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Hbb coupling

Higgs Boson decay to bb̅ quark pair

11. Status of Higgs boson physics 11

Table 11.1: State-of-the-art of the theoretical calculations in the main different
Higgs production channels in the SM, and main MC tools used in the simulations

ggF VBF VH tt̄H

Fixed order: Fixed order: Fixed order: Fixed order:

NNLO QCD + NLO EW NNLO QCD NLO QCD+EW NLO QCD

(HIGLU, iHixs, FeHiPro, HNNLO) (VBF@NNLO) (V2HV and HAWK) (Powheg)

Resummed: Fixed order: Fixed order: (MG5 aMC@NLO)

NNLO + NNLL QCD NLO QCD + NLO EW NNLO QCD

(HRes) (HAWK) (VH@NNLO)

Higgs pT :

NNLO+NNLL

(HqT, HRes)

Jet Veto:

N3LO+NNLL
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Figure 11.1: Generic Feynman diagrams contributing to the Higgs production
in (a) gluon fusion, (b) weak-boson fusion, (c) Higgs-strahlung (or associated
production with a gauge boson) and (d) associated production with top quarks.

procedures when including higher-order corrections matched to parton shower simulations
as well as uncertainties due to hadronization and parton-shower events.

Table 11.2, from Refs. [42–45], summarizes the Higgs boson production cross sections
and relative uncertainties for a Higgs mass of 125GeV, for

√
s = 7, 8, 13 and 14TeV. The

Higgs boson production cross sections in pp̄ collisions at
√

s = 1.96TeV for the Tevatron
are obtained from Ref. [47].

(i) Gluon fusion production mechanism

At high-energy hadron colliders, the Higgs boson production mechanism with the
largest cross section is the gluon-fusion process, gg → H + X , mediated by the exchange
of a virtual, heavy top quark [48]. Contributions from lighter quarks propagating in the
loop are suppressed proportional to m2

q . QCD radiative corrections to the gluon-fusion
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Introduction

• Higgs boson has largest branching ratio for decay to bb̅ quark pair


• challenges:

• large background consisting of QCD multi jet events with two 

b-jets


• VH production and ttH production mode most significant to study 
Hbb decay


q

q

Z*/W*
Z/W

l / v

l / v

b

b

H

• reduces the background (from QCD) since it 
requires additional leptons with invariant mass of 
vector boson or missing energy


• can trigger leptons/ET,miss


• 3 channels

• 0 leptons

• 1 lepton

• 2 leptons

Associated production with a Vector Boson (VH)
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History of VHbb searches

CDF+D0 combined

started already at LEP

VHbb most sensitive channel 
in Tevatron Higgs search 

2012: 
observed significance: 2.8


for mH = 125 GeV

PRL109 071804 (2012)
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History of VHbb searches

• VHbb analysis is done at ATLAS and CMS

• started with 7 & 8 TeV in Run 1


• ATLAS: observed (expected) significance: 1.4 (2.6)

• CMS:  observed (expected) significance: 2.1 (2.1)


• evidence for VHbb at the LHC established by ATLAS and CMS in 
2017:

• using ~36 fb-1 of 2016 dataset at 13 TeV

• combined with Run 1
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Figure 6. Event yields as a function of log(S/B) for data, background and a Higgs boson signal
with mH = 125GeV. Final-discriminant bins in all regions are combined into bins of log(S/B),
with the fitted signal being S and the fitted background B. The Higgs boson signal contribution is
shown after rescaling the SM cross-section according to the value of the signal strength parameter
extracted from data (µ = 1.20). The pull (residual divided by its uncertainty) of the data with
respect to the background-only prediction is also shown with statistical uncertainties only. The full
line indicates the pull of the prediction for signal (µ = 1.20) and background with respect to the
background-only prediction.
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JHEP12 (2017) 024

Phys. Lett. B 780 (2018) 501

• great machine 
performance of LHC in 
2017 => observation 
of (V)Hbb in reach!
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Object reconstruction

H 
candidate

b
e

Z 
candidate

eb

primary vertex

secondary vertices b

b

energy in 
calorimeters

tracks
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B-tagging

• identification of b-jets plays important role in search 
for Hbb coupling!


• new pixel detector with 4 instead of 3 layers

• new b-tagging algorithm: DeepCSV


• ~ 70% efficiency for < 1% mis-tag rate for light 
(udscg) jets

16 Chapter 2. Expected Performance & Physics Capabilities

Table 2.1: Values of dynamic data loss used in the simulations of the current and upgrade pixel
detector operating at 1 ⇥ 1034 cm�2s�1 (25 ns crossing time) and 2 ⇥ 1034 cm�2s�1 (25 ns and
50 ns crossing time) for each barrel layer and forward disk and for particular bunch crossing
intervals.

Detector Radius % Data loss for (cm�2s�1 @ ns)

(cm) 1 ⇥ 1034 @ 25 2 ⇥ 1034 @ 25 2 ⇥ 1034 @ 50

Current detector

BPIX1 4.4 4.0 16.0 50.0

BPIX2 7.3 1.5 5.8 18.2

BPIX3 10.2 0.7 3.0 9.3

FPIX1 and 2 0.7 3.0 9.3

Upgrade detector

BPIX1 3.0 1.19 2.38 4.76

BPIX2 6.8 0.23 0.46 0.93

BPIX3 10.2 0.09 0.18 0.36

BPIX4 16.0 0.04 0.08 0.17

FPIX1–3 0.09 0.18 0.36

Current

Upgrade
4 barrel layers

3 barrel layers

Figure 2.1: Left: Conceptual layout comparing the different layers and disks in the current and
upgrade pixel detectors. Right: Transverse-oblique view comparing the pixel barrel layers in
the two detectors.

