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Abstract

A search is presented for pair production of the standard model Higgs boson using
data from proton-proton collisions at a centre-of-mass energy of 13 TeV, collected
by the CMS experiment at the CERN LHC in 2016—2018, corresponding to an inte-
grated luminosity of 138 fb~'. The final state consists of two b quark-antiquark pairs.
The search is conducted in the region of phase space where at least one of the pairs
is highly Lorentz-boosted and is reconstructed as a single large-area jet. The other
pair may be either similarly boosted or resolved, the latter reconstructed using two
b-tagged jets. The data was found to be consistent with the measured standard model
processes. Limits in the range 9.74—0.29 fb and 4.94—0.19 fb were set on the product
of the cross sections and the branching fractions of the spin-0 radion and the spin-2
bulk graviton with a mass of 1—3 TeV, respectively, in the context of warped extradi-
mensional models.
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1 Introduction

In proton-proton (pp) collisions at the CERN Large Hadron Collider (LHC), the standard model
(SM) production of a pair of Higgs bosons [1-3] involves the gluon fusion and an internal
fermion loop dominated by the top quark, t. Its cross section of 33.5723 fb at a centre-of-mass
energy of 13 TeV [4-6], is too small to be observable with the current data. However, according
to many beyond the standard model (BSM) theories, other modes of Higgs boson pair pro-
duction could exist, many involving the production of a massive BSM resonance X that then
decays to a Higgs boson pair (X — HH) [7]. Even for resonance mass my too large for X to
be directly produced in pp interactions, the particle could manifest itself through off-shell ef-
fects, leading to anomalous couplings of the H boson to the SM particles, including the HH
self-interaction [8]. Thus, BSM effects may modify the HH differential and integral production
cross sections, making this process observable with current data.

Models with a warped extra dimension (WED), as proposed by Randall and Sundrum [7], are
among those BSM scenarios that predict the existence of resonances with large couplings to the
SM Higgs boson, such as the spin-0 radion [9-11] and the spin-2 first Kaluza—Klein (KK) exci-
tation of the graviton [12-14]. The WED models [15] postulate an additional spatial dimension
I compactified between two four-dimensional hypersurfaces known as the branes, with the re-
gion between, the bulk, warped by an exponential metric I/, where « is the warp factor. A value
of xI~35 fixes the mass hierarchy between the Planck scale Mp; and the electroweak scale [7].
One of the parameters of the model is x/ Mp,, where Mp, = Mp,/+/87. The ultraviolet cutoff
scale of the model Ax = v/6e ' Mp, [9] is another parameter, and is expected to be near the
TeV scale.

Searches for HH production have been performed by the ATLAS [16-22] and CMS [23-31]
Collaborations using the LHC pp collision data at v/s = 8 and 13 TeV. A search targeting the
high my range for a KK bulk graviton or a radion decaying to HH, in the bbbb final state, was
published by the CMS Collaboration [32], in which two large-area jets are used to reconstruct
the highly Lorentz-boosted Higgs bosons (“fully-merged” event topology). A similar search,
focusing on a lower range of my, was also performed by CMS [33], using events with four
separate b quark jets. The configuration of a Higgs boson candidate as one large-area jet or as
two separate smaller jets is dependent on the momentum of the Higgs boson [34].

In this note, we improve upon the CMS search for high mass resonance (1000 < my < 3000 GeV)
decaying to HH — bbbb [35] by using full Run 2 data corresponding to an integrated lumi-
nosity of 138fb~!. Owing to the broad mass range explored, the H — bb decay is recon-
structed using two techniques for two separate analysis channels. In the first, it is assumed
that both Higgs bosons are highly Lorentz-boosted and are reconstructed using large-area jets
(“fully-boosted” channel). In the second, the more boosted Higgs boson is reconstructed using
a large-area jet and the other is reconstructed from two separate b quark jets (“semi-resolved”
channel). The inclusion of the semi-resolved events leads to a significant improvement in the
search sensitivity for resonances with 1000 < my < 2000 GeV.

