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1 Introduction

The Brout-Englert-Higgs mechanism is a key element of the standard model (SM) of ele-

mentary particles and their interactions, explaining the origin of mass through spontaneous

breaking of electroweak symmetry [1–6]. The discovery of a Higgs boson with a mass mH

around 125 GeV by the ATLAS and CMS experiments [7–9] fixes the value, in the SM, of

the self-coupling λ in the scalar potential, whose shape is determined by the symmetries of

the SM and the requirement of renormalisability. Direct information on the Higgs three-

and four-point interactions will provide an indication of the scalar potential structure.

Nonresonant Higgs boson pair production (HH) can be used to directly study the Higgs

boson self-coupling. At the CERN LHC, Higgs boson pairs are predominantly produced

through gluon-gluon fusion via two destructively interfering diagrams, shown in figure 1.

In the SM the destructive interference between these two diagrams makes the observation

of HH production extremely challenging, even in the most optimistic scenarios of energy

and integrated luminosity at the future High Luminosity LHC [10, 11]. The SM cross

section for HH production in proton-proton collisions at
√
s = 13 TeV for a Higgs boson

mass of 125 GeV is σHH = 33.5 fb at next-to-next-to-leading order (NNLO) in quantum

chromodynamics (QCD) for the gluon-gluon fusion process [12–21].
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Indirect effects at the electroweak scale arising from beyond the standard model (BSM)

phenomena at a higher scale can be parameterised in an effective field theory frame-

work [22–24] by introducing coupling modifiers for the SM parameters involved in HH

production, namely κλ = λ/λSM for the Higgs boson self-coupling λ and κt = yt/ytSM for

the top quark Yukawa coupling yt. Such modifications of the Higgs boson couplings could

enhance Higgs boson pair production to rates observable with the current dataset. The

relevant part of the modified Lagrangian takes the form:

LH =
1

2
∂µH ∂µH− 1

2
m2

HH2 − κλ λSM vH3 − mt

v
(v + κt H) (tLtR + h.c.), (1.1)

where H is the Higgs boson field, v is the vacuum expectation value of H, mt is the top

quark mass, t̄L and tR are the left- and right-handed top quark fields, and h.c. is the

Hermitian conjugate. The appearance of new contact-like interactions, not considered in

this paper, could also result in an enhancement of HH production.

Extensions of the scalar sector of the SM postulate the existence of additional Higgs

bosons. An explored scenario is the two-Higgs-doublet model (2HDM) [25], where a second

doublet of complex scalar fields is added to the SM scalar sector Lagrangian. The generic

2HDM potential has a large number of degrees of freedom, which can be reduced to six

under specific assumptions. In case the new CP-even state is massive enough (mass larger

than 2mH) it can decay to a pair of Higgs bosons. Models inspired by warped extra

dimensions [26] predict the existence of new heavy particles that can decay to pairs of Higgs

bosons. Examples of such particles are the radion (spin 0) [27–30] or the first Kaluza-Klein

(KK) excitation of the graviton (spin 2) [31, 32]. In the following, we will use X to denote

a generic state decaying into pairs of Higgs bosons.

Searches for Higgs boson pair production have been performed by the ATLAS and

CMS experiments using LHC proton-proton collision data. These include searches for

BSM production as well as more targeted searches for production with SM-like kinematics

in
√
s = 8 TeV [33–37] and 13 TeV data [38, 39].

This paper reports on a search for Higgs boson pair production, HH, and resonant

Higgs boson pair production, X → HH, where one of the H decays into bb, and the other

into Z(``)Z(νν) or W(`ν)W(`ν), where ` is either an electron, a muon, or a tau lepton

that decays leptonically. The search is based on LHC proton-proton collision data at√
s = 13 TeV collected by the CMS experiment, corresponding to an integrated luminosity

of 35.9 fb−1. The analysis focuses on the invariant mass distribution of the b jet pairs,

searching for a resonant-like excess compatible with the Higgs boson mass, in combination

with an artificial neural network discriminator based on kinematic information. The dom-

inant background is tt production, with smaller contributions from Drell-Yan (DY) and

single top quark production.

2 The CMS detector

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal

diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon pixel
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Figure 1. Feynman diagrams for Higgs boson pair production via gluon fusion in the SM. The

coupling modifiers for the Higgs boson self-coupling and the top quark Yukawa coupling are denoted

by κλ and κt, respectively.

and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass

and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.

Forward calorimeters extend the pseudorapidity coverage provided by the barrel and endcap

detectors. Muons are detected in gas-ionisation 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. [40].

3 Event simulation

The main background processes, in decreasing order of importance, are tt, DY, and single

top quark production. Diboson, triboson, ttV and SM single Higgs boson production

are also considered. Other contributions, such as W+jets or QCD multijet events with

jets misidentified as leptons, are negligible due to the dilepton selection described in the

next section. The dominant contribution, especially in the e±µ∓ channel, arises from tt

production yielding the same final state as the signal process (two b quark jets, two leptons,

and two neutrinos) when both W bosons from top quark decays further decay leptonically.

Background simulation samples have been generated at next-to-leading order

(NLO) in QCD using powheg 2 [41–45], and MadGraph5 amc@nlo versions 2.2.2.0

and 2.3.2.2 [46] with FxFx merging [47] and MadSpin [48]. The signal samples of gluon

fusion production of two Higgs bosons, and of spin-0 or spin-2 narrow resonances de-

caying into two Higgs bosons, have been generated at leading order (LO) in QCD using

MadGraph5 amc@nlo version 2.2.2.0. The spin-2 narrow resonance is produced as a

KK-graviton with minimal coupling [49], leading to spin projection ±2 on the beam axis.

