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Abstract

A search for the standard model Higgs boson produced with high transverse momen-
tum decaying to a bottom quark-antiquark pair has been performed using a data set
of pp collisions at /s = 13 TeV collected with the CMS experiment at the LHC. The
data sample corresponds to an integrated luminosity of 35.9 fb~'. A high-transverse-
momentum Higgs boson decaying to bb is reconstructed as a single jet and identified
based on jet substructure and dedicated b-tagging techniques. The analysis strategy
is validated with Z— bb decays. The Z— bb process is observed with a local sig-
nificance of 5.1 standard deviations for the first time in the single jet topology. For
a Higgs boson mass of 125 GeV, an excess of events is observed above the expected
background with a local significance of 1.5 standard deviations. The measured cross
section of H(bb) production for pr > 450 GeV is 74133 fb.
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1 Introduction

In the standard model (SM) [1-3], the Brout-Englert-Higgs mechanism [4-6] is responsible
for electroweak symmetry breaking and the mass of of all elementary particles. Although the
Higgs boson has been discovered [7, 8], its observed properties and couplings are only mea-
sured with a precision at the level of 10% or worse [9]. In particular, the LHC Run 1 data was not
sufficient to establish the coupling of the Higgs boson to bottom quarks, despite the dominant
branching ratio of a SM Higgs boson (with a mass of 125.1 GeV) to a bottom quark-antiquark
(bb) pair (58.1% [10]).

The traditional strategy to search for H — bb decays at a hadron collider is to use events in
which the Higgs boson is produced in association with a W or Z boson decaying leptonically,
and recoiling with a large transverse momentum [11], in order to suppress overwhelming irre-
ducible background from QCD multijet production of b quarks.

Recent theoretical and experimental developments [12] propose to use the production of a high-
pr Higgs boson in association with a high-pr jet to resolve the long- and short-distance contri-
butions to the gluon fusion process. Additionally, the boosted H — bb channel provides an
alternative approach to study the top Yukawa coupling beside the ttH process.

In this note, the results of the first inclusive search for the SM Higgs boson with H — bb decays
are reported, using the data set of pp collisions at /s = 13 TeV collected by the CMS detector at
the LHC in 2016, and corresponding to an integrated luminosity of 35.9 fb . The main experi-
mental difficulties for this search originate from the large cross section of background multijet
events at low dijet mass. In this analysis, a high-transverse-momentum jet from initial-state
radiation (ISR) produced in association with the Higgs boson, provides enough energy in the
event to satisfy on-line requirements. Combinatorial background is reduced by requiring the
resonance’s decay products to be clustered in a single jet. We then search for a resonance in the
jet mass distribution. The jet is required to have two-prong substructure and b-tagging consis-
tent with the H — bb signal. The dominant background from SM QCD multijet production are
estimated by simultaneously fitting events that pass and fail the b-tagging requirement. The
b-tagging algorithm is, by design, decorrelated from jet mass and pr. This is one of the key
features of this analysis, since it allows the use of the signal-depleted control region to predict
the shape of the QCD background in the signal region.

2 CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a
silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two endcap
sections. Forward calorimeters extend the pseudorapidity [13] coverage provided by the barrel
and endcap detectors. Muons are measured in gas-ionization detectors embedded in the steel
flux-return yoke outside the solenoid.

A more detailed description of the CMS detector, together with a definition of the coordinate
system used and the relevant kinematic variables, can be found in Ref. [13].
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3 Simulated samples

Simulated samples of signal and background events are produced using various Monte Carlo
(MC) event generators, with the CMS detector response modeled with using GEANT4 [14]. The
Higgs boson signal samples are produced using the POWHEG+MIiNLO [15, 16] event generator
with my = 125GeV. The aMC@NLO [17] generator is used for the diboson, W+jets, Z+jets
samples at leading order (LO) accuracy with MLM matching [18], while POWHEG is used to
model the tt and single-top processes [19-21]. For parton showering and hadronization the
POWHEG and MADGRAPH samples are interfaced with PYTHIAS8 [22, 23]. The PYTHIAS8 pa-
rameters for the underlying event description are set to the CUETP8M1 tune [24] based on the
Monash one [25]. The production cross sections for the diboson samples are rescaled to next-to-
next-leading-order (NNLO) accuracy with the MCFM generator [26]. Top quark pair production
is rescaled to the cross section computed with Top++ v2.0 [27] at NNLO. The cross sections for
the Wjets and Z+jets samples are rescaled to include higher order QCD and electroweak
(EWK) corrections and improve modeling of the high-pr W and Z events [28-31]. The parton
distribution functions (PDF) set used to produce the next-to-leading-order (NLO) samples is
the NLO NNPDEF3.0 set [32], while the LO NNPDEF3.0 one is used for the LO samples.