This note is organized as follows: a brief description of the CMS detector is given in Section 2
followed by a description of event simulation in Section 3. The event selection criteria are de-
fined in Section 4 after which Section 5 describes the modelling of the major background pro-
cesses. These are followed by Section 6 on the relevant systematic uncertainties and Section 7
where the results are presented. The search is summarized in Section 8.



2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters, made of steel and quartz-fibres, 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. [36].

Events of interest are selected using a two-tiered trigger system [37]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a time interval of less than 4 us. The
second level, known as the high-level trigger, consists of a farm of processors running a version
of the full event reconstruction software optimised for fast processing, and reduces the event
rate to around 1 kHz before data storage [38].

The particle-flow algorithm [39] (PF) aims to reconstruct and identify each individual particle
in an event (PF candidate), with an optimized combination of information from the various
elements of the CMS detector. The energy of photons is obtained from the ECAL measure-
ment. The energy of electrons is determined from a combination of the track momentum at
the main interaction vertex, the corresponding ECAL cluster energy, and the energy sum of
all bremsstrahlung photons attached to the track. The momentum of muons is obtained from
the curvature of the corresponding track. The energy of charged hadrons is determined from a
combination of their momentum measured in the tracker and the matching ECAL and HCAL
energy deposits, corrected for zero-suppression effects and for the response function of the
calorimeters to hadronic showers. Finally, the energy of neutral hadrons is obtained from the
corresponding corrected ECAL and HCAL energies.

For each event, jets are clustered from these reconstructed particles using the infrared and
collinear safe anti-kt algorithm [40, 41] with a distance parameter of 0.4 (AK4 jets) or 0.8 (AK8
jets). 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 to 10% of the true momentum over the
whole transverse momentum (pr) spectrum and detector acceptance. Additional pp interac-
tions within the same or nearby bunch crossings can contribute additional tracks and calorimet-
ric energy depositions, increasing the apparent jet momentum. To mitigate this effect, tracks
identified to be originating from pileup vertices are discarded and an offset correction is ap-
plied to correct for remaining contributions. Jet energy corrections are derived from simulation
studies so that the average measured energy of jets becomes identical to that of particle level
jets. In situ measurements of the momentum balance in dijet, photon+jet, Z+jet, and multijet
events are used to determine any residual differences between the jet energy scale in data and
in simulation, and appropriate corrections are made [42]. Additional selection criteria are ap-
plied to each jet to remove jets potentially dominated by instrumental effects or reconstruction
failures. The jet energy resolution amounts typically to 15-20% at 30 GeV, 10% at 100 GeV, and
5% at 1 TeV [42].

The missing transverse momentum vector g 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
pT° [43]. The p7™** is modified to account for corrections to the energy scale of the recon-
structed jets in the event.
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3 Event simulation

The bulk graviton and radion signal events are simulated at leading order in the mass range
1000-3000 GeV with a width of 1MeV (much smaller than experimental resolution), using
the MADGRAPH5_aMC@NLO 2.3.3 [44] event generator. The NNPDF3.0 leading order parton
distribution function (PDF) set [45], taken from LHAPDF6 PDF set [46-49], with the four-
flavour scheme, is used. The showering and hadronization of partons are simulated with
PYTHIA 8.212 [50].

The dominant background consists of events comprised uniquely of jets (multijet events) aris-

ing from the SM quantum chromodynamics (QCD) interaction, and is modelled entirely from

data. The remaining background, consisting mostly of tt+jets events, is modelled using POWHEG 2.0 [51-
53] and interfaced to PYTHIA 8. The CUETP8M2T4 tune [54, 55] is used for generating the

tt+jets events. The tt+jets background rate is estimated using a next-to-next-to-leading or-

der cross section of 83272 pb [56], corresponding to the top quark mass of 172.5GeV. A

sample of multijet events from QCD interactions, simulated at leading order using MAD-
GRAPH5_.aMC@NLO and PYTHIA 8, is used to develop and validate the background estimation
techniques, prior to being applied to the data.

All generated samples were processed through a GEANT4-based [57, 58] simulation of the CMS
detector. The effect of pileup, averaging to 23-30 at the LHC beam conditions between 2016—
2018, is included in the simulations, and the samples are reweighted to match the distribution
of the number of pp interactions observed in the data, assuming a total inelastic pp collision
cross section of 69.2 mb [59].