improvements in b-tagging
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B-tagging	Performance	
!  Relatively	long	lifetime	(1-1.5	ps)	

!  Displacements	from	few	mm.	to	1	cm	

!  Mass	and	fragmentation	also	distinct	from	other	jets	

!  Continuous	effort	to	improve	b-tagging	algorithms	at	CMS		
!  New	pixel	detector,	new	algorithm	with	track-level	info	(DeepCSV)	
!  At	70%	efficiency	less	than	1%	of	light	jets	are	mis-identified	as	b-jets	

31	August	2018	Chris Palmer (Princeton)                                                                        Hbb Observation in CMS	
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2017	

2016	
2017	



Object reconstruction
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• DNN regression for b-jets (AK04) to recover the escaping 
neutrino in semi-leptonic decays


• FSR jet recovery: add back jets in ΔR < 0.8 cone to Higgs 
candidate

• kinematic fit in the 2-lepton 
channel to improve resolution of 
dijet mass

b-jet
b-jet

µ

µ

no missing energy in 2-lepton channel


=> perform a fit to use good resolution on leptons to improve 
resolution of b-jets and therefore resolution of mH

resolution

• vector boson reconstructed with leptons/MET

{H
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Signal and backgrounds

signal

main backgrounds
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Event selection

in each of the three channels define:

• a signal region: 

• to extract the signal strength 
• control regions for TT and V+jets for


• validation of DATA/MC agreement 

• constrain normalisation of backgrounds in a simultaneous fit of signal and control regions

simplified selection scheme

• signal regions still full of background, S/B < 5%

• use MVA discriminator to increase sensitivity

0-lepton channel 

Mjj window 

2 btag 

Preselection 

Naj<=1 

S.R. 

 TOP 

Z + L.F. 

Z + H.F. 

1-lepton channel 

Mjj window 

2 btag 

Preselection 

Naj<=1 

S.R. 

 TOP 

W + L.F. 

W + H.F. [*] 

2-lepton channel 

Mjj window 

2 btag 

Preselection 

MZ window 

S.R. 

 TOP 

Z + L.F. 

Z + H.F. 

[*] W+L.F and W+H.F taken from 1-lepton analysis 

>1 

invert 

invert 

>1 

invert 

invert 

[*] W+H.F splitted in high and low mass 

invert 

invert 

invert 

TOP
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Signal/background MVA

• DNN signal/background discriminator trained in the signal regions
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Figure 7: Post-fit distributions of multivariate discriminator output channels for 2017 analysis,
after all signal region pre-selection criteria have been applied. First row: 2-lepton muon (left)
and electron (right) channel for high pT(V) region, in the second row the low pT(V) is shown.
Third row: 1-lepton muon (left) and electron (right) channel. Fourth row: 0-lepton channel.

• 16 selected input features validated in data/
simulation agreement

• b-tagging (DeepCSV) score of two Higgs 

candidate jets

• kinematic variables: pT(H), mH, mV, ΔR(V, 

H), ET,miss …

• additional jet information, soft activity


• trained in the signal region only

normalisation of backgrounds from 
control region (see next slide)
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Multi-background MVA

• multi-class DNN 

• separate the background processes in the heavy flavour control region


• same set of features as the signal/background discriminator

• trained in heavy flavour control regions
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Figure 5: Post-fit distributions of the Multi-background DNN fit variable for 2017 analysis in
the 1-lepton channel (top row) for muon (left) and electron (right) control regions, and for the
0-lepton channel (bottom row).
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Figure 5: Post-fit distributions of the Multi-background DNN fit variable for 2017 analysis in
the 1-lepton channel (top row) for muon (left) and electron (right) control regions, and for the
0-lepton channel (bottom row).
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Simultaneous fit

Signal regions for the 3 channels

split in e/µ

split in e/µ and two categories of pT(V)

Heavy flavour control regions 
with multi-output classifier

for 2-lepton channel: 
2-bins of b-tag score 

instead

(is enough)

2-lepton

Light flavour and TT 
control regions

• fit normalisation only for remaining 
16 control regions

• ~250 sources of systematic 
uncertainties also included in the fit

• what do we fit?

0-lepton 1-lepton

Heavy flavour control regions for 2-lepton channel

split in e/µ and two categories of pT(V)
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Combination of channels

combine result of all 7 signal regions 
by combining bins with similar S/B

background 
only

expected with 
VHbb

2017 only

signal regions
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Results for 2017 data only

2

µBest fit 
2− 1− 0 1 2

 0.54± = 0.84 µ
ZH(bb)

 0.57± = 1.36 µ
WH(bb)

 0.65± = 0.72 µ
0 lept.

 0.55± = 1.31 µ
1 lept.

 0.58± = 1.04 µ
2 lept.

CMS
Supplementary

 (13 TeV)-141.3 fb

b b→ VH; H→pp
 0.23 (syst.)± 0.26 (stat.) ± = 1.08 µ

Figure 2: The best-fit signal strength and uncertainty per-channel and for the WH and ZH
processes, extracted from a simultaneous fit of all channels for the 2017 analysis. The per-
channel signal strengths are compatible with the single signal strength fit with a probability of
96.9%.
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Figure 3: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, as well as all other backgrounds.
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Figure 8: Distributions of signal, background, and data event yields sorted into bins of similar
signal-to-background ratio, as given by the result of the fit to their corresponding multivari-
ate discriminant. All events in the 2017 VH, H ! bb signal regions are included on the left
while the currently analyzed Run 2 data (2016+2017) are shown on the right. The red his-
togram indicates the Higgs boson signal contribution, while the grey histogram is the sum of
all background yields.
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Figure 9: The two plots above show the top quark mass reconstructed in the 1-lepton tt control
region using the tagged lepton, p

miss
T , one of the two b-jets and the constraint of the W mass

to estimate the longitudinal component of the neutrino. The reconstruction on the left uses the
un-regressed b-jet energy and the right uses regressed b-jet energy.
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Figure 2: The best-fit signal strength and uncertainty per-channel and for the WH and ZH
processes, extracted from a simultaneous fit of all channels for the 2017 analysis. The per-
channel signal strengths are compatible with the single signal strength fit with a probability of
96.9%.
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Figure 3: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, as well as all other backgrounds.

