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This Letter presents the first search for bottom quark associated production of the standard model Higgs boson,
in final states with leptons. Higgs boson decays to pairs of tau leptons and pairs of leptonically decaying W
bosons are considered. The search is performed using data collected from 2016 to 2018 by the CMS experiment
in proton-proton collisions at a centre-of-mass energy of 13 TeV, corresponding to an integrated luminosity of
138 fb™". Upper limits at the 95% confidence level are placed on the signal strength for Higgs boson production
in association with bottom quarks; the observed (expected) upper limit is 3.7 (6.1) times the standard model

1. Introduction

The discovery of the Higgs boson (H) [1-3] by the ATLAS [4] and
CMS [5] Collaborations in 2012 was a milestone in the study of the
standard model (SM) of particle physics. A broad programme of mea-
surements, studying the properties of this newly found particle, has been
carried out over the subsequent decade [6,7].

The production of the SM Higgs boson at the CERN LHC can occur via
several mechanisms [8]; the dominant ones, listed in order of decreas-
ing production rate, are: gluon-gluon fusion (ggH), vector boson fusion
(VBF), Higgs-strahlung (VH), top quark associated production (ttH and
tH), and bottom quark associated production (bbH and bH, jointly re-
ferred to as bbH in this Letter). With the exception of the bbH and tH
processes, these production modes have all been observed [6,7]. With a
predicted production cross section of 0.48f8:i? pb, calculated assuming
a Higgs boson mass of 125.38 GeV in the four-flavour-scheme (4FS) and
5FS with Santander matching [8-15], bbH production occurs almost as
frequently as ttH production. However, distinguishing the Higgs boson
signal from backgrounds is experimentally more challenging for bbH
production than for ttH production, since the top quark decay products
provide a clear experimental signature. As such, ttH production was
already observed by both ATLAS [16] and CMS [17] in 2018. In addi-
tion to challenges related to the suppression of backgrounds, the bbH
process interferes with other Higgs boson production mechanisms [18].
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The destructive interference with Higgs boson production via ggH, in
particular, hinders the possibility of directly constraining the Yukawa
coupling between the Higgs boson and bottom quarks through studies
of this process. Measurements of Higgs boson decays to bottom quarks
provide more precise constraints on this Yukawa coupling, while bbH
production remains sensitive to the correlation between the Higgs boson
couplings to bottom and top quarks.

This Letter presents constraints on the production cross section of
the Higgs boson in association with b quarks, using the proton-proton
(pp) collision data set recorded by the CMS detector at \/E =13 TeV in
2016-2018. The search primarily targets Higgs boson decays into pairs
of tau leptons. Higgs boson decays to leptonically decaying W bosons
are also considered in the electron-muon pair final state. These decay
channels are chosen for their sizable branching fractions, in combination
with moderate backgrounds, which result from the presence of leptons
in the final state. Compared with previous searches performed by the
CMS experiment [19,20], this search is optimized to target the produc-
tion mechanism of the 125 GeV Higgs boson in the SM. Tabulated results
are provided in the HEPData record for this analysis [21].

2. Higgs boson production mechanisms and analysis strategy

Fig. 1 shows the main Feynman diagrams for Higgs boson production
in association with b quarks. The upper left diagram represents ggH pro-
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Fig. 1. Dominant Feynman diagrams contributing to Higgs boson production
in association with b quarks in the four-flavor-scheme [18,22]. The diagrams
initiated by gluons (quarks) are shown in the upper (lower) row. The red circle
is used to mark the Higgs boson coupling to b quarks, the green circle marks
the Higgs boson coupling to top quarks, and the blue circle marks the coupling
between the Higgs boson and vector bosons. In the ggH diagram (upper left),
the additional gluon is radiated from within the quark loop, although it can
equivalently radiate from one of the initial-state gluons.

duction with an additional gluon splitting into a bb pair. In this diagram,
the Higgs boson is produced via a quark (q) loop that mainly involves
the top quark. The production cross section is therefore dominated by
a contribution proportional to the square of the top quark Yukawa cou-
pling (y,). The theoretical production cross section for this process is
evaluated as the fraction of the next-to-leading order (NLO) in quan-
tum chromodynamics (QCD) ggH production cross section, calculated

in the 4FS [8], in which the gluon converts into a bb pair. This diagram
interferes destructively with the diagram in Fig. 1 (upper right), the pro-
duction of a Higgs boson and a bb pair via bottom quark fusion. The
production cross section of this process is proportional to the square of
the bottom quark Yukawa coupling (y,). Quark-initiated diagrams are
shown in Fig. 1 (lower): the Higgs boson is produced via the trilinear
coupling to vector bosons (HVV) on the left and via the coupling y, on
the right. In the Higgs-strahlung diagram on the lower left, the b quarks
are produced through the decay of an on-shell Z boson, and the diagram
includes only electroweak terms at leading order (LO). The resulting in-
terference with the diagram on the lower right is therefore negligible
with respect to the production cross section of the individual processes.
In this Letter, the Higgs-strahlung process (pp — Z(— bb)+H) is treated
as a background because of the different coupling structure. The same
treatment is reserved for the VBF production process with one or two
outgoing b quarks.

