asymmetric parametrisation provides a good description of both the core
of the detector energy response and the low-energy tail arising from semileptonic B hadron
decays. The parametrisation of the transfer functions has been derived from MC simulated
samples.

6.2 Event categorisation

To aid the evaluation of the MEM probability density functions at LO, events are classified into
mutually exclusive categories based on different parton-level interpretations. Firstly, the set of
jets yielding the largest contribution to the sum defined by Eq. (1), determines the four (tagged)
jets associated with bottom quarks; the remaining Nuntag (untagged) jets are assumed to orig-
inate either from W ! qq0 decays (SL channel) or from initial- or final-state gluon radiation
(SL and DL channels). There still remains a twelve-fold ambiguity in the determination of the
parton matched to each jet, which is reflected by the sum in Eq. (3). Indeed, without distin-
guishing between b and b quarks, there exist 4!/(2! 2!) = 6 combinations for assigning two jets
out of four with the Higgs boson decay (H = ttH), or with the bottom quark-pair radiation
(H = tt+bb); for each of these possibilities, there are two more ways of assigning the remain-
ing tagged jets to either the t or t quark, thus giving a total of twelve associations. In the SL
channel, an event can be classified in one of three possible categories. The first category (Cat-1)
is defined by requiring at least six jets; if there are exactly six jets, the mass of the two untagged
jets is required to be in the range [60, 100]GeV, i.e. compatible with the mass of the W boson.
If the number of jets is larger than six, the mass range is tightened to compensate for the in-
creased ambiguity in selecting the correct W boson decay products. In the event interpretation,
the W ! qq0 decay is assumed to be fully reconstructed, with the two quarks identified with
the jet pair satisfying the mass constraint. The definition of the second category (Cat-2) differs
from that of Cat-1 by the inversion of the dijet mass constraint. This time, the event interpreta-
tion assumes that one of the quarks from the W boson decay has failed the reconstruction. The
integration on the right-hand side of Eq. (3) is extended to include the phase space of the nonre-
constructed quark. The other untagged jet(s) is (are) interpreted as gluon radiation, and do not
enter the calculation of w(~y|H). The total number of associations considered is twelve times the
multiplicity of untagged jets eligible to originate from the W boson decay: Na = 12Nuntag. In
the third category (Cat-3), exactly five jets are required, and an incomplete W boson reconstruc-
tion is again assumed. In the DL channel, only one event interpretation is considered, namely
that each of the four bottom quarks in the decay is associated with one of the four tagged jets.

Finally, two event discriminants, denoted by Ps/b and Ph/l, are defined. The former encodes
only information from the event kinematics and dynamics via Eq. (3), and is therefore suited
to separate the signal from the background; the latter contains only information related to
b tagging, thus providing a handle to distinguish between the heavy- and the light-flavour
components of the tt+jets background. They are defined as follows:

Ps/b =
w(~y|ttH)

w(~y|ttH) + ks/bw(~y|tt+bb)
and Ph/l =

f (~x|tt+hf)
f (~x|tt+hf) + kh/l f (~x|tt+lf)

, (4)

where the functions f (~x|tt+hf) and f (~x|tt+lf) are defined as in Eq. (1) but restricting the sum
only to the jet-quark associations considered in the calculation of w(~y); the coefficients ks/b and
kh/l in the denominators are positive constants that can differ among the categories and will be
treated as optimisation parameters, as described below.

The joint distribution of the (Ps/b, Ph/l) discriminants is used in a two-dimensional maximum
likelihood fit to search for events resulting from Higgs boson production. By construction, the

Numerical 
integration

Detector transfer functionLO Scattering amplitude
(Open Loops)

Parton density functions

Momentum conservation Resolution function (allow ISR)

Construct per-event signal/background probability 
using full kinematic information in an analytical approach

Ideal for final states with many reconstructed objects.