• instead of DNN score one can also fit mjj


• less sensitive, but more directly interpretable variable used in the fit

7

Table 2: Expected and observed significances, in s, and observed signal strengths for the VH
production process with H ! bb. Results are shown separately for 2017 data, combined Run
2 (2016 and 2017) data, and for the combination of the Run 1 and Run 2 data sets. For the
2017 analysis, results are shown separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are obtained for mH = 125.09 GeV
combining statistical and systematic uncertainties.

Significance (s)
Data set Expected Observed Signal strength
2017

0-lepton 1.9 1.3 0.73 ± 0.65
1-lepton 1.8 2.6 1.32 ± 0.55
2-lepton 1.9 1.9 1.05 ± 0.59
Combined 3.1 3.3 1.08 ± 0.34

Run 2 4.2 4.4 1.06 ± 0.26

Run 1 + Run 2 4.9 4.8 1.01 ± 0.22
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Figure 2: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, with all other fitted background processes subtracted. The er-
ror bar for each bin represents the pre-subtraction 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents.

A combination of CMS measurements of the H ! bb decay is performed, including dedicated
analyses for the following production processes: VH (reported above), gluon fusion [38], vec-
tor boson fusion [44], and associated production with top quarks [30, 41, 42]. These analyses
use data collected at 7, 8 and 13 TeV, depending on the process. In this fit, most sources of

background 
subtraction

• MVA discriminator evaluated with mass and correlated variables set to mean value

• 4 categories in this MVA discriminator with increasing S/B used in the fit
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Systematic uncertainties

• in combination of Run1 with 2016 and 2017 data, systematic uncertainties of similar impact as 
statistical uncertainties


• uncertainties (for 2017 analysis only):

5

and their observed impact on µ from the fit. Dominant systematic uncertainties arise from the
background normalizations, simulated sample size, b-tagging efficiency and misidentification
rates, and V+jets modeling. All sources of systematic uncertainty are included in the fit as
independent nuisance parameters.

Table 1: Major sources of uncertainty in the measurement of the signal strength µ, and their
observed impact (Dµ) from a fit to the 2017 data set, are listed. The total uncertainty is separated
into four components: statistical (including data yields), experimental, MC sample size, and
theory. Detailed decompositions of the statistical, experimental, and theory components are
specified. The impact of each uncertainty is evaluated considering only that source. Because of
correlations in the combined fit between nuisance parameters in different sources, the sum in
quadrature for each source does not in general equal the total uncertainty of each component.

Uncertainty source Dµ
Statistical +0.26 �0.26

Normalization of backgrounds +0.12 �0.12

Experimental +0.16 �0.15
b-tagging efficiency and misid +0.09 �0.08
V+jets modeling +0.08 �0.07
Jet energy scale and resolution +0.05 �0.05
Lepton identification +0.02 �0.01
Luminosity +0.03 �0.03
Other experimental uncertainties +0.06 �0.05

MC sample size +0.12 �0.12

Theory +0.11 �0.09
Background modeling +0.08 �0.08
Signal modeling +0.07 �0.04

Total +0.35 �0.33

The VZ process with Z ! bb, having an identical final state as the VH process with H ! bb,
serves to validate the methodology used in the search for the latter process. To extract this di-
boson signal, the DNNs are trained using the simulated samples for this process as signal. All
other processes, including VH production (at the predicted SM rate), are treated as background.
The only modification made to the analysis is the requirement that the signal region is in the in-
terval [60, 160]GeV in m(jj) for all channels. The excess of events for the combined WZ and ZZ
production processes has an observed significance of 5.2s from the background-only hypothe-
sis, where 5.0s is expected. The corresponding observed signal strength is µ = 1.05 ± 0.22.

Measurements of the VH process with H ! bb reported above are combined with the re-
sults of a similar measurement performed by the CMS Collaboration using data collected at
13 TeV in 2016 corresponding to 35.9 fb�1 [37]. All systematic uncertainties are assumed to be
uncorrelated in this fit, except for theory uncertainties and the dominant uncertainties in the
measurement of the jet energy scale, which are assumed to be fully correlated. The Run 2 (2016
and 2017 data sets) combination yields an observed signal significance of 4.4s, where 4.2s is
expected, and a signal strength of µ = 1.06 ± 0.26.

The results VH from Run 2 are combined with the results of a similar CMS analysis of the Run 1
data using pp collisions at

p
s = 7 and 8 TeV with data samples corresponding to integrated lu-

minosities of up to 5.1 and 18.9 fb�1, respectively [25, 44]. Systematic uncertainties in this fit are
assumed to be uncorrelated for separate collision energies, except for the theory uncertainties.
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Figure 1: Left: distributions of signal, background, and data event yields sorted into bins of
similar signal-to-background ratio, as given by the result of the fit to their corresponding mul-
tivariate discriminant. All events in the VH, H ! bb signal regions of the combined Run 1
and Run 2 data sets are included. The red histogram indicates the Higgs boson signal con-
tribution, while the grey histogram is the sum of all background yields. The bottom panel
shows the ratio of the data to the background, with the total uncertainty in the background
yield indicated by the grey hatching. The red line indicates the sum of signal plus background
contribution divided by the background yield. Right: best-fit value of the signal strength µ, at
mH = 125.09 GeV, for the fit of all VH, H ! bb channels in the Run 1 and Run 2 data sets. Also
shown are the individual results of the 2016 and 2017 measurements, the Run 2 combination,
and the Run 1 result. Horizontal error bars indicate the 1s systematic (red) and 1s total (blue)
uncertainties, and the vertical dashed line indicates the SM expectation.

