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Abstract
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1. Introduction 1

1 Introduction
Since the discovery of a Higgs boson on July 4, 2012 by the CMS and ATLAS experiments at
the CERN LHC [1–3], physicists have sought to deepen their understanding of the Higgs boson
and its properties. Experimentally, measuring the Higgs trilinear coupling (λHHH) is a crucial
test of the electroweak symmetry breaking mechanism. Among all possible production modes
of Higgs boson pair final states at the LHC, gluon fusion (ggF) gg → HH is the dominant
production mode. The interfering Feynman diagrams contributing to the gluon fusion HH
production in pp collisions at leading order (LO) are shown in Fig. 1.
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Figure 1: Feynman diagrams for leading order Higgs boson pair production via gluon fusion.

In this analysis, a di-Higgs search in the WWγγ and ττγγ channels is performed benefitting
from the sensitive H → γγ process which provides a clean and distinguishable signature. This
is the first study providing the expected significance numbers in these channels at a centre-of-
mass energy of 14 TeV with integrated luminosity of 3000 fb−1 at the HL-LHC using events
simulated with the DELPHES [4] package.

In the WWγγ process, three final states are possible, as the W boson can decay both leptoni-
cally and hadronically: Semi-Leptonic (WW → qqlν), Fully-Leptonic (WW → lνlν) and Fully-
Hadronic (WW → qqqq) decay modes, where l = e, µ or τ. For the Fully-Hadronic decay mode,
QCD induced processes are a major background and given the limited size of the Monte Carlo
samples, this background is not well described. Hence, this final state is not considered in this
study. The other two final states are tagged with separate selections and categorization, and
their corresponding signal and background estimates are combined with these from the ττγγ
channel to improve the overall analysis sensitivity.

2 The Phase-2 CMS detector
The CMS detector [5] will be substantially upgraded in order to fully exploit the physics po-
tential offered by the increase in luminosity, and to cope with the demanding operational con-
ditions at the HL-LHC [6–10]. The upgrade of the first level hardware trigger (L1) will allow
for an increase of L1 rate and latency to about 750 kHz and 12.5 µs, respectively, and the high-
level software trigger (HLT) is expected to reduce the rate by about a factor of 100 to 7.5 kHz.
The entire pixel and strip tracker detectors will be replaced to increase the granularity, reduce
the material budget in the tracking volume, improve the radiation hardness, and extend the
geometrical coverage and provide efficient tracking up to pseudorapidities of about |η| = 4.
The muon system will be enhanced by upgrading the electronics of the existing cathode strip
chambers (CSC), resistive plate chambers (RPC) and drift tubes (DT). New muon detectors
based on improved RPC and gas electron multiplier (GEM) technologies will be installed to
add redundancy, increase the geometrical coverage up to about |η| = 2.8, and improve the
trigger and reconstruction performance in the forward region. The barrel electromagnetic cal-
orimeter (ECAL) will feature the upgraded front-end electronics that will be able to exploit the
information from single crystals at the L1 trigger level, to accommodate trigger latency and
bandwidth requirements, and to provide 160 MHz sampling allowing high precision timing
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capability for photons. The hadronic calorimeter (HCAL), consisting in the barrel region of
brass absorber plates and plastic scintillator layers, will be read out by silicon photomultipli-
ers (SiPMs). The endcap electromagnetic and hadron calorimeters will be replaced with a new
combined sampling calorimeter (HGCal) that will provide highly-segmented spatial informa-
tion in both transverse and longitudinal directions, as well as high-precision timing informa-
tion. Finally, the addition of a new timing detector for minimum ionizing particles (MTD) in
both barrel and endcap regions is envisaged to provide the capability for 4-dimensional recon-
struction of interaction vertices that will significantly offset the CMS performance degradation
due to high PU rates.

A detailed overview of the CMS detector upgrade program is presented in Ref. [6–13], while the
expected performance of the reconstruction algorithms and pile-up mitigation with the CMS
detector is summarised in Ref. [14].

3 Simulated samples
Signal Monte Carlo gg → HH samples are generated using POWHEG V2 [15–18] at next-to-
leading order (NLO) in QCD including the full top quark mass dependence with the SM pa-
rameters. Subsequent decays of the Higgs boson pairs into WW or ττ and a pair of photons
are implemented using PYTHIA 8.212 [19]. The signal samples are generated separately for the
three possible final states in WWγγ. For ττγγ signal samples, all possible decays for taus are
allowed.

The analysis is affected by backgrounds from single Higgs boson production and by non-
resonant backgrounds with continuum mγγ spectra. The event generator MADGRAPH5 AMCATNLO

[20, 21] with the FxFx merging scheme [22] was used for the generation of the background from
SM single Higgs boson production, including gluon-gluon fusion (ggH), vector-boson fusion
(VBFH), associated production with a Z or W boson (VH) and associated production with a
top quark pair (ttH) , while the top quark associated production with a Higgs boson (tHq) was
done using MADGRAPH version-2.7 at LO.