The mass of the Higgs boson has been fixed to 125 GeV [50], and its branching frac-

tions to those in the SM. One of the Higgs bosons is required to decay into a pair of

b quarks, while the second one is required to decay to final states containing two lep-

tons and two neutrinos of any flavour. This implies that the signal samples contain both

H→ Z(``)Z(νν) and H→W(`ν)W(`ν) decay chains, leading to a total branching fraction

B(HH → bbVV → bb`ν`ν) of 2.7% [12]. The event generators used for both signal and

background samples are interfaced with pythia 8.212 [51, 52] for simulation of the par-
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ton showering, hadronisation, and underlying event using the CUETP8M1 tune [53]. The

NNPDF 3.0 [54] LO and NLO Parton Distribution Functions (PDF) are used.

For all processes, the detector response is simulated using a detailed description of

the CMS apparatus, based on the Geant4 package [55]. Additional pp interactions in

the same and in the neighbouring bunch crossings (pileup) are generated with pythia and

overlapped with the simulated events of interest to reproduce the pileup measured in data.

All background processes are normalised to their most accurate theoretical cross sec-

tions. The tt, DY, single top quark and W+W− samples are normalised to NNLO preci-

sion in QCD [56–59], while remaining diboson, triboson and ttV processes are normalised

to NLO precision in QCD [46, 60]. The single Higgs boson production cross section is

computed at the NNLO precision of QCD corrections and NLO precision of electroweak

corrections [12].

4 Event selection and background predictions

Data are collected with a set of dilepton triggers. The pT thresholds applied by the triggers

are asymmetric and channel-dependent, and vary from 17 to 23 GeV for the leading leptons

and from 8 to 12 GeV for the subleading leptons. Trigger efficiencies are measured with a

“tag-and-probe” technique [61] as a function of lepton pT and η in a data control region

consisting of Z→ `` events.

Events with two oppositely charged leptons (e+e−, µ+µ−, e±µ∓) are selected using

asymmetric pT requirements, chosen to be above the corresponding trigger thresholds,

for leading and subleading leptons of 25 GeV and 15 GeV for ee and µe events, 20 GeV and

10 GeV for µµ events, and 25 GeV and 10 GeV for eµ events. Electrons in the pseudorapidity

range |η| < 2.5 and muons in the range |η| < 2.4 are considered.

Electrons, reconstructed by associating tracks with ECAL clusters, are identified by

a sequential selection using information on the cluster shape in the ECAL, track quality,

and the matching between the track and the ECAL cluster. Additionally, electrons from

photon conversions are rejected [62]. Muons are reconstructed from tracks found in the

muon system, associated with tracks in the silicon tracking detectors. They are identified

based on the quality of the track fit and the number of associated hits in the different

tracking detectors [63]. The lepton isolation, defined as the scalar pT sum of all particle

candidates in a cone around the lepton, excluding the lepton itself, divided by the lepton pT,

is required to be <0.04 for electrons (with a cone of radius ∆R =
√

(∆φ)2 + (∆η)2 = 0.3)

and <0.15 for muons (with a cone of radius ∆R = 0.4). Lepton identification and isolation

efficiencies in the simulation are corrected for residual differences with respect to data.

These corrections are measured in a data sample, enriched in Z → `` events, using a

“tag-and-probe” method and are parameterised as a function of lepton pT and η.

Jets are reconstructed using a particle flow (PF) technique [64]. PF candidates are

clustered to form jets using the anti-kT clustering algorithm [65] with a distance parameter

of 0.4, implemented in the FastJet package [66]. Jet energies are corrected for residual

nonuniformity and nonlinearity of the detector response [67]. Jets are required to have

pT > 20 GeV, |η| < 2.4, and be separated from identified leptons by a distance of ∆R > 0.3.
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The missing transverse momentum vector, defined as the projection onto the transverse

plane relative to the beam axis, of the negative vector sum of the momenta of all PF

candidates, is referred to as ~pmiss
T [68, 69]. Its magnitude is denoted by pmiss

T . Corrections

to the jet energies are propagated to ~pmiss
T .

The reconstructed vertex with the largest value of summed object p2
T is taken to be the

primary pp interaction vertex, considering the objects returned by a clustering algorithm

applied to all charged tracks associated with the vertex, plus the corresponding associated

~pmiss
T .

The combined multivariate algorithm [70, 71] is used to identify jets originating from

b quarks. Jets are considered as b tagged if they pass the medium working point of

the algorithm, which provides around 70% efficiency with a mistag rate less than 1%.

Correction factors are applied in the simulation to the selected jets to account for the

different response of the combined multivariate algorithm between data and simulation [71].

Among all possible dijet combinations fulfilling the previous criteria, we select the two jets

with the highest combined multivariate algorithm outputs.

After the final object selection consisting of two opposite sign leptons and two b-tagged

jets, a requirement of 12 < m`` < mZ−15 GeV is applied to suppress quarkonia resonances

and jets misidentified as leptons, and to remove the large background at the Z boson peak

as well as the high-m`` tail of the DY and tt processes. This requirement has a negligible

impact on signal events where one H decays as H → W(`ν)W(`ν), and removes only the

portion of H→ Z(``)Z(νν) decays with on-shell Z(``) legs. Figure 2 shows the dijet pT for

data and simulated events after requiring the selection criteria described in this section.

All the background processes are estimated from simulation, with the exception of DY

production in the e+e− and µ+µ− channels. The DY contribution in the e±µ∓ channels is

almost negligible, and is taken from simulation.

