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Abstract: The prospects of observing the non-resonant di-Higgs production in the Stan-
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√
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27 TeV and L = 15 ab−1) is studied. Various di-Higgs final states are considered based on
their cleanliness and production rates. The search for the non-resonant double Higgs pro-
duction at the HE-LHC is performed in the bb̄γγ, bb̄τ+τ−, bb̄WW ∗, WW ∗γγ, bb̄ZZ∗ and
bb̄µ+µ− channels. The signal-background discrimination is performed through multivari-
ate analyses using the Boosted Decision Tree Decorrelated (BDTD) algorithm in the TMVA
framework, the XGBoost toolkit and Deep Neural Network (DNN). The variation in the
kinematics of Higgs pair production as a function of the self-coupling of the Higgs boson,
λh, is also studied. The ramifications of varying λh on the bb̄γγ, bb̄τ+τ− and bb̄WW ∗

search analyses optimized for the SM hypothesis is also explored.
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1 Introduction

The discovery of the Higgs boson in 2012, by the ATLAS [1] and CMS [2] collaborations,
laid the foundation stone to a new era in the field of particle physics. Since its discovery,
numerous measurements have been performed to unravel the properties of the observed
125GeV resonance, and these results indicate towards its compatibility with the properties
of the Higgs boson as predicted by the Standard Model (SM) of particle physics. The
couplings of the observed Higgs boson with the third generation quarks and leptons, and
the gauge bosons, fall within the allowed SM uncertainties and have been measured with
considerable precision [3–10]. However, we still have a long way to go along the precision
frontier in the measurement of the first and second generation Yukawa couplings. Another
important aspect of the Standard Model which has remained elusive till now is the Higgs
potential. The location of the minimum of the Higgs potential has been successfully mea-
sured, however, we are yet to observe any clear signature of the self-coupling of the Higgs
boson (λh) which is another key ingredient in the understanding of the stability of the
Higgs potential.

In the SM, the only direct probe to measure λh is the non-resonant pair production
of the Higgs boson. The difficulty in its measurement emerges from the smallness of
the di-Higgs production cross-section. At the leading order (LO), the Feynman diagrams
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which dominantly contribute to the non-resonant Higgs pair production process proceeds
through top quark loops in the gluon fusion channel with a destructive interference between
the triangle and the box diagrams. The fine cancellation results in a smaller production
cross-section. At the centre of mass energy (

√
s) of 13 TeV, the SM di-Higgs production

cross-section in the gluon fusion channel stands at 31.05+2.2%
−5.0% fb at the NNLO level [11–18],

while the production rate at
√
s = 14 TeV increases to only 36.69+2.1%

−4.9% fb [11–18] at the
NNLO level.1 The cross-section of di-Higgs production through other modes namely vector
boson fusion, associated production with vector bosons and associated production with top
and bottom pairs are much smaller than the production rate in the gluon fusion channel,
and, are generally ignored. The small signal production rate is however compensated by
the presence of two Higgs bosons which can give rise to phenomenologically rich final states.

Various beyond the SM (BSM) scenarios can also enhance the di-Higgs production
cross-section. New physics (NP) cases, such as the presence of an extended Higgs sector
with a heavier resonance which can decay into a pair of SM-like Higgs bosons, composite
Higgs models, strongly interacting theories, effective field theories (EFT) with modified
top Yukawa coupling, Supersymmetric and extra-dimension theories with heavy colored
states, can potentially increase the di-Higgs production cross-section. A wide array of
studies pertaining to the case of di-Higgs production in various NP models can be found
in refs. [21–82].

The ATLAS and CMS collaborations have also performed numerous searches in various
non-resonant di-Higgs final states using both Run-I and the Run-II dataset. While none of
these searches have reported any excess over the SM background, upper limits have been
derived on the di-Higgs production cross-section. The most stringent upper limit has been
derived by ATLAS [83] through a combination of searches in the 4b, bb̄WW ∗, bb̄τ+τ−,
4W , bb̄γγ and the WW ∗γγ channels using the Run-II data collected at an integrated
luminosity (L) of ∼ 36 fb−1. The upper limit stands at 6.9 times the SM production cross-
section and the Higgs self-coupling is constrained within −5.0 < kλ < 12.0 (where, kλ is
the ratio of λh over the SM value of Higgs self-coupling), at 95% confidence level (CL). The
same dataset has also been used by ATLAS and CMS to perform non-resonant di-Higgs
searches in the 4W [84], bb̄WW ∗ [85], bb̄τ+τ− [86, 87], WW ∗γγ [88], bb̄γγ [89, 90] and
the 4b [91] final states. Among these results, searches in the bb̄τ+τ− [86], 4b [91] and the
bb̄γγ [89] channels yield an upper limit of 12.7, 22 and 13 times the SM cross-section value
at
√
s = 13 TeV, respectively, at 95% CL, while the other channels result in weaker upper

limits. Similarly, the analogous searches by CMS in the bb̄γγ [90] and the bb̄τ+τ− [87]
channels have reported an upper limit of 19.2 and 30 times the SM di-Higgs production
cross-section, respectively, at 95% CL. Searches have also been performed in the bb̄lνlν
final state by both ATLAS and CMS using the LHC Run-II data collected at ∼ 139 fb−1

and ∼ 36 fb−1, respectively, and the corresponding upper limits at 95% CL stand at 40 [92]
and 79 [93] times the SM production cross-section, respectively. CMS has also combined
the search results from bb̄τ+τ−, bb̄γγ, 4b and the bb̄V V (V = W±, Z) channels and derived

1The N3LO QCD corrections to the di-Higgs production cross-section in the gluon fusion channel have
been computed in refs. [19, 20].
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an upper limit at 22.2 times the SM non-resonant di-Higgs production cross-section at
95% CL [94]. The non-resonant di-Higgs searches performed by ATLAS and CMS using
Run-I dataset and the Run-II dataset collected at L ∼ 2 fb−1 can be found in refs. [95–
99]. Indirect measurement of λh has also been performed by ATLAS using the LHC Run-II
dataset (L ∼ 80 fb−1) [100] and has excluded kλ outside −3.2 < kλ < 11.9 at 95% CL. The
indirect probe makes use of single Higgs production at next-to-leading order (NLO) where
the electroweak loop corrections are sensitive to the self-coupling of the Higgs boson. In
ref. [101], a combination of indirect searches through single Higgs production using Run-II
data collected at L ∼ 80 fb−1 and non-resonant di-Higgs searches in the 4b, bb̄τ+τ− and
bb̄γγ channels using Run-II data collected at L ∼ 36 fb−1, results in the allowed range of kλ
to be within [−2.3 : 10.3] at 95% CL. The potential reach of the high luminosity upgrade of
the LHC (HL-LHC:

√
s = 14 TeV, L ∼ 3000 fb−1) in probing kλ has also been studied by

ATLAS in the bb̄γγ search channel [102]. This search reports a signal significance of 1.05σ
and a projected exclusion region of −0.8 ≤ kλ ≤ 7.7 at 95% CL. Through a combination of
searches in the 4b, bb̄γγ and the bb̄τ+τ− channels, ATLAS has reported a projected signal
significance of 3.5σ [103].

Numerous phenomenological studies have also focused on exploring the future prospects
of non-resonant di-Higgs searches and λh measurement at the HL-LHC, and, have exhib-
ited encouraging results through the use of novel kinematic variables, variables constructed
from boosted objects, jet substructure techniques, precision calculations and multivariate
analysis techniques [104–117]. In addition, the prospects of measuring λh in the future
lepton colliders has also been studied (see refs. [118–120]). Indirect measurements of λh at
the HL-LHC and the future lepton colliders have also been performed through the study of
single Higgs boson production (see refs. [38, 121–127]). The electroweak oblique parame-
ters have also been used to probe λh in ref. [128]. The complementarity between the direct
and indirect measurements of λh offer an interesting avenue for advancement of our under-
standing about the Higgs potential, however, we must note that the indirect probes would
be more vulnerable to the NP couplings present in the loop corrections and offers a higher
degree of complicacy in extracting model-independent limits. Therefore, the direct probe
of λh offers more viable options for model-independent studies. However, we must also note
that the numerous direct searches of λh performed in the context of the HL-LHC point
towards a common conclusion that the future prospect of observing the non-resonant di-
Higgs signal is rather bleak unless new physics effects are present or the signal-background
discrimination efficiency of the analysis techniques improves considerably. We would also
like to point out that an extensive list of studies exist in the literature where the potential
capability of the ambitiously proposed

