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the 3 “big” questions

2

What is it?—Higgs Boson
Where does it come from?—Production
Where does it go?—Decay

@LHC



Wuming Luo

higgs boson discovery

We found “A” Higgs boson!
Many of its measured characteristics seem to indicate 
it’s “THE” Higgs boson, but there is more to measure
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why ttH?

Hasn’t been studied thoroughly before
Complementary to other H searches
Directly probes the Yukawa Coupling between Higgs 
boson and top quarks.

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

It could be sensitive to Beyond SM physics.
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ttH(bb)

Advantage:
Highest branching fraction 

Challenges:
1. Tiny production cross section
2. Higgs invariant mass hard to 
reconstruct
3. 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 by number 
of b-tags and number of jets
Use BDTs/MEM to separate S/B 
and fit simultaneously all 
categories to data to extract 
signal
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data and MC samples

Data: total integrated luminosity of L = 12.9/fb 
Recorded by CMS in early 2016 at √s = 13 TeV
Collected using single-lepton or double-lepton triggers

Signal and background MC: leptons + jets + neutrinos
Signal ttH: Powheg+Pythia8, all Higgs/top decays 
allowed
Main background ttJets: Powheg+Pythias8, 
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
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challenge 1 
tiny production  
cross section
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event selection
Leptons*:

Tight and Loose: different cuts on PT, |𝜂| or Isolation
LJ: exactly 1 tight lepton, no additional loose leptons
DIL: exactly 2 leptons(≥1 tight), opposite sign

Jets*: 
Require jets not overlap with leptons spatially
Use CSV(Combined Secondary Vertex) algorithm to 
identify jets coming from b-quarks(b-tags)
≥4jets + ≥2b-tags for LJ and  ≥2jets + 1b-tag for DIL

Corrections to MC: Pile up, lepton scale factors, jet 
energy scale/resolution, b-tagging reweighting

9

* Details in backup
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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
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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
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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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data/mc agreement
All corrections to MC applied
Good agreement between Data and MC
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challenge 2 
Higgs invariant mass 
hard to reconstruct
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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)

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

14
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bdt example

15

output discriminator

input
variables
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input variable choice

Begin from a selection of well-modeled variables of 
several types:

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

Rank these variables based on 1D separation 
between S and B and pick the top ones
Train MVA with appropriate number of variables

removing some would worsen limit, adding won’t help 
much and causes overtraining

16
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bdt input/output
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Difficult irreducible 

background ttbb
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matrix element method

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

19

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
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Z dxadxb
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(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

20

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 
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Definition of tt+XX processes
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limits

22

Lepton+Jets DiLepton
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limits and signal strength
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Channel Observed UL Expected UL Best-fit µ

Dilepton 3.2 3.4+1.5
�1.0 �0.04+1.50

�1.39(tot.) +1.05
�0.96(stat.) +1.01

�1.06(syst.)

Lepton+jets 1.8 2.1+1.0
�0.6 �0.43+1.02

�1.02(tot.) +0.51
�0.52(stat.) +0.88

�0.87(syst.)

Combined 1.5 1.7+0.7
�0.5 �0.19+0.80

�0.81(tot.) +0.45
�0.44(stat.) +0.66

�0.68(syst.)

 = 125 GeVH at m
SM

σ/σ = µBest fit 
2− 0 2 4 6

Combined

Lepton+jets

Dilepton

Preliminary CMS
 (13 TeV)-111.4 - 12.9 fb

    syst.stat.    tot.       µ

 -1.06
+1.01   -0.96

+1.05   -1.39
+1.50 -0.04 

 -0.87
+0.88   -0.52

+0.51   -1.02
+1.02 -0.43 

 -0.68
+0.66   -0.44

+0.45   -0.81
+0.80 -0.19 

 = 125 GeVH at m
SM

σ/σ = µ95% CL limit on 
1 10

Combined

Lepton+jets

Dilepton

Preliminary CMS
 (13 TeV)-111.4 - 12.9 fb

σ1±Expected 
σ2±Expected 

=1) injectedµH(tt
Observed
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summary

ttH(bb) directly probes top-Higgs Yukawa 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
Observed(expected) upper limit: 1.5(1.7)
Best fit signal strength: -0.2±0.8
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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

25

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

JHEP 08 (2016) 045
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data samples
Runs B, C, D in 2016, √s = 13TeV
The total integrated luminosity is: L = 12.9/fb 

27

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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Lepton Pt > trigger thresholds
Tight ID and isolation to 
suppress multi-jet events
Veto Z+jets events for DL

28

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

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

selection: leptons
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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

29

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

selection: jets
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data/mc agreement
All corrections to MC applied
Good agreement between Data and MC
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B-tag of all jets
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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)
⇣
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8
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pk

⌘

R(x,y)
⇣

~rT,
8

Â
k=1

pk

⌘

⇥

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