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1 Introduction
In the minimal standard model (SM) [1] [2] [3] the Brout-Englert-Higgs mechanism [4] [5] [6]
explains the electroweak symmetry breaking and allows electroweak gauge bosons to acquire
mass. The mechanism predicts the existence of a Higgs scalar field, and its observation in
2012 with the LHC Run 1 proton-proton collision data by both the CMS [7] and ATLAS [8]
collaborations achieved one of the main goals of the LHC physics program.

The observed Higgs boson mass is now precisely determined to be mH = 125.09± 0.24 GeV [9],
i.e. with a 0.2% precision level. On the other hand, the observed properties and couplings are
consistent with those of a minimal SM Higgs boson but only with a precision at the level of 10%
or worse [10]. In particular, while a SM Higgs boson with a mass of 125.1 GeV is predicted to
have a dominant decay branching ratio to b-quarks (58.2% [11, 12]), the LHC Run 1 data did not
yet clearly establish the coupling of the Higgs boson to b-quarks, nor in general to down-type
quarks.

At the LHC, a SM Higgs boson can be produced through a variety of mechanisms, and the most
abundant channel after gluon-fusion (GF) is Vector Boson Fusion (VBF) production. While the
inclusive observation of the SM Higgs boson decaying to bb pairs is not pursuable in proton
collisions, the observation of the bb decay channel in the VBF production context can be pur-
sued thanks to the peculiar kinematics generated by the VBF process. Signal measurements in
this channel allow to access both the cross section of the VBF Higgs boson production, and its
coupling to b-quarks.

The first search for a SM Higgs boson produced through vector boson fusion and decaying to
a bottom-quark pair was performed by CMS on the Run 1

√
s = 8 TeV proton-proton collision

data [13]. The search yielded a fitted signal strength of µ = σ/σSM = 2.8+1.6
−1.4 at a Higgs boson

mass of 125 GeV, with a corresponding observed significance of 2.2 standard deviations, where
0.8 standard deviations were expected with a SM signal.

The combination of the Run 1 VBF H→ bb results with other CMS H→ bb searches where the
Higgs boson is produced in association with a vector boson (VH) [14], or with a top quark pair
(ttH) [15, 16], yielded a H → bb signal strength µ = 1.03+0.44

−0.42 with a signal significance of 2.6
standard deviations for mH = 125 GeV [13].

The prominent feature of the VBF process qqH → qqbb is the presence of four energetic jets
in the final state. Two jets are expected to originate from a light-quark pair (u or d), which are
typically two valence quarks from each of the colliding protons scattered away from the beam
line in the VBF process. These “VBF-tagging” jets are expected to be roughly in the forward
and backward directions relative to the beam direction. Two additional jets are expected from
the Higgs boson decay to a bb pair in more central regions of the detector. Another impor-
tant property of the signal events is that, being produced through an electroweak process, no
quantum chromodynamics (QCD) color is exchanged at leading order in the production. As
a result, in the most probable color evolution of these events, the VBF-tagging jets connect to
the proton remnants in the forward and backward beam line directions, while the two b-quark
jets connect to each other as decay products of the color neutral Higgs boson. Consequently
very little additional QCD radiation and hadronic activity is expected in the space outside the
color-connected regions, in particular in the whole rapidity interval (rapidity gap) between the
two VBF-tagging jets, with the exception of the Higgs boson decay products.

The dominant background to this search is from QCD production of multijet events. Other
backgrounds arise from: (i) hadronic decays of Z or W bosons produced in association with
additional jets, (ii) hadronic decays of top quark pairs, and (iii) hadronic decays of singly-
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produced top quarks. The contribution of the Higgs boson in GF processes with two or more
associated jets is included in the expected signal yield.

The search is performed on selected four-jet events that are characterized by the response of a
multivariate discriminant trained to separate signal events from background without making
use of kinematic information on the two b-jet candidates. Subsequently, the invariant mass
distribution of two b jets is analyzed in each category in the search for a signal “bump” above
the smooth contribution from the SM background.