following the definitions in Table 1. Figure 1 (left) shows the distribution of events in all chan-212

nels sorted according to the observed value of log10 (S/B) for the combined Run 1 and Run213

2 data sets, where signal S and background B yields are determined from the corresponding214

discriminant score used in each analysis (DNNs for the 2017 data set, boosted decision trees for215

all other data sets). Figure 1 (right) summarizes the signal strengths for VH production, with216

H ! bb, separately for the different data sets and the combination, while Table 2 summarizes217

the significances, also including a breakdown of the 2017 results separated by channel.218

An alternative to fitting the DNN score is to fit the m(jj) distribution, which results in less sen-219

sitivity but enables a more direct visualization of the Higgs boson signal. As in the VZ analysis,220

the signal region is defined to be in the interval [60, 160]GeV in m(jj). This study is performed221

only with the 2016 and 2017 data sets, in which events are categorized into four bins of in-222

creasing signal-to-background ratio according to the score of their corresponding discriminant,223

obtained with those input variables correlated with m(jj) fixed to their mean values. The result-224

ing four m(jj) distributions in each data set are fit together with the same distributions used in225

the control regions, described above, to extract signal and background yields. The fitted m(jj)226

distributions are combined and weighted by S/(S + B), where S and B are computed from227

the Higgs boson signal yield and the sum of all background yields for each category consid-228

ering their fitted normalizations, respectively. The resulting combined m(jj) distribution, after229

background subtraction, is shown in Fig. 2, where the VH and VZ contributions are separately230

visible.231

A combination of CMS measurements of the H ! bb decay is performed, including dedicated232

analyses for the following production processes: VH (reported above), gluon fusion [39], vec-233

Run1 + 2016 + 2017: µ=



Combination with other production channels

remember we wanted to look at the decay H->bb


• can combine results of VH(bb) with CMS results for other 
production channels:

• ttH (H in association with tt ̅pair)
• VBF (vector boson fusion)

• boosted ggH (gluon fusion)

!19



• VHbb analysis of 2017 data completed

• observed (expected) significance of 3.3 (3.1) σ

• μ = 1.08 ± 0.34


• combination of all VHbb data from CMS is at 4.8 (4.9) σ

• μ = 1.01 ± 0.22, compatible with Standard Model


• combination with other Higgs production channels done

• first observation (5.6 σ) of Hbb at CMS! 

• future plans include analysis of full Run 2 data (include 
2018) and a differential analysis (in pT, number of jets, 
STXS) to increase sensitivity for certain BSM models

Summary and outlook
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DNN post-fit

• result of the fit:
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Figure 1: Left: distributions of signal, background, and data event yields sorted into bins of
similar signal-to-background ratio, as given by the result of the fit to their corresponding mul-
tivariate discriminant. All events in the VH, H ! bb signal regions of the combined Run 1
and Run 2 data sets are included. The red histogram indicates the Higgs boson signal con-
tribution, while the grey histogram is the sum of all background yields. The bottom panel
shows the ratio of the data to the background, with the total uncertainty in the background
yield indicated by the grey hatching. The red line indicates the sum of signal plus background
contribution divided by the background yield. Right: best-fit value of the signal strength µ, at
mH = 125.09 GeV, for the fit of all VH, H ! bb channels in the Run 1 and Run 2 data sets. Also
shown are the individual results of the 2016 and 2017 measurements, the Run 2 combination,
and the Run 1 result. Horizontal error bars indicate the 1s systematic (red) and 1s total (blue)
uncertainties, and the vertical dashed line indicates the SM expectation.

following the definitions in Table 1. Figure 1 (left) shows the distribution of events in all chan-212

nels sorted according to the observed value of log10 (S/B) for the combined Run 1 and Run213

2 data sets, where signal S and background B yields are determined from the corresponding214

discriminant score used in each analysis (DNNs for the 2017 data set, boosted decision trees for215

all other data sets). Figure 1 (right) summarizes the signal strengths for VH production, with216

H ! bb, separately for the different data sets and the combination, while Table 2 summarizes217

the significances, also including a breakdown of the 2017 results separated by channel.218

An alternative to fitting the DNN score is to fit the m(jj) distribution, which results in less sen-219

sitivity but enables a more direct visualization of the Higgs boson signal. As in the VZ analysis,220

the signal region is defined to be in the interval [60, 160]GeV in m(jj). This study is performed221

only with the 2016 and 2017 data sets, in which events are categorized into four bins of in-222

creasing signal-to-background ratio according to the score of their corresponding discriminant,223

obtained with those input variables correlated with m(jj) fixed to their mean values. The result-224

ing four m(jj) distributions in each data set are fit together with the same distributions used in225

the control regions, described above, to extract signal and background yields. The fitted m(jj)226

distributions are combined and weighted by S/(S + B), where S and B are computed from227

the Higgs boson signal yield and the sum of all background yields for each category consid-228

ering their fitted normalizations, respectively. The resulting combined m(jj) distribution, after229

background subtraction, is shown in Fig. 2, where the VH and VZ contributions are separately230

visible.231

A combination of CMS measurements of the H ! bb decay is performed, including dedicated232

analyses for the following production processes: VH (reported above), gluon fusion [39], vec-233

!24

Combination with previous runs
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Table 2: Expected and observed significances, in s, and observed signal strengths for the VH
production process with H ! bb. Results are shown separately for 2017 data, combined Run
2 (2016 and 2017) data, and for the combination of the Run 1 and Run 2 data sets. For the
2017 analysis, results are shown separately for the individual signal strengths for each channel
from a combined simultaneous fit to all channels. All results are obtained for mH = 125.09 GeV
combining statistical and systematic uncertainties.