To distinguish the different contributions to Higgs boson production
in association with b quarks, we use the following notation:

- bbH( yﬁ) refers to b quark associated Higgs boson production via
Yukawa coupling to bottom quarks (e.g. the Feynman diagrams in
Fig. 1 (right));

. bBH( yf) marks Higgs boson production via a top quark loop; and

. bBH(yt y,) labels the interference term between the top-quark-
mediated and the bottom-quark-mediated production processes.

The inclusive production across these terms is labelled as bbH or
bBH(yb V)

The SM prediction for the bbH production cross section is there-
fore split into three contributions with the following production cross
sections [8-15,18,22]: 1.040 pb for bEH( yf) (NLO reweighted to next-
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to-next-to-NLO (NSLO) in QCD and NLO in electroweak), 0.482 pb for
be(ylzj) (NLO in QCD), and —0.033 pb for bbH(y, ;) (NLO in QCD),
amounting to a total predicted production cross section of 6(y,,y,) =
1.489 pb.

The bbH search presented in this Letter is performed in final states
of two oppositely charged leptons with different flavour, or hadronically
decaying tau lepton (1, ) candidates:

* two hadronically decaying tau leptons (t, 1, );

+ an electron and a hadronically decaying tau lepton (e, );
+ amuon and a hadronically decaying tau lepton (ut,);

+ an electron and a muon (ep).

The first three final states originate from the decay of the Higgs boson
to a pair of tau leptons, at least one of which decays hadronically. The
e final state originates either from a Higgs boson decaying to a pair of
tau leptons or from a Higgs boson decaying to a pair of W bosons. These
two decay chains result in a similar event topology, and are therefore
investigated as a single analysis channel. Final states with two electrons
or muons have not been considered due to the overwhelming Drell-Yan
background and low branching fractions.

3. The CMS detector

The CMS apparatus [5] is a multipurpose, nearly hermetic detector,
designed to trigger on [23,24] and identify electrons, muons, photons,
and hadrons [25-27] produced in proton-proton collisions. A “particle-
flow” (PF) algorithm [28] aims to reconstruct all individual particles
in an event, combining information provided by the all-silicon inner
tracker and by the crystal electromagnetic (ECAL) and brass-scintillator
hadron calorimeters, operating inside a 3.8 T superconducting solenoid,
with data from the gas-ionization muon detectors embedded in the flux-
return yoke outside the solenoid. The reconstructed particles are used to
build tau leptons, jets, and missing transverse momentum [29-31]. The
missing transverse momentum vector p;  is computed as the negative
vector sum of the transverse momenta of all the PF candidates in an
event, and its magnitude is denoted as py'*° [31]. The p1"™ is modified
to account for corrections to the energy scale of the reconstructed jets
in the event.

Events of interest are selected using a two-tiered trigger system. The
first level, composed of custom hardware processors, uses information
from the calorimeters and muon detectors to select events at a rate of
around 100 kHz within a fixed latency of about 4 ps [23]. The sec-
ond level, known as the high-level trigger (HLT), consists of a farm of
processors running a version of the full event reconstruction software
optimized for fast processing and reduces the event rate to around 1 kHz
before data storage [24].

A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic vari-
ables, can be found in Ref. [5].

4. Data and simulated samples

The pp collision data set used in this search was recorded by the
CMS experiment between 2016 and 2018, at a centre-of-mass energy of
13 TeV. It corresponds to a total integrated luminosity of 138 bl

Several different Monte Carlo (MC) event generators are used to
produce samples of simulated events of the signal and background pro-
cesses. The simulation of the bbH signal was performed at NLO in QCD
using the MADGRAPH5 aMC@NLO 2.6.1 generator [32]. Three sam-
ples of simulated events are used, corresponding to the three distinct
Higgs boson couplings contributing to the bbH process (ytz,, yt2, and
¥ Yp)- A sample of ggH events is simulated at NLO in QCD using the
MADGRAPH5_aMC@NLO 2.6.5 generator. Other Higgs boson production
mechanisms, including VBF, VH, and ttH are generated at NLO in QCD
with the POWHEG 2.0 generator [33-35].
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In all channels, the SM background is dominated by top quark-
antiquark pair production (tt) and by the production of a leptonically
decaying weak boson in association with jets (V +jets). A sample of
simulated tt events is generated with the POWHEG 2.0 generator at
NLO in QCD. The production of V +jets events is simulated with the
MADGRAPH5_ aMC@NLO 2.6.5 generator at NLO in QCD. Samples of
single top quark production events are generated at NLO in QCD with
the POWHEG 2.0 generator, while diboson events are produced at NLO
in QCD with the MADGRAPH5_aMC@NLO 2.6.5 generator, or with the
POWHEG generator, depending on the specific combination of vector
bosons studied. The background from SM events composed solely of
jets produced through the strong interaction, referred to as QCD multi-
jet events, is estimated from data as described in Section 6.