Computing the differential cross section in Higgs p for the gluon fusion production mode and
Higgs pt > 450 GeV poses a number of challenges. At low Higgs pr, the dominant contribu-
tions come from the application of higher order corrections which are large for loop-induced
processes. The dominant correction at values of the Higgs pr greater than approximately twice
the mass of the top quark originates from the resolved top quark loop (finite top mass correc-
tion) [33]. The resolved top quark loop induces a deficit in the production of Higgs bosons at
high pr relative to the case where the loop is unresolved, known as the effective field theory
(EFT) or my — co approximation.

In the interest of comparing with other CMS results, the POWHEG generator with Higgs matrix
elements up to 1 jet is used and tuned with the h-fact parameter set to 104.13 GeV in an attempt
to match the generated spectrum from HRes [34-36]. The resulting tuned Higgs generation is
normalized to the inclusive next-to-next-to-next-to-leading order (N*LO) accuracy. In addition,
an alternative approach is considered to get the highest order possible differential Higgs pr
spectrum [37-40], while preserving the finite top mass correction [41]. To account for both the
effects of higher order corrections and the resolved top loop, a multi-correction approach is
adopted [42, 43], that can be summarized as

MG LO 0 — 2jet m;
Powheg(1jet m; — oo)
NLO 1 jet m; N NNLO 1jet my — oo

LO1jet my NLO 1jetmy — o0

GF H(NNLO + m;) = Powheg(1jet m; — c0) X

)

Samples are generated at LO for the 0, 1, and 2 jet Higgs production with MADGRAPH (MG)
using the loopsy model [44], with a jet threshold of 20 GeV and then showered with the CKKW-
L scheme [10, 42, 45]. The higher order corrections to the loop incorporating a finite top mass
are obtained by scaling the 0 — 2 jet LO finite top mass sample by the approximate NLO/LO
correction [41]. The latter correction is the approximate NLO finite top mass correction ob-
tained by expanding the EFT in powers of 1/m? (NLO*) and it is found to be 2.0 4- 0.5 and
roughly constant as a function of pr. In the infinite top mass approximation, the NNLO to
NLO correction is found to be 1.25 £ 0.15 and is also roughly constant across pr [37, 38, 46, 47].

For Higgs pr > 450GeV, the correction to the default POWHEG is found to be 1.27 + 0.38,
resulting in a cross section of 31.7 = 9.5 for H — bb in the gluon fusion production mode. An



uncertainty of 30% is assigned from the comparison of several different predictions at high pr
including: (a) aMC@NLO EFT, NLO merged with FxFx scheme for 0 — 2 jets and corrected for
the finite top mass corrections with approximate NLO [10, 41] and normalized to the inclusive
NPLO; (b) the LO finite top mass 2 jet ME showered with the generic LO showering scheme in
PYTHIA. The generation scale is 20 GeV on the jet pt with an additional 30 GeV minimun pr
requirement on the second jet relative to the first jet, with NLO and NNLO+-1 jet scale factors
applied. This is found to give a higher prediction; (c) Same as the one described in Eqn. 1 but
with a larger merging scale of 100 GeV. The uncertainty associated with the modeling of the
GF Higgs pr spectrum is propagated to the overall normalization of the GF Higgs signal. In
addition, the shape of the GF Higgs pt distribution is allowed to vary depending on the Higgs
pt by up to 30% at 1000 GeV, without changing the overall normalization.

The pr spectrum of the Higgs boson for the vector boson fusion (VBF) production mode is re-
weighted to account for N>LO corrections to the cross section. The size of these corrections is
within a few percent at high pt [48] and they have negligible effect on the yield for this process
for events with Higgs pr > 450 GeV.

4 Event reconstruction and selection

The particle-flow event algorithm [49] is employed to reconstruct and identify each individual
particle with an optimized combination of information from the various elements of the CMS
detector. The algorithm identifies each reconstructed particle either as an electron, a muon,
a photon, a charged hadron, or a neutral hadron. The missing transverse momentum vector
is defined as the projection of the negative vectorial sum of the momenta of all particle-flow
candidates identified in the event, and its magnitude is referred to as ErTniss.

The particle-flow candidates are clustered into jets using the anti-kt algorithm [50] with a dis-
tance parameter R = 0.8 (AKS jets). To mitigate the effect of pileup, the pileup per particle
identification (PUPPI) algorithm [51] is used to weight the particle-flow candidates prior to
jet clustering based on the likelihood of originating from the primary vertex. Further correc-
tions are applied to the jet energy as a function of jet pseudorapidity () and pr to account for
detector non-linearities.