Significance (s)
Data set Expected Observed Signal strength
2017

0-lepton 1.9 1.3 0.73 ± 0.65
1-lepton 1.8 2.6 1.32 ± 0.55
2-lepton 1.9 1.9 1.05 ± 0.59
Combined 3.1 3.3 1.08 ± 0.34

Run 2 4.2 4.4 1.06 ± 0.26

Run 1 + Run 2 4.9 4.8 1.01 ± 0.22
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Figure 2: Dijet invariant mass distribution for events weighted by S/(S + B) in all channels
combined in the 2016 and 2017 data sets. Weights are derived from a fit to the m(jj) distribu-
tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, with all other fitted background processes subtracted. The er-
ror bar for each bin represents the pre-subtraction 1s statistical uncertainty on the data, while
the grey hatching indicates the 1s total uncertainty on the signal and all background compo-
nents.

A combination of CMS measurements of the H ! bb decay is performed, including dedicated
analyses for the following production processes: VH (reported above), gluon fusion [38], vec-
tor boson fusion [44], and associated production with top quarks [30, 41, 42]. These analyses
use data collected at 7, 8 and 13 TeV, depending on the process. In this fit, most sources of
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Figure 2: The best-fit signal strength and uncertainty per-channel and for the WH and ZH
processes, extracted from a simultaneous fit of all channels for the 2017 analysis. The per-
channel signal strengths are compatible with the single signal strength fit with a probability of
96.9%.
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tion, as described in the text. Shown are data (points) and the fitted VH signal (red) and VZ
background (grey) distributions, as well as all other backgrounds.
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background (grey) distributions, as well as all other backgrounds.
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VZbb cross-check
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Figure 10: All three figures above show the ratio of the di-jet pT to the di-lepton (V) pT in the
2-lepton HF control region. The b-jets in the left plot come directly from CMS reconstruction
with charged hadron subtraction applied. The b-jets in the center plot have been updated by
the regression. The resolution is visible improved from left to center. On the right the b-jet
energies are updated once again with a kinematic fit which constrains the b-jet energies using
the lepton resolution. Again there is a visible improvement in b-jet resolution inferred by the
narrowing balance of the di-jet plus di-lepton system.
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Figure 11: The best-fit and uncertainty per-channel signal strengths extracted from a simulta-
neous fit of all channels for the 2017 analysis in the VZbb validation analysis. The per-channel
signal strengths are compatible with the single signal strength fit with a probability of 64.2%.

• analysis for VZ with Z -> bb is done as cross-check to validate tools used for VHbb analysis

• signal has same bb final state (apart from invariant mass) but has higher cross-section

• observed (expected) significance of 5.2 (5.0) σ , signal strength: μ = 1.05 ± 0.22 
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Figure 1: Example tree-level Feynman diagrams for the pp ! ttH production process, with g a
gluon, q a quark, t a top quark, and H a Higgs boson. For the present study, we consider Higgs
boson decays to a pair of W bosons, Z bosons, photons, t leptons, or bottom quark jets.

the pseudorapidity coverage provided by the barrel and endcap detectors. Muons are detected
in gas-ionization chambers embedded in the steel flux-return yoke outside the solenoid. A
detailed description of the CMS detector can be found in Ref. [5].

Events of interest are selected using a two-tiered trigger system [25] based on custom hardware
processors and a farm of commercial processors running a version of the full reconstruction
software optimized for speed. Offline, a particle-flow algorithm [26] is used to reconstruct and
identify each particle in an event based on a combination of information from the various CMS
subdetectors. Additional identification criteria are employed to improve purities and define
the final samples of candidate electrons, muons, hadronically decaying t leptons (th) [27, 28],
and photons. Jets are reconstructed from particle-flow candidates using the anti-kT clustering
algorithm [29] implemented in the FASTJET package [30]. Multivariate algorithms [31, 32] are
used to identify (tag) jets arising from the hadronization of bottom quarks (b jets) and discrim-
inate against gluon and light flavor quark jets. The algorithms utilize observables related to
the long lifetimes of hadrons containing b quarks and the relatively larger particle multiplicity
and mass of b jets compared to light flavor quark jets. The th identification is based on the
reconstruction of the hadronic t decay modes t� ! h�nt, h�p0nt, h�p0p0nt, and h�h+h�nt

(plus the charge conjugate reactions), where h± denotes either a charged pion or kaon. More
details about the reconstruction procedures are given in Refs. [10–15].

The 13 TeV data employed for the current study were collected in 2016 and correspond to
an integrated luminosity of up to 35.9 fb�1 [33]. The 7 and 8 TeV data, collected in 2011 and
2012, correspond to integrated luminosities of up to 5.1 and 19.7 fb�1 [34], respectively. The
13 TeV analyses are improved relative to the 7 and 8 TeV studies in that they employ triggers
with higher efficiencies, contain improvements in the reconstruction and background-rejection
methods, and use more precise theory calculations to describe the signal and the background
processes. For the 7, 8 and 13 TeV data, the theoretical calculations of Ref. [35] for Higgs boson
production cross sections and branching fractions are used to normalize the expected signal
yields.

The event samples are divided into exclusive categories depending on the multiplicity and
kinematic properties of reconstructed electrons, muons, th candidates, photons, jets, and tagged
b jets in an event. Samples of simulated events based on Monte Carlo event generators, with
simulation of the detector response based on the GEANT4 [36] suite of programs, are used to
evaluate the detector acceptance and optimize the event selection for each category. In the anal-
ysis of data, the background is, in general, evaluated from data control regions. When this is
not feasible, either because the background process has a very small cross section or a control
region depleted of signal events cannot be identified, the background is evaluated from sim-
ulation with a systematic uncertainty assigned to account for the known model dependence.
Multivariate algorithms [37–41] based on deep neural networks, boosted decision trees, and
matrix element calculations are used to reduce backgrounds.