The contribution of the DY process in the analysis selection is estimated from a data

sample enriched in DY plus jets events. The estimate is performed by requiring all the selec-

tion criteria described above, except for the b tagging requirements. The resulting dataset

is corrected with weights to represent the DY contribution in the full selection. The weights

are a function of kinematic variables and are tuned to reproduce the effect of applying the

b tagging requirements on the DY process. They account for the following features:

• The b tagging efficiencies are not constant and depend on jet kinematics. Moreover,

this dependency is different for b-, c- or light-flavour jets.

• The relative contributions of DY plus two jets of flavours k and l, where k, l =

b, c, or light-flavour, to the DY plus two jets process are not constant throughout the

phase-space. Modelling the effect of b tagging requires to parameterise the fractions

Fkl of jets with flavours k and l as a function of event kinematics.

We compute the weights as:

Wsim =
∑

k,l=b,c,light-flavour

Fkl(BDT) εk(p
j1
T , η

j1) εl(p
j2
T , η

j2), (4.1)
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Figure 2. The dijet pT distributions in data and simulated events after requiring two leptons,

two b-tagged jets, and 12 < m`` < mZ − 15 GeV, for e+e− (top left), e±µ∓ (top right), and µ+µ−

(bottom) events. The various signal hypotheses displayed have been scaled to a cross section of

5 pb for display purposes. Error bars indicate statistical uncertainties, while shaded bands show

post-fit systematic uncertainties.

where εk and εl are the b tagging efficiencies for k- and l-flavour jets calculated from

simulation as a function of pT and η of the jets and corrected for differences between data

and simulation, and j1 and j2 denote the two pT-ordered jets selected according to the

above requirements. The expected fractions of jets with flavours k and l in the dataset

are denoted by Fkl and are parameterised as a function of the output value of a Boosted

Decision Tree (BDT) [72]. The indices k and l refer to the assumed flavour of j1 and j2,

respectively. The flavour fractions Fkl are estimated from a simulated DY sample. Their

dependency on the BDT output value accounts for the different kinematical behaviours

of heavy- or light-flavour associated DY processes, effectively reducing the dimensionality

of the phase-space to a single variable. The BDT is trained to discriminate DY+bb, cc

from other DY associated production processes using the following input variables: pj1T ,
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pj2T , ηj1 , ηj2 , pjjT , p``T , η``, ∆φ(``, ~pmiss
T ) (defined as the ∆φ between the dilepton system and

~pmiss
T ), number of jets, and HT defined as the scalar sum of the transverse momentum of

all selected leptons and jets.

Beside DY, the data sample without b tagging requirements contains small contribu-

tions from other backgrounds such as tt, single top quark and diboson production. Hence,

the same reweighting procedure is applied to simulated samples for these processes, and the

result is subtracted from the weighted data to define the estimate of the DY background

in the analysis region.

The method is validated both in simulation and in two data control regions requiring

either m`` > mZ − 15 GeV or |m`` −mZ| < 15 GeV. The predicted DY distributions are in

agreement with data and simulation within the uncertainties of the method, described in

section 6.

5 Parameterised multivariate discriminators for signal extraction

Deep neural network (DNN) discriminators, based on the Keras library [73], are used to

improve the signal-to-background separation. As the dominant background process (tt

production) is irreducible, the DNNs rely on information related to event kinematics. The

variables provided as input to the DNNs exploit the presence in the signal of two Higgs

bosons decaying into two b jets on the one hand, and two leptons and two neutrinos on

the other hand, which results in different kinematics for the dilepton and dijet systems

between signal and background processes. The variables used as input are: m``, ∆R``,

∆Rjj , ∆φ(``, jj) (defined as the ∆φ between the dijet and the dilepton systems), p``T , pjjT ,

min(∆Rj`), and mT =
√

2p``Tp
miss
T [1− cos ∆φ(``, ~pmiss

T )].

The DNNs utilise a parameterised machine learning technique [74] in order to ensure

optimal sensitivity on the full range of signal hypotheses considered in these searches. In

this approach, one or more physics parameters describing the wider scope of the problem,

as for example the mass of the resonance in the resonant search case, are provided as input

to the DNNs, in addition to reconstructed quantities. The parameterised network is able

to perform as well as individual networks trained on specific hypotheses (parameter values)

while requiring only a single training, and provides a smooth interpolation to cases not seen

during the training phase, as shown by figure 3. Two parameterised DNNs are trained: one

for the resonant and one for the nonresonant search. In the first case, the set of parameters

are the masses of the resonance, providing 13 values for the network training (mX = 260,

270, 300, 350, 400, 450, 500, 550, 600, 650, 750, 800, 900 GeV), and a discrete variable

indicating the dilepton flavour channel: same flavour (e+e− and µ+µ−) or different flavour

(e±µ∓). In the second case, the parameters are κλ and κt, providing 32 combinations of

those for the network training (κλ = −20, -5, 0, 1, 2.4, 3.8, 5, 20 and κt = 0.5, 1, 1.75,

2.5), and the dilepton flavour channel variable as in the resonant case.

The mjj distributions, and resonant and nonresonant DNN discriminators after selec-

tion requirements, are shown in figures 4 and 5, respectively. Given their discrimination

power between signal and background, both variables are used to enhance the sensitivity

of the analysis. We define three regions in mjj : two of them enriched in background,

– 7 –
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Figure 3. Performance of the parameterised DNN for the resonant search, shown as the selection

efficiency for the mX = 650 GeV signal as a function of the selection efficiency for the background

(ROC curve), for the combined e+e−, µ+µ− and e±µ∓ channels. The dashed line corresponds

to the DNN used in the analysis, trained on all available signal samples, and evaluated at

mX = 650 GeV. The dotted line shows an alternative DNN trained using all signal samples

except for mX = 650 GeV, and evaluated at mX = 650 GeV. Both curves overlap, indicating

that the parameterised DNN is able to generalise to cases not seen during the training phase by

interpolating the signal behaviour from nearby mX points.

mjj < 75 GeV and mjj ≥ 140 GeV, and the other enriched in signal, mjj ∈ [ 75, 140 ) GeV.

