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Abstract A search for ZZ and ZH production in the bbbb
final state is presented, where H is the standard model (SM)
Higgs boson. The search uses an event sample of proton-
proton collisions corresponding to an integrated luminosity
of 133 fb~! collected at a center-of-mass energy of 13 TeV
with the CMS detector at the CERN LHC. The analysis intro-
duces several novel techniques for deriving and validating a
multi-dimensional background model based on control sam-
ples in data. A multiclass multivariate classifier customized
for the bbbb final state is developed to derive the background
model and extract the signal. The data are found to be con-
sistent, within uncertainties, with the SM predictions. The
observed (expected) upper limits at 95% confidence level are
found to be 3.8 (3.8) and 5.0 (2.9) times the SM prediction
for the ZZ and ZH production cross sections, respectively.

1 Introduction

The observation of Higgs boson pair (HH) production is an
important goal of the High-Luminosity LHC (HL-LHC) pro-
gram [1]. This process is sensitive to the self-coupling (1) of
the Higgs boson, a crucial parameter of the standard model
(SM) that has not yet been measured [2]. Estimates of the sen-
sitivity to the HH processes indicate that the SM cross section
is at the edge of what is observable with an integrated lumi-
nosity of 3000 fb—! at the HL-LHC [3]. An observation of HH
production and a measurement of A will require the combina-
tion of the bbyy, bbtt, and bbbb (4b) decay modes [4—10].
The 4b channel has the largest HH decay branching fraction
but suffers from a large background composed of jets pro-
duced through the strong interaction, referred to as quantum
chromodynamic (QCD) multijet events. This background is
challenging to model with simulation; the QCD multijet pre-
dictions lack sufficient accuracy and it is not possible to gen-
erate sufficiently large samples. Extracting all available infor-
mation from the 4b decay mode will thus require the devel-
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opment and validation of a multi-dimensional background
model based on control samples in data.

Inprevious HH — 4b searches [4,9,11-15], the QCD mul-
tijet background is determined in a signal-free control region
using a variant of the “ABCD” or matrix method [16-18].
The background prediction in the signal region (SR) requires
an extrapolation to a different region of phase space. This
extrapolation is a significant source of systematic uncertainty
that limits the ultimate sensitivity of the analysis. A com-
mon approach for assessing this extrapolation uncertainty
is to validate the background prediction in a third, statisti-
cally independent validation region (VR) [4,9,11-15] that
is dominated by background. This strategy can address how
accurately the background model extrapolates to a different
region of phase space, but does not directly test the extrap-
olation into the SR. In addition, it inevitably suffers from a
lack of statistical power in the phase space with the high-
est signal-to-background ratio; the selection that makes the
VR background-dominated depletes the most sensitive phase
space of the SR.

This paper introduces a new method to overcome these
limitations by validating the background model with data
samples obtained using hemisphere mixing [19,20], referred
to as synthetic data samples. These synthetic data samples
allow for the validation of the extrapolation of the back-
ground model to the relevant SR and avoid the problem of
low statistical power in the most signal-like phase space. This
technique also provides a way to determine the expected vari-
ance of the background prediction, resulting from the finite
size of the data sample used to fit the model.

TheZZ — 4bandZH — 4b processes share the final state
and all the experimental challenges of the HH — 4b analysis,
but have production cross sections that are expected to be 31
(ZZ) [21] and 8 (ZH) [22] times larger than HH. In addition,
the ZZ and ZH processes are well established experimentally,
both having been observed and measured using channels in
which the Z decays to leptons [23-27].

This paper presents a search for ZZ — 4b and ZH — 4b
production using 133 fb~! of proton-proton (pp) collisions at
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/s = 13 TeV, collected by the CMS experiment at the LHC.
The analysis introduces several new techniques for deriving
and validating the background model. A multiclass multi-
variate classifier, which uses convolutional layers to solve the
combinatoric jet-pairing problem, has been designed with an
architecture customized to the 4b final state. The classifier
is used both for signal-versus-background discrimination as
well as for the derivation and validation of the background
model. While these techniques are developed and demon-
strated in the ZZ and ZH — 4b searches, they are directly
applicable to the HH — 4b analysis and the measurement
of A.

The remainder of the paper is organized as follows. The
CMS detector and the reconstruction and identification of
physics objects used in this analysis are described in Sect. 2.
Section 3 discusses the data and the simulated events used.
Details of the event selection are presented in Sect. 4. Sec-
tion 5 describes the architecture of the multivariate classi-
fier used throughout the analysis. The background modeling
method is described in Sect. 6 and its validation in Sect. 7.
The construction of the synthetic data samples are described
in Sect. 7.1, and the evaluation of the background uncertain-
ties in Sect. 7.2. Other sources of systematic uncertainty are
detailed in Sect. 8. Finally, the results are reported in Sect. 9
and a summary is provided in Sect. 10. The tabulated results
are provided in a HEPData record [28].

2 The CMS detector

The CMS apparatus [29,30] is a multipurpose, nearly her-
metic detector, designed to trigger on [31,32] and identify
electrons, muons, photons, and (charged and neutral) hadrons
[33-35]. The central feature of the CMS detector is a super-
conducting solenoid, providing a magnetic field of 3.8 T.
Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter,
and a brass and scintillator hadron calorimeter, each com-
posed of a barrel and two endcap sections. Forward calorime-
ters extend the pseudorapidity (1) coverage provided by the
barrel and endcap detectors. Muons are detected in gas-
ionization chambers embedded in the steel flux-return yoke
outside the solenoid. A 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. [29].

Events of interest are selected using a two-tiered trigger
system. The first level (L1), 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 4 us [31]. The second level, known as the
high-level trigger (HLT), consists of a farm of processors
running a version of the full event reconstruction software
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optimized for fast processing, and reduces the event rate to
around 1 kHz before data storage [32].

