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1. Introduction

The Standard model (SM) Higgs boson was discovered in 2012 in the bosonic decay channels,
H — ZZ* and H — yy [1][2][3]. Later, observation of the Higgs boson in WW and 77 decay
modes have also been accomplished. The branching ratio of the SM Higgs boson to bottom quarks
(H — bb) is predicted to be 58%. However, the H — bb coupling had not been established in
Run 1. A precise measurement of this coupling helps to probe the Yukawa coupling between Higgs
boson and down-type quarks and also provides a test for the hypothesis that the mass of the charged
fermion is generated by the Higgs field.

The dominant production mode of Higgs boson in the p-p collisions, the gluon-gluon fusion,
is not sensitive to the H — bb coupling due to the presence of b-quarks from large irreducible
QCD background. The most sensitive channel to study the H — bb coupling is the vector boson
associated (VH) production mode. The Higgs boson produced in association with the vector boson
(W and Z) where the Higgs boson decays to a pair of bottom quarks and the vector boson decays
leptonically has been presented [4]. Three channels have been investigated, namely 0, 1 and 2
lepton channels leading to five final states: Z(uu)H, Z(ee)H, W(uv)H, W(uv)H, Z(vv)H. In 1
and 2 lepton channel, the presence of charged leptons from W/Z decays provides a tigger for the
signal and also helps to suppress the background. The presence of large missing transverse energy
makes O-lepton channel accessible.

The data used corresponds to the p-p collisions at /s =13 TeV center of mass energy with
a total integrated luminosity of 41fb~! measured in 2017 by the Compact Muon Solenoid (CMS)
detector at CERN [5].

2. Object reconstruction

The Higgs boson is reconstructed using a pair of jets(jj) with highest b-tag score. The b-tag
score is determined using the Charged Secondary Vertex algorithm (deepCSV) based on the Deep
Neural Network (DNN) architecture. Of the two jets used in the reconstruction of the Higgs boson,
the jet with the highest b-tag score is required to pass tight selection point (0.1% mis-identification
probability) while the other jet with the second highest b-tag score is required to pass the loose WP
criteria (1% mis-identification probability). ¢ and QCD background is reduced by rejecting events
with more than one extra jets for p} > 30GeV. Anti-QCD cuts requiring the angle between the p/+ss
and nearest jet to be greater than 0.5 are used in 0-lepton channel to reduce QCD contribution. The
mass resolution of dijet invariant mass is about 15% after all the event selection criteria is applied.
A DNN based b-jet energy regression trained on the b-jets from the ttbar events is further used to
improve the mass resolution. It provides energy correction for the calibration mis-match, neutrino
escaping in the semi-leptonic decay, etc. Further improvements are obtained using the recovery of
the final state radiation where the four momenta of jets close to the Higgs boson candidate jets are
added to it. Since p's* in 2-lepton channel is theoretically zero, the mass of dilepton is constrained
to the vector boson mass while the total transverse momenta of all the particles in summed to zero.

The vector boson is reconstructed using the two hardest opposite sign leptons or isolated lep-
tons and missing transverse energy (MET) or only MET depending upon the channel. The back-
ground is further reduced by requiring p'** > 170 GeV for 0-lepton, p} > 150 GeV in 1-lepton. For



Observation of H(bb) in pp — VH(bb) production mode. Krunal Bipin Gedia

2-lepton, the analysis region is divided in two parts, p}. < 150 GeV and p'. > 150 GeV. Requiring
large value of p‘; reduces background significantly.

3. Event selection

The signal region is defined such that the m;; is between 60 GeV and 160 GeV for O-lepton
and between 90 GeV and 150 GeV for 1 and 2 lepton channels. A DNN classifier is trained for each
channel using the signal and all background events to distinguish between signal and background
events in the signal region. About 14-16 discriminatory inputs (depending on the channel) like
mj;, pY, number of additional jets, deepCSV score are used in training of the DNN classifier.
Different control regions are defined to be enriched in various background process. Three control
regions are used corresponding to those enriched in ¢ production (TT), W or Z boson production
in association with either heavy flavor (HF) or light flavour (LF) jets. These control regions are
used in the combined fit to obtain the scale factors (normalization with respect to data) of major
background processes.

4. Analysis strategy

The signal strength is defined as the measured production cross section times branching frac-
tion divided by the expected SM value. The signal strength is extracted from a simultaneous max-
imum likelihood binned fit to all the signal and control regions. In each of the signal region, the
DNN score is used as the fitted variable. For TT and LF control region, only the yield is used in the
fit (since they are pure in corresponding background processes). For HF control region, a multi-
class DNN classifier (DNNHF) is trained to distinguish between different background processes.
The score of DNNHF is used as the fitted variable for HF control region in the simultaneous fit for
0 and 1 lepton. For 2-leptons, only two bins of deepCSV score is used as the fitted variable for the
HF control region. The profile likelihood asymptotic approximation is used to obtain the observed
excess of events in the simultaneous fit.