To isolate the Higgs boson signal and overcome trigger restrictions, a high-pr signal jet is re-
quired, which typically recoils against another high-pt ISR jet. Combinations of several online
selections are used, all requiring the total hadronic transverse energy in the event (Hr) or jet prt
to be above a given threshold. Extra requirements on the jet mass after removing remnants of
soft radiation with the jet trimming technique [52] are added to reduce the Ht or pr thresholds
in order to improve signal acceptance. The online selection is fully efficient at selecting events
offline with at least one AKS jet with pr > 450 GeV and || < 2.5.

Events containing identified and isolated electrons, muons, or taus with pr > 10GeV and
7| < 2.5(2.4,2.3) are vetoed to reduce backgrounds from SM electroweak processes. Since no
real EINSS is expected for signal events, events with EM > 140 GeV are removed in order to
further reduce top background contamination from tt.

The decay products of a high-pr H — bb system are reconstructed as one AKS8 jet. The highest
pr jet in the event is assumed to be the Higgs boson candidate, the H jet. The soft drop algo-
rithm [53, 54] is used to remove soft and wide-angle radiation with a soft radiation fraction z
greater than 0.1 and angular exponent parameter of f = 0. The soft drop jet mass mgsp peaks
at the Higgs boson mass for signal events and reduces the masses of jets from background
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quark- and gluon-initiated processes. Dedicated mass corrections [55] are derived from simu-
lation and data in a region enriched with tt events with merged W(qq) decays. They remove
the residual dependence on the jet pr and match the jet mass scale and resolution observed in
data. In this note, the scaling variable for QCD jets p, defined as p = log(m2,/p3) [53] is used
in the characterization of the correlation of jet substructure variables with the jet mass and pr.
Only events in the p range —6.0 < p < —2.1 are considered, to avoid instabilities at the edges
of the distribution due to finite cone effects from the AKS jet clustering (around p ~ —2), and
to avoid the non-perturbative regime of the soft drop mass calculation (below p ~ —6). This
requirement is fully efficient for the Higgs boson signal. The distributions of mgp and p for data
and simulation are shown in Fig. 1 for the full data sample, after the requirement on the jet pt
and the online selection.
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Figure 1: Data to simulation comparison of the p (top-left), msp (top-right), N%’DDT (bottom-left)
and double-b tagger (bottom-right) variables, after the requirement on the jet pt and the online
selection.

The N% variable [56], which is based on a ratio of 2-point and 3-point generalized energy
correlation functions (ECFs) [57], is exploited to determine how consistent a jet is with having
a two-prong substructure. N3 is computed from the jet constituents after applying the soft drop
grooming to the jet. For a two-prong structure, signal jets have a stronger 2-point correlation
than a 3-point correlation.

The Nj observable provides excellent performance in discriminating two-prong signal jets from
QCD background jets [56]. However, N21 and many other similar variables [58] are correlated
with the jet mass and pr. The decorrelation procedure uses simulated QCD events and defines
NyPPT to be N} — N} (26%), Where N} 59, is the 26% quantile of the N; distribution as function

of p and pt. This ensures that the selection N;’DDT < 0 yields a constant QCD background



efficiency of 26% across the whole p and pr range considered in this search. The distribution is
shown for data and simulated events in Fig. 1.

In order to select events for which the H jet is most likely to contain two b quarks, the double-b
tagger algorithm [59] is used. The double-b tagger aims to fully exploit the presence of two
b quarks inside an AKS jet and their topology in relation to the jet substructure, namely the
fact that the b hadron flight directions are strongly correlated with the energy flows of the two
subjets. Several observables exploiting the distinctive properties of b hadrons are used as input
variables to a multivariate algorithm, to distinguish between the H jet and the background from
QCD jets. Events are selected by requiring the double-b tag discriminator value be greater than
0.9, which corresponds to about 1% efficiency for QCD jets and 33% for H — bb signal. This
value has been optimized to maximize the sensitivity of the search. In Fig. 1, the double-b
tagger distribution is shown for data and simulated events.

Events are categorized depending on whether the jet has a double-b tag discriminator value
greater than 0.9 (passing region) or not (failing region). In Fig. 2, the mgp distribution is shown
for simulated signal events in both the passing and failing regions. Besides the dominant gluon
fusion process, other production mechanisms contribute to the SM Higgs boson signal yield
after the event selection. All the Higgs boson production mechanism contributions are taken
into account when extracting the signal contribution.
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Figure 2: The mgp distribution for simulated signal events after all the selection criteria in both
the passing and failing regions. The yield for each process is normalized to its cross section.