The event reconstruction is based on the particle-flow (PF)
algorithm [36], which aims to reconstruct and identify each
individual particle (PF candidate) in an event with an opti-
mized combination of information from the various elements
of the CMS detector. The PF candidates are classified as elec-
trons, muons, photons, and charged or neutral hadrons. The
primary vertex is taken to be the vertex corresponding to
the hardest scattering in the event, evaluated using tracking
information alone, as described in Section 9.4.1 of Ref. [37].

Jets are reconstructed from PF candidates, clustered using
the anti-kt algorithm [38,39] with a distance parameter of
0.4. The jet momentum is determined as the vectorial sum of
all particle momenta in the jet, and is found from simulation
to be, on average, within 5-10% of the true momentum over
the whole pt spectrum and detector acceptance. Additional
collisions within the same or nearby bunch crossings (pileup)
can give rise to jets not coming from the hard-scattering pro-
cess or contribute additional tracks and calorimetric energy
depositions, increasing the apparent jet momentum. To mit-
igate this effect, tracks identified as originating from pileup
vertices are discarded and an offset correction is applied to
account for remaining contributions [40]. Jet energy correc-
tions are derived from simulation studies so that the aver-
age measured energy of jets becomes identical to that of
particle-level jets. In situ measurements of the momentum
balance in dijets, y + jets, Z + jets, and multijet events are
used to determine any residual differences between the jet
energy scale in data and in simulation, and appropriate cor-
rections are applied [41,42]. Jets originating from b quarks
are identified using the DEEPJET algorithm [43], a deep neural
network combining secondary vertex properties, track-based
variables, and PF jet constituents (neutral and charged parti-
cle candidates). The efficiency of b (light flavor and gluon)
jets to pass the b-tagging requirement used in this analysis
is data-set dependent and varies within the 50-60% (0.05—
0.5%) range.

3 Data and simulation

This analysis is performed on data collected during three
years of data taking at /s = 13 TeV. The combined data set
corresponds to an integrated luminosity of 133 fb~! collected
during 2016-2018 [44-46].

Events are selected at L1 using triggers requiring the pres-
ence of at least four jets in the tracker acceptance (|n| < 2.5)
and large Hr, defined as the scalar sum of the pt of the recon-
structed jets in the event. During the 2016 data taking, events
are required to have either Ht > 280 GeV or at least four jets
with pt > 50GeV. In the 2017 data set, events are required
to have Ht > 280 GeV and the four leading jets are required
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to pass staggered pr thresholds of 70, 55, 40, and 35 GeV. In
the 2018 data set, the Ht requirement was raised to 320 GeV
and the lowest jet pr threshold was raised to 40 GeV.

Events are selected in the HLT using a combination of
triggers requiring the presence of jets coming from the
hadronization of b quarks (b jets). Events are required to
have at least four jets, at least three of which are identified
as arising from a bottom quark (b tagged). In the 2016 data
set, events are required to have either at least four jets with
transverse momentum pt > 45 GeV, or two or more jets with
pt > 90 GeV and two or more jets with pt > 30 GeV. In the
2017 data set, an Ht requirement of 300 GeV was added to
match the threshold at L1, and the four highest-pr jets were
required to pass staggered pr thresholds of 75, 60, 45, and
40 GeV. The Hr threshold was raised to 330 GeV in 2018.
The b tagging was performed in HLT using the CSV algo-
rithm [47] in 2016-2017, and with the DEEPCSV algorithm
[43] in 2018. Following the selection described in Sect. 4,
this combination of triggers has an approximate efficiency
of 20% for simulated signals with di-boson invariant mass
near 200 GeV, rising to 90% efficiency for masses greater
than 600 GeV.

Simulated events are used to model ZZ, ZH, and HH events
and the background from top quark pair (tt) production. The
tt process is generated at next-to-leading-order (NLO) accu-
racy in QCD [48] with POWHEG v2.0 [49,50]. The dominant
background from QCD multijet events is modeled using con-
trol samples in data.

Events from ZZ production are generated with MAD-
GRAPH5_aMC@NLO v2.4.2 [51] at NLO QCD with the FxFx
merging scheme [52] and include up to two additional par-
tons. The SM prediction for the total ZZ production cross
section in pp collisions at /s = 13 TeV is 15.01’8:(7J pb, taken
from Ref. [21].

The quark-induced ZH signal process is generated at NLO
accuracy [53] using the POWHEG v2 event generator extended
with the MiNLO procedure [54,55], while the gluon-induced
ZH process is simulated at LO accuracy with POWHEG v2.
The SM prediction for the total ZH production cross section,
computed at next-to-next-to-leading-order accuracy in QCD,
is 0.88£0.03 pb for myg = 125 GeV [22]. The SM branching
fractions of 58.2 and 15.1% are taken for H — bb and Z —
bb decays, respectively [22,56,57], again assuming myg =
125 GeV.

Events from HH production used to train the classi-
fier are simulated at NLO accuracy [58] with POWHEG V2.
The dominant SM HH production mode in pp collisions at
/s = 13TeV is through the gluon-fusion mechanism; the
predicted cross section, computed at next-to-next-to-leading-
order accuracy, is 31.11‘% fb [59-66].

For both signal and background events, multiple-parton
interactions, parton shower, and hadronization effects are
simulated with PYTHIA v8.226 for 2016 and PYTHIA v8.230
for 2017-2018 [67]. For 2016, the CP5 tune [68] is used for
the tt samples and the CUETP8MI1 tune [69] is used for all
the others; for 2017-2018, the CP5 tune is used throughout
all samples. The NNPDF 3.0 [70] (NNPDF 3.1 [71]) parton
distribution functions (PDFs) are used to simulate the sam-
ples corresponding to the 2016 (2017-2018) data sets. For
all simulated samples, the CMS detector response is modeled
with GEANT4 [72]. Pileup collisions are simulated and added
to the hard-scattering process for all samples. The simulated
events are weighted to match the distribution of reconstructed
primary vertices observed in data.

4 Event selection

Selected events must have at least four jets with pt > 40 GeV
and |n| < 2.4 that are b-tagged by the DEEPJET algorithm.
Events passing this selection are referred to as the four-tag
sample. The four jets with the highest b tagging score are
paired to form Z or H candidates (“boson-candidate jets”
in what follows). A dedicated correction to the b jet energy
scale, based on a regression technique that takes properties of
the jets into account, is applied to the boson-candidate jets.
This improves the determination of the jet momentum by up
to 15% [73].