4 Event selection

Collision events are selected using a combination of triggers based on the jet activity in the
event. An event is selected if the scalar sum of the py of all AK4 jets in the event (Hry) is
greater than 800, 900, or 1050 GeV, depending on the data collection year and the LHC beam
instantaneous luminosity. Events with Hy > 650 GeV, a pair of jets with invariant mass above
900 GeV, and a pseudorapidity separation |An| < 1.5 are also selected. A third HLT trigger
accepts events if the pr of the leading AKS jets is greater than 360 or 400 GeV and the “trimmed
mass” of an AK8 jet is above 30 GeV. The jet trimmed mass is obtained after removing remnants
of soft radiation with the jet trimming technique [60], using a subjet size parameter of 0.3 and
a subjet-to-AKS jet pr fraction of 0.1.

Jets in events collected using the logical OR of the above HLT triggers are required to have
7| < 2.4, and pt > 30GeV for AK4 jets and pp > 300 GeV for AKS jets. One AKS8 jet is used to
identify a boosted and spatially merged H — bb decay (H jets) while two AK4 jets are used to
reconstruct a spatially resolved H — bb decay.

Initial step in the event selection requires the subleading AKS jet to have a soft-drop mass [61,
62] between 110 and 140 GeV, consistent with the measured mass of the Higgs boson my =
125.09 GeV. This selection corresponds to an efficiency of about 60-70% for a resonant signal
mass my in the range 1000-3000 GeV.

The merged H — bb jet is identified using a deep neural-network-based tagger, “DeepAK8”.
We use the “mass decorrelated” version of this tagger, which does not sculpt the jet mass in the
multijet background events, since this variable is used in the background estimation procedure.
The DeepAKS tagger outperforms the previously used “double-b” H — bb tagger, resulting in
an increase of the search sensitivity of about 2.5 over the whole search domain.



For selecting signal event candidates, the Deep AKS8 discriminator of the AKS8 jets must be above
0.8 (loose criterion) or above 0.9 (tight criterion). The fully-boosted channel contains two “sig-
nal regions” (SR), defined using the DeepAKS8 discriminator: events are categorized as either
tight-tight (TT), where both AKS jets pass the tight threshold, or as loose-loose (LL) otherwise.
We denote the signal regions as “pass” regions. For the purpose of background estimation,
for each signal region we also define a control region where the leading jet failed the tagging
requirement; we denote them as “fail” regions. The fail region for TT SR is defined by leading
H-jet failing but the subleading passing the tight criterion. Analogously, the fail region for LL
SR is defined by the leading H-jet failing the loose criterion while the subleading passing it.
This allows modeling of the signal regions using the fail regions that have the same criteria for
the subleading jet as the corresponding signal regions they are used to predict. It also ensures
that the fail regions for TT and LL signal regions are mutually exclusive.

Two dedicated tt categories are also used in order to constrain the modelling of the tt+jets
background component for events with larger jet pr, for which the usual tt measurements
cease to be applicable. The tt control regions use the same selections as TT and LL categories,
with the exception of window on the soft-drop mass of the subleading jet, which is shifted from
110 < mgp < 140 to 140 < mgp < 210 in order to capture the top peak. This provides an in situ
measurement of the top re-weighting uncertainty which is used in the full likelihood fit.

To find a Higgs boson decay into two resolved b quark jets, all AK4 jets in each event are
examined for their b tag value using “DeepJet” algorithm, which gives the probability of a jet
to have originated from the hadronization of a bottom quark. Deep]et is a deep neural network,
trained using information from tracks and secondary vertices associated to the jets. The Deep]Jet
requirement on AK4 jets corresponds to a 1% mistag rate for light flavoured jets. The resulting
b-tagging efficiency is about 70% for b quark jets in the pr range 80-150 GeV, and decreases
to about 50% for pr ~ 1000GeV. The b tagging efficiency in the simulations is corrected to
match the one in the data, using measurements of the b tagging algorithm performance in a
sample of muon-tagged jets and b jets from tt+jets events, where the correction factor ranges
from approximately 0.95 to 1.1.