In each region, we use the DNN output as our final discriminant, as shown in figure 6,

where the three mjj regions are represented in a single distribution.

6 Systematic uncertainties

We investigate sources of systematic uncertainties and their impact on the statistical in-

terpretation of the results by considering both uncertainties in the normalisation of the

various processes in the analysis, as well as those affecting the shapes of the distributions.

Theoretical uncertainties in the cross sections of backgrounds estimated using simula-

tion are considered as systematic uncertainties in the yield predictions. The uncertainty in

the total integrated luminosity is determined to be 2.5% [75].

The following sources of systematic uncertainties that affect the normalisation and

shape of the templates used in the statistical evaluation are considered:

• Trigger efficiency, lepton identification and isolation: uncertainties in the

measurement, using a “tag-and-probe” technique, of trigger efficiencies as well as

electron and muon isolation and identification efficiencies, are considered as sources

of systematic uncertainties. These are evaluated as a function of lepton pT and η, and
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Figure 4. The mjj distribution in data and simulated events after requiring all selection criteria in

the e+e− (top left), e±µ∓ (top right), and µ+µ− (bottom) channels. The various signal hypotheses

displayed have been scaled to a cross section of 5 pb for display purposes. Error bars indicate

statistical uncertainties, while shaded bands show post-fit systematic uncertainties.

their effect on the analysis is estimated by varying the corrections to the efficiencies

by ±1 standard deviation.

• Jet energy scale and resolution: uncertainties in the jet energy scale are of the

order of a few percent and are computed as a function of jet pT and η [67]. A difference

in the jet energy resolution of about 10% between data and simulation is accounted

for by worsening the jet energy resolution in simulation by η-dependent factors. The

uncertainty due to these corrections is estimated by a variation of the factors applied

by ±1 standard deviation. Variations of jet energies are propagated to ~pmiss
T .

• b tagging: b tagging efficiency and light-flavour mistag rate corrections and

associated uncertainties are determined as a function of the jet pT [71]. Their effect

on the analysis is estimated by varying these corrections by ±1 standard deviation.
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Figure 5. The DNN output distributions in data and simulated events after requiring all selection

criteria, in the e+e− (top), e±µ∓ (middle), and µ+µ− (bottom) channels. Output values towards

0 are background-like, while output values towards 1 are signal-like. The parameterised resonant

DNN output (left) is evaluated at mX = 400 GeV and the parameterised nonresonant DNN output

(right) is evaluated at κλ = 1, κt = 1. The two signal hypotheses displayed have been scaled to a

cross section of 5 pb for display purposes. Error bars indicate statistical uncertainties, while shaded

bands show post-fit systematic uncertainties.
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Figure 6. The DNN output distributions in data and simulated events, for the e+e− (top), e±µ∓

(middle), and µ+µ− (bottom) channels, in three different mjj regions: mjj < 75 GeV, mjj ∈
[ 75, 140 ) GeV, and mjj ≥ 140 GeV. The parameterised resonant DNN output (left) is evaluated

at mX = 400 GeV and the parameterised nonresonant DNN output (right) is evaluated at κλ = 1,

κt = 1. The two signal hypotheses displayed have been scaled to a cross section of 5 pb for display

purposes. Error bars indicate statistical uncertainties, while shaded bands show post-fit systematic

uncertainties.
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• Pileup: the measured total inelastic cross section is varied by ±5% [76] to produce

different expected pileup distributions.

• Renormalisation and factorisation scale uncertainty: this uncertainty is

estimated by varying the renormalisation (µR) and the factorisation (µF) scales

used during the generation of the simulated samples independently by factors of

0.5, 1, or 2. Unphysical cases, where the two scales are at opposite extremes, are

not considered. An envelope is built from the 6 possible combinations by keeping

maximum and minimum variations for each bin of the distributions, and is used as

an estimate of the scale uncertainties for all the background and signal samples.

• PDF uncertainty: the magnitudes of the uncertainties related to the PDFs and

the variation of the strong coupling constant for each simulated background and

signal process are obtained using variations of the NNPDF 3.0 set [54], following the

PDF4LHC prescriptions [77, 78].

• Simulated sample size: the finite nature of simulated samples is considered as

an additional source of systematic uncertainty. For each bin of the distributions,

one additional uncertainty is added, where only the considered bin is altered by

±1 standard deviation, keeping the others at their nominal value.

• DY background estimate from data: the systematic uncertainties listed above,

which affect the simulation samples, are propagated to εk and Fkl, both computed

from simulation. These uncertainties are then propagated to the weights Wsim and

to the normalisation and shape of the estimated DY background contribution. The

uncertainty due to the finite size of the simulation samples used for the determination

of εk and Fkl is also taken into account. Since previous measurements [79, 80]

have shown that the flavour composition of DY events with associated jets in

data is compatible with the simulation within scale uncertainties, no extra source

of theoretical uncertainty has been considered for Fkl. To account for residual

differences between the e+e− and µ+µ− channels not taken into account by Fkl, due

to the different requirements on lepton pT, a 5% uncertainty in the normalisation of

the DY background estimate is added in both channels.