Initially, all three possible jet pairings are considered. To
reduce the combinatorial background, pairs of jets with an
invariant mass roughly consistent with the Z and H masses
are retained. Jet pairings must satisfy

52 < m'% < 180GeV and

- 8
50 < mj?j“b < 173 GeV,

where m!fad and m "' are the invariant masses of the leading

and subleading boson candidates, respectively. The leading
boson candidate is defined as the one with the highest scalar
sum of jet pt. From simulation it is found that this sorting
tends to bias the leading dijet mass distribution upwards by
2% and the subleading — downwards by 2%. This is taken
into account when defining the dijet mass regions used in the
analysis.

The angle between the decay products of the bosons in
the laboratory frame provides another handle to reduce the
background. This angle depends on the Lorentz boost of the
bosons and, thus, on the four-jet invariant mass mgsj. The
pairings of jets associated with the boson candidates satisfy
the following requirements
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where AR and ARE“bl are the angular separations between
the jets in the leading and subleading boson candidates,
respectively. The angular separation is defined as AR =
V(AN)? + (Ap)?, where A¢p (An) is the difference in
azimuthal angle (pseudorapidity) between the two boson can-
didates. These requirements reject jet pairings that are incon-
sistent with a Z or H decay. This selection is based on that
of the previous ATLAS measurement in Ref. [11], loosened
to increase the signal acceptance.

Events in which all pairings fail the criteria in Eq. (2) are
retained to increase the size of the data set used to train vari-
ous classifiers in the analysis. If a pairing in these events sat-
isfies one of the aforementioned requirements, it is chosen.
When multiple pairings pass the same number of require-
ments, one is chosen randomly to give each event a location
in the m}fad-mjsjubl plane without biasing the background dis-
tribution.

The SR is defined using four overlapping regions in the
dijet mass plane targeting ZZ, ZH, and HH decays. These
regions are defined using variables X7z, Xz, Xnz, and Xyy,

defined as
m]lj@:ad — mp, 2 mjsjubl — mp, 2
+ , (3)
O, lead O, subl
Mij jj

where mp, and mp, correspond to the nominal Z or H masses,
corrected for the bias mentioned above, depending on the sig-
nal targeted. The denominators in each term is the approxi-
mate mass resolution, estimated from simulation to be 10% of
the reconstructed boson mass. The SR is defined as the union
of the requirements: Xzz < 2.6, Xzg < 1.9, Xpz < 1.9,
and Xgg < 1.9. Figure 1 shows signal yield from simula-
tion normalized to the expected yield (upper) and the four-tag
events from data (lower), as a function of m!¢d and mjsj“bl.
The four regions used to define the SRs are shown by the red
dashed contours.

The fractions of ZZ and ZH signal events within the detec-
tor acceptance from simulation, multiplied by the efficiency
of each selection step are shown in the upper and lower plots
of Fig. 2, respectively, as a function of the true four-body
invariant mass, mign. The cumulative effect of each selection
requirement is shown for the ZZ and ZH channels. The prod-
uct of the acceptance and efficiency is limited at low mass by
the Ht and jet pt requirements in the trigger. At high mass,

XBIBZ =
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Fig. 1 Signal yield from simulation (upper) and from four-tag events

in data (lower), as a function of m!€dand mS"™!. The color scale to the

]
right of each plot gives the range of] values. The signal region is defined
by the union of the regions enclosed by the dashed red contours

the acceptance for resolving four jets drops and b tagging
efficiency decreases for high pr jets. The trigger require-
ment significantly limits the efficiency at lower masses. The
larger cross section of the ZZ process compensates for the
lower acceptance, leading to similar expected event yields.
The output from a multivariate classifier, described in
Sect. 5, is used as the final discriminant between the sig-
nal and background. The classifier, referred to as the signal-
versus-background (SvB) classifier, is trained to output the
probability that an event is from one of five classes: multijet,
tt, ZZ,ZH, and HH. The probability of a signal event, defined
as the sum of the probabilities of the event being from the
77, 7H, or HH sample, is used in the final signal extraction.
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Fig. 2 Event selection acceptance times efficiency as a function of
the generated four-body mass mif,n for the ZZ (upper) and ZH (lower)
signals. The plots show the cumulative efficiency with respect to the
inclusive sample. The expected miﬁ" distributions of the inclusive ZZ
and ZH events are shown by the gray-shaded areas with arbitrary nor-
malization

Orthogonal ZZ and ZH SRs are defined according to which
of the signal probabilities is the largest. A combined fit is
performed in the ZZ and ZH regions to events with a signal
probability larger than 1%, to extract the ZZ and ZH fitted
signal strengths. The HH results are not reported here as a
dedicated measurement has been published in Ref. [4].

5 Hierarchical combinatorial residual network

A multivariate classifier is used both for signal-versus-
background discrimination as well as for the derivation and
validation of the background model. An architecture, referred
to as the hierarchical combinatorial residual (HCR) network,
is specifically developed for the four-jet diboson topology.

The HCR consists of a series of convolutional neural net-
works, each employing phase-symmetric convolutional fil-
ters [74] and residual learning [75], to process kinematic
information from the boson-candidate jets; information from
additional jets in the event is included using an attention block
[76]. This network architecture provides a clean solution to
the combinatorial jet-pairing problem, allowing the same set
of weights to be optimized for all pairings. The convolutional
layers are arranged hierarchically, first processing a jet image
to form a dijet image, then processing the dijet image to form
a quadjet image.