5 Background estimate

The W /Z+jets backgrounds are modeled using MC simulation as are the H signal processes.
The simulated W/Z+jets events are also corrected for NLO QCD and electroweak effects.
Other electroweak processes are estimated from simulation and found to be negligible.

The contribution of tt production to the total SM background is estimated to be less than 3%.
It is obtained from simulation corrected with scale factors derived from a tt-enriched control
sample, in which an isolated muon is required. The scale factors are treated as free parameters
in the maximum likelihood fit used to extract the signal. They multiply the tt contribution
in both the signal and control regions, correcting its overall normalization and the double-b
mistag efficiency for jets originating from top quark decays.



6 6 Systematic uncertainties

The main background component, QCD multijet production, in the signal-enriched passing
region is estimated from the signal-depleted failing region. Since the double-b tagger discrim-
inator value and the jet mass are largely uncorrelated, the passing and failing regions have
similar QCD jet mass distributions. A transfer factor F accounts for the residual difference in
the QCD jet mass shape between the two regions and is determined by a fit to the data. This
procedure is illustrated in Fig. 3.
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double-b tag = 0.9 —— ]
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Figure 3: double-b tagger vs. jet pr and mgp

If the double-b tagger discriminator value were completely uncorrelated from the jet pr and
mgp, the transfer factor would be constant. To account for deviations from this, F is Taylor-
expanded as a polynomial in p and pr, rather than mgp and pr, as the distribution of p is
expected to be roughly invariant in all regions of pr. For a given mgp and pr bin, the QCD
yields in the passing and failing regions are related to each other through the transfer factor
F(p,p1) = Lpsarep*ph. The QCD yield of the passing region in the i-th mgp bin, with cen-
tral value mgp; and j-th pr bin with value prj, corresponding to the midpoint of the bin in
logarithmic scale, is given by,

CD
Nge? (mspy, prj) = €20 (ZW(PZPT;) NP (mspi, prj) ()
¥

where €D, the polynomial coefficients ay,, and the QCD contribution in each bin of the failing

region, N SED(mSDi, pr;) are treated as free parameters determined by the fit to the data.

To determine the order of polynomial necessary to fit the data, an F-test is performed. Based
on its results, a polynomial second order in p and first order in pr was selected.

The mgp distribution is binned in 23 bins of 7 GeV width from 40 GeV to 201 GeV and the pr
distribution is binned in six bins of increasing width from 450GeV to 1TeV. The signal, tt,
and resonant electroweak backgrounds (W/Z) contributions are added as binned templates
derived from MC to both the failing and passing regions.

6 Systematic uncertainties

The uncertainties on the background from QCD multijet estimate originate from the parametric
uncertainties in the transfer factor fit.



The uncertainties from the tt-related scale factors are automatically propagated to the signal
extraction through the fit.

The nuisance parameters associated to the jet mass scale, jet mass resolution, and N;’DDT se-

7

lection efficiency uncertainties of the W, Z, and (bB) processes are 100% correlated. These
uncertainties are constrained using a sample of merged W jets in semileptonic tt events in data.
Using the same N3PP" selection as in this search, distribution of W jet mass in the passing and
failing regions in data and simulation are fit simultaneously to extract the tagging efficiency
of a merged W jet and the jet mass scale and resolution in simulation and in data. The differ-
ence between hadronically decaying W and H is estimated by comparing PYTHIA and HERWIG

showering algorithms, and found to be negligible.

The efficiency of the double-b tagger is measured in a data sample enriched in bb from gluon
splitting [59].

These scale factors and their uncertainties determine the initial values for the W, Z, and signal
shapes and they are then further constrained in the final fit in situ due to the presence of the W
and Z peaks in the jet mass distribution. Finally, additional systematic uncertainties are applied
to the W, Z, and H(bb) yields that are associated with higher-order corrections to the boson pr
distributions, jet energy scale and resolution [60], pileup modeling, and the integrated lumi-
nosity determination [61]. A quantitative summary of the systematic uncertainties considered
is shown in Table 1.

In order to validate the background estimation method and associated systematic uncertainties,
studies are performed on simulated samples injecting signal events and determining the bias
in the measured signal cross section. No significant bias is observed in these studies.

Table 1: Systematic uncertainties and their relative size.