Resolved H — bb candidates are identified by examining all pairs of b-tagged AK4 jets. Events
are required to have least one pair where both AK4 jets are AR > 0.8 away from the leading-pr
AKS jet and within AR < 1.5 of each other. If several such pairs are found, the pair of jets, j,
and j,, that has the highest sum of the AK4 jet DeepJet discriminator values is selected. The
leading-pt AKS jet is then identified as the boosted H candidate, and the pair of AK4 jets is
identified as the resolved H candidate. If no pairs are found, this process is repeated with the
subleading-pr AKS jet. If a pair of AK4 jets is identified, then the subleading-pt AKS jet is
identified as the boosted H candidate, and the pair of AK4 jets is identified as the resolved H
candidate. If no pairs are found once again, the event is rejected. The invariant mass of j; and
jp» 131(j1, ), is required to be within 90-140 GeV, forming the resolved H — bb candidate. For
the semi-resolved channel, the signal region used for background estimation requires the AK8
jet to pass the DeepAKS tight requirement and the anti-tag region to fail the tight requirement.

A resonant HH signal of high mass results in a small pseudorapidity separation between the
two Higgs bosons, while the candidates from the multijet background typically have a larger
pseudorapidity separation. Events in the fully-boosted channel are therefore required to have
a pseudorapidity difference between the two H jets, |Ay| < 1.3. No such criterion is applied to
the semi-resolved channel.

The main variable used in the search for a HH resonance is the “reduced mass”. The fully-
boosted analysis, it is defined as m.q = my — (my — my) — (my, — myy), where my and my,
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are the soft-drop masses of the leading and subleading H-tagged jets in the event, and my; =
125.09 GeV [63, 64] is the Higgs boson mass. In the semi-resolved analysis, this quantity is
defined by m,q = my — (my — my) — (my(jy,j,) — my). The reduced mass is used rather

than the invariant mass of the two reconstructed H — bb decays because by subtracting the
reconstructed masses of the two H — bb candidates and adding back the measured Higgs
boson mass myy, fluctuations caused by jet energy and mass resolutions are mitigated, leading
to 8-10% improvement in the dijet mass resolution. A requirement of m,q4 > 750 GeV is applied
for selecting signal-like events.

Table 1: Event selection for the fully-merged topology.

Variable Selection
Leading two AKS jets pr > 300GeV and || < 2.4
A1 <13
Sub-leading AKS jet soft-drop mass 110 < mgp < 140
Myred > 750

Table 2: Event selection for the semi-resolved topology.

Variable Selection
Leading AKS jet pr > 300GeV and || < 2.4
Leading AK4 jets pr > 30GeV and || < 2.4
Anji; <13
DeepJet Medium Working Point
Invariant combined AK4 soft-drop mass 90 < mgp < 140
Myed > 750

5 Background estimation

The two dominant sources of the standard model background are the multijet production and
tt+jets. Both backgrounds are estimated in data, but the procedure is assisted by simulations.
The multijet background estimation relies on the ratio of events that pass and fail the DeepAKS8
Higgs tagger selection on the leading jet. This ratio is predicted by the simulation, but a cor-
rection factor is fitted in low and high sidebands of m; and is interpolated through the signal
region to predict the multijet event yield as a function of m, 4. The tt component is modeled
well by the simulation and is obtained by fitting simulation templates to data in the whole
(my, myeq) plane and by simultaneously fitting the tt control region.

A likelihood fit to data is used to test the signal hypothesis. The total background model is con-
structed as a sum of the individual background contributions using a Poisson distribution for
each bin of the (m}, m,.q) distribution. We compare the number of expected events from both
the background-only and signal-plus-background hypotheses with the number of observed
events in data.

The expected number of signal events is calculated as Neypecteda = 0xB(X — HH — 4b)eL,
where oy the production cross section of X (a radion or a bulk graviton), B(X — HH — 4b)
is the product of the branching fraction of X — HH and the square of the branching ratio of
H — bb, ¢ is the product of the acceptance and the efficiency to reconstruct a HH event with
at least one boosted Higgs jet, and L is the integrated luminosity of the data set.