Figure 3 shows a high-level sketch of the HCR architec-
ture. The initial jet image is formed from pixels representing
each of the boson-candidate jets, using the jet pt, 1, ¢, and
mass values as features. Three copies of the jet pixels are
arranged to form a one-dimensional image such that pairs of
adjacent pixels represent the three possible jet pairings. Adja-
cent pairs of jet pixels are convolved to form a dijet image
using a single set of weights. The second layer processes the
six dijet pixels to form a three-pixel quadjet image. These
three pixels are then combined to produce a single event-
level pixel. Each convolution projects the input image into
an eight-dimensional space; the dimension of this embedded
space is a hyperparameter that controls the size of the net-
work. A final output layer projects these features into a N,-
dimensional space, where N, is the number of input classes
used in training. These outputs are converted into the proba-
bilities that a given event belongs to the corresponding class
used in training by applying softmax function.

Classifiers with the HCR architecture are used throughout
the analysis. The SvB classifier employs the HCR architec-
ture to construct the variable used in the final signal extrac-
tion. The HCR classifiers are also used to define the back-
ground model (Sect. 6) and in the construction of the syn-
thetic data sets (Sect. 7.1).

6 Background model

From simulation, it is found that 95% of the expected back-
ground consists of multijet events, which are modeled using
data. The remaining 5% are tt events, which are modeled with
simulation. Backgrounds from other sources, including pro-
cesses involving single- and double-H production, are found
to have a negligible contribution.

The QCD multijet background is modeled with an inde-
pendent data set selected using the same trigger and selec-
tion requirements as used in the SR, except for the b tag-
ging requirement: at least four jets with pyr > 40 GeV are
required, exactly three of which are required to be b tagged.
To increase the size of this three-tag control sample, the b
tagging requirement is loosened such that the efficiency to
correctly identify a b jetis 70-80% depending on the data set.
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Fig. 3 A high-level sketch of the HCR classifier architecture. Boson-
candidate jets are shown on the left with the three possible jet pairings.
The HCR architecture is shown on the right. The boxes represent pixels,
with the labels indicating which jet, dijet, or quadjet the pixel refers to.

The size of three-tag sample is about 17 times larger than that
of the four-tag sample. The three-tag sample consists of 90%
multijet events and 10% tt events. Simulations indicate that
the three-tag sample has a negligible contribution of signal
events.

A product of two weights is applied to the three-tag events
to model the multijet background in the four-tag sample. The
first weight, referred to as the jet combinatorial model (JCM)
weight, accounts for additional jet activity in the four-tag
sample. The second weight, referred to as the four-vs-three
(FvT) weight, corrects for kinematic differences between the
three- and four-tag samples.

The weights are derived using a signal-depleted sideband
(SB) region of the m}jead — m%“bl plane, shown in Fig. 1. The
SB is defined as the region inside the mass window defined
by Eq. (1) but outside the SR. The boundaries of the SB
region are chosen to provide sufficient statistical precision,
while ensuring that the kinematic properties of events in the
SB are representative of those in the SR.

6.1 Jet combinatorial model

The four-tag sample has a larger jet multiplicity than the
three-tag sample, since the requirement of exactly three b-
tagged jets in the three-tag sample biases the jet multiplicity.
This effect is modeled using an extension of the combina-
torial technique introduced in Ref. [11]. For each three-tag
event, all possible combinations of jets not satisfying the
looser b tagging requirement, referred to as anti-b-tagged
jets, are considered. At least one anti-b-tagged jet is treated
as a b jet. The anti-b-tagged jets that are treated as b jets are
referred to as pseudo-tagged jets. A constant per-jet trans-
fer factor f is assigned to each pseudo-tagged jet and a
factor (1 — f) to the remaining anti-b-tagged jets. Corre-
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The different jet pairings on the left are each represented within the net-
work, as indicated by the color coding. The output P(class) corresponds
to the the probability that an event belongs to the corresponding class
used in training

lations in the transfer factor among jets arise because b jets
are produced in pairs. These correlations are modeled with
a pair-enhancement term e, that is included in combinations
with an even number of tagged plus pseudo-tagged jets. This
enhancement term is expected to be suppressed at higher
jet multiplicities since the probability of observing an odd
number of b-tagged jets increases because of mistagging
and jets falling outside of the detector acceptance. The pair-
enhancement factor is thus divided by nd, where n is the
number of anti-b-tagged jets and d is a free parameter that
controls the suppression of e with jet multiplicity. Finally, an
overall normalization ¢ is included to account for the looser
b tagging requirement in the three-tag sample. The per-event
JCM weight is thus computed as:

wWjCcM
0 () fia= A +e/n?) B+i) even
t i (A= (3+i) odd,
4)

where i is the number of pseudo-tagged jets and (’l') is the
binomial coefficient.

The JCM parameters are determined by a combined fit
to the jet and b-tagged jet multiplicity distributions in the
SB region. Selected jets are required to satisfy the same
kinematic requirements, pt > 40GeV and || < 2.4, as
the boson-candidate jets. The jet and b-tagged jet multiplic-
ity distributions are shown in Fig. 4 (upper) and (lower),
respectively, along with the results of the fit. The black data
points show the observed four-tag data; the yellow distribu-
tion displays the multijet background estimate prior to the
JCM correction, and the blue distribution is from the tt sim-
ulation. The multijet background prior to the JCM correction
is given by the tt-subtracted three-tag data, normalized to the
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Fig. 4 Jet (upper) and b-tagged jet (lower) multiplicity distributions
in the SB region. The black data points show the observed four-tag
data, the blue distribution the tt simulation, and the yellow histogram
the three-tag multijet prior to the JCM corrections. The red histogram
shows the result of the fit to the JCM model. The quality of the fit is
given by the x 2 per degrees of freedom (dof) and corresponding p-value
in the legend. The lower panels display the ratio of the data to the fit
prediction

tt-subtracted four-tag data. This component is not shown on
the lower panel as the three-tag data cannot be used to model
the b-tagged jet multiplicity. The red histogram shows the
result of the JCM fit, which provides a good description of
both the jet and b-tagged jet multiplicities.