The effects of these uncertainties on the total yields in the analysis selection are sum-

marised in table 1.

7 Results

A binned maximum likelihood fit is performed in order to extract best fit signal cross

sections. The fit is performed using templates built from the DNN output distributions in

the three mjj regions, as shown in figure 6, and in the three channels (e+e−, µ+µ−, and

e±µ∓). The likelihood function is the product of the Poisson likelihoods over all bins of
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Source Background yield variation Signal yield variation

Electron identification and isolation 2.0–3.2% 1.9–2.9%

Jet b tagging (heavy-flavour jets) 2.5% 2.5–2.7%

Integrated luminosity 2.5% 2.5%

Trigger efficiency 0.5–1.4% 0.4–1.4%

Pileup 0.3–1.4% 0.3–1.5%

Muon identification 0.4–0.8% 0.4–0.7%

PDFs 0.6–0.7% 1.0–1.4%

Jet b tagging (light-flavour jets) 0.3% 0.3–0.4%

Muon isolation 0.2–0.3% 0.1–0.2%

Jet energy scale <0.1–0.3% 0.7–1.0%

Jet energy resolution 0.1% <0.1%

Affecting only tt (85.1–95.7% of the total bkg.)

µR and µF scales 12.8–12.9%

tt cross section 5.2%

Simulated sample size <0.1%

Affecting only DY in e±µ∓ channel (0.9% of the total bkg.)

µR and µF scales 24.6–24.7%

Simulated sample size 7.7–11.6%

DY cross section 4.9%

Affecting only DY estimate from data in same-flavour events (7.1–10.7% of the total bkg.)

Simulated sample size 18.8–19.0%

Normalisation 5.0%

Affecting only single top quark (2.5–2.9% of the total bkg.)

Single t cross section 7.0%

Simulated sample size <0.1–1.0%

µR and µF scales <0.1–0.2%

Affecting only signal SM signal mX = 400 GeV

µR and µF scales 24.2% 4.6–4.7%

Simulated sample size <0.1% <0.1%

Table 1. Summary of the systematic uncertainties and their impact on total background yields

and on the SM and mX = 400 GeV signal hypotheses in the signal region.
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the templates and is given by

L(βsignal, βk|data) =

Nbins∏
i=1

µni
i e−µi

ni!
,

where ni is the number of observed events in bin i and the Poisson mean for bin i is given by

µi = βsignal Si +
∑
k

βk Tk,i,

where k denotes all of the considered background processes, Tk,i is the bin content of bin i

of the template for process k, and Si is the bin content of bin i of the signal template. The

parameter βk is the nuisance parameter for the normalisation of the process k, constrained

by theoretical uncertainties with a log-normal prior, and βsignal is the signal strength,

unconstrained. For each systematic uncertainty affecting the shape (normalisation) of the

templates, a nuisance parameter is introduced with a Gaussian (log-normal) prior.

The best-fit values for all the nuisance parameters, as well as the corresponding post-

fit uncertainties, are extracted by performing a binned maximum likelihood fit, in the

background-only hypothesis, of the mjj vs. DNN output distributions (such as figure 6

left) to the data. Only nuisance parameters affecting the backgrounds are considered.

7.1 Resonant production

The fit results in signal cross sections compatible with zero; no significant excess above back-

ground predictions is observed for X particle mass hypotheses between 260 and 900 GeV.

We set upper limits at 95% confidence level (CL) on the product of the production cross

section for X and branching fraction for X → HH → bbVV → bb`ν`ν using the asymp-

totic modified frequentist method (asymptotic CLs) [81–83] as a function of the X mass

hypothesis. The limits are shown in figure 7. The observed upper limits on the product of

the production cross section and branching fraction for a narrow-width spin-0 resonance

range from 430 to 17 fb, in agreement with expected upper limits of 340+140
−100 to 14+6

−4 fb. For

narrow-width spin-2 particles produced in gluon fusion with minimal gravity-like coupling,

the observed upper limits range from 450 to 14 fb, in agreement with expected upper limits

of 360+140
−100 to 13+6

−4 fb.

The left plot of figure 7 shows possible cross sections for the production of a radion,

for the parameters ΛR = 1 TeV (mass scale) and kL = 35 (size of the extra dimension).

The right plot of figure 7 shows possible cross sections for the production of a Kaluza-Klein

graviton, for the parameters k/MPl = 0.1 (curvature) and kL = 35. These cross sections

are taken from [49], assuming absence of mixing with the Higgs boson.

7.2 Nonresonant production

Likewise for the nonresonant case, the fit results in signal cross sections compatible with

zero; no significant excess above background predictions is seen. We set upper limits at 95%

CL on the product of the Higgs boson pair production cross section and branching fraction

for HH → bbVV → bb`ν`ν using the asymptotic CLs, combining the e+e−, µ+µ− and

– 14 –
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Figure 7. Expected (dashed) and observed (continuous) 95% CL upper limits on the product

of the production cross section for X and branching fraction for X → HH → bbVV → bb`ν`ν,

as a function of mX. The inner (green) band and the outer (yellow) band indicate the regions

containing 68 and 95%, respectively, of the distribution of limits expected under the background-

only hypothesis. These limits are computed using the asymptotic CLs method, combining the

e+e−, µ+µ− and e±µ∓ channels, for spin-0 (left) and spin-2 (right) hypotheses. The solid circles

represent fully-simulated mass points. The dashed red lines represent possible cross sections for the

production of a radion (left) or a Kaluza-Klein graviton (right), assuming absence of mixing with

the Higgs boson [49]. Parameters used to compute these cross sections can be found in the legend.

e±µ∓ channels. The observed upper limit on the SM HH→ bbVV→ bb`ν`ν cross section

is found to be 72 fb, in agreement with an expected upper limit of 81+42
−25 fb. Including

theoretical uncertainties in the SM signal cross section, this observed upper limit amounts

to 79 times the SM prediction, in agreement with an expected upper limit of 89+47
−28 times

the SM prediction.