The number of expected events failing, nr, and passing, np, DeepAKS8 Higgs jet tagging in a
given bin is given by .

e (i,8) = nFP )+ (1,6) + 1 (1,6)
and _ X

np(i,8) = n3P () + np (1,8) + 1 (i, )
where i is a bin in the two-dimensional (1), 1,.q) plane, and 0 is the set of all nuisance param-
eters that quantify the systematic uncertainties, as described in Sec. 6. Each bin in the “fail”
two-dimensional distribution, n(FQCD(i ) is represented by an individual fit parameter that is re-
quired to be positive but is otherwise unconstrained.

Lastly, the predicted multijet yield in the “pass” two-dimensional distribution, n%CD(i ) is ob-
tained by
CD CD .
ngP (i) = n (I)Rp/p(my, Myeq)
where Rp,p(my, myeq) is a transfer function. We define the ratio of the multijet background
distributions that pass and fail the Higgs tagging requirement in data and QCD multijet MC
simulation as R%%?(m], Myeq) and R%/I/CF(m], Myeq), Tespectively.

Because of the combinatorial nature of multijet processes, R‘Ii)a/tf(m], Myeq) and RII\J’[/CF(m], Myed)
are both smooth as a function of m; and m,g4. The data-to-simulation ratio of these two-
dimensional functions (denoted by Ry, (1), ,eq)) is thus also smooth, and can be parame-
terized with an analytic function of ny and 1,e4.

While R%e}t;‘(ml, Myeq) could also be described by analytic functions, features of this shape that
are hard to model analytically can be factored out by using the QCD MC simulation, and the
fit of the analytic function to data is only responsible for describing the residual differences
between data and simulation that can be parameterized with fewer parameters than the shape
of R%f}tl‘?(m], Myed)-

Thus the number of events in a given bin of the passing region is obtained from

CD CD (. pMC
1’1% (l) = ”1? (Z)RP/F (Wl], mred)Rratio (m]I mred)
where R, (111, Myeq) is a surface parameterized by the product of two one-dimensional poly-
nomials in the (1), m,q) plane with coefficients determined from the fit to data. Based on the
Fisher test, where polynomial terms were added until the p-value obtained in the test was less
than 0.95, a second-order polynomials were chosen for both m; and 11,4 axes.

To reduce the effect of statistical fluctuations on the calculation of R?,/[/CF(m], Myeq) in the QCD
multijet simulation, the pass and fail distributions are smoothed by using an adaptive kernel
density estimate (KDE)[65]]prior to calculating the ratio. The smoothing has been repeated
for several values of the “bandwidth” parameter of the KDE algorithm, which acts as a scale
for the width of the adaptive kernels. The nominal value is 7 for all regions, except for the
TT region which has a nominal value of 6, but continuous values of the KDE bandwidth pypg
are obtained by morphing between templates obtained with other discrete values. The KDE
bandwidth pgpg is floating unconstrained in the fit as another parameter in the overall pass-
fail ratio determined by the data.

The m,.4 and my distributions of the LL and TT regions of the fully-boosted analysis are shown
in Figs. 1 and 2, respectively. Those for the semi-resolved analysis are shown in Fig. 3.
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Figure 2: Slices of two-dimensional distributions of observed events and the post-fit templates
in the TT pass region, projected onto the my (left) and m,.q (right) axes, including expected
radion signal at 1500 GeV.
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6 Systematic uncertainties

The following sources of systematic uncertainty affect the expected signal and background
event yields. None of these lead to a significant change in the signal shape. A complete list of
systematic uncertainties is given in Table 3.

Table 3: Summary of the ranges of systematic uncertainties in the signal and background yields,
for the combined fit of all ten regions for the radion resonance at 1500 GeV.