6.2 Kinematic reweighting

After correction with the JCM weights, differences remain
between the three- and four-tag samples arising from the
kinematic dependence of the b tagging efficiency and from
a different mixture of underlying scattering processes in the
two selections. These differences are highlighted in Fig. 5,

which shows the opening angles AR(j, j) for dijet pairs,
chosen such that the boson-candidate jets with the smallest
opening angle form one pair (close dijet) and the remaining
boson-candidate jets form the other (complement dijet). The
opening angles are shown for events in the SB region. The
multijet model, shown in yellow, includes the JCM weights.
The four-tag sample is dominated by gluon splitting to bb
from an underlying two-to-two scattering process. This pro-
duces a topology with two b-tagged dijets, each with a small
ARC(}j, j). The three-tag sample contains this process in addi-
tion to a mixture of processes where the anti-b-tagged boson-
candidate jet can be produced without gluon splitting, lead-
ing to a broader distribution of opening angles. Significant
differences between the three- and four-tag samples are also
observed in other jet, dijet, and event-level distributions. Fig-
ure 6 shows the modeling of the final discriminating variables
— the SvB signal probabilities for ZZ (Pzz) and ZH (Pzy) —
in the SB region.

The residual kinematic differences between the three- and
four-tag samples are corrected using weights derived from a
multivariate classifier with the HCR architecture. This clas-
sifier, referred to as the FvT classifier, is trained with four
classification targets: four-tag data, four-tag tt simulation,
three-tag data, and three-tag tt simulation. The FvT classifier
is trained using data and the tt simulation in the SB region.
The JCM weights are applied to the three-tag data and three-
tag tt simulation prior to training. The output probabilities
are used to reweight the three-tag data to the four-tag multi-
jet background. The FvT weights are given by

P(Mgp) _ P(Dgp) — P (ttap)
P(D3p) P (D3p)

; )

WEVT =

where P (Dyp), P(ttgy), and P (D3p) are the class-assignment
probabilities coming from the FvT classifier output, and My,
refers to the QCD multijet four-tag event. The final back-
ground model is given by the four-tag tt simulation plus the
three-tag data weighted by the product of the JCM and FvT
weights.

Figure 7 shows the improvement in modeling of the close
and complement candidate opening angles when the FvT
weights are applied. The FvT weights also correct the mod-
eling of the other observed discrepancies in jet, dijet, and
event-level distributions. The impact of the FvT reweighting
on the modeling of the SvB signal probabilities in the SB
region is shown in Fig. 8.

7 Background validation
The accurate modeling of the SvB signal probabilities in

Fig. 8 comes with two major caveats. The first is that the
FvT classifier is trained with the four-tag SB region data and
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Fig. 5 Distributions of AR(j, j)close (upper) and AR(j, j)complement
(lower). The four-tag SB events are shown by the points. The QCD
multijet distribution (yellow region) is from the three-tag SB sample
after the JCM correction but before the FvT kinematic reweighting, and
the tt distribution (blue region) is from simulation. The lower panels
display the ratio of the four-tag data to the total background, which is
the sum of the QCD multijet and tt distributions. The hatched area gives
the statistical uncertainty in the background

thus has access to all of the relevant SvB information during
training. The final analysis in the SR requires an extrapola-
tion of the background model to a different region of phase
space. This extrapolation is a significant source of systematic
uncertainty that cannot be assessed in the region used to train
the classifier. The second major caveat is that the sensitivity
in the SR is dominated by SvB signal probabilities above &
0.9, for which there is little statistical power in the SB region.

These problems are addressed by validating the back-
ground model with synthetic data sets that allow the extrap-
olation of the background model to be tested precisely in
regions of high signal probability. Section 7.1 describes the
construction of the synthetic data sets, and Sect. 7.2 describes
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Fig. 6 Distributions of the signal probabilities for ZZ (upper) and ZH
(lower) in the SB region, respectively. The four-tag SB events are shown
by the points. The QCD multijet distribution (yellow region) is from the
three-tag SB sample after the JCM correction but before the FvT kine-
matic reweighting, and the tt distribution (blue region) is from simula-
tion. The lower panels display the ratio of the four-tag data to the total
background, which is the sum of the QCD multijet and tt distributions.
The hatched area gives the statistical uncertainty in the background

how it is used to assess the systematic uncertainties in the
background model.

7.1 Synthetic data sets from hemisphere mixing

A synthetic data set is generated by splitting individual events
into hemispheres and then combining similar hemispheres
from different events. This mixing procedure suppresses cor-
relations among the jet four-vectors due to the presence of
a signal, while preserving the kinematic distributions of the
4b background. The relevant event-level correlations in the
background — which primarily arise from gluon splitting in
an underlying two-to-two scattering process — are captured
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Fig. 7 The ARC(/, j) distributions shown in Figure 5 after including
the FvT corrections to the QCD multijet prediction

in the correlation between hemispheres and are independent
of the dijet substructure within the hemispheres.

The mixing algorithm is based on the technique developed
in a previous CMS HH — 4b analysis [20]. The first step
involves creating a collection of hemispheres (hemisphere
library) from events in the four-tag data set. Each event is
split into two hemispheres using the plane orthogonal to the
transverse thrust axis [20], which is chosen based on the
assumption that it is a good proxy for the initial gluon direc-
tions in the underlying scattering process. Jets on one side of
the plane are assigned to one hemisphere, those on the other
side are assigned to the other hemisphere. Four variables are
computed using the sum of the four-vectors of all the jets in
that hemisphere: the invariant mass, the longitudinal momen-
tum, and the transverse momentum perpendicular and paral-
lel to the transverse thrust axis. The jet and b jet multiplicities
are also computed for each hemisphere. The library is cre-
ated with events that pass the jet kinematic requirements but

CMS 133 fb™ (13 TeV)
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Fig. 8 Distribution of signal probabilities for ZZ (upper) and ZH
(lower) events in the SB region after including the FvT corrections
to the QCD multijet prediction

before the dijet invariant mass requirement given in Eq. (1)
is applied.