√
s = 100 TeV hadron collider in probing λh has

been explored [109, 116, 129–136]. The future prospects of di-Higgs searches at the 100TeV
hadron collider have also been studied in the context of Higgs portal models and in the
Higgs EFT framework in refs. [35, 41, 58, 137–139]. On the contrary, mush less impetus
has been given towards studying the potential reach of the more realizable proposed energy
upgrade to the HL-LHC, viz. the HE-LHC which is projected to reach

√
s = 27 TeV at an

integrated luminosity of L ∼ 15 ab−1, in constraining λh, and the corresponding exhaus-
tive studies are by and large missing from literature. This stimulates the necessity for a
comprehensive study of the future potential of the HE-LHC.
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In this work, we perform a systematic evaluation of various final states emerging from
non-resonant di-Higgs production at the HE-LHC, with inclusion of an exhaustive list of
backgrounds, assessment of detector effects and implementation of advanced multivariate
analysis techniques. Before giving a detailed outline of this paper, we briefly revisit the
existing works where the potential capability of the HE-LHC in probing the Higgs boson
self-coupling has been studied. The SM non-resonant di-Higgs production cross-section at√
s = 27TeV in the gluon fusion channel is 139.9+1.3%

−3.9% fb at NNLO [11–18] and is roughly
∼ 3.5 times larger than its 14TeV counterpart. In the context of HE-LHC, the bb̄γγ channel
has been studied in detail in refs. [133, 140, 141]. Ref. [133] reports a 5σ observation at
the HE-LHC for L ∼ 2.5 ab−1 and a potential measurement accuracy of 15% and 30% at
68% and 95% CL, respectively. Ref. [141] also reports a 5σ observation and a projected
exclusion reach of 0.2 < kλ < 1.8 at 95% CL. A summary of the indirect probes of λh
through single Higgs production and differential distribution measurements can also be
found in ref. [141]. Lastly, ref. [140] outlines a ≥ 4.5σ observation at ∼ 40% measurement
accuracy for L ∼ 15 ab−1. The potential reach of other di-Higgs search channels have,
however, remained largely unexplored. Furthermore, the combination of search results
from multiple final states was observed to yield the most stringent constraints on λh for
the case of LHC Run-I and Run-II measurements, as well as the HL-LHC projections, and
we aim to explore this facet for the HE-LHC in the present study.

In the first part of our analysis, we study the bb̄γγ, bb̄τ+τ−, bb̄WW ∗, WW ∗γγ, bb̄ZZ∗

and the bb̄µ+µ− final states emerging from the decay of the Higgs pair. The choice of these
final states is motivated either by the cleanliness with respect to the backgrounds and/or
larger branching ratio of the decay modes of the Higgs boson along with non-availability of
existing studies. Previous studies have indicated the effectiveness of multivariate analysis
in performing signal-background discrimination, and at times have exhibited an enhanced
efficiency in improving the statistical signal significance compared to the more traditional
cut-based analysis techniques [108–111, 142]. Consequently, we adhere to multivariate
analysis in this work, and choose a variety of kinematic variables in each of the aforesaid
analysis channels chosen through a wide literature survey. Our main goal is to improve the
signal significance. In our study, we have considered three different multivariate analysis
techniques. The first one is based on the Boosted Decision Tree Decorrelated (BDTD)
algorithm in the TMVA framework [143], in the second case, we use the XGBoost [144]
toolkit which utilizes a gradient tree boosting algorithm, and thirdly, we use Deep Neural
Network (DNN) [145–147].

The objective of this work can be broadly classified into two different sections: to esti-
mate the discovery reach of non-resonant di-Higgs searches at the HE-LHC through multi-
variate analysis using the BDTD algorithm, the XGBoost toolkit, and the DNN framework
in various well-motivated di-Higgs final states (section 2) and assess HE-LHC’s future po-
tential in constraining λh (section 3). We also study the ramifications of varying λh on the
di-Higgs signal sensitivity in section 3. We conclude in section 4.
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2 Non-resonant di-Higgs production at the HE-LHC

In this analysis, we consider such di-Higgs final states which have photons and/or leptons
in the final state, viz. bb̄γγ, bb̄τ+τ−, bb̄WW ∗, WW ∗γγ, bb̄ZZ∗ and bb̄µ+µ−. Final states
like τ+τ−WW ∗, τ+τ−ZZ∗, 4τ , ZZ∗γγ, 4γ, 4Z and 4W have not been considered due to
negligible production rates at the HE-LHC. However, it must be noted that some of these
channels might have crucial implications on di-Higgs searches at the 100TeV collider.

The di-Higgs signal and the background events have been generated at the leading
order (LO) parton level with MG5_aMC@NLO [148]. The NNPDF2.3LO PDF set [149] has
been used with the A14 tune [150]. The showering and hadronization has been done with
Pythia8 [151]. Fast detector response has been simulated using Delphes-3.4.1 [152].
Since the detector configuration at the HE-LHC is not known, we simulate the detector
effects by assuming the resolution and tagging efficiencies of the present ATLAS detector.

The jet reconstruction is done using the anti-kT [153] algorithm with the jet radius
parameter, R = 0.4, and the minimum jet transverse momentum, pjT > 20 GeV, in the
FastJet [154] framework. For the leptons (l, l = e, µ) and photons to be isolated, it is
required that the sum of transverse momenta of the surrounding objects within a cone of
radius ∆R = 0.2 must be less that 20% of the transverse momentum (pT ) of the lepton or
photon under consideration. Furthermore, the leptons and photons are also required to lie
within a pseudorapidity (η) range of |η| ≤ 4.0 and must carry pT > 5 GeV and > 10 GeV,
respectively. A flat b-tagging efficiency of 70% has been considered while the c → b and
j → b fake rates have been fixed at 3% (4%) and 0.15% (0.12%) provided the pT of the c
and j are in between 30− 90 GeV (> 90 GeV), respectively [155]. We must mention that
the fake rates are a function of the transverse momenta and pseudorapidity, and must be
dealt with more sophistication in a more precise analysis.

We perform a multivariate analysis in the TMVA framework to efficiently discriminate
the signal and the background events. In this respect, multifarious kinematic variables
are chosen depending upon the di-Higgs final state. We use the BDTD algorithm in all
these analyses. Overtraining of the signal and background samples has been avoided by
requiring the results of the Kolmogorov-Smirnov test to be always >0.1. We also perform
a detailed collider analysis using the XGBoost package and DNN. The XGBoost training is
performed by optimizing the learning rate, max-depth, and the regularization parameters,
η and λ. We also use early stopping for regularization. The goal is to minimize the loss
function and avoid overtraining by maintaining a comparable validation loss and training
loss. The XGBoost classifier is trained with the signal and background event samples,
and a lower cut is applied on the signal-like probability of the XGBoost output. We refer
to this lower limit as the probability cut on the XGBoost output. We also use a DNN
classifier to train the signal and the background events. The DNN training is performed on
a three-layered network structure with Adam optimizer, and regularization is performed
using batch normalization. The categorical cross-entropy loss function is considered, and
similar to the case of XGBoost, the aim is to minimize the loss function while maintaining
a similar training loss and validation loss to avoid overtraining.
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In this work, the following formula has been used to compute the signal signifi-
cance [156, 157]:

S =
√

2
(

(S +B) log
(

1 + S

B

)
− S

)
, (2.1)

where S is the signal yield and B is the total background yield, from the multivariate
analyses. Upon assuming a systematic uncertainty, σsys_un, the signal significance formula
is modified as the following form:

Ssys =

√√√√2
(

(S +B) log
(

(S +B)(B + σ2
B)

B2 + (S +B)σ2
B

)
− B2

σ2
B

log
(

1 + σ2
BS

B(B + σ2
B)

))
, (2.2)

where σB = σsys_un × B. The performance of the multivariate analyses was optimized to
maximize the signal significance while also maintaining a reasonably good value of S/B.

In the following subsections, we discuss the kinematic features of the numerous di-Higgs
final states, provide a detailed outline of the analysis strategies and present our results from
the detailed collider search. We begin our discussion by studying the features and prospects
of the bb̄γγ channel (which is one of the most promising channels for non-resonant di-Higgs
searches at the HL-LHC) in the context of searches at the HE-LHC.