Built for ttH(bb) vs ttbb

Wednesday 2 November 16
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bdt/mem 2d approach

38

high purity

low purity

split category at the 
median of ttH BDT

output
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additional tt+hf uncertainty

Contribution from tt+HF very similar to signal
uncertainty on rate/shape has a big impact on our search

Due to lack of more accurate higher order theory 
predictions, we obtained tt+HF estimate and 
uncertainty based on the inclusive ttbar sample
On top of other uncertainty, assign an extra 50% rate 
uncertainty for tt+bb/b/B/cc independently 

39
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final strategy

Various strategies when combining the above steps
Choose the one with the best sensitivity and robustness
Use the other strategies as cross-checks

41

nJet-nTag

nJet-DNN_process

BDT
DNN
MEM{ {

Categorization Discriminant
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results summary

42

Summary of results

Channel Analysis Expected Limit Best-fit µ Significance

dilepton MEM+BLR 2.93+3.44
�1.46 1.0+1.33

�1.50

dilepton 2D BDT+MEM 2.02+0.96
�0.61 1.0+1.06

�0.97 1.02

dilepton DNN 2.59+1.12
�0.77 1.0+1.34

�0.69 0.92

single lepton MEM+BLR 1.71+1.72
�0.96 1.0+0.86

�0.90

single lepton 2D BDT+MEM 1.29+0.55
�0.36 1.0+0.67

�0.66 1.49

single lepton DNN 1.14+0.48
�0.33 1.0+0.61

�0.57 1.77

combined MEM+BLR 1.43+1.43
�0.68 1.0+0.73

�0.76 1.38

combined 2D BDT+MEM 1.07+0.45
�0.3 1.0+0.57

�0.55 1.8

combined DNN 1.04+0.44
�0.3 1.0+0.56

�0.53 1.99

single-lepton DNN + dilepton 2D BDT+MEM 0.97+0.41
�0.28 1.0+0.53

�0.5 2.04

Introduction & Motivation Analysis strategy and setup Multivariate analysis Uncertainties Results Summary
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limit and signal strength
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20 7 Results
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Figure 8: Best-fit values of the signal strength modifiers µ with their ±1s confidence intervals,
also split into their statistical and systematic components (left), and median expected and ob-
served 95% CL upper limits on µ (right). The expected limits are displayed together with ±1s
and ±2s confidence intervals. Also shown are the limits in case of an injected signal of µ = 1.
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The value obtained for µ is both compatible with the SM expectation and no signal: an upper394

limit at 95% confidence level (CL) is determined using a modified frequentist CLs method [74,395

75]. When combining all categories and channels, an observed (expected) upper limit of µ <396

X.X (1.0) at the 95% CL is obtained. The expected and observed upper limits in each channel397

and in the combination are listed in Table 10 and visualized in Figure 8 (right).398

In addition to the results given above, the statistical analysis is also performed with the cross-399

check analysis strategies, described in Section 5. These are: using the jet-process categorisation400

and DNN classifier output in both channels and their combination, as well as using the jet-tag401

categorisation and the BDT or MEM classifier in both channels and their combination. The402

obtained results are listed in Table 11. They are very consistent between the different methods,403

which serves as an important cross-check and validation of the complex analysis methods.404

In the lepton+jets channel, the jet-process categorisation with DNN classifier achieves the high-405

est sensitivity, while in the dilepton channel the jet-tag categorisation with the BDT+MEM clas-406

sifier achieves the better sensitivity. This is attributed to large extents to the fact that the MEM407

classifier is not used as an input variable to the DNN in the dilepton channel. When fitting408

both the lepton+jets and the dilepton channels in combination, the jet-process categorisation409

with the DNN classifier and the jet-tag categorisation with the BDT+MEM classifier yield very410

similar results, outperforming the BDT-only scheme.411

Table 10: Best-fit value of the signal strength modifier µ and the median expected and observed
95% CL upper limits (UL) in the dilepton and the lepton+jets channels as well as the combined
results. The one standard deviation (±1s) confidence intervals of the expected limit and the
best-fit value are also quoted, split into the statistical and systematic components in the latter
case. Expected limits are calculated with the asymptotic method [76].

Channel Observed UL Expected UL Best-fit µ

Dilepton X.X 2.0+1.0
�0.6 1.00+1.06

�0.97(tot.) +0.63
�0.61(stat.) +0.85

�0.76(syst.)

Lepton+jets X.X 1.1+0.5
�0.3 1.00+0.59

�0.56(tot.) +0.29
�0.29(stat.) +0.59

�0.56(syst.)