In the BSM hypothesis, upper limits are set as a function of κλ/κt, as shown in figure 8

(left panel), since the signal kinematics depend only on this ratio of couplings. Red lines

show the theoretical cross sections, along with their uncertainties, for κt = 1 (SM) and

κt = 2. The theoretical signal cross section is minimal for κλ/κt = 2.45 [84], corresponding

to a maximal interference between the diagrams shown on figure 1.

Excluded regions in the κt vs. κλ plane are shown in figure 8 (right panel). The signal

cross sections and kinematics are invariant under a (κλ, κt)↔ (−κλ,−κt) transformation,

hence the expected and observed limits on the production cross section, as well as the

constraints on the κλ and κt parameters respect the same symmetry. The red region in the

panel corresponds to parameters excluded at 95% CL with the observed data, whereas the

dashed black line and the blue areas correspond to the expected exclusions and the 68 and

95% bands. Isolines of the product of the theoretical cross section and branching fraction

for HH→ bbVV→ bb`ν`ν are shown as dashed-dotted lines.
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Figure 8. Left: expected (dashed) and observed (continuous) 95% CL upper limits on the product

of the Higgs boson pair production cross section and branching fraction for HH → bbVV→ bb`ν`ν

as a function of κλ/κt. The inner (green) band and the outer (yellow) band indicate the regions

containing 68 and 95%, respectively, of the distribution of limits expected under the background-

only hypothesis. Red lines show the theoretical cross sections, along with their uncertainties, for

κt = 1 (SM) and κt = 2. Right: exclusions in the (κλ, κt) plane. The red region corresponds

to parameters excluded at 95% CL with the observed data, whereas the dashed black line and

the blue areas correspond to the expected exclusions and the 68 and 95% bands (light and dark

respectively). Isolines of the product of the theoretical cross section and branching fraction for

HH → bbVV → bb`ν`ν are shown as dashed-dotted lines. The diamond marker indicates the

prediction of the SM. All theoretical predictions are extracted from refs. [12–17, 84].

8 Summary

A search for resonant and nonresonant Higgs boson pair production (HH) is presented,

where one of the Higgs bosons decays to bb, and the other to VV → `ν`ν, where V is

either a W or a Z boson. The LHC proton-proton collision data at
√
s = 13 TeV collected

by the CMS experiment corresponding to an integrated luminosity of 35.9 fb−1 are used.

Masses are considered in the range between 260 and 900 GeV for the resonant search,

while anomalous Higgs boson self-coupling and coupling to the top quark are considered

in addition to the standard model case for the nonresonant search.

The results obtained are in agreement, within uncertainties, with the predictions of

the standard model. For the resonant search, the data exclude a product of the production

cross section and branching fraction of narrow-width spin-0 particles from 430 to 17 fb, in

agreement with the expectations of 340+140
−100 to 14+6

−4 fb, and narrow-width spin-2 particles

produced with minimal gravity-like coupling from 450 to 14 fb, in agreement with the

expectations of 360+140
−100 to 13+6

−4 fb. For the standard model HH hypothesis, the data exclude

a product of the production cross section and branching fraction of 72 fb, corresponding to

79 times the SM cross section. The expected exclusion is 81+42
−25 fb, corresponding to 89+47

−28

times the SM cross section.

– 16 –



J
H
E
P
0
1
(
2
0
1
8
)
0
5
4

Acknowledgments

We congratulate our colleagues in the CERN accelerator departments for the excellent

performance of the LHC and thank the technical and administrative staffs at CERN and

at other CMS institutes for their contributions to the success of the CMS effort. In ad-

dition, we gratefully acknowledge the computing centres and personnel of the Worldwide

LHC Computing Grid for delivering so effectively the computing infrastructure essential

to our analyses. Finally, we acknowledge the enduring support for the construction and

operation of the LHC and the CMS detector provided by the following funding agencies:

BMWFW and FWF (Austria); FNRS and FWO (Belgium); CNPq, CAPES, FAPERJ,

and FAPESP (Brazil); MES (Bulgaria); CERN; CAS, MoST, and NSFC (China); COL-

CIENCIAS (Colombia); MSES and CSF (Croatia); RPF (Cyprus); SENESCYT (Ecuador);

MoER, ERC IUT, and ERDF (Estonia); Academy of Finland, MEC, and HIP (Finland);

CEA and CNRS/IN2P3 (France); BMBF, DFG, and HGF (Germany); GSRT (Greece);

OTKA and NIH (Hungary); DAE and DST (India); IPM (Iran); SFI (Ireland); INFN

(Italy); MSIP and NRF (Republic of Korea); LAS (Lithuania); MOE and UM (Malaysia);

BUAP, CINVESTAV, CONACYT, LNS, SEP, and UASLP-FAI (Mexico); MBIE (New

Zealand); PAEC (Pakistan); MSHE and NSC (Poland); FCT (Portugal); JINR (Dubna);

MON, RosAtom, RAS, RFBR and RAEP (Russia); MESTD (Serbia); SEIDI, CPAN, PCTI

and FEDER (Spain); Swiss Funding Agencies (Switzerland); MST (Taipei); ThEPCenter,

IPST, STAR, and NSTDA (Thailand); TUBITAK and TAEK (Turkey); NASU and SFFR

(Ukraine); STFC (United Kingdom); DOE and NSF (U.S.A.).