2.1 The bb̄γγ channel

The small branching ratio of h→ γγ puts the signal (pp→ hh→ bb̄γγ) production rate at
a downside, however, the relatively low production rate is compensated by the cleanliness
of this channel. Numerous previous works have studied the prospects of this search channel
in probing non-resonant di-Higgs production at the HL-LHC. In our previous work [111],
where the HL-LHC prospects of the bb̄γγ search channel was analyzed through both, cut-
based and multivariate techniques, we had obtained a signal significance of ∼ 1.46 and
∼ 1.76, respectively, thus, exhibiting a promising prospect for the high energy upgrade of
the HL-LHC, viz. the HE-LHC.

The QCD-QED bb̄γγ process is the most dominant source of background and has been
generated upon merging with an additional jet through the MLM merging scheme [158].
Substantial contribution to the background also arises from the fakes, viz. the cc̄γγ and
jjγγ processes, when the c jets and the light jets (j), respectively, gets faked as a b jet.
These three background processes (bb̄γγ + cc̄γγ + jjγγ) will be collectively referred to as
bb̄γγ∗ in the remainder of this analysis. Other fake backgrounds which can contaminate
the signal are: bb̄jγ and cc̄jγ (collectively referred to as Fake 1), and, bb̄jj (referred to as
Fake 2). In the Fake 1 category, one light jet gets faked as a photon while two light jets
are required to get misidentified as photons in the Fake 2 category. Another source of fake
background is the hjj∗ process (hjj+hcc) when h decays into photon pair and the j/c gets
faked as a b jet. The other processes which contribute to the background are tt̄h, Zh, bb̄h
and Zγγ. The Zγγ process has also been generated upon matching with an additional jet.
The leading order (LO) cross-sections are obtained from MG5_aMC@NLO and the generation
cuts for these background processes have been outlined in appendix A.
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Acceptance cuts
Nb jets = 2, Nγ = 2

122GeV < mγγ < 128GeV
∆Rbγ > 0.2
mbb > 50GeV

Table 1. Acceptance cuts in the bb̄γγ channel.

We select events with exactly two b jets and two photons in the final state. The leading
and the sub-leading (pT ordered) b jets, b1 and b2 respectively, must carry pT > 30 GeV
and lie within a pseudorapidity range of |η| < 4.0. The two photons are also required to
carry pT > 30 GeV and must fall within a pseudorapidity coverage of |η| < 4.0. A veto
is applied if any τ jets or isolated leptons (l, l = e, µ) are present with pT > 20 GeV and
|η| < 4.0. This veto helps to reduce the tt̄h background where leptons can come from top
decay. To offset the large bb̄γγ∗ background, we restrict the invariant mass of the photon
pair (mγγ) to lie between 122GeV and 128GeV. We impose a lower cut on the ∆R2

between the photons and the b jets, ∆Rbγ > 0.2, and require the invariant mass of the bb̄
pair (mbb) to be greater than 50GeV to further tackle the QCD-QED bb̄γγ∗ background.
The acceptance cuts have been summarized in table 1. We would like to note that the
generation level cuts have also been applied alongside the acceptance cuts.

The signal and background event samples, after being passed through the aforemen-
tioned cuts, are subjected to multivariate analysis using the BDTD algorithm, the XGBoost
toolkit, and DNN, in order to discriminate between the background and signal samples and
maximize the signal significance. The following 19 kinematic variables are used as inputs
in the optimization procedure:

mbb, ∆Rγγ , ∆Rbb, pT,bb, pT,γγ , ∆Rbb γγ , pT,hh, ∆Rbiγi ,
mhh, pT,b1,2 , pT,γ1,2 , /ET , cos θ∗, cos θγ1h

(2.3)

Here, pT,bb and pT,γγ represents the transverse momentum of the system of bb̄ pair
and the photon pair, respectively, while ∆Rbb γγ represents the distance in the η− φ plane
between the bb̄ and γγ system. θ∗ represents the angle between the outgoing photon and
the Z-axis in the Collins-Soper (CS) frame [159, 160] and cos θ∗ is defined as:

cos θ∗ = Sinh(ηγ1 − ηγ2)√
1 + (pT,γγ/mγγ)2

2 pT,γ1 pT,γ2
m2
γγ

(2.4)

The advantage of this variable is its less sensitivity to initial state radiations (ISR) in
the CS frame. The final variable is cos θγ1h where θγ1h represents the angle between the
direction of the leading pT photon (γ1) in the rest frame of the Higgs boson reconstructed
from the diphoton system and the direction of the Higgs boson (reconstructed from the
γγ system) in the lab frame. We must note that the numerical ordering of particles in our

2The distance between two final state particles a and b in the η − φ plane is calculated as ∆R2
ab =

∆η2
ab+∆φ2

ab where ∆ηab and ∆φab are the differences in pseudorapidity and azimuthal angle of the particles
a,b respectively.
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Figure 1. Normalized distributions of mbb, pT,γγ , pT,γ1 and mhh for the pp → hh → bb̄γγ signal
and the dominant backgrounds after the acceptance cuts and the generation level cuts.

notation represents the pT ordering with the subscript 1 assigned to the leading pT object
in its class.

The kinematic variables which exhibited the maximal capability in discriminating the
signal and background event samples during the BDTD optimization procedure are: mbb,
pT,bb, pT,γ1 and mhh. The normalized distribution of these variables for the signal and
the dominant background processes, after passing through the acceptance cuts and the
generation cuts, are illustrated in figure 1. In table 2, we show the signal and background
yields together with the signal significance obtained from the multivariate BDTD analysis.
As shown in table 2, the BDTD optimization yields a signal significance of 9.42 in the ab-
sence of any systematic uncertainty (σsys_un), exhibiting a roughly ∼ 6 times improvement
over its HL-LHC counterpart [111]. Upon assuming σsys_un = 5%, the signal significance
reduces to ∼ 2.91, still within the projected exclusion reach (> 2σ) at the HE-LHC. We
also show the signal and background yields, and the signal significance, obtained from the
XGBoost optimization, in table 2. The kinematic variables listed in eq. 2.3 have also been
used in the multivariate analysis performed using the XGBoost toolkit. Here, we have
applied the probability cut on the XGBoost output at 97% and we obtain a signal signifi-
cance of 12.46 (5.11 with σsys_un = 5%). The signal and background yields from the DNN
analysis are also listed in table 2. The DNN training and optimization results in a signal
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Process Cross section order Event yield after the analysis with
BDTD XGBoost DNN

Background

tt̄h NLO [161] 988 8× 10−3 7× 10−3

bb̄γγ∗ LO 1423 266 1191
Fake 1 LO 358 2.4 2.8
Fake 2 LO 361 36 45
Zh NNLO (QCD) + NLO (EW) [161] 297 1149 615
bb̄h LO 92 3× 10−4 0.21
Zγγ LO 99 66 52
hjj∗ LO 0.22 286 211

Total 3618 1806 2117
Signal (hh→ bb̄γγ) NNLO [162] 581 555 478

Significance 0% σsys_un 9.42 12.46 10.03
2% (5%) σsys_un 5.93 (2.91) 9.31 (5.11) 7.26 (3.9)

Table 2. The signal and background yields at the HE-LHC along with the signal significance in
the bb̄γγ channel from the analysis using BDTD, XGBoost and DNN classifiers.

significance of 10.03 (3.9 with σsys_un = 5%) which is slightly lower than the XGBoost
estimation but larger than the BDTD output. We also list the signal and background
yields, and the associated signal significance, obtained from the XGBoost analysis upon
imposing the probability cut at 95% in table 3. Reducing the probability cut from 97%
to 95% reduces the signal significance to 9.47. It must also be noted that the yield of the
dominant QCD-QED bb̄γγ background increases from . 1 to 1633 when the probability cut
on the XGBoost output is reduced from 97% to 95%. We would like to acknowledge that
the choice of the probability cut is subjective and the results would differ with a different
choice of the probability cut. Therefore, for the sake of completeness, we also illustrate the
signal significance and the S/B value as a function of probability cut (in %) on the XG-
Boost output in figure 2. The solid green and purple lines in figure 2 represent the signal
significance obtained by assuming zero and 5% systematic uncertainty, respectively. The
dashed red line represents the ratio of signal over background, scaled by a factor of 30.3

2.2 The bb̄ττ channel

Compared to the bb̄γγ search channel, the bb̄ττ final state suffers a drawback in terms
of signal clarity, however, it gains a favorable stance on account of its considerably large
production rate. An added advantage is the possibility to obtain three different final
states depending on the decay modes of the τ leptons: fully leptonic (bb̄ll + /ET ), semi-
leptonic (bb̄lτh + /ET ) and fully hadronic (bb̄τhτh). In a previous analysis [111] where we
had studied the future reach of all three decay modes of bb̄ττ channel at the HL-LHC, the
fully hadronic decay mode had exhibited the strongest sensitivity. Keeping this observation
in mind, in the current subsection we exclusively focus on studying the potential reach of
di-Higgs searches at the HE-LHC in the fully hadronic decay mode: pp→ hh→ bb̄τhτh. In
similarity with the previous subsection, we perform a detailed multivariate collider analysis
with the BDTD algorithm, XGBoost and DNN.