The mixing is performed in a second pass over the data.
Events are split into hemispheres as before, and the cor-
responding hemisphere summary variables are calculated.
Each hemisphere in the event is replaced with its nearest
neighbor in the hemisphere library. Nearest neighbors are
defined as hemispheres with the same jet and b jet multi-
plicities that minimize the distance between hemispheres,
defined as

N A\ 2
d(hi, hj) = Z(M) , (6)

g,
k Uk

where h; and & ; are two hemispheres and the sum runs over
the four hemisphere summary variables v and o, is the root
mean square of the corresponding variable calculated from
all hemispheres in the library. During the nearest neighbor
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replacement a check is made that the matching hemispheres
do not come from the same event. Finally, the nearest neigh-
bor hemispheres are rotated in the azimuthal angle ¢ to match
the direction of the transverse thrust axis of the input event.

This analysis introduces two important improvements to
the mixing strategy. The firstis the use of the three-tag data set
in mixing. Four-tag events are used to create the hemisphere
library, however, the three-tag data set is used in the sec-
ond pass when creating the mixed data sample. In the three-
tag sample, the pseudo-tagged jets are treated as b tagged
when matching hemispheres; this ensures that events in the
resulting mixed data sample all have four b-tagged jets. An
illustration of the mixing procedure is given in Fig. 9. Mix-
ing the three-tag data eliminates a potential bias from signal
contamination and allows for the construction of a synthetic
data sample that is fifteen times larger than the four-tag data
sample.

The other important improvement to the mixing algorithm
is the introduction of corrections accounting for the tt back-
ground contamination. The presence of the tt events com-
plicates the mixing strategy, since these events have signifi-
cant hemisphere-level correlations coming from the decays
of the top quarks. Mixing a tt hemisphere with a QCD multi-
jet hemisphere would significantly distort the tt background.
The mixed tt events are thus not expected to provide a good
model of the unmixed tt background.

The tt background needs to be subtracted from the hemi-
sphere library and the three-tag data set being mixed — not
from projections into histograms, as is more typical in high
energy physics. These tt contributions are subtracted statisti-
cally using event weights derived from a multivariate classi-
fier with the HCR architecture. This classifier is trained with
two classes, data and tt simulation, separately on events in
the three- and four-tag data set. The outputs from the clas-
sifier are used to determine the probability P(M) that an
event in the three- or four-tag data sample is a multijet event.
When constructing the mixed data sample, an input three-tag
event is accepted for mixing with probability P(M). Simi-
larly, nearest-neighbor hemispheres are accepted as replace-
ments with probability P(M), as calculated in their corre-
sponding four-tag event. When a hemisphere is rejected, the
next-nearest neighbor is considered in turn.

The size of the four-tag data sample in the SB region,
used to train the FvT classifier, is a fundamental limitation
of the background determination procedure. When validat-
ing the background, it is critical that the synthetic data have
the same statistical power as the nominal four-tag sample.
To ensure this, the mixed data are subsampled to match the
size of the QCD multijet background in the four-tag sam-
ple. The relative size of the mixed data sample allows fif-
teen independent subsamples to be created. The number of
subsamples is somewhat smaller than the relative size of the
three-tag dataset to avoid using duplicate events with large jet
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multiplicity. Events from the four-tag tt simulation are added
to each subsample according to the expected tt yield. These
fifteen synthetic data sets are referred to as mixed models.

The advantages of using the mixed models to validate the
background can be seen in Fig. 10. The ZZ (ZH) SvB signal
probabilities are shown in the upper (lower) figures in the
SB region, left, and in the SR, right. The four-tag data are
shown by the black points. The three-tag data distribution
before applying the kinematic FvT corrections, from which
the background prediction is extrapolated, is shown in yellow.
The average of the mixed models, shown in red, provides a
high-event-count proxy for the four-tag background that can
be used to validate the background prediction in regions of
high signal probability.

7.2 Background model uncertainties

The background procedure, as described in Sect. 6, is
repeated by treating the mixed models as four-tag data. The
procedure is performed separately using each of the fifteen
mixed models. Differences among the fifteen QCD multijet
predictions and the comparison of the predicted background
to the observed SR yield are used to assign systematic uncer-
tainties in the nominal background model. These systematic
uncertainties are assessed in three steps. First, the differences
among the fifteen QCD multijet predictions are quantified.
These differences arise from the finite size of the data sample
in the SB region used to train the FvT classifier. The second
step measures the systematic uncertainty from extrapolating
to the SR, by comparing the background predictions to the
observed yields in the mixed models. The final step checks
if biases in the background model can mimic a signal. This
process is carried out independently for the final ZZ and ZH
selections.

The differences in the background models are quanti-
fied by comparing the QCD multijet predictions of each
mixed model in the SR to their average. These differences
are parameterized by a set of orthogonal Fourier basis func-
tions added to the background predictions. Each of the mul-
tijet predictions, with unconstrained coefficients for the basis
function corrections, are fit separately to the average. Basis
functions with increasing frequency components are added
until the pulls of adjacent SvB signal probability bins from
all the mixed-model predictions are consistent with being
uncorrelated. A pull is defined as the difference between the
observed and expected values, divided by the uncertainty in
the difference. A systematic uncertainty in each coefficient
is assigned based on the root mean square of the fitted val-
ues. This uncertainty accounts for the expected variance of
a single background prediction due to the finite size of the
data sample in the SB region.

This procedure is carried out separately for the ZZ and ZH
signal probabilities. Five (four) basis functions, with uncer-



Eur. Phys. J. C (2024) 84:712

Page 11 of 33 712

Original three-tag event
split into two hemispheres

Hemisphere library
made from four-tag events

Mixed Event
using replaced hemispheres

filled in 1" pass, queried on 2™

transverse

transverse

thrust axis
....... p b-tagged jets

Fig. 9 An illustration of the hemisphere mixing procedure, adapted
from Ref. [20]. Three-tag events are divided into two halves by cutting
along the axis perpendicular to the transverse thrust axis. In a prelimi-
nary step, each event in the four-tag data set is split into two hemispheres
that are collected in a library of hemispheres. Once the library is cre-

tainties in the basis-function coefficients of up to 3%, are
needed to characterize the differences among the ZZ (ZH)
background predictions.