This paper is organized as follows: Section 2 highlights the features of the CMS detector needed
to perform this analysis. Section 3 details the production of simulated samples used to study
the signal and main backgrounds, and Section 4 presents the employed triggers. Event recon-
struction and selection are described in Sections 5 and 6, respectively. The unique features of
the analysis are discussed in Section 7, which include the improvement of the resolution in
jet transverse momentum (pT) by regression techniques, discrimination between quark- and
gluon-originated jets, and soft QCD activity. The search for a SM Higgs boson is discussed in
Section 8 and the associated systematic uncertainties are presented in Section 9. The final re-
sults are discussed in Section 10. The combination with Run 1 results is reported in Section 11
and a summary is given in Section 12.

2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. A silicon pixel and strip tracker, a lead tungstate crystal
electromagnetic calorimeter, and a brass and scintillator hadron calorimeter are located within
the axial field. Muons are measured in gas-ionization detectors embedded in the steel flux-
return yoke of the solenoid. Forward calorimetry (pseudorapidity 3 < |η| < 5) complements
the coverage provided by the barrel (|η| < 1.3) and endcap (1.3 < |η| < 3) detectors. The
first level (L1) of the CMS trigger system, composed of specialized processors, uses informa-
tion from the calorimeters and muon detectors to select the most interesting events in a time
interval of less than 4 µs. The high-level trigger (HLT) processor farm decreases the event rate
from about 100 kHz to about 1 kHz, before data storage. A more detailed description of the
CMS apparatus and the main kinematic variables used in the analysis can be found in Ref. [17].

3 Simulated samples
Samples of simulated Monte Carlo (MC) signal and background events are used to guide the
analysis optimization and to estimate signal yields. Several event generators are used to pro-
duce the MC events. The NNPDF3.0 parton distribution functions (PDF) [18] are used for all
samples.

The samples of VBF and GF signal processes are generated using the next-to-leading order
(NLO) perturbative QCD program POWHEG 2.0 [19–21], and PYTHIA 8 [22, 23] for the hadron-
ization process and modelling of the underlying event (UE), using the CUETP8M1 tune [24].
The signal samples are generated using only H→ bb decays, for mH=125 GeV, and are normal-
ized using cross sections and decay rates computed by the LHC Higgs cross section working
group [12].

Background samples of QCD multijet, Z +jets and W+jets events are simulated using leading-
order (LO) MADGRAPH 5 [25] interfaced with PYTHIA 8. The tt and single top quark back-
ground samples are produced using POWHEG [26, 27], interfaced with PYTHIA 8. The produc-
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tion cross sections for W+jets and Z +jets are rescaled to next-to-next-to-leading-order (NNLO)
cross sections calculated using the FEWZ 3.1 program [28–30]. The tt and single top quark sam-
ples are also rescaled to their cross sections based on NNLO calculations [31, 32].

To accurately simulate the LHC luminosity conditions during data taking, additional simulated
pp interactions overlapping in the same or neighboring bunch crossings of the main interac-
tion, denoted as pileup, are added to the simulated events with a multiplicity distribution that
matches the one in data.

4 Triggers
The data used for this analysis were collected using two trigger strategies that result in two
different data samples for analysis. The two trigger event selection (paths) were specifically
designed and deployed for the VBF qqH → qqbb signal search, both for the L1 trigger and
the HLT, and operated during the full 2015 data taking. Both paths use a common L1 selection
(seed) of events with three jets, and a common initial HLT selection of four jets, while differen-
tiating on the presence of b-jet candidates and on the final kinematic requirements of the four
jets. The total collected integrated luminosity used in this analysis was 2.32 fb−1 for both paths.

4.1 Common part

The L1 seed required the presence of at least three jets with pT above decreasing thresholds
p(1)T =84 GeV, p(2)T =68 GeV, p(3)T =48 GeV. Among the three jets, one and only one of the two
leading jets (with pT > p(1)T , p(2)T ) can be in the forward region with pseudorapidity 2.6 < |η| ≤
5.2, while the other two jets are required to be central (|η| ≤ 2.6). The estimated efficiency of
the L1 seed on signal events is 31%.

The common HLT event selection required the presence of at least four particle-flow jets (PFJets,
see Section 5) with pT above decreasing thresholds pT >92, 76, 64, 15 GeV, so that essentially the
three pT-leading jets are required to be energetic, while the fourth jet presence is just required
above a minimal threshold.