3The scaling has been done for illustrative reasons.
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Process Event yield after the analysis with
XGBoost with 95% probability cut

Background

tt̄h 0.01
bb̄γγ∗ 2083
Fake 1 4.6
Fake 2 62
Zh 1624
bb̄h 0.34
Zγγ 111
hjj∗ 419
Total 4304

Signal (hh→ bb̄γγ) 636

Significance 0% σsys_un 9.47
2% (5%) σsys_un 5.66 (2.7)

Table 3. The signal and background yields at the HE-LHC along with the signal significance for
the bb̄γγ channel upon applying the probability cut on the XGBoost output at 95%.
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Figure 2. The variation of significance (with (5%) and without systematic uncertainty) and S/B
is shown as a function of the probability cut on the XGBoost output for the bb̄γγ channel.

The tt̄ process is the leading contributor to the background. In order to generate
sufficient statistics of all relevant tt̄ decay modes, we generate the event samples for fully
leptonic, semi-leptonic, and fully hadronic decay modes of tt̄, separately. The QCD-QED
pp→ bb̄Z?/γ? → bb̄ττ and the fake bb̄jj (when jets fake as a τh) processes also provides a
sizable contribution to the background. Sub-dominant contributors to the background are:
Zh, bb̄h, tt̄h, tt̄W and tt̄Z. In the case of Zh, contributions can arise from (Z → bb̄)(h→
τ+τ−) as well as from (Z → τ+τ−)(h → bb̄). The large cross-section of the background
processes also demands a large event statistics. To efficiently achieve larger statistics, we
impose hard cuts at the generation level which have been listed in appendix A.

The substantial difference in the production cross-section of the signal and the domi-
nant tt̄ background necessitates the use of efficient kinematic variables to discriminate the
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two. The di-tau invariant mass (mττ ) is one such variable however the reconstruction of
mττ at the LHC has always been wrapped with complications due to the accompanying /ET .
A number of ττ reconstruction techniques have been studied and applied in previous analy-
ses [163–165]. In the present work, we use the collinear mass approximation technique [165]
to reconstruct mττ . This technique assumes the following: the visible decay products and
the neutrinos from a τ lepton are approximately collinear (θvis = θν , φvis = φν), and the
neutrinos are the only source of /ET . Based on these assumptions, the x- and y-components
of /ET can be defined as functions of the neutrino momenta, and individual contribution of
the neutrinos to the /ET can be ascertained upon solving these relations. We must note that
this approximation technique is capable to reconstruct mττ correctly only under circum-
stances where the di-tau system is highly boosted and has recoiled against a hard object.
This technique is applicable in the context of pp → hh → bb̄ττ channel since the h → ττ

system is boosted against the h → bb̄ system. However, it is possible that this technique
may overestimate the value of mττ when the /ET resolution is not accurate. Similar to our
previous analysis [111], we consider modified lepton selection criteria following [166]. The
total energy deposition of all the stable particles within ∆R`, particle < 0.2 of the electron
or muon is required be at most 15GeV. The tagging efficiency of a τ jet with pT > 20GeV
and |η| < 4.0 is fixed at 55% and 50% [167] for one pronged and three pronged τ ’s, respec-
tively. Also, the rate of a light jet with pT > 20GeV and |η| < 4.0 getting mistagged as a
τ tagged jet is assumed to be 0.35% [167].

We select events containing exactly two b-tagged jets and two τ -tagged jets in the final
state. The b jets and the τ jets must carry pT > 30 GeV and pT > 20 GeV, respectively,
and both must lie within a pseudorapidity range of |η| < 4.0. A veto is applied on events
containing isolated leptons with pT > 20 GeV and |η| < 4.0. Furthermore, the distance
in the η − φ plane between the b jets (∆Rbb), the τ jets (∆Rτ1τ2) and in between all
possible pairs of b and τ jets (∆Rbiτj (i, j = 1, 2)) is required to be greater than 0.2.
Here, the superscripts 1 and 2 represents the pT ordered leading and sub-leading objects.
Additionally, we also impose the generation level cuts, viz. a lower limit on the invariant
mass of the b jets, mbb > 50 GeV and the invariant mass of the visible decay products of
the τ ’s, mvis.

ττ > 50 GeV.
The selected signal and background events are subjected to multivariate analysis with

the following input kinematic variables:

pT,bb, ∆Rbb, mbb, pT,τhτh , ∆Rτhτh , ∆φτh1 /ET
, ∆φτh2 /ET

,

mT,τhτh , mcol
τhτh

, mT2, meff, ∆Rb1τh1 , pvisT,hh, mvis
hh, ∆Rvis

hh

where, ∆φτhi /ET , i = 1, 2 is the difference between the azimuthal angle of the visible
decay product of the τ and the /ET , mT,τhτh is the transverse mass of the τ pair and is
defined by m2

T,τhτh
= (

∑
i
ET,i)2 − (

∑
i
~pT,i)2 where i runs over the visible decay products

of the τ and the /ET , mT2 is the stransverse mass [163, 164] and meff is the scalar sum
of transverse momentum of all the visible decay products and /ET . The mT2 variable
characterizes the topology of the fully leptonic tt̄ background where the parent particles
of the invisible neutrinos in the final state are of the same mass. In the case of fully
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Process Cross section order Event yield after the analysis with
BDTD XGBoost DNN

Background

tt̄ had NNLO [168] 377 127 5.1
tt̄ semi-lep NNLO [168] 28315 9037 11447
tt̄ lep NNLO [168] 31239 5513 14701
bb̄ττ LO 23443 6055 1708
tt̄h NLO [161] 3368 1180 1544
tt̄Z NLO [169] 2034 443 652
tt̄W LO 89 15 37
bb̄h LO 20 9.8 4.7
Zh NNLO (QCD) + NLO (EW) [161] 1358 700 277
bb̄jj LO 65776 18716 1315

Total 156019 41795 31690
Signal (hh→ bb̄τhτh) NNLO [162] 1096 981 760

Significance 0% σsys_un 2.77 4.78 4.25
2% (5%) σsys_un 0.35 (0.14) 1.13 (0.46) 1.15 (0.47)

Table 4. The signal and background yields at the HE-LHC are shown along with the signal
significance in the bb̄τ+τ− channel from the analysis using BDTD, XGBoost and DNN classifiers.
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Figure 3. Normalized distributions of mbb, mcol
τhτh

, mT,τhτh
and mvis

hh for the bb̄τhτh signal and the
dominant backgrounds after the acceptance cuts and the generation level cuts.
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Figure 4. The variation of significance (with (5%) and without systematic uncertainty) and S/B
is shown as a function of the probability cut on the XGBoost output for the bb̄τ+τ− channel.

leptonic tt̄ background, it is bounded from above by the top quark mass, however, for the
pp → hh → bb̄τ+τ− signal, mT2 remains unbounded from above. In the construction of
mT2, the visible components are composed of two b jets and the two τ -tagged jets in
the final state, while the invisible component is composed of the total /ET of the system.
The other variables have their usual meaning. The kinematic variables which are most
efficient in discriminating the signal and the backgrounds in the BDTD optimization are:
mbb, mcol

τhτh
, mT,τhτh and mvis

hh , and we illustrate their normalized distribution for the signal
and the most dominant backgrounds in figure 3. The BDTD optimization results in a total
background yield of 1.56× 105 and a signal yield of 1096 leading to a signal significance of
2.77 assuming zero systematic uncertainty (see table 4) and thus falls within the potential
exclusion reach at the HE-LHC. We must however mention that S/B value of this channel
is of the order of 10−2 and the signal significance drops considerably upon introducing
systematic uncertainties (significance becomes 0.14 with σsys_un = 5%).