Individuals have received support from the Marie-Curie programme and the European

Research Council and Horizon 2020 Grant, contract No. 675440 (European Union); the

Leventis Foundation; the A. P. Sloan Foundation; the Alexander von Humboldt Founda-

tion; the Belgian Federal Science Policy Office; the Fonds pour la Formation à la Recherche
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D. Spitzbart, W. Waltenberger, J. Wittmann, C.-E. Wulz1, M. Zarucki

Institute for Nuclear Problems, Minsk, Belarus

V. Chekhovsky, V. Mossolov, J. Suarez Gonzalez

Universiteit Antwerpen, Antwerpen, Belgium

E.A. De Wolf, D. Di Croce, X. Janssen, J. Lauwers, H. Van Haevermaet, P. Van Mechelen,

N. Van Remortel

Vrije Universiteit Brussel, Brussel, Belgium

S. Abu Zeid, F. Blekman, J. D’Hondt, I. De Bruyn, J. De Clercq, K. Deroover, G. Flouris,

D. Lontkovskyi, S. Lowette, S. Moortgat, L. Moreels, Q. Python, K. Skovpen, S. Tavernier,

W. Van Doninck, P. Van Mulders, I. Van Parijs
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M. Plagge, G. Quast, K. Rabbertz, M. Schröder, I. Shvetsov, G. Sieber, H.J. Simonis,

R. Ulrich, S. Wayand, M. Weber, T. Weiler, S. Williamson, C. Wöhrmann, R. Wolf
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M.S. Soares, A. Álvarez Fernández

– 32 –



J
H
E
P
0
1
(
2
0
1
8
)
0
5
4

Universidad Autónoma de Madrid, Madrid, Spain

J.F. de Trocóniz, M. Missiroli, D. Moran

Universidad de Oviedo, Oviedo, Spain

J. Cuevas, C. Erice, J. Fernandez Menendez, I. Gonzalez Caballero, J.R. González
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R. Lopes De Sá, J. Lykken, K. Maeshima, N. Magini, J.M. Marraffino, S. Maruyama,

D. Mason, P. McBride, P. Merkel, S. Mrenna, S. Nahn, V. O’Dell, K. Pedro, O. Prokofyev,

G. Rakness, L. Ristori, B. Schneider, E. Sexton-Kennedy, A. Soha, W.J. Spalding,

L. Spiegel, S. Stoynev, J. Strait, N. Strobbe, L. Taylor, S. Tkaczyk, N.V. Tran, L. Uplegger,

E.W. Vaandering, C. Vernieri, M. Verzocchi, R. Vidal, M. Wang, H.A. Weber, A. Whitbeck

University of Florida, Gainesville, U.S.A.

D. Acosta, P. Avery, P. Bortignon, D. Bourilkov, A. Brinkerhoff, A. Carnes, M. Carver,

D. Curry, R.D. Field, I.K. Furic, J. Konigsberg, A. Korytov, K. Kotov, P. Ma, K. Matchev,

H. Mei, G. Mitselmakher, D. Rank, D. Sperka, N. Terentyev, L. Thomas, J. Wang, S. Wang,

J. Yelton

Florida International University, Miami, U.S.A.

Y.R. Joshi, S. Linn, P. Markowitz, J.L. Rodriguez

Florida State University, Tallahassee, U.S.A.

A. Ackert, T. Adams, A. Askew, S. Hagopian, V. Hagopian, K.F. Johnson, T. Kolberg,

G. Martinez, T. Perry, H. Prosper, A. Saha, A. Santra, R. Yohay

– 36 –



J
H
E
P
0
1
(
2
0
1
8
)
0
5
4

Florida Institute of Technology, Melbourne, U.S.A.

M.M. Baarmand, V. Bhopatkar, S. Colafranceschi, M. Hohlmann, D. Noonan, T. Roy,

F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, U.S.A.

M.R. Adams, L. Apanasevich, D. Berry, R.R. Betts, R. Cavanaugh, X. Chen, O. Evdoki-

mov, C.E. Gerber, D.A. Hangal, D.J. Hofman, K. Jung, J. Kamin, I.D. Sandoval Gonzalez,

M.B. Tonjes, H. Trauger, N. Varelas, H. Wang, Z. Wu, J. Zhang

The University of Iowa, Iowa City, U.S.A.

B. Bilki65, W. Clarida, K. Dilsiz66, S. Durgut, R.P. Gandrajula, M. Haytmyradov,

V. Khristenko, J.-P. Merlo, H. Mermerkaya67, A. Mestvirishvili, A. Moeller, J. Nachtman,

H. Ogul68, Y. Onel, F. Ozok69, A. Penzo, C. Snyder, E. Tiras, J. Wetzel, K. Yi

Johns Hopkins University, Baltimore, U.S.A.

B. Blumenfeld, A. Cocoros, N. Eminizer, D. Fehling, L. Feng, A.V. Gritsan, P. Maksimovic,

J. Roskes, U. Sarica, M. Swartz, M. Xiao, C. You

The University of Kansas, Lawrence, U.S.A.

A. Al-bataineh, P. Baringer, A. Bean, S. Boren, J. Bowen, J. Castle, S. Khalil, A. Kropivnit-

skaya, D. Majumder, W. Mcbrayer, M. Murray, C. Royon, S. Sanders, E. Schmitz,

R. Stringer, J.D. Tapia Takaki, Q. Wang

Kansas State University, Manhattan, U.S.A.

A. Ivanov, K. Kaadze, Y. Maravin, A. Mohammadi, L.K. Saini, N. Skhirtladze, S. Toda

Lawrence Livermore National Laboratory, Livermore, U.S.A.