The HLT b-tagging algorithms used in the HLT paths is the “Combined Secondary Vertex”
(CSV) [33, 34], evaluated using HLT regional tracking around the jets, and at least one of the
event jets must fulfill minimum b-tagging requirements. At this point HLT events can be clas-
sified in two different paths if they contain one b-tagged jet (SingleB path), or more than one
b-tagged jet (DoubleB path), and proceed through different selections as detailed below.

4.2 SingleB sample

The SingleB path selects events that pass the above common HLT selection and some final cuts
on the PFJets kinematics. For these final cuts only the four pT-leading PFJets are considered: the
most b-tagged jet is labeled as a “b”-jet and, among the remaining three, the two jets with the
largest pseudorapidity opening are labeled as the two “q”-jets, so that the second “b”-jet is then
identified as the remaining jet. Final cuts are applied on the q-jets pseudorapidity separation
∆ηqq > 4.1 and invariant mass mqq > 460 GeV, as well as on the b-jets azimuthal opening
∆φbb < 1.6.

4.3 DoubleB sample

The DoubleB paths select events that pass the common HLT selection and have a second b-
tag, among the six pT-leading PFJets. Final cuts on the PFJets kinematics are also applied.
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For the final cuts the two most b-tagged jets are labeled as “b”-jets and among the collection of
remaining PFJets, the two pT-leading ones are labeled as the two “q”-jets. Final cuts are applied
on the q-jets pseudorapidity separation ∆ηqq > 1.2 and invariant mass mqq > 200 GeV.

4.4 Trigger efficiency

To evaluate trigger efficiencies, two prescaled control paths are used. A path requiring two
PFJets with average pT > 60 GeV is used to determine the trigger efficiencies of the kinematic
requirements on the jets. A second path requiring the above four-jet common selection, but
without any b-tagging condition, is used to determine the online b-tagging efficiency. Simu-
lated trigger efficiency are then corrected to match the efficiency in data, with a scale factors
that are parametrized a function of the jets pT and one or two b-tag output values, respectively
for the SingleB and DoubleB samples. The estimated efficiency of the HLT paths on signal
events is 2.3% for SingleB and 3.9% for DoubleB, while their combined efficiency is estimated
to be 6.2%.

5 Event reconstruction
The offline analysis uses reconstructed charged-particle tracks and candidates from the particle-
flow (PF) algorithm [35–37]. In the PF event reconstruction all stable particles in the event, i.e.
electrons, muons, photons, and charged and neutral hadrons, are reconstructed as PF candi-
dates using information from all CMS subdetectors to obtain an optimal determination of their
direction, energy, and type. The PF candidates are then used to reconstruct the jets and missing
transverse energy.

Jets are reconstructed by clustering PF candidates with the anti-kT algorithm [38, 39] with a dis-
tance parameter of 0.4. Reconstructed jets require a small additional energy correction, mostly
due to thresholds on reconstructed tracks and clusters in the PF algorithm and various recon-
struction inefficiencies [40]. Jet identification criteria are also applied to reject misreconstructed
jets resulting from detector noise, as well as jets heavily contaminated with pileup energy (clus-
tering of energy deposits not associated with a parton from the primary pp interaction) [41].
The efficiency of the jet identification criteria is greater than 99%, with the rejection of 90% of
background pileup jets with pT ' 50 GeV.

The identification of jets that originate from the hadronization of b quarks is done with the
CSV b tagger [33, 34], also implemented for the HLT paths, as described in Section 4. The
CSV algorithm combines the information from track impact parameters and secondary vertices
identified within a given jet, and provides a continuous discriminator output.

Events are required to have at least four reconstructed jets. All the jets found in an event are
ordered according to their pT, and the most probable b jet and VBF-tagging q-jet candidates are
searched among the seven leading ones. For the DoubleB sample, as in the HLT logic, the two
jets with the highest CSV b-tagging outputs are selected as the two b-jet candidates, among
the remaining the two highest-pT jets are selected as q-jet candidates. For the SingleB sam-
ple, the distinction between the two jet types is done by means of a multivariate discriminant
that takes into account the jet b-tag, η and pT values, together with their respective rankings
among the other jets in the event. A boosted decision tree (BDT), implemented with the TMVA
package [42], is trained on simulated signal events using these discriminating variables and its
output is used as a b-jet likelihood score; among all jets in the event, the two with the highest
score are identified as the b jets, while the other two jets with the largest pseudorapidity sepa-
ration are identified as the VBF-tagging jets. With the use of the multivariate b-jet assignment
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the signal efficiency is increased by ≈5% compared to the interpretation based on CSV output
only.