The NNPDF 3.1 [36] set of parton distribution functions (PDFs) at
next-to-NLO (NNLO) in QCD is used in all simulated samples. Parton
showering and hadronization are performed with PYTHIA 8.240 with
the CP5 [37,38] underlying event tune. The CMS detector response sim-
ulation is performed with GEANT4 [39] for all processes. In the samples
produced at NLO in QCD with MADGRAPH5_aMC@NLO, the FxFx jet
merging scheme is employed [40].

Event reconstruction in simulated samples and recorded data is per-
formed with the same software. The recorded data samples contain
additional pp interaction vertices from the same or nearby bunch cross-
ings (pileup). Such additional interaction vertices are generated with
PYTHIA and added to all simulated events in accordance with the ex-
pected pileup distribution. Corrections are applied to the simulated
samples to match the distribution of the pileup multiplicity measured
in the recorded data for each year.

5. Trigger and event selection

The online selection [24] for the Tt channel requires two hadron-
ically decaying tau leptons. In the pt, (et,) channel the presence of a
muon (electron) is required, and in the ey channel a muon-electron pair
must be present. In all channels, the selected leptons (¢) or hadronically
decaying tau leptons (1, ) are required to match the objects used in the
online event selection.

The following selection criteria are common across all channels:

* there must be a 7, 7,, €1, 1T, Or el pair with opposite electric
charge. No additional electrons or muons, passing loose identifica-
tion criteria, may be present in the event;

* the leptons and 1, candidates must be separated by AR =

\% (Aqb)2 + (An)2 >0.5(0.3) in the 1, 7, , et,, and pt, (ep) channels.
Here, ¢ and 7 refer to the azimuthal angle and the pseudorapidity
of the object, respectively;

« there must be either one or two jets identified as originating from
a b quark.

Across all channels, jets are selected if they have p; > 20 GeV,
|n| < 2.4, and if they pass quality criteria based on the jet shape. Jet
constituents coming from pileup interactions are subtracted. Jets orig-
inating from b quarks are identified with the DEEPJET algorithm [41],
which uses information on tracks and secondary vertices associated with
the jet to identify its type (g, u/d/s, c, or b). In this Letter an efficiency
of 75% for b tagging is chosen, corresponding to a mistagging probabil-
ity for jets originating from gluons or light quarks of about 3%.

In the 7, 7, channel, two isolated t, candidates with p;. > 40 GeV and
|7] < 2.1 are required. To distinguish genuine t, decays from jets orig-
inating from the hadronization of quarks or gluons, and from electrons
or muons, the DEEPTAU algorithm [42] is used. Information from all
individually reconstructed particles near the 1, candidate axis is com-
bined with properties of the 1, candidate and of the event. Genuine 1,
candidates are selected with an efficiency of 70% for a jet misidentifica-
tion rate of approximately 0.43%, averaging across jet p;. and flavour.
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The misidentification rates of electrons and muons as t
approximately 3% and 0.2%.

In the et , ut; , and e channels, electrons and muons coming from
W boson or tau lepton decays are treated according to the standard CMS
reconstruction for electrons and muons [25,26].

In the et, and prt, channels, the leptonically decaying tau lepton
(t,) must have p at least 1 GeV above the trigger threshold. The elec-
tron is required to have || <2.1 and p; > 26(33) GeV in the analysis of
2016 (2017, 2018) data, while the muon is required to have |7| < 2.1
and p; > 23(25) GeV for the 2016 (2017, 2018) data-taking period.
Quality criteria are used to select the leptons based on their relative iso-
lation from surrounding hadronic activity and the reconstruction quality
of their tracks and energy deposits in the CMS subdetectors. The t, can-
didates are required to have p. > 30 GeV, |»| < 2.3, and to satisfy the
same quality criteria as are applied in the 7, 7, channel. To suppress the
Drell-Yan background contribution, we use the DEEPTAU algorithm to
reject electrons and muons that mimic 1, signatures. The residual elec-
tron (muon) misidentification rate is 3% (< 0.1%) [42]. The invariant

mass between the 5. and the lepton p, calculated as

h candidates are

s B) = 207 P01 — cos[Ap(Br. 5] d M

is required to be smaller than 60 GeV to reduce the contribution from
W +jets events. This also results in the rejection of H - WW events; the
residual contribution of such events is around 50 times smaller than the
H — 17 signal yield in the et and pt, channels.