The signal and background discrimination is also performed using XGBoost and DNN,
and the respective signal and background yields are shown in table 4. The signal and
background yields for XGBoost are computed with a probability cut on the XGBoost
output at 97%. The XGBoost signal yield is almost comparable to the signal yield from
BDTD, however, the background yield is roughly ∼ 70% less than its BDTD counterpart.
Correspondingly, the signal significance improves to 4.78 (0.46 with σsys_un = 5%). In
figure 4, we illustrate the variation of the signal significance obtained from the analysis
using XGBoost, for 0% (solid green line) and 5% (solid purple line) systematic uncertainty,
as a function of the probability cut on the XGBoost output. The red-dashed line represents
the S/B value scaled with 102. The analysis using DNN results in a signal significance of
4.25 (0.47 with σsys_un = 5%). Similar to our results in the bb̄γγ channel (section 2.1),
we obtain the highest signal significance from XGBoost followed by DNN and BDTD.
However, we would like to mention that more efficient optimization of the DNN analysis
may lead to improved signal-background discrimination leading to comparable results with
XGBoost.
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2.3 The bb̄WW ∗ channel

The bb̄WW ∗ channel manifests into three different final states: the fully leptonic bb̄l+l− +
/ET , the semi-leptonic bb̄l+ jets+ /ET and the fully hadronic bb̄+ jets+ /ET . Among these
three, the fully leptonic final state is relatively cleaner, has a smaller background, and
therefore, is the focus of this study.

The leading and sub-leading contribution to the background comes from leptonically
decaying tt̄ and llbb̄, respectively. Lesser contributions to the background arises from tt̄h,
tt̄Z, tt̄W and tW . The tW process has been generated by merging with an additional jet
and the W boson has been decayed leptonically. Furthermore, a hard cut of mbb ≥ 50 GeV
is imposed at the generation level of tt̄, llbb̄ and tW processes. We have listed all such
generation level cuts in appendix A.

The event selection criteria requires the presence of exactly two b jets with pT >

30 GeV and |η| < 4.0, and two oppositely charged isolated leptons with pT > 20 GeV
and |η| < 4.0. In addition, for the sake of consistency, the generation level hard cuts:
∆Rbilj > 0.2 (i, j = 1, 2) and mbb > 50 GeV, imposed on tt̄, llbb̄ and tW , are applied on
the signal and all the backgrounds at the selection level. The signal and the background
samples thus obtained at the selection level are then passed through the BDTD algorithm.
The following variables are considered to perform the multivariate analysis:

logT, logH, M
(b)
T2 , M

(`)
T2 ,

√
ŝ

(``)
min,

√
ŝ

(bb``)
min , pT,`1/2 , /ET , m``, mbb,

∆R``, ∆Rbb, pT,bb, pT,``, ∆φbb ``.
(2.5)

Here, T and H refers to Topness and Higgsness [104, 170], respectively. The Topness
variable is designed to characterize the fully-leptonic tt̄ topology. The leptonic tt̄ final state
has two neutrinos whose three momenta are undetermined resulting in 6 unknowns. Four
on-shell mass conditions are provided by mt, mt̄, mW+ and mW− . The three-momenta of
the neutrino is fixed by minimizing χ2

ij which is defined as [104]:

χ2
ij ≡ min

~/pT=~pνT+~pν̄T


(
m2
bi`+ν

−m2
t

)2

σ4
t

+
(
m2
`+ν−m

2
W

)2
σ4
W

+

(
m2
bj`−ν̄

−m2
t

)2

σ4
t

+
(
m2
`−ν̄−m

2
W

)2
σ4
W

 .
(2.6)

Here, i, j can take values of 1 or 2, corresponding to the leading (b1) or sub-leading (b2)
pT ordered b jet, respectively. Following ref. [104], we take σt = σW = 5 GeV. The
minimization of χ2

ij is performed under the condition that the total missing transverse
momentum of the system is the sum of the transverse momentum of the two neutrinos, ~/pT =
~pνT + ~pν̄T . There can be two different combinations of the b jet, lepton and the neutrino:
b1l

+ν and b2l
−ν̄, or b2l+ν and b1l

−ν̄. The Topness is eventually defined by considering
the minimum of the two χ2

ij values, T = min
(
χ2

12 , χ
2
21
)
. Similarly, the Higgsness variable
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Figure 5. Normalized distributions of ∆R``, m``, logH , logT and
√
ŝ

(``)
min for the bb̄WW ∗ →

2b2` + /ET signal and dominant backgrounds after the acceptance cuts and the generation level
cuts.
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targets the h→WW ∗ topology in the signal and is defined as [104]:

H ≡ min
[(
m2
`+`−νν̄ −m

2
h

)2
σ4
h`

+

(
m2
νν̄ −m2

νν̄,peak

)2

σ4
ν

+

min

(m2
`+ν −m

2
W

)2
σ4
W

+

(
m2
`−ν̄ −m

2
W ∗,peak

)2

σ4
W ∗

,

(
m2
`−ν̄ −m

2
W

)2
σ4
W

+

(
m2
`+ν −m

2
W ∗,peak

)2

σ4
W ∗


.

(2.7)

Here, mW ∗,peak is the invariant mass of the off-shell W boson produced from the decay
of the Higgs boson. mW ∗,peak is defined as:

1√
3

√
2(m2

h +m2
W )−

√
m4
h + 14m2

hm
2
W +m4

W (2.8)

mνν̄,peak in eq. 2.7 corresponds to the location of the peak of the νν̄ invariant mass distri-
bution, and is allocated a value of 30 GeV following ref. [104]. We also fix σW ∗ , σhl and σν
at 5 GeV, 2GeV and 10GeV, respectively, following ref. [104]. A combination of these two
variables is found to be effective in discriminating the large tt̄ background from the signal.
The b jets and the decay products of the W boson correspond to the visible and invisible
components, respectively, of the m(b)

T2 variable, while m
(`)
T2 is computed by considering the

two isolated final state leptons to form the visible component and the neutrinos to form the
invisible component. These two variables have been taken from [171]. We also consider the
minimum of the Mandelstam invariant mass variable:

√
ŝmin [171], where

√
ŝ

(ab)
min represents

the minimum value of the centre of mass (c.o.m) energy required to produce the parton
level parent particles of the final state particles a and b. It is defined as:

ŝ
(ab)
min = m2

ab + 2(
√
|pabT |2 +m2

ab /pT − ~pabT . ~/pT

where mab and pabT are the invariant mass and transverse momentum, respectively, of the
visible system ab. In the present scenario, we consider two such variables:

√
ŝ

(``)
min and√

ŝ
(bb``)
min , where the former and the latter variables represent the minimum c.o.m. energy

scale of the parton levelWW ∗ pair and the Higgs pair, respectively. Furthermore, in eq. 2.5,
pT,`1/2 represents the pT of the leading and sub-leading isolated leptons (represented as l1
and l2, respectively), m`` represents the invariant mass of the l1l2 pair, ∆R`` corresponds
to the distance between l1 and l2 in the η− φ plane, pT,`` measures the pT of the di-lepton
system and ∆φbb `` computes the difference of azimuthal angles between the bb̄ system and
the di-lepton system.

The variables which are found to be most efficient in discriminating the signal and
the background in the BDTD analysis are: ∆R``, m``, logH and log T . We illustrate the
normalized distributions of these four variables and

√
ŝ

(``)
min, for the signal and the dominant

backgrounds: tt̄ and ``bb̄, in figure 5. The signal and background yields obtained from the
BDTD analysis have been listed in table 5. We obtain a signal significance of 1.42 without
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Process Cross section order Event yield after the analysis with
BDTD XGBoost DNN

Background

tt̄ lep NNLO [168] 481445 305038 242560
``bb̄ LO 169857 48365 22441
tt̄Z NLO [169] 9544 3364 1930
tt̄h NLO [161] 6285 7636 2960
tt̄W LO 725 775 280
tW LO 5 6.5 3.7

Total 667861 365185 270175
Signal (hh→ bb̄WW ∗ → bb̄``+ /ET ) NNLO [162] 1162 1661 746

Significance 0% σsys_un 1.42 2.75 1.43
2% (5%) σsys_un 0.09 (0.03) 0.23 (0.09) 0.14 (0.06)

Table 5. The signal and background yields at the HE-LHC along with the signal significance for
the bb̄WW ∗ channel from the analysis using BDTD, XGBoost and DNN classifiers.
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Figure 6. The variation of significance (with (5%) and without systematic uncertainty) and S/B
is shown as a function of the probability cut on the XGBoost output for the bb̄WW ∗ final state.

assuming any systematic uncertainties. We must note that the signal significance value
undergoes a significant reduction upon the introduction of systematic uncertainty due to
the small S/B which is shown in table 5.

