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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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Why H(bb)?

• Advantages:

• Highest branching fraction

• Fermion-only production and decay

• Disadvantages: 

• complicated final state

• large backgrounds

• irreducible ttbb background has large 
theory uncertainties
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Mauro Donegà: Higgs physics 4
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H + top quark(s) sensitive to the Yukawa coupling Yt at tree-level
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1 Introduction
The observation of a Higgs boson with a mass of approximately 125 GeV [1, 2] at the Large
Hadron Collider (LHC) marked the starting point of a broad experimental program to deter-
mine the properties of the newly discovered particle. To date, the results of all measurements
performed at the LHC are consistent with the expectations for a standard model (SM) Higgs
boson. Decays into gg, ZZ and WW final states have been observed and there is evidence for
the direct decay of the particle to fermions from the tt and bb decay channels [3, 4]. The mea-
sured rates of various production and decay channels agree with the SM expectations [5, 6] and
the hypothesis of a spin-0 particle is favored over other hypotheses [7, 8].

In the SM the coupling of the Higgs boson to fermions is of Yukawa type, with a coupling
strength proportional to the fermion mass. Probing the coupling of the Higgs boson to the
heaviest known fermion, the top quark, is hence very important for testing the SM and for
constraining models of physics beyond the SM (BSM). Indirect constraints on the top–Higgs
coupling are available from processes including top-quark loops, for example Higgs boson
production through gluon-gluon fusion [5, 6]. On the other hand, the associated production
of a Higgs boson and a top quark-antiquark pair (tt̄H production) is a direct probe of the top–
Higgs coupling, as illustrated by the Feynman diagrams in Fig. 1. If observed it would prove
the coupling of the Higgs boson to fermions with weak isospin +1/2 (“up-type”) in addition
to couplings to t and b, which carry a weak isospin of �1/2 (“down-type”). The Higgs boson
decay into bottom quark-antiquark pairs (bb), also shown in Fig. 1, is attractive as a final state
because it features the largest branching fraction of 0.58 ± 0.02 for a 125 GeV Higgs boson [9].
In addition, both tt̄H production and the decay H ! bb only involve third-generation quarks,
which facilitates the theoretical interpretation of the results.
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Figure 1: Exemplary leading-order Feynman diagrams for tt̄H production, including the subse-
quent decays of the top quark-antiquark pair in the lepton+jets channel (left) and the dilepton
channel (right) as well as the decay of the Higgs boson into a bottom quark-antiquark pair.

Several BSM physics models predict a significantly enhanced tt̄H production rate while not
modifying the branching fractions of Higgs boson decays by a measurable amount. For ex-
ample, a number of BSM physics models predict vector-like partners of the top-quark (T) that
decay into tH, bW and tZ final states [10–19]. The production and decay of TT̄ pairs would lead
to final states indistinguishable from those of tt̄H production. In this context, measurement of
the tt̄H production cross section has the potential to distinguish the SM Higgs mechanism from
alterative mechanisms to generate fermion masses.

Various dedicated searches for tt̄H production have been conducted during Run I of the LHC.
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Overview

• Up to 12.9 fb-1 at 13 TeV

• Details: CMS PAS HIG-16-038

• Strategy:

I. Select events compatible with tt→dilepton / lepton+jets and 
H → bb decay 

II. Categorize according to jet and b-tag multiplicity 

III. Discriminate between signal/background with BDTs and MEM 

IV. Extract limit by combined fit to data in all categories 

4
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I: Event Selection

5

• Jets: anti-kT (R=0.4) using CHS input

• ≥ 4 with pT > 30 GeV for Lepton+Jets

• ≥ 2 with pT > 30 GeV (pT > 20 GeV subleading) for Dilepton

• Leptons:

• Exactly one electron (pT>30 GeV) OR muon (pT>25 GeV) for Lepton+Jets 

• Exactly two opposite-sign leptons. Leading pT > 25 GeV
sub-leading pT>15 GeV

• Corrections:

• Pile up reweighting

• Lepton scale factors 

• Jet energy scale and resolution corrections

• b-tag discriminator
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I: Samples
• Data:

• Lepton+Jets: 12.9 fb-1

• Dilepton: 12.9 fb-1 (μμ, eμ) / 11.4 fb-1 (ee)

• Signal and tt background MC:

• Powheg Box V2 + Pythia 8

• New CMS tune: CUETP8M2T4

• αISR = 0.118 and hdamp=272.2 

• Improves data/MC agreement for jet multiplicity

6

today’s result
still to come
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II: Categories
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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