6 Event selection
The offline event selection is based upon the b-jet and VBF-tagging jet assignment described
in Section 5, and is adjusted to the two different samples (SingleB and DoubleB) presented in
Section 4. These selections are summarized in Table 1.

Following the trigger selections, events in either sample are required to have at least four PF
jets with p1,2,3,4

T > 92, 76, 64, 30 GeV and |η| < 4.7. In each sample the two b-jets and q-jets are
chosen with the criteria defined above in Section 5, and further requirements on these jet pairs
also follow the HLT criteria in order to ensure an adequate trigger efficiency at this level.

For events in the SingleB sample the VBF topology is ensured by requiring mqq > 460 GeV and
|∆ηqq| > 4.1, and the ∆φbb < 1.6 radians. For events in the DoubleB sample at least two jets
must have a CSV [33, 34] output greater than 0.5, while the requirements on the jet pairs are
mqq > 200 GeV, |∆ηqq| > 1.2 and ∆φbb <2.4. Events in the DoubleB sample are also required
not to belong to the SingleB sample, to avoid double counting.

Figure 1 shows the normalized distributions of mqq in the two SingleB and DoubleB samples,
for the sum of all simulated backgrounds, and the VBF and GF Higgs boson production.

After all the selection requirements, 1.6% of the simulated VBF signal events end up in the Sin-
gleB sample, and 0.6% end up in DoubleB. The fraction of events in SingleB that also satisfy the
requirements of DoubleB (except for the SingleB veto) amounts to 69%. The DoubleB selection
recovers signal events presenting less pronounced VBF q-jets, but better tagged b-jets.

Table 1: Summary of selection requirements for the two analyses.

SingleB DoubleB
Trigger one b-tagged jet two b-tagged jets
jets pT p1,2,3,4

T > 92, 76, 64, 30 GeV
jets |η| <4.7
b tag no cut two jets with CSV>0.5
∆φbb <1.6 radians <2.4 radians

mqq > 460 GeV mqq > 200 GeV
VBF topology

|∆ηqq| > 4.1 |∆ηqq| > 1.2
Veto None Events that belong to SingleB

7 Signal properties
The analysis described in this paper relies on characteristic properties of the studied final state,
which provide a significant improvement of the overall sensitivity. First, the resolution of the
invariant mass of the two b jets is improved by applying multivariate regression techniques.
Then jet composition properties are used to separate jets originating from light quarks or glu-
ons. Third, soft QCD activity outside the jets is quantified and used as a discriminant between
QCD processes with strong color flow and the VBF signal without color flow.
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Figure 1: Distributions of the invariant mass of the two VBF-jet candidates (mqq) for events
in the SingleB (left) and DoubleB (right) samples. Data are shown by the points, while the
simulated backgrounds are stacked. The LO QCD cross section is scaled such that the total
number of background events matches the number of events in the data for each category,
with a resulting multiplicative factor of 1.10 and 1.01 for the SingleB and DoubleB samples
respectively. The VBF Higgs boson signal is displayed by a solid line, and the GF Higgs boson
signal is shown by a dashed line. The panels at the bottom show the fractional difference
between data and background simulation, with the shaded band representing the statistical
uncertainties in the MC samples.

7.1 Jet transverse-momentum regression

The bb mass resolution is improved by using a regression technique similar to those used in
the Run 1 H → bb searches [13, 14]. A refined calibration is carried out for individual b jets,
beyond the default jet energy corrections, that takes into account the jet composition properties
and targets semileptonic b decays that lead to a substantial mismeasurement of the jet pT due to
the presence of an escaping neutrino. For this purpose a regression BDT is trained on simulated
ditop events with inputs including information about the jet properties and structure. The
target of the regression is the pT of the associated particle-level jet, clustered from all stable
particles (with lifetime cτ > 1 cm). The inputs include: (i) the jet pT, η, and transverse mass;
(ii) the pT of the leading track in the jet; (iii) the jet energy fractions carried by hadrons and
photons [35–37]; (iv) the pT, mass and number of charged tracks associated to the secondary
vertex, when present; (v) the decay length and uncertainty, of the secondary vertex, when
present; (vi) the pT component and ∆R =

√
∆φ2 + ∆η2 distance relative to the jet axis of the

soft-lepton candidate (with pT > 3 GeV), when present; and (vii) the number of reconstructed
primary vertices in the event.