Here again, we also use the XGBoost and DNN classifier to perform a detailed collider
analysis. We obtain a signal yield of 1661 (746) and a total background yield of 3.6 ×
105 (2.7×105) resulting in a signal significance of 2.75 (1.43) which is ∼ 1.94 (∼ 1.01) times
higher (smaller) than the corresponding value from the BDTD optimization (see table. 5).
We would like to mention that signal yields from the BDTD optimization and the XGBoost
toolkit are roughly within 30% of each other, however, the XGBoost classifier performs
background rejection more efficiently. The XGBoost background yield is approximately
45% smaller than its BDTD counterpart. The XGBoost signal significance, computed
assuming zero and 5% systematic uncertainty, are also illustrated in figure 6 as a function
of the probability cut applied on the XGBoost output, in solid green and solid purple lines,
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respectively. The red dashed line in figure 6 represents the respective variation in the value
of S/B (scaled with 300).

2.4 The WW ∗γγ channel

The production rate of pp → hh → WW ∗γγ is smaller than the di-Higgs final states
considered until now. However, theWW ∗γγ channel draws an advantage from its relatively
smaller backgrounds. In the present subsection, we focus only on the pure leptonic decay
mode ofWW ∗γγ and defer the treatment of the semi-leptonic and hadronic decay modes to
a future study. The pure leptonic decay mode results in the WW ∗γγ → l+l−γγ+ /ET final
state. In the analysis channels studied until now, we had performed the signal-background
discrimination through the BDTD optimization, the XGBoost toolkit as well as the DNN
framework. In all the previous channels, namely bb̄γγ, bb̄τ+τ− and bb̄WW ∗, we observed
that the DNN analysis resulted in a slight weaker signal significance than the XGBoost
classifier. Therefore, present subsection onwards, we perform the collider analysis only
through the BDTD algorithm and the XGBoost toolkit.

The dominant source of background is the tt̄h process. Sub-dominant contributions
arise from Zh and llγγ processes. The later two backgrounds have been generated upon
merging with two additional jets and one additional jet, respectively. At the generation
level, we impose a lower limit on the invariant mass of the di-lepton pair, mll > 20 GeV,
and a lower limit on the distance between the two final state leptons and the photons in
the η−φ plane, ∆Rll/γγ > 2.0. Additionally, the invariant mass of the photon pair, mγγ , is
also restricted between 120GeV< mγγ < 130GeV at the generation level. The generation
level cuts have been listed in appendix A.

An event is required to have two isolated opposite sign leptons (electrons or muons)
with pT ≥ 20 GeV and two photons with pT ≥ 30 GeV. The leptons and photons must lie
within |η| ≤ 4.0. To tackle the tt̄h background, a b jet veto is applied. In addition to these
acceptance cuts, the generation level cuts are also imposed. We also veto events containing
τ jets and demand mγγ to lie within [122 : 128] GeV. We perform a multivariate analysis
with the BDTD algorithm and the XGBoost toolkit using the following kinematic variables:

pT,γγ , ∆Rγγ , m``, pT,``, ∆R``, ∆R`` γγ , MT , pT,hh, meff , ∆Rγ1`1 ,

Cosθ∗, Cosθγ1h, /ET
(2.9)

Here, MT refers to the transverse mass of the h → WW ∗ → l+l− + /ET system while
meff represents the sum of the visible transverse momentum (HT ) and /ET in the event. The
variables which are most efficient in discriminating the signal and background events in the
BDTD analysis are: mll, meff , /ET andMT , and we illustrate their normalized distributions
in figure 7.

The signal and background yields obtained from the BDTD and the XGBoost opti-
mization (with probability cut at 97%) are listed in table 6 along with the respective signal
significance values (assuming zero systematic uncertainty). The S/B value for this channel
is ∼ 0.2 (from BDTD) and ∼ 0.3 (from XGBoost), and are only behind the S/B values
from bb̄γγ search channel. The signal yields from both the optimizations are roughly sim-
ilar however the background yield from XGBoost is ∼ 38% smaller. We obtain a signal
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Figure 7. Normalized distributions of m``, meff , /ET and MT for the WW ∗γγ → 2`2γ+ /ET signal
and the dominant backgrounds after the application of acceptance cuts and generation level cuts.

Process Cross section order Event yield after the analysis with
BDTD XGBoost

Background
tt̄h NLO (QCD + EW) [161] 51 33

Zh + jets NNLO (QCD) + NLO (EW) [161] 7.7 5.2
``γγ + jet LO 20 11

Total 79 49
Signal (hh→ γγWW ∗ → γγ``+ /ET ) NNLO [162] 15 15

Significance 0% σsys_un 1.64 2.05
2% (5%) σsys_un 1.61 (1.5) 2.02 (1.92)

Table 6. The signal and background yields at the HE-LHC along with the signal significance for
the WW ∗γγ channel from the analysis using BDTD and XGBoost classifiers.

significance of 1.64 through BDTD analysis while the XGBoost framework leads to a signal
significance of 2.05. We follow the color code of figure 2 and illustrate the signal signifi-
cances computed at zero and 5% systematic uncertainty as a function of the probability cut
on the XGBoost output in figure 8. The relatively large S/B value in the present channel
is reflected by the red dashed line in figure 8.
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Figure 8. The variation of significance (with (5%) and without systematic uncertainty) and S/B
is shown as a function of the probability cut on the XGBoost output for the WW ∗γγ channel.

2.5 The bb̄ZZ∗ channel

In this subsection, we study the potential reach of the largely unexplored bb̄ZZ∗ channel.
We study two different final states emerging from the leptonic decay of the Z/Z∗ bosons.
In the first category, we consider the scenario where both the Z bosons decay into electrons
or muons (collectively represented as l′) resulting in 2b4l′ final state while in the second
category we consider the scenario where one of the Z bosons decay into a pair of electrons
while the other decays into muons leading to 2b2e2µ final state, viz.

pp→ hh→ bb̄ZZ∗ → bb̄ 4l′, l′ = e± or µ±

pp→ hh→ bb̄ZZ∗ → bb̄ e+e−µ+µ−

The most dominant contribution to the background comes from tt̄h. We must note
that the inclusive production of tt̄h predominantly populates the hadronic final states over
the leptonic states due to larger branching rates. Therefore, in order to generate a suffi-
ciently large statistics of the specific final states emerging from tt̄h which are more relevant
background sources to the 2b4l′ and 2b2e2µ signal channels, the background generation is
divided into six different categories. In the first three categories, the h undergoes decay via
h → ZZ∗ → 4l(l = e, µ, τ) while the top pairs are decayed leptonically, semi-leptonically
and hadronically, respectively. In the fourth category, the tt̄ pair is leptonically decayed
while the h undergoes decay via h→ ZZ∗ → (Z/Z∗ → 2l)(Z∗/Z → bb̄/jj/νν̄). In the last
two categories, h undergoes decay into WW ∗ and τ+τ−, respectively, while the top pair
undergoes leptonic decay. In order to compute the overall background contribution from
tt̄h, the weighted sum of the six categories is considered. Sub-leading contribution to the
background arises from Zh, tt̄Z and Higgs production in association with bb̄ through gluon
fusion (ggF − bb̄h). Numerous fake backgrounds also contribute, viz. ggF − cc̄h, Wh,
Whc and higgs production through vector boson fusion (V BF − hjj). These processes
contribute to the overall background yield when the c jets or the light jets get faked as b
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Figure 9. Normalized distribution of the transverse momentum, pT , of the four leptons produced
via: pp→ hh→ bb̄ZZ∗ → bb̄(ZZ∗ → 4l), at the parton level.

jets. Hard cuts have been applied at the generation level of these backgrounds and those
have been listed in appendix A.

Before presenting the results from our collider analysis in the 2b4l′ and 2b2e2µ channels,
we briefly discuss the parton level kinematics of the final state leptons at

√
s = 27 TeV.

We illustrate the normalized distribution of the transverse momenta of the four leptons,
l1,2,3,4, with l1 being the highest and l4 being the lowest pT lepton. We would like to
emphasize that the transverse momentum carried by the final state leptons is relatively
small even at a

√
s = 27 TeV proton-proton collider. The pT,l1 distribution for the signal

peaks at a slightly larger value (∼ 65 GeV) compared to the backgrounds, all of which
peak roughly below 50 GeV. The peak of the pT,l2 and pT,l3 distributions for the signal and
the backgrounds fall roughly within a similar range, while the peak of pT,l4 for the signal
and the backgrounds is located below ∼ 5 GeV. These observations are important while
choosing the trigger cuts at the event selection level.