Source uncertainty (Combined %)

Luminosity 1.3 %

Pileup 1-2 %

PDF and scales 0.5 %

tt cross section 5.0 %
Trigger efficiency 2.4 %

Top quark pr re-weighting 0.2-1.5%

DeepAK8 H — bb efficiency 2.7 %
DeepAKS tt efficiency 0.1 %
DeepJet b tagging efficiency 0.5 %

Jet energy scale and resolution 1-3%

Jet mass scale and resolution 1-5%
Trigger prefiring corrections (2016/2017) 0.5 %
KDE bandwidth 10 %

QCD multijet background fit 2-10 %

The uncertainties in the modelling of the trigger response are particularly important for mq4 <
1100 GeV, where the trigger efficiency drops below 99%. The trigger efficiency in simulation
is corrected by a scale factor, which has an uncertainty between 1 and 15%, attributable to the
control trigger inefficiency and the sample size used.

The impact of the jet energy scale and resolution uncertainties [66] on the signal yields was
estimated to be 1-3%, depending on the signal mass. The jet mass scale and resolution were
measured using a sample of boosted W — qq’ jets in semileptonic tt events. The jet mass scale
and resolution has a 2% effect on the signal yields because of a change in the mean of the H jet
mass distribution. A correction factor is applied to account for the difference in the jet shower
profile of W — qq’ and H — bb decays, by comparing the ratio of the efficiency of H and
W jets using the PYTHIA 8 and HERWIG++ shower generators. This uncertainty, the H tagging
correction factor, averages to 0.1%, depending on the resonance mass my.

Scale factors are used to correct the signal events yields so their double-b tagger and Deep]et
discriminator efficiencies are the same as for data. The double-b tagger and the Deep]Jet dis-
criminator scale factors are taken to be 100% correlated. The associated uncertainty is 2-9% [67],
depending on the double-b tagger and requirement threshold and jet pr, and is propagated to
the total uncertainty in the signal yield.

The impact of the theoretical scale uncertainties and PDF uncertainties, the latter derived us-
ing the PDFALHC procedure [49] and the NNPDF3.0 PDF sets, is estimated to be 0.5%. These
uncertainties affect the product of the signal acceptance and the selection efficiency. The scale
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and the PDF uncertainties have negligible impact on the signal m,4 distributions. Additional
systematic uncertainties associated with the pileup modelling (1-2%, based on a 4.6% varia-
tion on the pp total inelastic cross section) and with the integrated luminosity determination
(2.5%) [59], are applied to the signal yield.

The systematic uncertainty applied to the signal is also applied to the tt+jets background, as
appropriate. The total uncertainty in the tt+jets background is 7 %.

An additional uncertainty in the bandwidth parameter of the KDE algorithm, which acts as a
scale for the width of the adaptive kernels, is accounted for by varying the parameter by unity.

The main source of uncertainty for the multijet background is due to the statistical uncertainty
in the fit to the R, /¢ ratio performed in the H jet mass sidebands. This uncertainty, amounting
to 2-10%, is fully correlated between all m4 bins. Additional statistical uncertainties in the
background shape and yield in the signal region result from the finite statistics of the multijets
samples in the fail region and are evaluated using the Barlow-Beeston Lite method [68, 69].
These uncertainties are small as compared with the uncertainty in the R ¢ ratio, and are un-
correlated from bin to bin.

7 Results

We search for the bulk graviton and the radion with masses between 1 and 3 TeV. We use the
scenario of Ref. [70] to describe the KK graviton, where the propagation of SM fields is allowed
in the bulk and follows the characteristics of the SM gauge group, with the right-handed top
quark localized near the TeV brane. The radion is an additional element of WED models that is
needed to stabilize the size of the extra dimension /. The theoretical cross sections for o(pp —
X)B(X — bbbb) are calculated using x/Mp, = 0.5 for the bulk gravitons and Az = 3 TeV for
the radions, of different masses. For these values of ¥/ Mp, and Ag, the branching fractions
B(X — bbbb) are 10 and 23%, for the graviton and the radion, respectively [71].

Results are obtained using a statistical combination of the semi-resolved and fully-merged
event categories. An X — HH signal is resonant in the 2D space of the different signal event
categories, as discussed in Section 5. The likelihood is formed by combining two-dimensional
binned likelihoods of ten regions: TT, LL, and semi-resolved signal categories, and TT and LL
tt control categories, where each category provides both pass and fail region. The projections
of 2D distributions in the five pass regions are shown in Figs. 1 through 3. The three signal
regions are examined for an excess of events above the predicted background, and the data
were found to be consistent with the expected background predictions.