As a cross-check to this methodology, VZ process is treated as signal and all other processes
including VH (at predicted SM cross section) are used as background. VZ(bb) has similar fi-
nal kinematics but different dijet invariant mass. Thus, signal region was defined to be in range
[60,160] GeV in all there channels. Same control regions were used as defined in the VH(bb) anal-
ysis. The observed (expected) significance for the excess of events from production of combined
WZ and ZZ process is 5.20 (5.00). The observed signal strength was 1.05+0.22.

In another cross-check analysis, the dijet invariant mass (m;;) is the fitted variable in the signal
region instead of the DNN score. The DNN is trained with same input variables except those corre-
lated with m; are fixed to their mean values. The events are categorised in four bins of increasing
signal to background ratio according to their DNN score and are used as the fitted variable of the
signal region in each of the channels. This along with the same control regions are used in the
fit to extract the signal and background yield. The fitted m;; distribution are then combined and
weighted by S/(S+B) where S is the Higgs boson signal yield while B is the sum of all the back-
ground processes taking fitted normalisation into account. The resulting combined m ; distribution
is shown in Fig. 1 after background subtraction. The VH(bb) signal and VZ(bb) background are
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Figure 1: The fitted dijet invariant mass distribution with events weighted by S/(S+B), where S is the Higgs
boson signal yield and B is the sum of all the background yields taking fitted normalisation into account.
The fitted VH signal is shown in red, VZ background in grey while all other backgrounds are subtracted.
The error bars indicate 10 pre-subtraction statistical uncertainty while the grey hatching represents 1o total
uncertainty on the signal and all background components [4].

shown in the red and grey histogram respectively. This analysis is performed using only 2016 and
2017 datasets.

5. Results

The observed (expected) significance for the SM Higgs boson above background-only hy-
pothesis is 3.30 (3.10). The corresponding signal strength is 1.08 4+ 0.34 (stats + sys). The major
sources of the systematic uncertainties are background normalization, simulated sample size, b-
tagging efficiency and mis-identification rates, and V+jets modeling. The impact of the major un-
certainties on the signal strength (Ap) is: statistical (£0.26), experimental (4-0.16,—0.15; majorly
due to b-tagging efficiency, V+jets modeling, jet energy scale and resolution), MC sample size
(£0.12) and theoretical (40.11,—0.09) giving a total of 40.35,—0.33 uncertainty on the signal
strength.

The results from 2017 dataset were combined with the 2016 dataset to obtain an observed
(expected) signal significance of 4.40 (4.20) and signal strength of 1.06+0.26. Except theoretical
uncertainties, all other systematic uncertainties are assumed to be uncorrelated (independent) while
the dominant uncertainties related to jet energy scale are assumed to be fully correlated in the fit.

These results from 2016 + 2017 dataset are combined with the entire Run 1 dataset to obtain
an observed (expected) signal significance of 4.80 (4.90) and measured signal strength of 1.01 £
0.22 [0.17 (stat) = 0.09 (exp) = 0.06 MC) + 0.08 (theo)] leading to the first the observation of
the H — bb decay by the CMS Collaboration. Distribution of signal, background and data events
sorted in similar signal-to-background ratio obtained from the fit to corresponding multivariate
distributions in signal region in all three channels is shown in Fig 2. The signal strength (1) and
significance (o) for individual and combined datasets are shown in Fig. 2 and Table 1 respectively.
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Figure 2: Left: Distribution of signal (red histogram), background (grey histogram) and data events sorted in
similar signal-to-background ratio obtained from the fit to corresponding multivariate distributions in signal
region in all three channels of combined Run 1 and Run 2 dataset is shown. The bottom panel shows the
ratio of data to background. The red line is gives the ratio of sum of signal and background yield divided
by background yield. The grey hatching represents uncertainty in the background yield. Right: The best fit
value of signal strength at my = 125.09 GeV for all channels in Run 1 and Run 2 dataset. The red (blue)
horizontal error bars indicate the 10 statistical (total) uncertainty while the vertical bar represents the SM
expectation [4].

Data set Sig. (exp.) | Sig. (obs.) | Signal strength
2017

O-lepton 1.9 1.3 0.734+0.65
1-lepton 1.8 2.6 1.324+0.55
2-lepton 1.9 1.9 1.05£0.59
Combined 3.1 33 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

Table 1: Expected (Observed) value of significance along with its corresponding signal strength for different
channels of 2017 dataset, Run 2 dataset and combined Run 1 and Run 2 dataset is given.
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