In the following subsections, we study the projected potential of observing the non-
resonant di-Higgs signal in the 2b4l′ and 2b2e2µ channel at the HE-LHC, and detail the
results from the BDTD optimization and the analysis using XGBoost toolkit.
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Figure 10. Normalized distributions of mbb, ∆Rbb, pT,4` and m1
Z2

for the 2b4l′ signal and the
dominant backgrounds after the acceptance cuts and the generation level cuts.

2.5.1 The 2b4l′ channel

The selected events are required to have exactly two b tagged jets with pT > 20 GeV and
|η| < 4.0, and four isolated l′’s carrying pT > 5 GeV within |η| < 4.0. The invariant mass
of the four leptons is also restricted between 120GeV and 130GeV. In addition, ∆Rbb
is required to be greater than 0.2 and mbb must be > 50 GeV. We must note that it is
possible to construct four different combinations of same flavor opposite sign (SFOS) l′

pairs. Thus, the Z and Z∗ can be reconstructed in two different ways. We represent these
two possibilities with superscript 1 and 2. If we represent the two Z bosons as Z1 and Z2,
then the two different SFOS pairs would result in either (Z1

1 , Z
1
2 ) or (Z2

1 , Z
2
2 ). We utilize

kinematic variables constructed from both, Z1 and Z2, in performing the collider analysis.
First, we perform a multivariate analysis with BDTD algorithm and subsequently, we also
perform signal optimization with XGBoost with the aim to maximize the signal significance.
The following kinematic variables are used as inputs to the analysis techniques:

pT,bb, ∆Rbb, mbb, pT,4`, m1,2
Zi
, ∆R1,2

ZZ , mT2, meff, ∆Rb1`1 , mhh, ∆Rhh, /ET

Here, m1
Zi

and m2
Zi
, with i = 1, 2, corresponds to the invariant mass of the four

reconstructed Z bosons as discussed previously, ∆R1
ZZ represents the ∆R value between

Z1
1 and Z1

2 , and ∆R2
ZZ represents the ∆R value between Z2

1 and Z2
2 . The other variables
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Process Cross section order Event yield after the analysis with
BDTD XGBoost (probability cut > 95%)

Background

tt̄h NLO [161] 16.5 32
tt̄Z NLO [169] 1.38 4.9
Zh NNLO (QCD) + NLO (EW) [161] 7 8.5
Wh NNLO (QCD) + NLO (EW) [161] 3× 10−3 3× 10−3

Whc LO 6× 10−4 9× 10−4

ggF-hbb̄ LO 2.5 3.5
ggF-hcc̄ LO 6× 10−3 8× 10−3

VBF-hjj NNLO (QCD) + NLO (EW) [161] 2.7× 10−4 4× 10−4

Total ∼ 27 49
Signal (hh→ bb̄ZZ∗ → 2b4lep) NNLO [162] 5 6.7

Significance 0% σsys_un 0.93 0.94
2% (5%) σsys_un 0.93 (0.9) 0.93 (0.88)

Table 7. The signal and background yields at the HE-LHC along with the signal significance for
the bb̄ZZ∗ → 2b4l′ channel from the analysis using the BDTD and the XGBoost classifiers.
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Figure 11. The variation of significance (with (5%) and without systematic uncertainty) and S/B
is shown as a function of the probability cut on the XGBoost output for the bb̄ZZ∗ → bb̄ 4l′ channel.

have their usual meanings. mbb, ∆Rbb, pT,4l andmZ1
2
are found to be the variables which are

most efficient in discriminating the signal and the background through BDTD optimization.
We illustrate their normalized distribution in figure 10.

The signal and background yields obtained from the BDTD analysis and the XGBoost
analysis are presented in table 7. The corresponding signal significance is also listed. We
observe a background yield of 27 and a signal yield of 5 from the BDTD analysis resulting
in a signal significance of 0.93. We must also note that this channel registers an impressive
S/B value of 0.19. The analysis using XGBoost gives a background yield of 49 and a signal
yield of 6.7 leading to a signal significance of 0.94. Here, we have imposed the probability
cut on the XGBoost output at 95%. Imposing the probability cut at 97% leads to an
improved signal significance of 1.8. We show the variation of significance and S/B as a
function of the probability cut on the XGBoost output in figure 11 following the color code
of figure 2.
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Figure 12. Normalized distributions of mbb, ∆Rbb, pT,bb and mZ2 for the 2b2e2µ signal and the
dominant backgrounds after the acceptance cuts and the generation level cuts.

2.5.2 The 2b2e2µ channel

The event selection criteria requires the presence of exactly two b jets with pT > 20 GeV
and |η| < 4.0, two isolated electrons and two isolated muons with p > 5 GeV and |η| < 4.0.
Similar to the selection cuts prescribed in section 2.5.1, we apply ∆Rbb > 0.2 and mbb >

50 GeV . Furthermore, we also demand that the invariant mass of the 2e2µ system (m2e2µ)
must lie within 120 GeV and 130 GeV. In the present scenario, the two electrons and the
muons are combined, respectively, to reconstruct the Z bosons. Among the two Z bosons,
the one with invariant mass closest to mZ will be referred to as Z1 while the other Z boson
will be referred as Z2.

The signal and background events which pass the selection cuts are subjected to mul-
tivariate analysis using the BDTD algorithm and the XGBoost package. In this regard,
we consider the following 13 kinematic variables:

pT,bb, ∆Rbb, mbb, pT,2e2µ, mZi , ∆RZZ , mT2, meff, ∆Rb1`1 , mhh, ∆Rhh, /ET

Here, pT,2e2µ is the transverse momentum of the 2e2µ system while the other vari-
ables have their usual meaning. The kinematic variables which discriminate between the
signal and the backgrounds with maximal efficiency are: mbb, ∆Rbb, pT,bb and mZ2 . The
normalized distribution of these four variables is illustrated in figure 12. The multivariate
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Process Cross section order Event yield after the analysis with
BDTD XGBoost (probability cut > 95%)

Background

tt̄h NLO [161] 23 28
tt̄Z NLO [169] 3.6 6.4
Zh NNLO (QCD) + NLO (EW) [161] 6.9 7.6
Wh NNLO (QCD) + NLO (EW) [161] 3× 10−3 3× 10−3

Whc LO 7× 10−4 9× 10−4

ggF-hbb̄ LO 2.8 3.5
ggF-hcc̄ LO 7× 10−3 8× 10−3

VBF-hjj NNLO (QCD) + NLO (EW) [161] 3.5× 10−4 4× 10−4

Total 36 45
Signal (hh→ bb̄ZZ∗ → 2b2e2µ) NNLO [162] 5.3 6.4

Significance 0% σsys_un 0.86 0.93
2% (5%) σsys_un 0.86 (0.82) 0.92 (0.88)

Table 8. The signal and background yields at the HE-LHC along with the signal significance for
the bb̄ZZ∗ → 2b2e2µ channel from the analysis using the BDTD and the XGBoost classifiers.
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Figure 13. The variation of significance (with (5%) and without systematic uncertainty) and S/B
is shown as a function of the probability cut on the XGBoost output for the bb̄ZZ∗ → bb̄ 2e2µ
channel.

analysis using BDTD algorithm gives a signal significance of 0.86 and a S/B value of 0.15.
The corresponding signal and background yields are listed in table 8. Among the two
different final states of hh → bb̄ZZ∗ considered in this work, the 2b4l′ channel exhibits a
slightly larger sensitivity compared to the 2b2e2µ search channel. The signal and back-
ground yields from the XGBoost analysis are also listed in the same table. We obtain a
slightly higher signal significance (0.93) from the XGBoost analysis. Similar to the previous
subsection, the probability cut on the XGBoost output has been applied at 95%. For the
sake of completeness, we also show the variation of significance and S/B as a function of
the probability cut in figure 13. The color code of figure 2 has been followed here.

2.6 The bb̄µµ channel

The di-Higgs final state often ignored in terms of clarity is the bb̄µµ channel. The pro-
duction rate of this channel is even lower than the bb̄γγ final state due to the smaller
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Figure 14. Normalized distributions of mbb, mµµ, /ET and pT,µµ for the bb̄µ+µ− signal and the
dominant backgrounds after the acceptance cuts and the generation level cuts.

branching ratio of h → µ+µ− ' 2.18 × 10−4. The dominant background sources are: tt̄
and the QCD-QED bb̄µµ. Sub-dominant contribution to the background comes from Zh,
tt̄h and bb̄h. Additionally, the fake backgrounds, viz. cc̄µµ and jjµµ also contribute when
the c jets or the light jets get mistagged as b jets, respectively. We must mention that
the tt̄ background has been generated by decaying both the W bosons into the µνµ pair.
Contributions can also arise when the W bosons decay into the τντ , however, we do not
consider this contribution in our analysis due to its negligible rate. We also impose hard
cuts at the generation level of the backgrounds and those have been listed in appendix A.