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
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III: Boosted Decision Tree
• Gradient boosting decision trees

• Train for ttH(bb) vs sum-of-backgrounds

• Individual training and variable selection for each jet/b-tag category

• Hyperparameters and selection of variables optimized using particle swarm 
algorithm

• Only consider well modeled variables

8

Example:
BDT input in Lepton+jets ≥6 jets ≥4 tags:

• best Higgs mass
• M2(tag, tag) closest to 125 GeV
• M(jets, lepton, MET) 
• 4th and 5th highest b-tag discriminator score
• ∑ pT (jets, lepton, MET) fourth highest btag
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III: Matrix Element for ttH(bb) vs ttbb

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)|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

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

Works best for final states with many reconstructed objects.

Possible but computationally expensive to integrate over missing jets
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IV: Lepton+Jets
 fit
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4 jets 5 jets ≥6 jets

3 tags low/high BDT

≥4 tags low/high BDT low/high BDT low/high BDT

• Divide events by 
jet/tag multiplicity

• Subdivide by low/high 
BDT

• Fit MEM discriminant
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IV: Dilepton fit

11

3 jets ≥4 jets

3 tags BDT only low/high BDT

≥4 tags low/high BDT

• Divide events by jet/tag multiplicity

• Subdivide by low/high BDT

• Fit MEM discriminant (except 3 jets/3 tags)

(plots are pre-fit)
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Systematics
• Shape uncertainties

• b-tag discriminator 

• JES and JER

• Lepton ID/Isolation, Trigger efficiency, Pile up, Q2 scale,

• Rate uncertainties

• Normalisation of different processes
Separate for each tt+heavy flavour channel

• PDF for different production channels (gg, qq, qg, ttH)

• Parton Shower

• MC bin-by-bin statistics

12
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Yields - Post Fit
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Lepton + Jets j6 t4, high BDT
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Results

 = 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

 = 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 
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 = 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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Lepton+Jets per Category

 = 125 GeVH at m
SM

σ/σ = µ95% CL limit on 
1 10 210

LJ combined

 4 b-tags (high BDT)≥ 6 jets, ≥

 4 b-tags (low BDT)≥ 6 jets, ≥

 6 jets, 3 b-tags (high BDT)≥

 6 jets, 3 b-tags (low BDT)≥

 4 b-tags (high BDT)≥5 jets, 

 4 b-tags (low BDT)≥5 jets, 

4 jets, 4 b-tags (high BDT)

4 jets, 4 b-tags (low BDT)

Preliminary CMS  (13 TeV)-112.9 fb

σ1±Expected 
σ2±Expected 

Observed{
• High-purity bins provide highest sensitivity (as constructed)

• Most sensitive single category shows upward fluctuation in 
signal region
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Dilepton per Category

• High-purity bins provide highest sensitivity (as constructed)

• Most sensitive single category shows upward fluctuation in 
signal region

 = 125 GeVH at m
SM

σ/σ = µ95% CL limit on 
1 10 210

DL combined

 4 b-tags (high BDT)≥ 4 jets, ≥

 4 b-tags (low BDT)≥ 4 jets, ≥

 4 jets, 3 b-tags (high BDT)≥

 4 jets, 3 b-tags (low BDT)≥

3 jets, 3 b-tags

Preliminary CMS  (13 TeV)-111.4 - 12.9 fb

σ1±Expected 
σ2±Expected 

Observed

 = 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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Conclusions

19

• Update of HIG-16-004 to up to 12.9 fb-1

• Simple combination of BDT and MEM 
discrimination techniques

• Observed (expected) upper limit 
of μ < 1.5 (1.7) at the 95% confidence level, 
and a best fit value of μ = −0.19+0.80

-0.81 

• Now we need to get back and 
analyze the 40 fb-1 on tape

• Revisit boosted events

• More complex classifier combination

• Higher statistics ttbb sample

• Stay tuned..

Thank you!
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Particle Swarm
• See: Particle swarm optimization, 

J. Kennedy, R. Eberhart
Proceedings of the IEEE International Conference on Neural Networks, 1995.

• Optimization algorithm

• Different BDT setting (i.e. tree structure and variables) form the search-space

• A specific setting corresponds to one point in this search space

• Algorithm:

• Create swarm of candidate BDTs 

• Each BDT is initialized with a random set of input variables and position in parameter-space

• Do N iterations 

• Repeatedly train/test at current position. 