Systematic uncertainty source Type (shape or normalization)  Relative size (or description)

QCD transfer factor both profile a;, and QCD normalization
Luminosity normalization 2.5%
V-tag (N3PPT) efficiency normalization 4.3%
Muon veto efficiency normalization 0.5%
Electron veto efficiency normalization 0.5%
Trigger efficiency normalization 4%
Muon ID efficiency shape up to 0.2%
Muon isolation efficiency shape up to 0.1%
Muon trigger efficiency shape up to 8%
tt normalization SF normalization from 1 CR: 8%
tt double-b mis-tag SF normalization from 1 CR: 15%
W /Z NLO QCD corrections normalization 10%
W/Z NLO EWK corrections normalization 15% — 35%
W /Z NLO EWK ratio decorrelation normalization 5% — 15%
double-b tagging efficiency normalization 4%
Jet energy scale normalization up to 10%
Jet energy resolution normalization up to 15%
Jet mass scale shape shift mgp peak by +0.4%
Jet mass resolution shape smear mgp distribution by £9%
Jet mass scale pr normalization 0.4%/100 GeV (pr)
Monte Carlo statistics normalization -
H pr correction (gluon fusion) both 30%
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7 Resulis

The estimation of the SM background processes and the extraction of a potential signal from SM
H — bb are performed simultaneously. The resonant Z signal is used as a standard candle to
simultaneously constrain the systematic uncertainties associated to it and the H boson. Results
are obtained from a combined binned maximum likelihood fit to the mgp distribution in data
in the passing and failing regions of each pr category, and in the tt-enriched control region.
The combined likelihood of the data for a given Higgs signal strength p; and Z signal strength
tz, L(data|um, pz), is given by the product of Poisson likelihoods in each bin multiplied by
external constraints for the nuisance parameters.

Fig. 4 shows the mgp distribution for data and measured SM background contributions in the
passing and failing regions. Contributions from W and Z boson production are clearly visible
in the data.
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Figure 4: Post-fit mgp distributions in data for the pass and fail regions and combined pr cate-
gories by using a polynomial 2nd order in p and 1st order in pr. The features at 166 GeV and
180 GeV in the mgp distribution are due to the kinematic selection on p, which affects each pr
category differently.

The measured Z boson signal strength is 7 = 0.78"075, which corresponds to an observed
significance of 5.1¢ with 5.8¢0" expected. This constitutes the first observation of the Z signal
in the single-jet topology, further validating the substructure and b-tagging strategy for the
Higgs boson search in the same topology. The measured cross section of the Z-+jets process
is 0.85f8:§? pb, which is consistent, within the uncertainty on the measurement, with the SM.
The measured H boson signal strength is pyy = 2.37]% and includes the corrections to the
pr described in Sec. 3. The observed py and the theoretical cross-section imply a measured
cross-section of 74J_rié tb, which is consistent, within the stated uncertainty, with the SM. The
observed (expected) significance is 1.5¢ (0.70).

Tab. 2 summarizes the measured signal strengths and significances for the Higgs and Z boson
processes. In particular, they are also reported for the case the corrections to the Higgs pt spec-
trum are not applied. Fig. 5 shows the profile likelihood test statistic scan in data as function of
the Higgs and Z signal strength parameters (uy, pz).
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H Hno pr corrections Z
Observed best fit pn =235 u =32757 uz = 0.78707%
Expected significance 0.7 (ug =1) 0.50 (ugy = 1) 580 (uz =1)
Observed significance 1.5¢ 1.60 51c

Table 2: Fitted signal strength and observed significance of the Higgs and Z signals.
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8 Conclusions

An inclusive search for the standard model Higgs boson decaying to bottom quark-antiquark
pairs with pr > 450GeV and reconstructed as a single jet has been presented using a data
sample of proton-proton collisions collected by CMS corresponding to 35.9 fb ! at /s = 13 TeV.
The Higgs jets are reconstructed with the anti-kt algorithm with radius R = 0.8 and identified
with the CMS double-b tag algorithm. The signal is then extracted on top of the falling QCD
soft drop mass distribution (including contributions from W, Z, and top background processes)
using an entirely data-driven QCD background prediction.

The analysis strategy is validated by extracting the signal strength of the Z-+jets process. The
Z+jets process is observed for the first time in the single-jet topology with a significance of
5.10.

The Higgs production is measured with a signal strength parameter of uy = 2.371% and an
observed significance of 1.5¢ (0.7c expected for the standard model Higgs) when including
Higgs pr spectrum corrections accounting for NLO and finite top mass effects. The measured
cross section of the H(bB) production for pr > 450 GeV is 741“25 fb, which is consistent with the
SM expectation within the uncertainty.
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