Combined X.X 1.0+0.4
�0.3 1.00+0.52

�0.48(tot.) +0.27
�0.26(stat.) +0.44

�0.40(syst.)
Bli
nde

d
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ttH@lhc
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2/11/17 Latest experimental ttH results 2

1.4s
µ= 0.84 +0.64 

-0.61

4.1s
µ= 1.6 +0.5 

-0.4

36.1 fb-1
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summary

ttH(bb) directly probes directly top-Higgs coupling
It also has a few challenges:

Small production XS: split events to channels/categories
Higgs invariant mass not applicable: use BDT/MEM to 
extract signal
Difficult tt+HF bkg: MEM, extra uncertainty

Latest results are approaching SM sensitivity
Expecting ‘5𝜎’ significance for combined 13TeV ttH 
searches with both 2016 and 2017 data
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bdt training

BDT training is a machine learning process
Aim to classify/separate signal or background 
For the BDT training in each jet/tag category

ttH as signal(S) and ttjets as background(B)
events split in half: one for training and one for testing of 
overtraining

47
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outlook
Updated ttH(bb) results with 36/fb data come out soon
Combined 13 TeV ttH searches(all decay modes) might 
yield interesting findings

48

Signal strength relative to SM prediction
1− 0 1 2 3 4 5

X + hτ
multileptons

b b

l 4

γ γ
2  RunCMS

1 LHC Run +0.7
0.6−2.3 

0.8±0.2 −

0.5±1.5 
+0.6
0.5−0.7 

+0.9
0.8−2.2 

+1.2
0.0−0.0 

H productiontt

1−HIG-17-003, 36 fb

1−HIG-17-004, 36 fb

1−HIG-16-038, 13 fb

1−HIG-16-041, 36 fb

1−HIG-16-040, 36 fb

Preliminary
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search channels

Different channels 
based on top pair 
decay(number of 
leptons) and 
Higgs 
decay(number of 
b-jets)

49

5

pT or invariant mass information, angular correlations are relatively insensitive to110

the JES uncertainty.111

• Event shape variables: In particular, sphericity [24] and several Fox-Wolfram mo-112

ments [25].113

• b-tag or � ID information: For example, the CSV discriminant value for individual114

jets (tagged or untagged), or the average CSV value for all tagged jets. In the � final115

state, information about the � isolation or decay modes help to discriminate signal116

for backgrounds. These variables particularly target the largest background, tt+jets117

where the additional jets fake either a bb or � pair.118

Although none of the discriminating variables identified so far is separately as powerful as the119

dijet invariant mass would be if the Higgs peak could be resolved, combining the variables120

using a multivariate analysis technique (MVA) yields sufficient separation to set competitive121

limits in this channel.122

In brief, the analysis proceeds as follows: first, lepton, b-tag, and hadronic � information is123

used to separate events into one of three channels as indicated in Fig 3. Within each of the three124

channels, events are further categorized using jet and b-tag information into subsamples with125

varying signal purity. Categories with low signal purity are useful for constraining background126

estimates and systematic uncertainties, while categories with higher signal purity provide sen-127

sitivity to ttH production. Backgrounds are modeled using Monte Carlo (MC) corrected to128

account for known theoretical and experimental deficiencies. For each category, a dedicated129

BDT is trained to separate signal from background. The final limits are extracted using a si-130

multaneous fit across all categories in all three channels. In the sections below, the full analysis131

is described in detail, from sample definition and event selection through MVA techniques,132

systematics, and limit setting.133
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Figure 3: This flow chart illustrates at a conceptual level how events are divided among the
three main channels included in this analysis.

3 Data and MC Samples134

3.1 Data Samples135

The results presented here are based on the full ⇤19.5 fb�1 of the 2012 CMS dataset. Table 1 lists136

the datasets used for this analysis, based on the triggers used to collect the data (see Sect. 4.2137

for more details). Luminosities are quoted from the HF luminosity calculation and have a 4.4%138

uncertainty [26].139



III: Matrix Element

9

8 6 Signal extraction

the two matrix elements tested really applies. However, all of the background processes anal-
ysed are found to yield discriminant shapes that can be well distinguished from that for the
signal. Also, it is found that most of the statistical power attained by this method in separating
ttH, H ! bb from tt+bb events relies on the different correlation and kinematic distributions
of the two b-quark jets not associated with the top quark decays.