• Vary input variables to maximize ROC while KS>threshold 

• Then the BDTs move to new positions, based on their own and swarms best
previous positions

21
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Final Discriminators
Lepton+Jets
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Lepton + Jets j4 t4, low BDT
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Lepton + Jets j4 t4, high BDT
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Lepton + Jets j5 t4, low BDT
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Lepton + Jets j5 t4, high BDT
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Lepton + Jets j6 t3, low BDT
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Lepton + Jets j6 t3, high BDT
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Lepton + Jets j6 t4, low BDT
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Lepton + Jets j6 t4, high BDT
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Final Discriminators
Dilepton
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Dilepton j3 t3
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Dilepton j4 t3, low BDT
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Dilepton j4 t3, high BDT
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Dilepton j4 t4, low BDT
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Table 7: BDT input variable assignment per category in the lepton+jets channel.

4 jets, 4 tags 5 jets, � 4 tags
Â pT(jets, lepton, MET) avg. Dh(jet, jet)

avg. CSVv2 of b-tagged jets HT
aplanarity avg. CSVv2 of b-tagged jets

H3 M2(tag, tag) closest to 125
(SpT(jet))/(SE(jet)) M3

M2 of min DR(tag, tag) Â pT(jets, lepton, MET)
M2 of min DR(tag, tag)

aplanarity
avg. DR(tag, tag)

� 6 jets, 3 tags � 6 jets, � 4 tags
aplanarity best Higgs massq

Dh(tlep, bb)⇥ Dh(thad, bb) M2(tag, tag) closest to 125
(SpT(jet))/(SE(jet)) M(jets, lepton, MET)

min DR(tag, tag) 4th highest CSVv2
2nd moment of b-tagged jets’ CSVv2 Â pT(jets, lepton, MET)

Â pT(jets, lepton, MET) 5th highest CSVv2
b-tagging likelihood ratio

Table 8: Observed and median expected 95% CLs upper limits on µ in the lepton+jets chan-
nel, calculated with the asymptotic method. The upper and lower range of the 1s confidence
interval is also quoted.

Category Observed Expected

4 jets, 4 b-tags (low BDT) 46.9 53.0+26.0
�17.0

4 jets, 4 b-tags (high BDT) 12.8 13.9+6.6
�4.1

5 jets, � 4 b-tags (low BDT) 20.0 17.2+8.3
�5.3

5 jets, � 4 b-tags (high BDT) 6.0 6.1+3.0
�1.8

� 6 jets, 3 b-tags (low BDT) 12.1 18.1+8.0
�5.2

� 6 jets, 3 b-tags (high BDT) 5.8 7.7+3.5
�2.3

� 6 jets, � 4 b-tags (low BDT) 9.6 9.4+4.5
�2.9

� 6 jets, � 4 b-tags (high BDT) 6.1 4.3+2.1
�1.3

lepton+jets combined 1.8 2.1+1.0
�0.6

List of BDT Inputs
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List of BDT Inputs
26 B Dilepton Additional Material

Table 10: BDT input variable assignment per category in the dilepton channel.

3 jets, 3 tags �4 jets, 3 tags �4 jets, �4 tags

hditagged Centrality(jets & leptons) Centrality(jets & leptons)

H1(jets) C(jets) Centrality(tags)

Mbj
higgs-like H2(tags) Htags

T

Mmax mass
tag,tag Mjj

higgs-like Mjj
higgs-like

min DRtag,tag MmaxpT
jet,jet,jet min DRjet,jet

max Dhjet,jet MminDR
tag,tag MminDR

jet,tag

min DRjet,jet min DRtag,tag Mmax mass
tag,tag

Â pT jets,leptons max Dhtag,tag MminDR
tag,tag

H4/H0(tags) tmax mass
tag,tag max Dhjet,jet

max Dhtag,tag

median Mjet,jet

Table 11: Observed and median expected and 95% CLs upper limits on µ in the dilepton chan-
nel, calculated with the asymptotic method. The upper and lower range of the 1s confidence
interval is also quoted.

Category Observed Expected

3 jets, 3 b-tags 22.2 25.9+12.9
�8.2

� 4 jets, 3 b-tags (low BDT) 12.6 11.7+5.4
�3.5

� 4 jets, 3 b-tags (high BDT) 5.2 9.0+4.2
�2.7

� 4 jets, � 4 b-tags (low BDT) 10.6 10.3+5.6
�3.4

� 4 jets, � 4 b-tags (high BDT) 9.6 5.8+3.2
�1.9

dilepton combined 3.2 3.4+1.5
�1.0
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Table 3: Systematic uncertainties considered in the analysis.