The systematic uncertainty from extrapolating the back-
ground prediction is evaluated by comparing the SR predic-
tions to the observed yields in the mixed models. A combined
background model is fit to the average of the observed SR
yields. Averaging the fifteen mixed models improves the pre-
cision with which the extrapolation uncertainty can be deter-
mined. The combined background model consists of the esti-
mated tt, the average of the QCD multijet predictions, and
the basis-function corrections determined above. The coeffi-
cients of the basis functions are treated as nuisance parame-
ters constrained using the systematic uncertainties assigned
in the previous step.

The extrapolation uncertainty is quantified using the basis-
function coefficients determined from fitting the mixed mod-
els. The fit is repeated, sequentially removing constraints on
the nuisance parameters, until the fit has a p-value greater
than 5% and an F-test [77] does not prefer more uncon-
strained basis function coefficients. Nonzero fitted coeffi-
cients represent a systematic difference between the pre-
dicted and observed background. Systematic uncertainties
in the background extrapolation are assigned by adding the
magnitude of the fitted coefficients in quadrature with their
uncertainty. These extrapolation uncertainties are treated as
uncorrelated from the variance uncertainties assigned in the
previous step.

Figure 11 illustrates the process in determining the extrap-
olation uncertainty in the ZZ (left) and ZH (right) SRs. The
upper panels compare the mixed model SvB signal prob-
ability in the SR, given by the black points, to the pre-fit

------- » pseudo-tagged jets

thrust axis
------- » non b-tagged jets

ated, each three-tag event is used as a basis for creating a synthetic
event. These are constructed by picking the two hemispheres from the
library that are most similar to the hemispheres making up the original
event

background prediction, shown as stacked yellow and blue
histograms, and the post-fit background prediction, shown
in red. The lower panels show the pulls. For the ZZ SR,
none of the fit parameters need to be unconstrained to sat-
isfy the goodness-of-fit or the F-test criteria. For the ZH SR,
the goodness-of-fit criteria is not satisfied until two param-
eters are unconstrained, at which point the F-test criterion
is also satisfied. The extrapolation uncertainty is < 1% for
most parameters and at most & 3% (=~ 5%) in the ZZ (ZH)
region.

The mixed models can also be used to test if biases in the
background model can mimic the signature of a signal, a pos-
sibility to which many analyses with backgrounds estimated
from control samples in data are blind. To assess the risk of
fitting a spurious signal, the fit to the averaged mixed models
in the second step is repeated with and without an uncon-
strained signal template. For this test, the coefficients of the
basis functions in the background model are constrained with
the systematic uncertainties assigned in the previous two
steps. An F-test is performed that compares the background-
only model to the model including an unconstrained signal
template. In both SRs, it is found that allowing for a spuri-
ous signal does not lead to a significant improvement in the
model fit, therefore no additional systematic uncertainty is
assigned.

8 Systematic uncertainties
A maximum likelihood fit to the four-tag data is performed on

the distribution of the SvB signal probability simultaneously
in the ZZ and ZH SRs. Systematic uncertainties are treated
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Fig. 10 Distribution of signal probabilities for ZZ (upper row) and ZH
(lower row) events in the sideband (left) and signal regions (right). The
four-tag events are shown by the points. The QCD multijet distribution
before the FvT corrections is given by the yellow region, and the simu-
lated tt distribution by the blue area. The average of the mixed models

as nuisance parameters with either Gaussian (shape uncer-
tainties) or log-normal (normalization uncertainties) func-
tion priors included in the likelihood function. All system-
atic uncertainties are considered as shape uncertainties with
the exception of the luminosity, predicted signal cross sec-
tion, and branching fraction uncertainties, which are treated
as normalization uncertainties.

Table 1 summarizes the impact of different sources of
uncertainty in the ZZ and ZH signal sensitivity. The table
shows the relative contributions of the various sources of
uncertainty in the measured signal strength, quoted in terms
of a percentage of the total uncertainty. The contributions
from the leading sources of uncertainty — background model-
ing, b tagging, and jet energy scale and resolution — are listed
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(red) provides a high-event-count proxy of the 4b background (black)
that allows the extrapolation of the background model to be tested pre-
cisely. The lower panels display the ratio of the four-tag data to the
average of the mixed models (red) and to the QCD multijet distribution
(black)

separately. The remaining uncertainties, described below, are
included in the row labeled “Others”. The statistical uncer-
tainty accounts for over half of the total uncertainty, while
the remaining uncertainty is primarily due to experimental
uncertainties in the background model and the b tagging effi-
ciency.

The uncertainties in the background model are described
in Sect. 7. Similar results are obtained when characterizing
the shape differences using a Fourier or a shifted Legendre
polynomial basis. Despite being determined with a relative
error of a few percent, the uncertainty in the background
prediction accounts for ~60% of the total uncertainty in the
measured signal strengths.
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Fig. 11 The distributions of the ZZ (upper) and ZH (lower) signal
probabilities. The black data points show the average of the mixed
models. The yellow and blue distributions show the average of the QCD
multijet models and the tt simulation, respectively. The red histogram
displays the post-fit results of the data fit to the background model.
The ZZ channel data distribution is fit with all five basic coefficients
constrained, while the ZH channel distribution has two of the four coef-
ficients unconstrained. The lower panels give the pre- (blue) and post-fit
(red) pulls

The efficiency of the b tagging requirement in the simu-
lated samples is corrected to match the efficiency measured
in data [47]. These corrections, along with their correspond-
ing uncertainties, are determined in bins of jet p, 1, and the
DEEPJET b tagging score. The largest uncertainties in the b
tagging efficiency arise from contamination of light-flavor
jets in heavy-flavor control regions. To evaluate the impact
of the b tagging uncertainties, the per-jet uncertainty in the
b tagging corrections is propagated to the final SvB distribu-
tion. The b tagging uncertainties resultin a roughly flat £20%
variation in signal yield, with no significant variations in the
SvB shape, and contribute 10-20% of the total uncertainty.