CMS-HIG-17-035
Phys. Rev. Lett. 120 (2018) 231801

reconstructed photons in combination with reconstructed
electrons or muons, jets, and tagged b jets [13]. The signal
yield is extracted from a fit to the diphoton invariant mass
spectrum. Events with combinations of jets and tagged b
jets and with two same-sign leptons, three leptons, or four
leptons are used to search for tt̄H production in the
H → τþτ−, WW", or ZZ" decay modes [10,14], where
in this case “lepton” refers to an electron, muon, or τh
candidate (the asterisk denotes an off-shell particle). The
searches in the different decay channels are statistically
independent from each other. Analogous searches have
been performed with the 7 and 8 TeV data [15].
The presence of a tt̄H signal is assessed by performing a

simultaneous fit to the data from the different decay modes
and also from the different c.m. energies as described
below. A detailed description of the statistical methods can
be found in Ref. [42]. The test statistic q is defined as the
negative of twice the logarithm of the profile likelihood
ratio [42]. Systematic uncertainties are incorporated
through the use of nuisance parameters treated according
to the frequentist paradigm. The ratio between the nor-
malization of the tt̄H production process and its SM
expectation [35], defined as the signal strength modifier
μtt̄H, is a freely floating parameter in the fit. The SM
expectation is evaluated assuming the combined ATLAS

and CMS value for the mass of the Higgs boson, which is
125.09 GeV [43]. We consider the five Higgs boson decay
modes with the largest expected event yields, namely,
H → WW", ZZ", γγ, τþτ−, and bb̄. Other Higgs boson
decay modes and production processes, including pp →
tH þ X (or t̄H þ X), with X a light flavor quark or W
boson, are treated as backgrounds and normalized using the
predicted SM cross sections, subject to the corresponding
uncertainties.
The measured values of the five independent signal

strength modifiers, corresponding to the five decay chan-
nels considered, are shown in the upper section of Fig. 2
along with their 1 and 2 standard deviation confidence
intervals obtained in the asymptotic approximation [44].
Numerical values are given in Table I. The individual
measurements are seen to be consistent with each other
within the uncertainties.
We also perform a combined fit, using a single signal

strength modifier μtt̄H, that simultaneously scales the tt̄H
production cross sections of the five decay channels
considered, with all Higgs boson branching fractions fixed
to their SM values [35]. Besides the five decay modes

TABLE I. Best fit value, with its uncertainty, of the tt̄H signal
strength modifier μtt̄H, for the five individual decay channels
considered, the combined result for 7þ 8 TeV alone and for
13 TeV alone, and the overall combined result. The total
uncertainties are decomposed into their statistical, experimental
systematic, background theory systematic, and signal theory
components. The numbers in parentheses are those expected
for μtt̄H ¼ 1.

Uncertainty

Parameter Best fit Statistical
Experi-
mental

Background
theory

Signal
theory

μWW"

tt̄H

1.97þ0.71
−0.64

þ0.42
−0.41

þ0.46
−0.42

þ0.21
−0.21

þ0.25
−0.12

ð þ0.57
−0.54 Þ ð þ0.39

−0.38 Þ ð þ0.36
−0.34 Þ ð þ0.17

−0.17 Þ ðþ0.12
−0.03 Þ

μZZ
"