In the ey channel, both the electron and the muon are required to
have p;. > 15 GeV and |5| < 2.4, and to pass loose reconstruction crite-
ria. As a result of the kinematical similarities for electron-muon pairs
originating from H - WW and H — 11 decays, as well as the overlap in
acceptance, these decays were studied in a single analysis channel.

6. Background estimation

A multitude of background processes contribute to the presented
search. Those backgrounds that include genuine hadronically decaying
tau leptons, prompt leptons, or leptons misidentified as t, candidates
are estimated from simulated events. Notable contributions to these
backgrounds originate from DY + jets, diboson, and tt production in the
absence of jets misidentified as t, candidates. Corrections are derived
in sideband regions to better describe the data recorded by the CMS
experiment. Processes involving jets misidentified as t, candidates and
nonprompt leptons, appearing in multijet topologies, are estimated us-
ing control regions (CRs) in data, as discussed in the following section.

6.1. Methods based on control regions in data

In the 7, 7,, et,, and ut, final states, a large fraction of the back-
ground consists of jets misidentified as hadronic tau lepton decays. This
contribution is estimated with the “fake factor” (F;) method, as de-
scribed in Ref. [43]. The shape of the misidentified T, background is
estimated from a CR obtained by inverting the isolation criterion for
the leading 1, candidate. This CR is thus enriched in jets misidentified
as 1, candidates. The background shape is retrieved via event weights,
denoted Fy, that are derived in determination regions (DRs) targeting
a specific source of jet contamination. For the 1, 7, channel only a QCD
multijet DR is used, whereas the e1, and pt, channels require two ad-
ditional DRs: one enriched in W +jets events and one enriched in tt
events. The weights evaluated in these DRs are parameterized as a func-
tion of the transverse momenta of the 1, candidates, and their angular
separation, for the 7,7, channel. In the et, and ut, channels, they are
parameterized as a function of the t, candidate p;. The parameteriza-
tion in the 7, 7, channel also depends on other event properties, such as
the number of gluon and light-flavour quark jets or b jets, and the pi™™".
The weighted sum of these Fy; is then used to estimate the misidentified

T, contribution to the signal region.
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In the ep channel, the QCD multijet background is estimated from
events with a reconstructed electron-muon pair with the same electric
charge. A transfer factor between this region, and the one where the
leptons have opposite charge, is determined in events where the muon
isolation requirement is inverted. The transfer factor is determined as a
function of the lepton momenta, their angular separation, and the num-
ber of jets in the event. This background estimation method is commonly
referred to as the “ABCD” method (discussed in Refs. [44,45]).

6.2. Other backgrounds

Other background processes are estimated from simulation. They are
corrected to better describe the recorded data separately for each data-
taking period.

Corrections are mostly determined in dedicated sideband regions,
orthogonal to the event selection described in Section 5. For example,
single-lepton trigger efficiencies are computed for the et; and pt, chan-
nels using Z — ¢ enriched CRs, while those for the combined triggers
requiring two t, candidates or an electron and muon pair are deter-
mined, respectively, in a ut, - and a tt-enriched CR.

Simulation-to-data correction factors are applied to the simulated
samples to correct for the mismodelling of the electron and muon identi-
fication and isolation efficiencies, and for the T, candidate identification
efficiency and energy scale. The light lepton efficiencies are measured as
a function of the lepton p. and ||, using a “tag-and-probe” technique in
Z — ee and Z — pu events [26]. Correction factors for genuine 1, can-
didates are determined based on their decay mode and p, while those
for misidentified electrons or muons depend on # [42].

Jet energy and resolution corrections are applied to mitigate the
effect of pileup interactions and detector inefficiencies during data tak-
ing [46]. Measurements of the momentum balance in dijet, y + jet,
Z + jet, and multijet events are used to correct for any residual differ-
ences in the jet energy scale between data and simulation [30].

To each reconstructed jet with p;. > 20 GeV, b tagging scale factors
are applied. The b tagging score is weighted based on a multivariate
classifier using several jet properties to improve the data modelling [47].

The Z boson mass and momentum are corrected from Z — uL events
as a function of the lepton p; and 5. The p; spectrum in tt events is
weighted to better describe the data, following the method described in
Ref. [48].

7. Event classification

To improve the separation of signal from the background, boosted
decision trees (BDTs) are used to classify events into distinct categories.
Multiclass BDT models were trained for each channel and data-taking
period. The output categories were chosen to reflect the different back-
ground compositions in each channel.

For an event, each trained BDT model returns a number of output
scores equal to the number of output categories. The scores are then
normalized so that their sum is equal to 1. Each output score is therefore
interpreted as the probability for the event to originate from one of the
physical processes targeting the associated category. Events are sorted
into the category for which the output score is the highest.