Table1 Summary of the relative uncertainties form the various sources
in the measured signal strength, expressed as a percentage of the total
uncertainty for the ZZ and ZH channels. The two uncertainties coming
from the background modeling are given separately in parentheses, as
well as their sum. The total systematic uncertainties shown include the
effects of correlations

Source 77 ZH
Statistical uncertainty 75 77
Total systematic uncertainty 67 64
Background model 61 56
(Variance) (46) (46)
(Extrapolation) (40) (33)
b tagging 9 17
Jet energy scale and resolution 9 5
Others 24 24

Uncertainties in the modeling of the jet energy scale and
resolution, and the b jet energy scale correction in the simu-
lation are estimated by propagating variations of the calibra-
tions [41] to the final SvB discriminant distributions. These
variations change the reconstructed energy and direction of
simulated jets and can thus result in event migration across
regions and signal probability bins. The combined jet energy
and resolution uncertainties contribute 5-10% of the total
uncertainty.

The efficiency of the trigger requirement in the simulated
samples is adjusted to match the efficiency measured in data.
The efficiencies for b jets to pass the various trigger thresh-
olds, based on their pt and b tagging scores, are measured
in a tt sample where both top quarks decay leptonically. Sys-
tematic uncertainties on the measured trigger efficiency are
evaluated and applied to the expected signal yield. The largest
trigger uncertainty comes from the calculation of per-event
trigger efficiencies using the measured per-jet efficiencies.
The total uncertainty in the trigger efficiency is estimated to
be & 5% for both the ZZ and ZH signals.

The total uncertainty in the ZZ (ZH) cross section predic-
tion is 6.6% (4.1%). These uncertainties include the effects
of varying the renormalization and factorization scales and
the parton distribution function (PDF) of the proton. The
uncertainty from the choice of the factorization and renor-
malization scales in the calculation of the matrix element
for the hard-scattering process is estimated by varying each
scale by factors of 0.5 and 2, excluding anticorrelated combi-
nations, to calculate the envelope around the central value. In
order to estimate the impact on the results due to the uncer-
tainty on the proton PDF, event weights corresponding to the
different set of NNPDF [70] replicas are applied to the sim-
ulation. The uncertainty in the H — bb branching fraction is
+1.3% [22].

The uncertainty in the total integrated luminosity for each
data set has been measured in Refs. [44—46]. A correlation
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Fig. 12 Distributions of signal probabilities for ZZ (upper) and ZH
(lower) channels (points), along with the post-fit QCD multijet (yel-
low region) plus tt (blue region) distributions. The ZH and ZZ signal
distributions scaled to the fitted signal strengths are shown, stacked on
top of the background prediction. The expected ZH (red histograms)
and ZZ (green histograms) signal channel distributions are also shown
separately, multiplied by 100 for visibility. The lower panels display the
ratio of the data to the result of the signal plus background fit, with the
hatched area showing the uncertainty in the combined fit

scheme is used for the three sets of uncertainties based on cor-
related features in calibration methods, measurements, and
data sets, resulting in an uncertainty of 1.6% for the full data
set.

The systematic uncertainty in the signal yields and distri-
butions due to pileup is found to be negligibly small.

9 Results

The measured and expected ZZ and ZH signal strengths are
reported in terms of the signal strength modifier 1, defined as

@ Springer

Table 2 Expected and observed ZZ and ZH signal strengths and their
corresponding 95% CL upper limits. The expected signal strengths and
the corresponding expected upper limits shown in parentheses include
only the statistical uncertainties. The upper limits are obtained from a
fit to the SvB signal probabilities under the hypothesis of no ZZ — 4b
or ZH — 4b signal

7z ZH

Signal strength expected 10719 (1.07]%) 1.07}5 (1.0

(stat. only)

Signal strength observed 0‘01'%:(7) 2.2f8:g
Expected upper limit at 3.8 (2.8) 2.9 (2.3)
95% CL (stat. only)

Observed upper limit at 3.8 5.0

95% CL

the ratio of the value of the cross section to the expected SM
theoretical cross section, o /osym. The CLg method [78,79] is
used to determine the upper limits on the signal strengths at
95% confidence level (CL).

The final fit procedure is validated using synthetic data
samples without statistical fluctuations, and also by treating
one of the mixed models as the observed four-tag data. In
both tests, the behavior of the systematic uncertainties is as
expected and the resulting best fit signal strengths were con-
sistent with zero.

Figure 12 shows the results of the combined fit of the SvB
signal probability distribution to the signal plus background
model. The resulting signal strengths and corresponding 95%
CL upper limits are shown in Table 2. The values if only the
statistical uncertainties are included are shown in parenthe-
ses. The upper limits are determined under the assumption
that no signal exists. Despite the significant difference in
the ZZ and ZH cross sections, the upper limits of the sig-
nal strengths are similar. This is due to the increased signal
selection efficiency and lower background levels in the SR
for the ZH channel in comparison to those for the ZZ channel.
The current results are limited by the size of the data set and
the systematic uncertainties associated with the background
model.

10 Summary

A search for ZZ and ZH production in the 4b final state is
presented. The search uses the full 2016-2018 data set of
proton-proton collisions at a center-of-mass energy of 13 TeV
recorded with the CMS detector at the LHC, corresponding
to an integrated luminosity of 133 fb~!. The analysis benefits
from a multiclass multivariate classifier, which uses convo-
lutions to solve the combinatoric jet pairing problem, and
has been designed with an architecture customized to the
4b final state. The classifier is used both for signal-versus-
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background discrimination and for the derivation and valida-
tion of the background model. A novel technique for assess-
ing the background modeling uncertainties, using a synthetic
data sample, produced using a hemisphere mixing procedure,
allows both the uncertainty in the background model and its
variance to be measured with a precision better than the statis-
tical uncertainties in the selected signal-region events. While
these techniques are developed and demonstrated in the ZZ
and ZH — 4b searches, they are directly applicable to the
HH — 4b analysis. The observed (expected) 95% CL upper
limits on the ZZ — 4b and ZH — 4b production cross sec-
tions correspond to 3.8 (3.8) and 5.0 (2.9) times the standard
model prediction, respectively.
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