The continuum background contribution comes from various SM processes. Most of the dom-
inant backgrounds across all the final states are due to the γγ+jets processes that are modeled
with the SHERPA v.2.2.1 generator [23]. γ+jets, QCD-induced processes and WW processes are
modeled with the PYTHIA 8 [19] generator. Drell Yan and W production processes in associ-
ation with photons and jets are modeled using MADGRAPH5 version-2.7 at LO. While tt̄ are
generated using POWHEG v2, tt̄W, tt̄γ, tt̄γγ, Zγ are modeled using MADGRAPH5 AMCATNLO

[20–22].

All signal and background samples are simulated with the Phase-2 upgraded CMS detector
geometry using DELPHES fast simulation with average pile-up of 200 interactions and at

√
s =

14 TeV.

4 Object Selections
Photons used in this analysis are required to have a transverse momentum (pT) above 25 GeV
with the leading photon above 35 GeV within |η| < 2.5 excluding the ECAL barrel and endcap
transition region (1.442 < |η| < 1.556). The relative isolation of the photon candidate, defined
as sum of the pT of all the particles within a cone of size 0.3 around the photon and divided the
sum by the photon pT, is required to be less than 0.3 and to pass the loose identification criteria
corresponding to 90% signal efficiency.
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Electrons are required to have pT above 10 GeV within |η| < 2.5 excluding the ECAL transition
region and must be isolated from the photons with an angular separation in the η − φ plane
greater than 0.4 (∆R =

√
∆η2 + ∆φ2 > 0.4). The transverse momenta of the muons are required

to be above 10 GeV and within |η| < 2.5 , and they are required to be isolated from the photons
and electrons with an angular separation greater than 0.4. Hadronically decaying taus are
required to have pT > 20 GeV within |η| < 2.5, and are required to be separated from photons,
electrons and muons with an angular separation greater than 0.2. The relative isolation of the
electrons (muons) is required to be less than 0.3 (0.1). Jets are reconstructed using the anti-kT
clustering method with a distance parameter of 0.4. They are required to have pT > 30 GeV,
be within |η| < 5 and to be well separated from the photon and lepton candidates with an
angular separation greater than 0.4. Jets are b-tagged using a deep neural network (DNN)
based secondary vertex algorithm, DEEPJET [24, 25].

5 Event Selections and Categorization
All events are required to have exactly two photons whose invariant mass verifies 100 < mγγ <
180 GeV, making this the common pre-selection to all final states. The analysis is performed in
mutually exclusive final states targeting decays of the vector bosons referred to as 1L and 2L
final states for WWγγ and 1 τ or 2 τs final states for ττγγ. Here, lepton (L) refers to either an
e± or a µ±.

5.1 One Lepton final state

Events fall into this analysis category if they contain at least one pre-selected diphoton pair, and
contain exactly one electron or muon passing the selection criteria described above. This final
state is expected to be the most sensitive of the three WWγγ channels due to the combination
of a relatively large W → qq branching ratio, and the presence of a high energy lepton from the
W → lν decay. Here, two multiclass DNNs are trained to separate the di-Higgs signal from the
expected single Higgs boson and continuum background where the di-Higgs (HH→ 2γ2qlν,
HH→ 2γ2τ, HH→ 2γ2l2ν) processes are labelled as HH, single Higgs backgrounds as H and
all the other background samples as the continuum background. Event weights are reweighted
such that the learning weight in all classes is similar. This ensures that the network focuses on
categorising all classes with an equal importance. Events are classified in “even” and “odd”
sets based on the fifth decimal place of leading photon φ. This separation on data sets allows
to apply the training performed with even events on the odd data set, and vice versa, to avoid
any training bias.

The feature variables used as inputs for the training include the kinematic variables such as
pT, η, φ and energy values of photons, jets, electrons and muons. For photons, pT and energy
values reweighted by the diphoton mass are used. Additionally, the jet multiplicity, missing
transverse energy and the invariant mass of the leading and subleading jets are also utilised in
the training.

The DNN score distribution is shown in Figure 2a. Events are then partitioned in four cate-
gories making use of the HH node output score. The boundaries shown in Table 1 are chosen
such that the expected significance is maximised.

The categorisation allows to deal with different signal over background ratios. Category 4
presents the best signal purity and significance.
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Categories Definition
Category 1 0.1 < DNN score < 0.6
Category 2 0.6 < DNN score < 0.8
Category 3 0.8 < DNN score < 0.92
Category 4 DNN score > 0.92

Table 1: One Lepton final state DNN score categories.