All BDT models have a dedicated category targeting H — 1t decays,
trained on the bBH(yi) and bBH(ytz) processes. The interference term
was not used in the BDT training due to the low acceptance. Other
common categories target the DY +jets (DY) and tt (TT) background
processes, as their signatures in the detector resemble those of b quark
associated Higgs boson production in final states involving tau leptons.
The ep channel has an additional signal category, targeting Higgs boson
decays to W bosons. As the sensitivity of this channel is driven by the
H — WW process, the BDT is trained to optimize the separation between
this signal and the tt background. In the 7,7, channel the contribu-

tion of QCD multijet production with jets misidentified as t, candidates
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Table 1
Summary of the BDT categories defined for each channel.
Channel ep oy, T, Ty
BDT Categories Dy, TT, Dy, TT, DY+Higgs, TT,
bbH (—» WW), bbH (- 11) =T, misid.,
bBH (—=11) bEH (= 11)

Table 2

Input variables to the BDT classifiers used in each of the studied
channels. Each variable is marked with the v symbol if it is used
for the training of the BDT models in a particular channel, or the
X symbol if it is not used. Variables associated with the di-lepton
system and serving as estimators for the Higgs boson properties
are the most significant in the training.

N
A

Variable eun h T, T

My

pT,n
mT,mt
Prot

My

X NSNS X X
XNX X SN

Meon

my
D,

miss

Pr

X NN SSIX XSS

X N\ X
N X X

Electron p;.

Muon p.

pr of leading t,

pr of trailing T,

An between lepton and t,

X X X NN
CX X X X
X NN X X

Number of b-tagged jets

py of leading b-tagged jet

py of trailing b-tagged jet

B tag score for leading b-tagged jet

An between di-t p; and leading b-tagged jet
B tag score for trailing b-tagged jet

X X X X NN
NSNS X

Number of jets

py of leading jet

pr of trailing jet
Dijet invariant mass
Dijet An

SSSSSN SIXSXSSN

N X SNS
X X X X X

(j— 1, misid.) to the total background is larger than in the other chan-
nels and was therefore assigned to a dedicated category.

Additional BDT models incorporating a further background category
targeting other Higgs boson production mechanisms, such as the Higgs-
strahlung process with a Z boson decaying into a pair of b quarks, were

trained. These models identified the bbH process less efficiently, with
a marginal improvement found only in the 7, t, channel. After apply-
ing the event selection introduced in Section 5, only a small number of
events is left in this Higgs category, which is therefore merged with the
DY +jets category for the statistical inference.

A summary of the BDT categories used in each channel is shown in
Table 1. Although the label “TT” is used in all categories, the tt events
used in each trained model differ: in the 1, 7, channel only events with
genuine 1, candidates are targeted by the “TT” category, in the other
channels the “TT” categories target tt events with no further selection.

As shown in Table 2, the set of variables used in the BDT training dif-
fers slightly across channels. Each set was chosen based on the potential
separation between the bbH signals from the various backgrounds in
each channel. Variables that were not satisfactorily modelled in the MC
samples used to train the BDT models were removed from a set to avoid
introducing a bias in the relative channel towards a specific category. In
cases where the mismodelling was specifically found for one year of data
taking, the variable was nonetheless removed from the training set for
all BDT models related to that channel. Several input features are based
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on approximations of the Higgs boson invariant mass and transverse
momentum. These event properties bring the best separation power be-
tween the bbH process and the backgrounds. In the et,, ut,, and 1,7,
channels, a dedicated likelihood-based algorithm, SVFIT [49], is used to
reconstruct the kinematical properties of the di-tau system based on the
momentum of the individual tau leptons, their decay modes, and the

p?iss. The resulting di-tau mass and momentum are labelled as m__ and

P11+ The kinematical properties of individual tau leptons are addition-
ally used as separate input features in the 1,7, channel.

Other variables related to the di-tau system are the collinear di-tau
mass (m, ), the invariant mass of the visible tau decay product sys-
tem (m,;,), and the pseudorapidity separation between the visible decay
products of the tau leptons (A a ). The collinear mass is reconstructed
assuming that the neutrinos produced in tau lepton decays are collinear
with the visible tau lepton decay products. It is defined as [50]:

mVlS . (2)

¢ Th
Pr Pr

Meon =

£, miss T miss
prHpr ptpy

Both m_;, and m__ are insensitive to H — WW decays due to their dif-

ferent p?iss distribution.

A similar assumption for the neutrino direction of flight underpins
the introduction of the D, variable. This is defined as the linear combi-
nation of the projection of the p?iss along the bisector of the leptons or

T candidates (f ) and the momentum of the dilepton (or lepton plus Th)
- tot

system (pp):

_ ,miss _ vis
D, =p"™* - 0385p,", 3
with
pzniss =ﬁ;niss . éc and pzis =1—J>Ttot . éc 4)

The value of 0.85 was optimized to maximize the separation power
between resonant T, decays from Higgs or Z bosons and the more

isotropic neutrino emissions found in tt or Higgs boson decays to W
bosons [51].