6.1 Construction of the MEM probability density functions

The MEM probability density functions under the signal and background hypothesis are con-
structed at LO assuming for simplicity that in both cases the reactions proceed via gluon fusion.
At

p
s = 8 TeV, the fraction of the gluon-gluon initiated subprocesses is about 55% (65%) of the

inclusive LO (NLO) cross section, and it grows with the centre-of-mass energy [21]. Examples
of diagrams entering the calculation are shown in the middle and right panels of Fig. 1. All
possible jet-quark associations in the reconstruction of the final state are considered. For each
event, the MEM probability density function w(~y|H) under the hypothesis H = ttH or tt+bb
is calculated as:

w(~y|H) =
Na

Â
i=1

Z dxadxb

2xaxbs

Z 8
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k=1
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d3~pk

(2p)32Ek
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⌘
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(x,y)
⇣
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k=1

pk

⌘
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g(xa, µF)g(xb, µF)|MH (pa, pb, p1, . . . , p8)|
2
W (~y,~p) ,

(3)

where ~y denotes the set of observables for which the matrix element pdf is constructed, i.e.
the momenta of jets and leptons. The sum extends over the Na possibilities of associating the
jets with the final-state quarks. The integration on the right-hand side of Eq. (3) is performed
over the phase space of the final-state particles and over the gluon energy fractions xa,b by
using the VEGAS [65] algorithm. The four-momenta of the initial-state gluons pa,b are related to
the four-momenta of the colliding protons Pa,b by the relation pa,b = xa,bPa,b. The delta function
enforces the conservation of longitudinal momentum and energy between the incoming gluons
and the k = 1, . . . , 8 outgoing particles with four-momenta pk. To account for the possibility
of inital/final state radiation, the total transverse momentum of the final-state particles, which
should be identically zero at LO, is instead loosely constrained by the resolution function R

(x,y)

to the measured transverse recoil~rT, defined as the negative of the total transverse momentum
of jets and leptons, plus the missing transverse momentum.

The remaining part of the integrand in Eq. (3) contains the product of the gluon PDFs in the
protons (g), the square of the scattering amplitude (M), and the transfer function (W). For H =
ttH, the factorisation scale µF entering the PDF is taken as half of the sum of twice the top-quark
mass and the Higgs boson mass [20], while for H = tt+bb a dynamic scale is used equal to the
quadratic sum of the transverse masses for all coloured partons [66]. The scattering amplitude
for the hard process is evaluated numerically at LO accuracy by the program OPENLOOPS [67];
all resonances are treated in the narrow-width approximation [68], and spin correlations are
neglected. The transfer function W (~y,~p) provides a mapping between the measured set of
observables ~y and the final-state particles momenta ~p = (~p1, . . . ,~p8). Given the good angular
resolution of jets, the direction of quarks is assumed to be perfectly measured by the direction
of the associated jets. Also, since energies of leptons are measured more precisely than for jets,
their momenta are considered perfectly measured. Under these assumptions, the total transfer
function reduces to the product of the quark energy transfer function times the probability for
the quarks that are not reconstructed as jets to fail the acceptance criteria. The quark energy
transfer function is modelled by a single Gaussian function for jets associated with light-flavour
partons, and by a double Gaussian function for jets associated with bottom quarks; the latter
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are constructed by superimposing two Gaussian functions with different mean and standard
deviation. Such an asymmetric parametrisation provides a good description of both the core
of the detector energy response and the low-energy tail arising from semileptonic B hadron
decays. The parametrisation of the transfer functions has been derived from MC simulated
samples.

6.2 Event categorisation

To aid the evaluation of the MEM probability density functions at LO, events are classified into
mutually exclusive categories based on different parton-level interpretations. Firstly, the set of
jets yielding the largest contribution to the sum defined by Eq. (1), determines the four (tagged)
jets associated with bottom quarks; the remaining Nuntag (untagged) jets are assumed to orig-
inate either from W ! qq0 decays (SL channel) or from initial- or final-state gluon radiation
(SL and DL channels). There still remains a twelve-fold ambiguity in the determination of the
parton matched to each jet, which is reflected by the sum in Eq. (3). Indeed, without distin-
guishing between b and b quarks, there exist 4!/(2! 2!) = 6 combinations for assigning two jets
out of four with the Higgs boson decay (H = ttH), or with the bottom quark-pair radiation
(H = tt+bb); for each of these possibilities, there are two more ways of assigning the remain-
ing tagged jets to either the t or t quark, thus giving a total of twelve associations. In the SL
channel, an event can be classified in one of three possible categories. The first category (Cat-1)
is defined by requiring at least six jets; if there are exactly six jets, the mass of the two untagged
jets is required to be in the range [60, 100]GeV, i.e. compatible with the mass of the W boson.
If the number of jets is larger than six, the mass range is tightened to compensate for the in-
creased ambiguity in selecting the correct W boson decay products. In the event interpretation,
the W ! qq0 decay is assumed to be fully reconstructed, with the two quarks identified with
the jet pair satisfying the mass constraint. The definition of the second category (Cat-2) differs
from that of Cat-1 by the inversion of the dijet mass constraint. This time, the event interpreta-
tion assumes that one of the quarks from the W boson decay has failed the reconstruction. The
integration on the right-hand side of Eq. (3) is extended to include the phase space of the nonre-
constructed quark. The other untagged jet(s) is (are) interpreted as gluon radiation, and do not
enter the calculation of w(~y|H). The total number of associations considered is twelve times the
multiplicity of untagged jets eligible to originate from the W boson decay: Na = 12Nuntag. In
the third category (Cat-3), exactly five jets are required, and an incomplete W boson reconstruc-
tion is again assumed. In the DL channel, only one event interpretation is considered, namely
that each of the four bottom quarks in the decay is associated with one of the four tagged jets.