Source Type Remarks
Luminosity rate Signal and all backgrounds
Lepton ID/Iso shape Signal and all backgrounds
Trigger efficiency shape Signal and all backgrounds
Pileup shape Signal and all backgrounds
Jet energy scale shape Signal and all backgrounds
Jet energy resolution shape Signal and all backgrounds
b-tag HF fraction shape Signal and all backgrounds
b-tag HF stats (linear) shape Signal and all backgrounds
b-tag HF stats (quadratic) shape Signal and all backgrounds
b-tag LF fraction shape Signal and all backgrounds
b-tag LF stats (linear) shape Signal and all backgrounds
b-tag LF stats (quadratic) shape Signal and all backgrounds
b-tag charm (linear) shape Signal and all backgrounds
b-tag charm (quadratic) shape Signal and all backgrounds
QCD scale (tt̄H) rate Scale uncertainty of NLO tt̄H prediction
QCD scale (tt) rate Scale uncertainty of NLO tt prediction
QCD scale (tt̄+HF) rate Additional 50% rate uncertainty of tt̄+HF predictions
QCD scale (t) rate Scale uncertainty of NLO single t prediction
QCD scale (V) rate Scale uncertainty of NNLO W and Z prediction
QCD scale (VV) rate Scale uncertainty of NLO diboson prediction
pdf (gg) rate PDF uncertainty for gg initiated processes except tt̄H
pdf (gg tt̄H) rate PDF uncertainty for tt̄H
pdf (qq̄) rate PDF uncertainty of qq̄ initiated processes (tt W, W, Z)
pdf (qg) rate PDF uncertainty of qg initiated processes (single t)
Q2 scale (tt) shape Renormalization and factorization scale uncertainties of

the tt ME generator, independent for additional jet fla-
vors

PS Scale (tt) rate Renormalization and factorization scale uncertainties of
the parton shower (for tt events), independent for addi-
tional jet flavors

Bin-by-bin statistics shape statistical uncertainty of the signal and background pre-
diction due to the limited sample size
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10 6 Systematic Uncertainties

Table 4: Specific effect of systematic uncertainties that affect the discriminant shape on the
predicted background and signal yields for events in the � 6 jets, 3 b-tags category of the lep-
ton+jets channel. Here, only the sum of the largest background processes, tt̄+LF, tt̄+b, tt̄+2b,
tt̄+bb̄, and tt̄+cc̄, are considered.

Process tt rate up/down [%] tt̄H rate up/down [%]
Jet energy scale +12.6/ � 11.8 +8.4/ � 8.0
Jet energy resolution +0.2/ � 0.3 �0.0/ � 0.1
Pile-up +0.1/ � 0.1 �0.2/ + 0.1
Electron efficiency +0.5/ � 0.5 +0.5/ � 0.5
Muon efficiency +0.4/ � 0.4 +0.4/ � 0.4
Electron trigger efficiency +1.2/ � 1.2 +1.3/ � 1.3
Muon trigger efficiency +0.8/ � 0.8 +0.9/ � 0.9
b-Tag HF contamination �9.4/ + 9.8 �2.6/ + 2.8
b-Tag HF stats (linear) �3.1/ + 3.3 �2.5/ + 2.7
b-Tag HF stats (quadratic) +2.6/ � 2.4 +2.4/ � 2.2
b-Tag LF contamination +7.1/ � 5.2 +5.8/ � 4.5
b-Tag LF stats (linear) �2.0/ + 4.4 +0.5/ + 1.5
b-Tag LF stats (quadratic) +2.1/ + 0.2 +1.5/ + 0.5
b-Tag charm Uncertainty (linear) �11.1/ + 14.9 �3.1/ + 4.1
b-Tag charm Uncertainty (quadratic) +0.5/ � 0.5 �0.0/ + 0.0
Q2 scale (tt̄+LF) �6.2/ + 7.5 �
Q2 scale (tt̄+b) �1.7/ + 2.0 �
Q2 scale (tt̄+2b) �1.1/ + 1.4 �
Q2 scale (tt̄+bb̄) �2.0/ + 2.5 �
Q2 scale (tt̄+cc̄) �4.3/ + 5.4 �
PS scale (tt̄+LF) +4.8/ � 9.0 �
PS scale (tt̄+b) �0.9/ + 0.7 �
PS scale (tt̄+2b) �0.8/ + 0.9 �
PS scale (tt̄+bb̄) �1.5/ + 2.7 �
PS scale (tt̄+cc̄) �3.9/ + 3.0 �

Thursday 10 November 16