Upper limits at 95% confidence level are set on the product of the production cross section and
the branching fractions o(pp — X)B(X — bbbb). They are obtained using the profile like-
lihood as a test statistic [72]. The systematic uncertainties are treated as nuisance parameters
and are profiled in the minimization of the negative of the logarithm of the profile likelihood
ratio and the distributions of the likelihood ratio are calculated using the asymptotic approxi-
mation [73] of the procedure reported in Refs. [74, 75]. As shown in Fig. 4, left, a narrow radion
with mass between 1000 and 2600 GeV is excluded at 95% confidence level for Ay = 3 TeV. Nar-
row bulk graviton for k/ Mp; = 0.5 is excluded at 95% confidence level only for masses between
1000 and 1200 GeV, as shown in Fig. 4, right. The deviation in observed limit at 1300 and 1500
GeV resonance masses is driven by an upward fluctuation of data over the background predic-
tion at m,q ~1400 GeV, as can be seen in Fig. 2, middle row. The expected limits are reported
in Tables 4 and 5 for radions and bulk gravitons of different assumed masses, respectively.
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Figure 4: Upper limits at 95% confidence level on o(pp — X)B(X — bbbb) for the narrow
spin-0 radion (left) and the spin-2 bulk graviton (right) models. The predicted theoretical cross
sections for the narrow radion and bulk graviton are also shown.

Table 4: Radion observed 95% CL exclusion limits.

Mass Obs. Exp.lim. +Exp (68%) —Exp (68%) +Exp (95%) —Exp (95%)

(GeV)  (tb) (tb) (tb) (fb) (tb) (fb)
1000 974 512 7.41 3.68 10.26 2.74
1100 337 320 4.58 2.28 6.31 1.69
1200 280 220 3.18 1.55 4.40 1.15
1300 324 172 2.50 1.21 35 0.89
1500 146 110 1.75 0.83 248 0.61
2000 047  0.53 0.83 0.34 1.26 0.24
2500 026 042 0.66 0.26 1.02 0.18
3000 029 046 0.74 0.29 1.13 0.20

Table 5: Graviton observed 95% CL exclusion limits.

Mass Obs. Exp.lim. +Exp (68%) —Exp (68%) +Exp (95%) —Exp (95%)

(GeV)  (tb) (tb) (tb) (fb) (tb) (fb)
1000 494 347 493 2.46 6.82 1.81
1100 213 212 3.10 1.52 4.26 1.14
1200 142 154 2.20 1.10 3.07 0.79
1300 176 120 1.71 0.82 242 0.62
1500 137  0.83 1.21 0.57 1.71 0.42
2000 031 035 0.55 0.23 0.83 0.16
2500 0.18  0.28 0.45 0.18 0.69 0.13

3000 0.19 0.31 0.49 0.20 0.77 0.14
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8 Summary

A search is presented for the pair production of standard model Higgs bosons (HH), both
decaying to a bottom quark-antiquark pair (bb), using data from proton-proton collisions at
a centre-of-mass energy of 13 TeV and corresponding to an integrated luminosity of 138 fb™'.
The search is conducted in the region of phase space where at least one of the Higgs bosons has
a large Lorentz boost, so that the H — bb decay products are collimated to form a single H jet.
The search combines events with one H jet plus two b jets with events having two H jets, thus
adding sensitivity to the previous analysis [32].

The results of the search are compared with predictions for the resonant production of a nar-
row Kaluza-Klein bulk graviton and a narrow radion in warped extradimensional models.
The search is also sensitive to several beyond standard model non-resonant HH production
scenarios. Such cases may arise either when an off-shell massive resonance produced in proton-
proton collisions decays to HH, or through beyond standard model effects in the Higgs boson
coupling parameters. The results are interpreted in terms of upper limits on the product of the
cross section for the respective signal processes and the branching fraction to HH — bbbb, at
95% confidence level.

The upper limits range from 4.94 to 0.19 fb for the bulk graviton and from 9.74 to 0.29 fb for the
radion for the mass range 1-3 TeV.
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