The transverse mass (m), introduced in Eq. (1), is calculated using
different objects, depending on the channel. In the et, and pt, chan-
nels, the transverse mass is computed from the charged lepton and the
missing transverse momentum. The observable is used to reduce the
background contribution from electroweak processes in these channels.
In the ep channel, m . is used to compute the total transverse mass of
the electron, muon, and missing transverse momentum system:

Mp o = \/ myp(p,e)” + mp(e, i) + mp(u, P, 5)
with py  being the corresponding total transverse momentum. The two
variables are used as estimators of the Higgs boson transverse mass and
momentum for both the H — tt and H - WW decays.

Other features that enter the BDT training relate to the reconstructed
jets.

As discussed in the next sections, the limits on the bbH production
cross section are extracted from a combined fit of the distributions of
the BDT scores across all categories. Fig. 2 shows these distributions
for the H — 11 categories in the T The €Tho and uty, channels, and for
the H - WW category in the eu channel. The lower-BDT score regions
are dominated by background processes, while the higher-score regions
show an increasing contribution from the bbH process.

8. Systematic uncertainties
The uncertainty model includes theoretical uncertainties, experi-

mental uncertainties, and uncertainties due to the limited size of the
simulated samples of events.
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Theoretical uncertainties include those in the parameters used to
compute the production cross section predictions. These are uncertain-
ties in the chosen value of the strong coupling, the uncertainty coming
from higher-order QCD and EW corrections, and effects due to the vari-
ation of the renormalization and factorization scales. Uncertainties from
higher-order corrections to the bbH production cross section lead to a

normalization uncertainty ranging from —24% to 20% for the bEH(yi)

and bBH(yt ) processes, and —6.7% to 4.6% for ggH production. An
additional uncertainty ranging from —31% to 47% is introduced to
cover theoretical uncertainties in the additional gluon splitting to bb
(bbH()) [8,22].

The scale variation uncertainties not only affect the process normal-
ization, but also the shapes of the distributions used for the statistical
inference. These variations are computed by independently multiplying
and dividing these scales by a factor of two with respect to their theo-
retical predictions, and re-evaluating the bbH production cross section.
Additional uncertainties are introduced to cover the scale variation ef-
fects on the parton shower.

Uncertainties that affect only the normalization of the distributions
used for the statistical inference follow a log-normal probability density
function, and are labelled ‘InN’ in Table 3. Some of the most notable are:

the uncertainty in the integrated luminosity measurement, partially
correlated between the different data-taking periods. The integrated
luminosities for the 2016, 2017, and 2018 data-taking years have
individual uncertainties ranging from 1.2 to 2.5% [52-54], while
the overall uncertainty for the 2016-2018 period is 1.6%;

the electron and muon identification efficiency uncertainties are
estimated to be approximately 2%;

the uncertainties in the misidentification rate of electrons and
muons to T, depend on the 1, 5, and are estimated to be 7.5% and
6%, respectively;

the production cross section uncertainties are estimated as 5% for
the diboson and single top quark processes [55,56], 6% for tt [57,
581, 4% for the W +jets process [59], 2% for DY +jets [59,60], and
15% for ttV +jets [61].

Uncertainties in the energy scale of objects such as jets, 1,, and
pITIliSS alter the distributions of the input features to the BDT models,
and as such modify the shape of the BDT score distribution. The jet
energy is corrected based on sources such as the detector efficiency
during data taking, pileup interactions, and the clustering efficiency.
The corresponding uncertainties are divided into groups depending
on whether they are correlated across data-taking years and chan-
nels, or uncorrelated. They are shown in Table 3 as Jet ES and Jet
energy resolution, and their values depend primarily on the jet p;.
These corrections are propagated to the pI'**, in addition to those
accounting for PF candidates that are not clustered within jets. The
T, identification and energy scale depend on the 1, candidate de-
cay mode (DM) and Pr- Additional uncertainties cover the energy
scales of prompt and misidentified electrons and muons, and the
pr_;lss

The estimation of background contributions originating from non-
prompt or misidentified leptons and jets leads to additional uncertain-
ties. The “ABCD” method for the eu channel and the F; method for
the 7,7, , et;, and ut, channels introduce shape-altering uncertainties
pertaining to the statistical uncertainties in the samples used for the
measurement of the extrapolation scale factors, the misidentification
rate for jets as leptons or t,, and closure tests on observables used in
the analysis. Nonclosure uncertainties, generally below 5-7% across the
studied parameter space, cover the residual disagreement in the back-
ground modelling.