tt̄H

0.00þ1.30
−0.00

þ1.28
−0.00

þ0.20
−0.00

þ0.04
−0.00

þ0.09
−0.00

ð þ2.89
−0.99 Þ ð þ2.82

−0.99 Þ ð þ0.51
−0.00 Þ ð þ0.15

−0.00 Þ ð þ0.27
−0.00 Þ

μγγtt̄H
2.27þ0.86

−0.74
þ0.80
−0.72

þ0.15
−0.09

þ0.02
−0.01

þ0.29
−0.13

ð þ0.73
−0.64 Þ ð þ0.71

−0.64 Þ ð þ0.09
−0.04 Þ ð þ0.01

−0.00 Þ ð þ0.13
−0.05 Þ

μτ
þτ−
tt̄H

0.28þ1.09
−0.96

þ0.86
−0.77

þ0.64
−0.53

þ0.10
−0.09

þ0.20
−0.19

ð þ1.00
−0.89 Þ ð þ0.83

−0.76 Þ ð þ0.54
−0.47 Þ ð þ0.09

−0.08 Þ ð þ0.14
−0.01 Þ

μbb̄tt̄H
0.82þ0.44

−0.42
þ0.23
−0.23

þ0.24
−0.23

þ0.27
−0.27

þ0.11
−0.03

ð þ0.44
−0.42 Þ ð þ0.23

−0.22 Þ ð þ0.24
−0.23 Þ ð þ0.26

−0.27 Þ ð þ0.11
−0.04 Þ

μ7þ8 TeV
tt̄H

2.59þ1.01
−0.88

þ0.54
−0.53

þ0.53
−0.49

þ0.55
−0.49

þ0.37
−0.13

ð þ0.87
−0.79 Þ ð þ0.51

−0.49 Þ ð þ0.48
−0.44 Þ ð þ0.50

−0.44 Þ ð þ0.14
−0.02 Þ

μ13 TeV
tt̄H

1.14þ0.31
−0.27

þ0.17
−0.16

þ0.17
−0.17

þ0.13
−0.12

þ0.14
−0.06

ð þ0.29
−0.26 Þ ð þ0.16

−0.16 Þ ð þ0.17
−0.16 Þ ð þ0.13

−0.12 Þ ð þ0.11
−0.05 Þ

μtt̄H
1.26þ0.31

−0.26
þ0.16
−0.16

þ0.17
−0.15

þ0.14
−0.13

þ0.15
−0.07

ð þ0.28
−0.25 Þ ð þ0.15

−0.15 Þ ð þ0.16
−0.15 Þ ð þ0.13

−0.12 Þ ð þ0.11
−0.05 Þ

1− 0 1 2 3 4 5 6 7

Htt
µ

Combined

13 TeV

7+8 TeV

)bH(btt

)-τ+τH(tt

)γγH(tt

H(ZZ*)tt

H(WW*)tt

 (13 TeV)-1 (8 TeV) + 35.9 fb-1 (7 TeV) + 19.7 fb-15.1 fb

CMS Observed

 syst)⊕ (stat σ1±
 (syst)σ1±

 syst)⊕ (stat σ2±

FIG. 2. Best fit value of the tt̄H signal strength modifier μtt̄H,
with its 1 and 2 standard deviation confidence intervals (σ), for
(upper section) the five individual decay channels considered,
(middle section) the combined result for 7þ 8 TeV alone and for
13 TeV alone, and (lower section) the overall combined result.
The Higgs boson mass is taken to be 125.09 GeV. For the
H → ZZ" decay mode, μtt̄H is constrained to be positive to
prevent the corresponding event yield from becoming negative.
The SM expectation is shown as a dashed vertical line.
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Abstract

An inclusive search for the standard model Higgs boson (H) produced with large
transverse momentum (pT) and decaying to a bottom quark-antiquark pair (bb) is
performed using a data set of pp collisions at

p
s = 13 TeV collected with the CMS

experiment at the LHC. The data sample corresponds to an integrated luminosity of
35.9 fb�1. A highly Lorentz-boosted Higgs boson decaying to bb is reconstructed as a
single, large radius jet and is identified using jet substructure and dedicated b tagging
techniques. The method is validated with Z ! bb decays. The Z ! bb process is
observed for the first time in the single-jet topology with a local significance of 5.1
standard deviations (5.8 expected). For a Higgs boson mass of 125 GeV, an excess of
events above the expected background is observed (expected) with a local significance
of 1.5 (0.7) standard deviations. The measured cross section times branching fraction
for production via gluon fusion of H ! bb with reconstructed pT > 450 GeV and
in the pseudorapidity range �2.5 < h < 2.5 is 74 ± 48 (stat)+17

�10 (syst) fb, which is
consistent within uncertainties with the standard model prediction.
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Figure 2: Profile likelihood test statistic �2D logL scan in data as a function of the Higgs and
Z bosons signal strengths (µH, µZ).

Table 2: Fitted signal strength, expected and observed significance of the Higgs and Z boson
signal. The 95% confidence level upper limit (UL) on the Higgs boson signal strength is also
listed.

H H no pT corr. Z
Observed signal strength 2.3+1.8

�1.6 3.2+2.2
�2.0 0.78+0.23

�0.19
Expected UL signal strength < 3.3 < 4.1 —
Observed UL signal strength < 5.8 < 7.2 —
Expected significance 0.7s 0.5s 5.8s
Observed significance 1.5s 1.6s 5.1s

In summary, an inclusive search for the standard model Higgs boson with pT > 450 GeV
decaying to bottom quark-antiquark pairs and reconstructed as a single, large-radius jet is
presented. The Z+jets process is observed for the first time in the single-jet topology with
a significance of 5.1s. The Higgs production is measured with an observed (expected) sig-
nificance of 1.5s (0.7s) when including Higgs boson pT spectrum corrections accounting for
higher-order and finite top quark mass effects. The measured cross section times branching
fraction for the gluon fusion H(bb) production for reconstructed pT > 450 GeV and |h| < 2.5 is
74 ± 48 (stat)+17

�10 (syst) fb, which is consistent with the SM prediction within uncertainties.
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9.1 Higgs boson signal vs. background discrimination

In order to separate the overwhelmingly large QCD background from the Higgs boson signal,
all discriminating features have to be used in an optimal way. This is best achieved by using a
multivariate discriminant, which in this case is a BDT implemented with the TMVA package.
The variables used as an input to the BDT are chosen such that they are very weakly correlated
with the dynamics of the bb system, in particular with mbb, and are grouped into five distinct
groups: (i) the dynamics of the VBF-jet system, expressed by Dhqq, Dfqq, and mqq; (ii) the b-jet
content of the event, expressed by the CSV output for the two best b-tagged jets; (iii) the jet
flavor of the event QGL for all four jets; (iv) the soft activity, quantified by the scalar pT sum
H

soft
T of the additional soft TrackJets with pT > 1 GeV, and the number N

soft of soft TrackJets
with pT > 2 GeV; and (v) the angular dynamics of the production mechanism, expressed by
the cosine of the angle between the qq and bb planes in the center-of-mass frame of the four
leading jets cos q⇤qq,bb. In practice, two BDTs are trained with the same input variables using
the selections corresponding to the two sets of events. This distinction is necessary because the
properties of the selected events are significantly different between the two selections (set A
and set B). Figure 8 shows the output of the BDT for the two sets of events.
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Figure 8: Distribution of the BDT output for the events of set A (a) and set B (b). Data are shown
by the points, while the simulated backgrounds are stacked. The LO QCD cross sections are
scaled such that the total number of background events equals the number of events in data,
while the VBF and GF Higgs boson signal yields are multiplied by a factor of 10 for better
visibility. The panels at the bottom show the fractional difference between the data and the
background simulation, with the shaded band representing the statistical uncertainties of the
MC samples.