The additional energy correction of b jets leads to an improvement of the jet pT resolution,
which in turn improves the dijet invariant mass resolution by approximately 5% in the phase
space of the offline event selections. As a final correction to recover harder final state radiation
(FSR) gluon jets outside the b-jet cone, the four-momenta of other eventual jets with pT >
15 GeV adjacent to the b-jet (within ∆R < 0.8) are added to the regressed b-jet four-momentum
further improving the resolution by about 2%, and the final reconstructed peak position.

Figure 2 shows the reconstructed dijet invariant mass of the b-jet candidates (mbb) before and
after the regression for simulated events passing the SingleB or DoubleB selections. The mea-
sured distribution of the regressed mbb in both samples is shown in Fig. 3.
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The validation of the regression technique in data is done with samples of Z → `` events
with one or two b-tagged jets. When the jets are corrected by the regression procedure, the pT
balance distribution, between the Z boson, reconstructed from the leptons, and the b-tagged jet
or dijet system is improved to be better centered at zero and narrower than when the regression
correction is not applied. In both cases the distributions for data and the simulated samples are
in good agreement after the regression correction is applied.
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Figure 2: Simulated invariant mass distribution of the two b-jet candidates before and after the
jet pT regression, for VBF signal events. The generated Higgs boson signal mass is 125 GeV and
the event selection corresponds to the SingleB (left) and DoubleB (right) samples. By FWHM
we denote the width of the distribution at the middle of its maximum height.
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Figure 3: Distribution in invariant mass of the two b-jet candidates, after the jet pT regression,
for events in the SingleB (left) and DoubleB (right) samples. Data are shown by the points,
while the simulated backgrounds are stacked. The LO QCD cross section is scaled such that
the total number of background events matches the number of events in the data for each
category, with a resulting multiplicative factor of 1.10 and 1.01 for the SingleB and DoubleB
samples respectively. The panel at the bottom shows the fractional difference between the data
and the background simulation, with the shaded band representing the statistical uncertainties
in the MC samples.

7.2 Discrimination between quark- and gluon-originated jets

To further identify whether the two jets selected as q-jets candidates are likely to originate
from the hadronization of a light (u,d,s-type) quark, as expected for signal VBF jets, or from
gluons, as is more probable for jets produced in QCD processes, the jets internal properties
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can be investigated. For this analysis, instead of a full quark-gluon discriminant [43, 44], we
use a single jet-observable σ2, the minor Root-Mean-Square (RMS) of the distribution of jet
constituents in the η-φ plane [45].

Figure 4 shows the normalized distribution of σ2 for the first VBF q-jet candidate, for back-
ground and signal events. As expected, VBF signal events, dominated by quark jets, have
narrower jets, while the background and GF events are enriched in wider gluon jets. The σ2
distributions of the two q-jets candidates are further used as input to the signal vs. background
discriminants (Section 8.1).
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Figure 4: Distribution of σ2, the minor RMS for the pT-leading q-jet in the SingleB (left) and Dou-
bleB (right) sample events. Data are shown by the points, while the simulated backgrounds are
stacked. The LO QCD cross section is scaled such that the total number of background events
matches the number of events in the data for each category, with a resulting multiplicative
factor of 1.10 and 1.01 for the SingleB and DoubleB samples respectively. The panel at the bot-
tom shows the fractional difference between the data and the background simulation, with the
shaded band representing the statistical uncertainties in the MC samples.

7.3 Soft QCD activity

To measure the additional hadronic activity between the VBF-tagging jets, excluding the more
centrally produced Higgs boson decay products, only reconstructed charged tracks are used.
This is done to measure the hadronic activity associated with the primary vertex (PV), defined
as the reconstructed vertex with the largest sum of squared transverse momenta of tracks used
to reconstruct it.