5.2 Two Lepton final state

A cut-based analysis is performed here. In this final state, events are required to have at least
two oppositely charged leptons (e+e−, µ+µ−, e±µ∓) passing the electron and muon object se-
lections described in Section 4. Furthermore, the events are required to satisfy the selections
listed in Table 2, where ∆R(l, l) is the ∆R between two leptons, mll is the mass of dilepton sys-
tem and meγ is the invariant mass of the leading electron and the leading photon in the events
that have at least one electron.

Variable Selection
∆R(l, l) > 0.4

pT of leading lepton > 20 GeV
pT of subleading lepton > 10 GeV

Emiss
T > 20 GeV

pγγ
T > 91 GeV

mll < 80 GeV or > 100 GeV
number of medium-tagged b-jets = 0

|meγ −mz| > 5 GeV

Table 2: Selection criteria of the Two Lepton Channel.

5.3 One Tau lepton final state

Events fall in this category if they contain two photons within the required invariant mass
range and contain exactly one hadronically decaying tau lepton and no electron/muon. Here
also, two multiclass deep neural networks (DNNs) are trained following the same strategy as
in the one lepton final state. Taus kinematic variables are replacing the ones from the electron
or the muon.
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Figure 2: DNN output scores in the one lepton (left) and one tau (right) final states.
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The DNN score distribution is shown in Figure 2b. Here, events are partitioned in two cate-
gories making use of the DNN score. Category one corresponds to events where the DNN score
lies between 0.1 and 0.65, while events with a DNN score higher than 0.65 are categorized in
Category 2.

5.4 Two Tau leptons final state

A cut-based analysis is performed in this final state. The events end up in this category if they
have at least two taus and no lepton. The two taus are required to be oppositely charged.

6 Systematic uncertainties
The contribution of systematic uncertainties have been divided in experimental and theoretical
uncertainties. The experimental uncertainties have been added as listed in Table 3. These
uncertainties have been applied according to the Yellow Report recommendation described
in Ref.[26]. Theoretical uncertainties are added on the ggHH signal and single Higgs boson
processes as described in Table 4.

Uncertainty Source Input (%)
Luminosity 1
Diphoton trigger 2
mγγ resolution 5
PhotonID 0.5/photon
electronID 0.5/electron
muonID 0.5/muon
tauID 2.5/tau
Tau energy scale 3
Jet energy Scale 3
b-tagging veto 3

Table 3: Experimental uncertainties considered in this study.

Process Uncertainty Source
PDF +αs (%) QCD Scale (%) mtop (%)

ggHH ± 3 +2.1/-4.9 +4.0/-18
ggH +4.6/-6.7 ± 3.2 -
VBFH +0.5/-0.3 ± 2.1 -
VH +0.4/-0.7 ± 1.8 -
ttH +6/-9.2 ± 3.5 -
tHq +6.4/-14.7 ± 3.6 -

Table 4: Theoretical uncertainties considered on the ggHH signal and single Higgs processes.

7 Results
The two photons invariant mass distributions for the one-leptonic and one tau final states, in-
clusive of all categories, are shown in Figure 3. The expected significance is extracted by fitting
the mγγ distributions in all the categories using a binned maximum likelihood approach with
all systematic uncertainties treated as nuisance parameters with log-normal distributions using
the Higgs Combine tool [27]. Given the presence of high fluctuations in the mγγ distribution
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for the continuum background across different categories, the shape fitted with an exponential
function has been used to describe the continuum background. The correlations among differ-
ent sources of uncertainties are taken into account while the different final states are considered
as independent channels in the fit.

For illustration purposes, the expected Phase-2 mγγ distributions are shown in Figure 4 for the
1L final state in its most sensitive category and in the 2 τ final state, where signal along with
the single Higgs and continuum background is described using a Gaussian and an exponential
function. The (pseudo-)data are generated according to the fitted signal, single Higgs and
continuum background contributions.

The significance values obtained are shown in Table 5 for the WWγγ and ττγγ final states
along with their combination.
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Figure 3: mγγ distributions in the WWγγ, 1L (left) and ττγγ, 1τ (right) final states.

Table 5: Expected HL-LHC significances (σ) results of the WWγγ and ττγγ processes with
their combination.

Final State Significance (stat+exp+theory)
WWγγ 0.21
ττγγ 0.08
Combination 0.22

8 Summary
A measurement of non-resonant Higgs boson pair production in the WWγγ and ττγγ final
states was performed in simulated proton-proton collision events at a centre-of-mass energy
of 14 TeV and integrated luminosity of 3000 fb−1 at the HL-LHC. Combining all final state
categories and including systematic uncertainties, an expected significance 0.22σ for signal is
measured.
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Figure 4: mγγ distributions in the WWγγ, 1L (top left), 2L (top right) and ττγγ, 2τs (bottom)
final states.
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