9.2 Fit of the dijet invariant mass spectrum

Taking into account the expected sensitivity of the analysis and the available number of MC
events (necessary to build the various mbb templates), seven categories are defined, according
to the BDT output: four for set A and three for set B. The boundaries of the categories and
the respective event yields are summarized in Table 3. In an mbb interval of twice the width
of the Gaussian core of the signal distribution (mH = 125 GeV), the signal-over-background
ratio reaches 1.7% in the most sensitive category (category 4). It should be noted that both the
VBF and GF contributions are added to the Higgs boson signal, with the fraction of the latter
ranging from ⇠50% in category 1 to ⇠7% in category 4.

The analysis relies on the assumption that the QCD mbb spectrum shape is the same in all
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Figure 9: Fit of the invariant mass of the two b-jet candidates for the Higgs boson signal (mH =
125 GeV) in the four event categories of set A. Data are shown by the points. The solid line
is the sum of the postfit background and signal shapes, the dashed line is the background
component, and the dashed-dotted line is the QCD component alone. The bottom panel shows
the background-subtracted distribution, overlaid with the fitted signal, and with the 1s and 2s
background uncertainty bands.
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Table 3: Definition of the event categories and corresponding yields in the mbb interval
[80, 200]GeV, for the data and the MC expectation. The BDT output boundary values refer
to the distributions shown in Fig. 8.

BDT boundary values
set A set B

Cat. 1 Cat. 2 Cat. 3 Cat. 4 Cat. 5 Cat. 6 Cat. 7
�0.6 – 0.0 0.0 – 0.7 0.7 – 0.84 0.84 – 1.0 �0.1 – 0.4 0.4 – 0.8 0.8 – 1.0

Data 546121 321039 32740 10874 203865 108279 15151
Z +jets 2038 1584 198 71 435 280 45
W+jets 282 135 4 <1 225 92 17

tt 2818 839 45 14 342 169 21
Single t 960 633 64 25 194 159 30

VBF mH(125) 53 140 58 57 33 57 31
GF mH(125) 53 51 8 5 9 10 2

BDT categories of the same set of events. In reality, a small correction is needed to account for
residual differences between the mbb spectrum in category 1 vs. categories 2,3 and 4, and in
category 5 vs. categories 6 and 7. The correction factor (transfer function) is a linear function
of mbb in set A and a quadratic one in set B (because a stronger dependence is observed in
set B between mbb and the multivariate discriminant). With the introduction of the transfer
functions, the fit model for the Higgs boson signal is given by Eq. (2):

fi(mbb) = µH Ni,H Hi(mbb; kJES, kJER) + Ni,Z Zi(mbb; kJES, kJER)

+Ni,t Ti(mbb; kJES, kJER) + Ni,QCD Ki(mbb) B(mbb;~pset),
(2)

where the subscript i denotes the category and µH, Ni,QCD are free parameters for the signal
strength and the QCD event yield. Ni,H, Ni,Z, and Ni,t are the expected yields for the Higgs
boson signal, the Z +jets, and the top quark background respectively. The shape of the top
quark background Ti(mbb; kJES, kJER) is taken from the simulation (sum of the tt and single
top quark contributions) and is described by a broad Gaussian. The Z/W+jets background
Zi(mbb; kJES, kJER) and the Higgs boson signal Hi(mbb; kJES, kJER) shapes are taken from the sim-
ulation and are parametrized as a Crystal Ball function (Gaussian core with power-law tail) on
top of a polynomial. The position and the width of the Gaussian core of the MC templates (sig-
nal and background) are allowed to vary by the free factors kJES and kJER, respectively, which
quantify any mismatch of the jet energy scale and resolution between data and simulation.
Finally, the QCD shape is described by a polynomial B(mbb;~pset), common within the cate-
gories of each set, and a multiplicative transfer function Ki(mbb) per category, accounting for
the shape differences between the categories. The parameters of the polynomial, ~pset, and those
of the transfer functions, are determined by the fit, which is performed simultaneously in all
categories in each set. For set A, the polynomial is of fifth order, while for set B it is of fourth
order.

The choice of the QCD background shapes and event category transfer function parametriza-
tions are fully based on data, and have been performed among classes of functions, e.g. poly-
nomials, exponential, power laws and their combinations, with a minimum number of degrees
of freedom suited to fit the data in all categories. Each function considered is used to generate
different MC pseudo-data sets, and each data set is fitted using the different functional models.
A potential bias on the signal estimation is computed for each pair of possible functions used
to generate and fit to the pseudo-data sets. The background model chosen yields a maximum
potential bias on the fitted signal strength of less than six times the statistical uncertainty on
the background. Hence the systematic uncertainty associated with the background shape can
be neglected.
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Figure 9: Fit of the invariant mass of the two b-jet candidates for the Higgs boson signal (mH =
125 GeV) in the four event categories of set A. Data are shown by the points. The solid line
is the sum of the postfit background and signal shapes, the dashed line is the background
component, and the dashed-dotted line is the QCD component alone. The bottom panel shows
the background-subtracted distribution, overlaid with the fitted signal, and with the 1s and 2s
background uncertainty bands.
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Figure 9: Fit of the invariant mass of the two b-jet candidates for the Higgs boson signal (mH =
125 GeV) in the four event categories of set A. Data are shown by the points. The solid line
is the sum of the postfit background and signal shapes, the dashed line is the background
component, and the dashed-dotted line is the QCD component alone. The bottom panel shows
the background-subtracted distribution, overlaid with the fitted signal, and with the 1s and 2s
background uncertainty bands.
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Figure 9: Fit of the invariant mass of the two b-jet candidates for the Higgs boson signal (mH =
125 GeV) in the four event categories of set A. Data are shown by the points. The solid line
is the sum of the postfit background and signal shapes, the dashed line is the background
component, and the dashed-dotted line is the QCD component alone. The bottom panel shows
the background-subtracted distribution, overlaid with the fitted signal, and with the 1s and 2s
background uncertainty bands.
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