A collection of “additional tracks” is assembled using reconstructed tracks that (i) satisfy the
high purity quality requirements defined in Ref. [46] and pT > 300 MeV; (ii) are not associated
with any of the four leading PF jets in the event; (iii) have a minimum longitudinal impact pa-
rameter, |dz(PV)|, with respect to the main PV, rather than to other pileup interaction vertices;
(iv) satisfy |dz(PV)| < 2 mm; and (v) are not in the region between the two best b-tagged jets.
This is defined as an ellipse in the η-φ plane, centered on the midpoint between the two jets,
with major axis of length ∆R(bb) + 1, where ∆R(bb) =

√
(∆ηbb)2 + (∆φbb)2, oriented along

the direction connecting the two b jets, and with minor axis of length 1.

The additional tracks are then clustered into “soft TrackJets” using the anti-kT clustering algo-
rithm with a distance parameter of 0.5. The use of TrackJets represents a clean and validated
method [47] to reconstruct the hadronization of partons with very low energies down to a few
GeV [48]; an extensive study of the soft TrackJet activity can be found in Refs. [43, 44].

For the purpose of separating the signal from the QCD background, we make use of clustered
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soft TrackJets, and consider the soft TrackJet multiplicity Nsoft with transverse momentum pT >
5 GeV, Nsoft

5 ; The discriminating variable Nsoft
5 is shown in Fig. 5.
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Figure 5: Distribution of the soft TrackJet multiplicity Nsoft
5 with transverse momentum pT >

5 GeV in the SingleB (left) and DoubleB (right) sample events. Data are shown by the points,
while the simulated backgrounds are stacked. The LO QCD cross section is scaled such that the
total number of background events matches the number of events in the data for each category,
with a resulting multiplicative factor of 1.10 and 1.01 for the SingleB and DoubleB samples
respectively. The panel at the bottom shows the fractional difference between the data and the
background simulation, with the shaded band representing the statistical uncertainties in the
MC samples.

8 Search for a Higgs boson
The search for a Higgs boson follows closely the methodology applied in the Run 1 data anal-
ysis [13]. A multivariate discriminant is employed (Section 8.1) to divide the events into seven
categories that are subsequently fit simultaneously with mbb templates (Section 8.2).

8.1 Higgs boson signal vs. background discrimination

In order to separate the overwhelmingly large QCD background from the Higgs boson signal,
all possible 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 ∆ηqq, ∆φqq, and mqq; (ii)
the b-jet content of the event, expressed by the CSV output for the two b-jet candidates; (iii) the
minor RMS of the two q-jet candidates; (iv) the gap activity, quantified by the number Nsoft

5 of
soft TrackJets with pT > 5 GeV, and the pT of the fifth pT-leading jet; (v) the angular dynamics
of the production, expressed by the difference between the average pseudorapidity of the two
q-jets and the average pseudorapidity of the two b-jets. (vi) the kinematics of the production,
expressed by the total transverse and longitudinal momenta of the qqbb four-jet system.

In practice, two BDTs are trained with the same input variables using the selections correspond-
ing to the two sets of events. This distinction is necessary because the properties of the selected
events are significantly different between the two sets. Figure 6 shows the output of the BDT
for the two sets of events.
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Figure 6: Distribution of the BDT output for the events in the SingleB (left) and DoubleB (right)
sets. 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. 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.

Table 2: Definition of the event categories and corresponding yields in the mbb interval
[80, 200] GeV, for the data and the MC expectation, with statistical uncertainties only. The BDT
output boundary values refer to the distributions shown in Fig. 6.

BDT boundary values
SingleB DoubleB

Cat. 1 Cat. 2 Cat. 3 Cat. 4 Cat. 5 Cat. 6 Cat. 7
0.28 – 0.72 0.72 – 0.87 0.87 – 0.93 0.93 – 1.0 0.36 – 0.76 0.76 – 0.89 0.89 – 1.0

Data 25298 5834 1281 302 69963 9831 1462
Z +jets 49± 4 12.5± 2.0 4.1± 1.1 1.7± 0.7 448± 11 50± 4 8.4± 1.7
W+jets 25.8± 3.5 1.6± 0.9 0.1± 0.1 <0.1 74± 6 4.6± 1.3 0.9± 0.6

tt 53± 1 5.1± 0.2 0.7± 0.1 0.2± 0.04 534± 2 22.6± 0.4 1.1± 0.1
Single t 52± 1 9.7± 0.5 1.8± 0.2 0.4± 0.1 221± 3 23.2± 0.8 1.8± 0.2