Finally, two event discriminants, denoted by Ps/b and Ph/l, are defined. The former encodes
only information from the event kinematics and dynamics via Eq. (3), and is therefore suited
to separate the signal from the background; the latter contains only information related to
b tagging, thus providing a handle to distinguish between the heavy- and the light-flavour
components of the tt+jets background. They are defined as follows:

Ps/b =
w(~y|ttH)

w(~y|ttH) + ks/bw(~y|tt+bb)
and Ph/l =

f (~x|tt+hf)
f (~x|tt+hf) + kh/l f (~x|tt+lf)

, (4)

where the functions f (~x|tt+hf) and f (~x|tt+lf) are defined as in Eq. (1) but restricting the sum
only to the jet-quark associations considered in the calculation of w(~y); the coefficients ks/b and
kh/l in the denominators are positive constants that can differ among the categories and will be
treated as optimisation parameters, as described below.

The joint distribution of the (Ps/b, Ph/l) discriminants is used in a two-dimensional maximum
likelihood fit to search for events resulting from Higgs boson production. By construction, the
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systematic uncertainties
PileUp re-weighting: use 69.4 mb ± 7%
Lepton SF

independently vary id and HLT efficiency
b-tag SF
top Pt reweighting
JER and JES

JER has a negligible effect on shape or normalization
Luminosity: 4.4%
Cross section

Use CMS standard model cross section uncertainties
MC statistics
Q2 scale for MadGraph ttjets
extra 50% rate uncertainty for tt+HF
Tau efficiency, Tau fake-rate and Tau energy scale
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data/mc agreement: LJ
All corrections to MC applied
Good agreement between Data and MC
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6 4 Object and Event Reconstruction

The missing transverse momentum vector ~pmiss
T is defined as the projection of the negative213

vector sum of the momenta of all reconstructed particles in an event on the plane perpendicular214

to the beams. Its magnitude is referred to as Emiss
T . In the dilepton same-flavor channels, events215

are required to fulfill the requirement of Emiss
T > 40 GeV.216

Event yields observed in data and predicted by the simulation after this baseline selection are217

listed in Tables 1 and 2 for the lepton+jets and dilepton channels, respectively. The correspond-218

ing jet and b-tagged jet multiplicity distributions are shown in Figs. 2 and 3. The tt̄H signal,219

which includes H ! bb and all other Higgs boson decay modes, is scaled by a factor of 15.220

Table 1: Event yields after the baseline selection requirements observed in data and predicted
by the simulation in the lepton+jets channel. The quoted uncertainties are statistical only.

Process Yield
tt̄ + lf 463658.4 ± 174.0
tt̄ + cc̄ 76012.4 ± 70.2
tt̄ + b 22416.2 ± 38.4
tt̄ + 2b 9052.1 ± 24.2
tt̄ + bb̄ 10897.3 ± 26.7
SingleTop 25215.2 ± 166.2
V + jets 12308.7 ± 57.6
tt̄ + V 2456.5 ± 12.0
Diboson 449.3 ± 14.4
Total background 622466.1 ± 263.2
tt̄H 1232.3 ± 1.8
Data 610556
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Figure 2: Jet (left) and b-tagged jet (right) multiplicity after the baseline event selection in the
lepton+jets channel. The uncertainty bands correspond to the total statistic and systematic
uncertainties (except uncertainties on normalization predicted by the theoretical calculation)
added in quadrature.
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