The shape correction for the b tagging classifier introduces shape-

altering effects on the BDT score. Further uncertainties originate from
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Fig. 2. The BDT H — 17 class output score distributions for the t,t, (upper left), et, (upper right), and put, (lower left) channels; and the H — WW output score
for the ep channel (lower right). The bin widths in the different channels were optimized independently, considering the analysis sensitivity as well as the size of
statistical uncertainties in the simulated templates. The bbH signal is multiplied by a factor of 50, while all other processes are scaled according to a combined fit of
all BDT categories for all channels and years used in this analysis. The total uncertainty includes the statistical and systematic uncertainties. Electroweak processes
in the figure include diboson, W + jets, and single top quark production. For channels involving 1, candidates, the j — 1, misid contribution is estimated from data
with the F; method and grouped together. Simulated events with jets misidentified as t, candidates are removed from the electroweak, DY +jets, and tt groups.
For the ep channel, the QCD multijet process is estimated using the “ABCD” method. The H(125) group includes processes where a Higgs boson is produced not in
association with b quarks, including the top quark associated production and Higgs-strahlung processes, since the b jets in these events originate from the top quark

and vector boson decays.

the correction of the top quark and Z boson p, spectra in the tt [62] and
DY +jets processes, respectively. For both, the uncertainty is estimated
as the size of the correction itself.

During the 2016 and 2017 data-taking periods, an increase in the
offset of the ECAL timing pulse led the Level-1 trigger relying on ECAL
to fire on the previous bunch crossing (prefiring). An uncertainty, neg-
ligible in some cases and ranging up to 4%, is introduced to account for
this phenomenon.

Uncertainties accounting for the finite sizes of the simulated event
samples, and the sideband regions used for the data-driven back-
ground estimates, are incorporated via the Barlow-Beeston “light” pro-
cedure [63,64].

9. Results

The statistical analysis is performed via a simultaneous binned max-
imum likelihood fit to the data in all BDT categories described in Sec-

tion 7. The results were obtained using the CMS statistical analysis tool
COMBINE [65].

Upper limits at the 95% confidence level (CL) are set, considering
as signal the sum of the bEH(yi) and bEH(yf) contributions together
with their interference term. These sum up to a total cross section of
O theory = 1.489 pb. Limits are placed on the ratio between the measured
cross section and its theoretical prediction:

o(pp — bbH(y,,3,))
u= , (6)

o-theory

which is referred to as the signal strength.

The upper limits are set using the modified frequentist CL, crite-
rion [66,67], with the profile likelihood ratio modified for upper lim-
its [68] as the test statistic. The asymptotic approximation [69] is used in
the limit setting procedure. To extract the two-dimensional constraints
presented later in this section, we use the profile likelihood ratio from
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Summary table of the systematic uncertainties affecting the background processes. For uncertainties
that vary significantly depending on the kinematic properties of the event, a range indicates the typical
size of the uncertainty. The labels ‘InN’ and ‘shape’ are used, respectively, for uncertainties affecting
only the process normalization or having shape-altering effects.

Description Value Templates affected Type
Luminosity 2016: 1.2% MC InN
2017: 2.3%
2018: 2.5%
Production cross section 2% DY InN
6% tt InN
4% W +jets InN
5% \A% InN
5% single top InN
15% ttV +jets InN
0.5-8% H (except bbH) InN
H — 17 branching fraction 2.1% H-11 InN
H — WW branching fraction 1.5% H->WW InN
ag variation 3.2% bbH InN
/e identification 2%. MC InN
ey trigger 1.5% MC InN
Single y/e trigger pr and 7 dep. (<1%) MC shape
T, trigger pr and DM dep. (<5%) MC shape
b tagging 1-9% MC shape
u(e) — t, fake rate . dep. (1-7%) MC with Z — 1, shape
W
1, identification pr and DM dep. (2-3%) MC shape
T, energy scale DM dep. (1%) MC shape
Jet energy scale 5-10% MC shape
Jet energy resolution 2-5% MC shape
pr " unclustered energy scale 5-10% MC shape
Top quark p;. reweighting <10% tt, single top shape
Z boson p;. reweighting <5% DY shape
QCD multijet unc. 10-15% nonprompt ¢ shape
F; uncertainties 1-5% j— 1, fakes shape
Prefiring 0.5-1% MC InN
Bin-by-bin stat. unc. VN events All shape

Ref. [68] as the test statistic. The 68% (95%) confidence intervals are
constructed as the union of points for which the difference in twice
the negative log-likelihood with respect to the minimum is below 2.28
(5.99). In all cases, the experimental and theoretical uncertainties are
incorporated in the likelihood as nuisance parameters.

The 95% CL upper limits on the signal strength are shown in Fig. 3.
These limits are obtained by coherently varying all contributions to
the production cross section considered, namely those depending on
Yukawa couplings to the bottom or top quark and their interference
term. The combination of all channels yields an observed (expected)
upper limit of 3.7 (6.1) at 95% CL.