VBF mH(125) 19.5± 0.2 13.7± 0.1 7.2± 0.1 4.2± 0.1 21.7± 0.2 10.5± 0.1 3.8± 0.1
GF mH(125) 5.5± 0.2 1.8± 0.1 0.6± 0.07 0.2± 0.04 18.7± 0.4 3.1± 0.1 0.6± 0.07

8.2 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 SingleB and three for DoubleB. The boundaries of the categories and
the respective event yields are summarized in Table 2. 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 3% 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 ∼40% in Category 5 to ∼5% in Category 4.

The analysis relies on the assumption that the QCD mbb spectrum shape is the same in all
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 2,3,4, and in
Category 5 vs. Categories 6,7. The correction factor (transfer function) is a linear function of
mbb in SingleB and a quadratic one in DoubleB (because a stronger dependence is observed in
DoubleB between mbb and the multivariate discriminant). With the introduction of the transfer
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functions, the fit model for the Higgs boson signal is given by Eq. (1):

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),
(1)

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 parameterized 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 within their uncertianties by the 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 categories of each set, and a multiplicative transfer function Ki(mbb) per category,
accounting for the shape differences between the categories. The parameters of the polyno-
mial, ~pset, and those of the transfer functions, are determined by the fit, which is performed
simultaneously in all categories in each set. For SingleB, the polynomial is of fifth order, while
for DoubleB it is of fourth order.

9 Systematic uncertainties
Table 3 summarizes the sources of uncertainty related to both the background and to the signal
processes. The leading uncertainty comes from the QCD background description: both the pa-
rameters of its shape and the overall normalization in each category are allowed to float freely,
being determined by the simultaneous fit to the data. The resulting covariance matrix is used
to compute the uncertainty. For the smaller background contributions from the Z/W+jets and
top quark production, the mbb shapes are taken from the simulation, while their correspond-
ing yields are allowed to float in the fit with a 30% log-normal constraint centered on the SM
expectations.

The experimental uncertainties on the JES and JER affect the signal acceptance and the shape
of the multivariate discriminant output, and are included as nuisance parameters. The effect
of the JES and JER uncertainties on the mbb shape is taken into account in the fit function. By
varying the JES and JER by their measured uncertainties [40], the impact of the signal yield per
analysis category is estimated. These variations affect the acceptance by up to 10%, while the
peak position of the mbb shape is shifted by 2%, and the width by 2%.

Additional uncertainties are assigned to the flavor tagging of the jets. The CSV discriminant
outputs are weighted according to the observed differences between data and simulation and
the effect on the signal acceptance is estimated to range from 3% to 10%. The impact of the CSV
shift is significant, both because it is used for the event selection, and because the multivariate
discriminant depends more strongly on the b tagging of the jets.

The trigger uncertainty is estimated by propagating the uncertainty in the data vs. MC simula-
tion scale factors for the efficiency. As a result, the uncertainty in the signal yield ranges from
8% to 15% for the VBF process, and from 6% to 11% for the GF.

Theoretical uncertainties affect the signal simulation. First, the uncertainty due to PDFs and
strong coupling constant αS variation is computed to be 2.1% (VBF) and 9% (GF) [49]. A resid-
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ual uncertainty from these sources is estimated for the particular kinematical phase space of
the search comparing the results to those obtained when using the sub-PDFs of the NNPDF set
the PDF and αS uncertainty ranges from 1% to 2%, while the renormalization and factorization
scale variations in the signal simulation induce an uncertainty of around 1% (VBF) and 15%
(GF) in the analysis categories, on top of a global cross section uncertainty of 0.4% (VBF) and
8% (GF). Finally, the variation of the UE and parton-shower (PS) model (using HERWIG [50, 51]
instead of the default PYTHIA 8) affects the signal acceptance by 2% to 7% (VBF) and by 10% to
45% (GF). Lastly, an uncertainty of 2.7% is assigned to the total integrated luminosity measure-
ment [52].

Table 3: Sources of systematic uncertainty and their impact on the shape and normalization of
the background and signal processes.