F. Rebassoo, D. Wright

University of Maryland, College Park, U.S.A.

C. Anelli, A. Baden, O. Baron, A. Belloni, B. Calvert, S.C. Eno, C. Ferraioli, N.J. Hadley,

S. Jabeen, G.Y. Jeng, R.G. Kellogg, J. Kunkle, A.C. Mignerey, F. Ricci-Tam, Y.H. Shin,

A. Skuja, S.C. Tonwar

Massachusetts Institute of Technology, Cambridge, U.S.A.

D. Abercrombie, B. Allen, V. Azzolini, R. Barbieri, A. Baty, R. Bi, S. Brandt, W. Busza,

I.A. Cali, M. D’Alfonso, Z. Demiragli, G. Gomez Ceballos, M. Goncharov, D. Hsu,

Y. Iiyama, G.M. Innocenti, M. Klute, D. Kovalskyi, Y.S. Lai, Y.-J. Lee, A. Levin,

P.D. Luckey, B. Maier, A.C. Marini, C. Mcginn, C. Mironov, S. Narayanan, X. Niu, C. Paus,

C. Roland, G. Roland, J. Salfeld-Nebgen, G.S.F. Stephans, K. Tatar, D. Velicanu, J. Wang,

T.W. Wang, B. Wyslouch

University of Minnesota, Minneapolis, U.S.A.

A.C. Benvenuti, R.M. Chatterjee, A. Evans, P. Hansen, S. Kalafut, Y. Kubota, Z. Lesko,

J. Mans, S. Nourbakhsh, N. Ruckstuhl, R. Rusack, J. Turkewitz

University of Mississippi, Oxford, U.S.A.

J.G. Acosta, S. Oliveros

– 37 –



J
H
E
P
0
1
(
2
0
1
8
)
0
5
4

University of Nebraska-Lincoln, Lincoln, U.S.A.

E. Avdeeva, K. Bloom, D.R. Claes, C. Fangmeier, R. Gonzalez Suarez, R. Kamalieddin,

I. Kravchenko, J. Monroy, J.E. Siado, G.R. Snow, B. Stieger

State University of New York at Buffalo, Buffalo, U.S.A.

M. Alyari, J. Dolen, A. Godshalk, C. Harrington, I. Iashvili, D. Nguyen, A. Parker,

S. Rappoccio, B. Roozbahani

Northeastern University, Boston, U.S.A.

G. Alverson, E. Barberis, A. Hortiangtham, A. Massironi, D.M. Morse, D. Nash, T. Ori-

moto, R. Teixeira De Lima, D. Trocino, D. Wood

Northwestern University, Evanston, U.S.A.

S. Bhattacharya, O. Charaf, K.A. Hahn, N. Mucia, N. Odell, B. Pollack, M.H. Schmitt,

K. Sung, M. Trovato, M. Velasco

University of Notre Dame, Notre Dame, U.S.A.

N. Dev, M. Hildreth, K. Hurtado Anampa, C. Jessop, D.J. Karmgard, N. Kellams,

K. Lannon, N. Loukas, N. Marinelli, F. Meng, C. Mueller, Y. Musienko36, M. Planer,

A. Reinsvold, R. Ruchti, G. Smith, S. Taroni, M. Wayne, M. Wolf, A. Woodard

The Ohio State University, Columbus, U.S.A.

J. Alimena, L. Antonelli, B. Bylsma, L.S. Durkin, S. Flowers, B. Francis, A. Hart, C. Hill,

W. Ji, B. Liu, W. Luo, D. Puigh, B.L. Winer, H.W. Wulsin

Princeton University, Princeton, U.S.A.

A. Benaglia, S. Cooperstein, O. Driga, P. Elmer, J. Hardenbrook, P. Hebda, S. Higgin-

botham, D. Lange, J. Luo, D. Marlow, K. Mei, I. Ojalvo, J. Olsen, C. Palmer, P. Piroué,

D. Stickland, C. Tully

University of Puerto Rico, Mayaguez, U.S.A.

S. Malik, S. Norberg

Purdue University, West Lafayette, U.S.A.

A. Barker, V.E. Barnes, S. Das, S. Folgueras, L. Gutay, M.K. Jha, M. Jones, A.W. Jung,

A. Khatiwada, D.H. Miller, N. Neumeister, C.C. Peng, J.F. Schulte, J. Sun, F. Wang,

W. Xie

Purdue University Northwest, Hammond, U.S.A.

T. Cheng, N. Parashar, J. Stupak

Rice University, Houston, U.S.A.

A. Adair, B. Akgun, Z. Chen, K.M. Ecklund, F.J.M. Geurts, M. Guilbaud, W. Li,

B. Michlin, M. Northup, B.P. Padley, J. Roberts, J. Rorie, Z. Tu, J. Zabel

University of Rochester, Rochester, U.S.A.

A. Bodek, P. de Barbaro, R. Demina, Y.t. Duh, T. Ferbel, M. Galanti, A. Garcia-Bellido,

J. Han, O. Hindrichs, A. Khukhunaishvili, K.H. Lo, P. Tan, M. Verzetti

– 38 –



J
H
E
P
0
1
(
2
0
1
8
)
0
5
4

The Rockefeller University, New York, U.S.A.

R. Ciesielski, K. Goulianos, C. Mesropian

Rutgers, The State University of New Jersey, Piscataway, U.S.A.

A. Agapitos, J.P. Chou, Y. Gershtein, T.A. Gómez Espinosa, E. Halkiadakis, M. Heindl,
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