Varying each contribution separately makes it possible to constrain
the coupling structure of the Higgs boson. This is done by introducing
the coupling scaling parameters «, and k, , which represent deviations
from the SM expectation in the Higgs boson coupling strengths, and
performing a likelihood ratio scan over the «, -k, parameter space. To
account for the bottom quark contribution to the quark loop in the
bBH(yf) process, this contribution is scaled by 1.041<t2 — 0.04x x, +

0.0021<§ [8], while the bBH(y%) contribution and the interference term

are scaled by Kﬁ and K, k,, respectively. To constrain the x, parameter,
the results obtained in this analysis have been combined with the Higgs
boson production cross section measurement in final states with two tau
leptons [70] previously published by the CMS Collaboration. The pub-
lished measurement required the absence of b-tagged jets, meaning that
its limits on k are entirely derived from the constraints on the Higgs
boson decay width that are present in the coupling modifier model. The
combination was performed at the level of the inputs for the statistical

inference, because the presence of a b jet veto in Ref. [70] makes that
measurement orthogonal to the search presented here.

The expected constraints in the -k, parameter space are shown
in Fig. 4 for the previous CMS results in red, and in combination with
the study presented in this Letter in green. A noticeable improvement
in the constraint on the x, parameter, shown by the tightening of the
68% confidence interval contour, is observed in the combined limits.
The constraints observed when fitting to the data are shown in blue,
with the best fit point found at the coordinates (x,, k;,) = (=0.73, 1.58).
The limits are compatible with the SM expectation at 95% CL. In this
fit the x, and x, parameters are left freely floating, together with the
coupling modifier for the tau leptons Yukawa coupling (x_); the other
coupling parameters are fixed to their SM values. This means some of the
constraints on k; are indirect, from assumptions on the total Higgs boson
decay width. The effects of these constraints can be observed in the red
contours in Fig. 4, as the measurement of the H — 17 production cross
section from Ref. [70] did not include Higgs boson production processes
involving the k; coupling, beyond its contribution to the quark loop in
the ggH process.

Most of the considered processes are not sensitive to the sign of
the Yukawa couplings, leading to a partial degeneracy with respect to
the coupling sign. This is more noticeable for k,, since the degener-

acy is only broken by the bbH( ¥, Jp) interference term and the different

flavour contributions to the quark loop in the ggH process. The observed
limits on «, show a slight preference for negative values and are com-

patible with the SM prediction at 95% CL. The observed limits on x;
exclude x; =0 at 95% CL and are also compatible within 68% CL with
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Fig. 3. Upper limits at the 95% CL on the signal strength for the pp — bBH(yb, ¥,) process. The terms in which the Higgs boson is produced via Yukawa couplings
with top or bottom quarks contribute to the estimated relative production cross sections. The interference term between these contributions is also accounted for.
The pp — Z(— bb)H process is treated as a background in this search. The theoretical prediction, shown as a red line placed at 1, corresponds to the estimated
production cross section of 1.489 pb. The black markers show the observed limits, and the dashed lines with the yellow and blue uncertainty bands represent the
expected upper limits with their 68% and 95% central intervals.
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Fig. 4. Two-dimensional confidence intervals on the «, and k, parameters for the channels studied in this search. Expected limits are shown in red for the H — 1t
cross section measurement [70] performed for other Higgs boson production mechanisms and in green for the combination with the analysis presented in this Letter.
The observed constraints are shown in blue, with a cross marking the best fit point. A green diamond is placed to mark the SM expectation. Solid lines with shaded
areas mark the 68% confidence interval contours, and dashed lines mark the 95% confidence interval.

those measured in a combined fit of Higgs boson production and de- 10. Summary

cay channels, including H — bb, performed by the CMS Collaboration

with data collected in Run 2 [7]. At present, the uncertainty in the A search for the 125 GeV Higgs boson produced in association with
measurement is around 7 times larger than the established constraints bottom quarks and decaying into a pair of tau leptons or W bosons has
provided by the analysis of Higgs boson decays. been presented. The search was performed on data collected by the
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CMS experiment in the period 2016-2018 at a centre-of-mass energy
of \/; =13 TeV, corresponding to an integrated luminosity of 138 [
This search was performed in four final states: 1,1, , et,, U1, , and ep.
Higgs boson decays to tau leptons were targeted in all four final states,
while H - WW decays contributed only in the ep channel as a result of
the kinematical similarities between the two decay processes. At the cur-
rent level of precision, the background processes provide an adequate
description of the observed data, and no significant excess above the
background-only expectation was found. The observed (expected) upper
limit at the 95% confidence level (CL) on the joint bH and bbH pro-
duction cross section is 3.7 (6.1) times the standard model prediction.
The search also constrained the Higgs Yukawa couplings to bottom and
top quarks in the k-model interpretation. The best fit value for the cou-
pling modifiers was found to be (k,,x;) = (=0.73,1.58). The observed
constraints are compatible with the standard model expectation at the
95% CL.
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