Background uncertainties
QCD shape parameters determined by the fit
QCD bkg. normalization determined by the fit
Top quark bkg. normalization 30%
Z/W+jets bkg. normalization 30%

Uncertainties affecting the signal VBF signal GF signal
JES (signal shape) 2%
JER (signal shape) 2%
Integrated luminosity 2.7%
Branching fraction (H→ bb) 1.3%
JES (acceptance) 1–4% 2–11%
JER (acceptance) 1–2% 1–3%
b-jet tagging 3–9% 2–10%
Trigger 8–15% 6–11%

Theory uncertainties VBF signal GF signal
UE & PS 2–7% 10–45%
Scale variation (global) 0.4% 8%
Scale variation (categories) 1% 15%
PDF (global) 2% 3%
PDF (categories) 1–2% 1–2%

10 Results
The mbb distributions in data, for all categories, are fitted simultaneously with the paramet-
ric functions described in Section 8.2 under two different hypotheses: background only and
background plus a Higgs boson signal. The fit is a binned likelihood fit incorporating the sys-
tematic uncertainties discussed in Section 9 as nuisance parameters. Due to the smallness of the
GF contribution in the most signal-sensitive categories we do not attempt to fit independently
the VBF and the GF signal strengths. The fits of the data in the SingleB and DoubleB samples
are shown in Figs. 7 and 8, respectively. The limits on the signal strength are computed with
the asymptotic CLs method [53–55]. For the 125 GeV Higgs boson signal the observed 95% con-
fidence level upper limit is 3.0 times the standard model expectation, compared to 5.0 expected
in absence of a signal.
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Figure 7: 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 SingleB in the background-only hypothesis. Data
are shown with markers. 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, and with the 1σ and 2σ background uncertainty bands.
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Figure 8: Fit of the invariant mass of the two b-jet candidates for the Higgs boson signal (mH =
125 GeV) in the three event categories of DoubleB in the background-only hypothesis. Data
are shown with markers. 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, and with the 1σ and 2σ background uncertainty bands.

11 Combination with Run 1 results
The results above have been combined with the previous CMS search for a SM Higgs boson
produced through VBF and decaying to a bottom-quark pair on the Run 1 proton-proton col-
lision data at

√
s = 8 TeV [13]. The combination methodology is based on the likelihood ratio

test statistics employed in Section 10, and takes into account correlations among sources of
systematic uncertainty. Theoretical uncertainties are assumed to be fully correlated among the
two measurements.

For mH = 125 GeV the Run 2 data yields alone a fitted signal strength of µ = σ/σSM = −3.7+2.4
−2.5,

that is compatible with the SM Higgs boson prediction µ = 1 at the 3% level. The combina-
tion of Run 1 and Run 2 results yields an observed (expected) upper limit of 3.4 (2.3) times
the SM prediction, and a signal strength µ = 1.3+1.2

−1.1 with a significance of 1.2 standard devia-
tions. Figure 9 shows the likelihood scans of the expected and observed best-fit signal strength
separately with Run 1 8 TeV data, with Run 2 13 TeV data, and for their combination.
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Figure 9: Observed and SM-expected likelihood profile of the signal strength µ = σ/σSM with
mH = 125 GeV, using Run 1 8 TeV data, Run 2 13 TeV data, and for the combination of 8 TeV
and 13 TeV data.

12 Summary
A search has been carried out for the SM Higgs boson produced in vector boson fusion and
decaying to bb with a data sample of pp collisions at

√
s = 13 TeV collected with the CMS

detector at the LHC corresponding to an integrated luminosity of 2.3 fb−1. Upper limits, at the
95% confidence level, on the production cross section times the H→ bb branching fraction, rel-
ative to expectations for a SM Higgs boson, are extracted for a Higgs boson with mass 125 GeV.
The expected upper limits in the absence of a signal is 5.0 times the SM prediction, while the
observed upper limit is 3.0, and the fitted signal strength is µ = σ/σSM = −3.7+2.4

−2.5.

The combination of the results obtained in this search with the similar CMS search with Run
1 data yields an observed (expected) upper limit of 3.4 (2.3) times the SM prediction. The
combined fitted H→ bb signal strength is µ = 1.3+1.2

−1.1, with a signal significance of 1.2 standard
deviations for mH = 125 GeV.
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