Event selection demands exactly two b jets with pT > 30 GeV and two isolated muons
with pT > 20 GeV. The final state b jets and the leptons are required to lie within |η| < 4.0.
For consistency, we impose the generation level cuts: ∆Rbiµj > 0.2 (i, j = 1, 2), mµµ >

100 GeV and mbb > 50 GeV, at the selection level. The selected signal and background
events are then subjected to a multivariate analysis using the BDTD algorithm and the
XGBoost toolkit. The multivariate analysis is performed using the following kinematic
variables:

pT,µµ, ∆Rµµ, mµµ, pT,bb, ∆Rbb, mbb, HT , pT,hh, mhh, ∆Rhh, /ET ,

where, HT is the sum of the visible transverse momenta (sum of the pT of the two b jets and
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Process Cross section order Event yield after the analysis with
BDTD XGBoost

Background

tt̄ (µµ) NNLO [168] 30113 24285
bb̄µµ LO 32985 11671
cc̄µµ LO 135 46
jjµµ LO 14 4.1
Zh NNLO (QCD) + NLO (EW) [161] 24 38
bb̄h LO 0.8 2.2
tt̄h NLO [161] 110 243

Total 63382 36289
Signal (hh→ bb̄µµ) NNLO [162] 50 80

Significance 0% σsys_un 0.2 0.42
2% (5%) σsys_un 0.04 (0.02) 0.11 (0.04)

Table 9. The signal and background yields at the HE-LHC along with the signal significance for
the bb̄µ+µ− channel from the analysis using the BDTD and the XGBoost classifiers.

the two final state muons) and all the variables have their usual meaning. The kinematic
variables which are most effective in discriminating the signal from the backgrounds in the
BDTD analysis are: mbb, mµµ, /ET and pT,µµ. We illustrate the normalized distribution
of these variables in figure 14. The signal and background yields along with the signal
significance from the BDTD analysis have been listed in table 9. Although, the bb̄µµ
channel offers a clean signal, it manifests a low value of signal significance due to huge
contamination from the tt̄ and bb̄µµ backgrounds which are difficult to suppress. We
also utilize XGBoost to discriminate the signal and the background events and perform
a detailed collider analysis. The corresponding signal and background yields along with
the signal significance are listed in table 9. The XGBoost analysis results in a signal
significance of 0.42 (with probability cut on XGBoost output at 97%) which is 2 times
the signal significance obtained from the BDTD analysis, but still remains short of being
within the exclusion reach of HE-LHC. In figure 15, we show significance and S/B vs.
probability cut on the XGBoost output following the color code from figure 2. At this
point, we conclude our discussion on the future prospects of observing the non-resonant di-
Higgs signature at the HE-LHC. In the next section, we study the ramifications of varying
λh on the optimized di-Higgs search strategies and the difference in the kinematics of the
di-Higgs final states emerging from different values of λh.

3 Higgs self-coupling measurement

As discussed in section 1, the LO di-Higgs production cross-section in the SM is an outcome
of the destructive interference between the triangle (λh dependent) and the box diagrams.
We must also note that the SM value of λh is a small number. Hence, the magnitude
of interference between the two diagrams is highly sensitive to even small changes in λh.
This strongly necessitates a detailed study of the implications of varying λh on the pro-
jected reach of non-resonant di-Higgs searches and the underlying changes in the kinematic
distributions, which is precisely the goal of this section.
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Figure 15. The variation of significance (with (5%) and without systematic uncertainty) and S/B
is shown as a function of the probability cut on the XGBoost output for the bb̄µ+µ− channel.

Before delving into the details of this section, we briefly summarize some of the existing
results on the projected capability of constraining kλ at the HL-LHC and the HE-LHC
through direct and indirect measurements. The ATLAS detector is projected to be capable
of constraining kλ within 0.8 ≤ kλ ≤ 7.7 at 95% CL at the HL-LHC through a direct search
of non-resonant di-Higgs production in the bb̄γγ channel [102], while indirect probes of λh
at the HL-LHC have projected an exclusion range of 0.1 ≤ kλ ≤ 2.3 at 68% CL [124]. The
projected performance of the HE-LHC in constraining λh through a direct search in the
bb̄γγ channel has also been studied in refs. [133, 140]. Ref. [140] and [133] have reported
a projected sensitivity in the range of 0.6 ≤ λh ≤ 1.46 at 1σ and kλ = 1 ± 30% at 95%
CL, respectively. With these estimates in mind, and assuming a conservative approach, we
study a wider range of kλ and consider 7 different values of the same, viz. kλ = 4, 3, 2, 1, -
0.5, -1 and -2.

We generate the LO signal events for the new values of kλ in the MG5_aMC@NLO frame-
work by incorporating the UFO model file from [172]. We restrict our study of the Higgs
self-coupling to the three most sensitive di-Higgs search channels from section 2, viz. bb̄γγ,
bb̄τ+τ− and bb̄WW ∗. The newly generated signal events corresponding to the different val-
ues of kλ are passed through the BDTD and XGBoost frameworks which were optimized
for the SM di-Higgs signal (kλ = 1). The results for the bb̄γγ, bb̄τ+τ− and the bb̄WW ∗

channels are listed in table 10. We have shown the production cross-section of the respec-
tive final states at different kλ values along with the signal efficiency4 and the signal yields
at the HE-LHC obtained from both, the BDTD and the XGBoost frameworks optimized for
the SM hypothesis. The respective total background yields are also listed along with the
signal significances computed assuming zero systematic uncertainties. Among the chosen
values of kλ, the non-resonant double Higgs production cross-section is the smallest for
kλ = 3, and continues to increase on its either side. The leading order squared amplitude

4Signal efficiency has been defined as the ratio of the number of signal events which pass the respective
analysis frameworks to the total number of generated event samples.

– 28 –



J
H
E
P
1
2
(
2
0
2
0
)
1
7
9

kλ
Signal cross-
section (fb) Efficiency Signal yield Background yield Significance

BDTD XGBoost BDTD XGBoost BDTD XGBoost BDTD XGBoost
with 0% (2%, 5%)

σsys_un

with 0% (2%, 5%)
σsys_un

A. pp→ hh→ bb̄γγ

−2 2.12 0.068 0.07 2162 2226

3410 1806

34 (21, 10) 45 (32, 17)
−1 1.35 0.076 0.078 1539 1579 25 (15, 7.6) 33 (24, 13)
−0.5 1.04 0.081 0.082 1264 1279 21 (13, 6.3) 27 (20, 11)

1 0.37 0.103 0.1 572 555 9.5 (6.1, 3) 12.5 (9.3, 5.1)
2 0.188 0.113 0.108 319 305 5.4 (3.5, 1.7) 7 (5.3, 3)
3 0.185 0.066 0.064 183 178 3.1 (2, 1) 4.1 (3.1, 1.7)
4 0.38 0.032 0.035 182 199 3.1 (2, 1) 4.6 (3.5, 1.9)

B. pp→ hh→ bb̄ττ

−2 58.7 0.0045 0.004 3962 3522

155260 41795

10 (1.3, 0.5) 17 (4, 1.6)
−1 37.3 0.0052 0.0046 2912 2576 7.4 (0.9, 0.4) 12.5 (3, 1.2)
−0.5 28.7 0.0055 0.0047 2364 2020 6 (0.8, 0.3) 9.8 (2.3, 0.9)

1 10.2 0.0071 0.0064 1088 981 2.8 (0.3, 0.1) 4.8 (1.1, 0.5)
2 5.19 0.0077 0.0071 599 553 1.5 (0.2, 0.08) 2.7 (0.6, 0.3)
3 5.12 0.0047 0.0045 361 346 0.92 (0.1, 0.05) 1.7 (0.4, 0.2)
4 10.4 0.0023 0.0021 358 327 0.91 (0.1, 0.05) 1.6 (0.4, 0.2)

C. pp→ hh→ bb̄WW ∗

−2 21.2 0.01 0.016 3183 5093

531600 365185

4.4 (0.3, 0.1) 8.4 (0.7, 0.3)
−1 13.5 0.0125 0.019 2531 3847 3.5 (0.2, 0.1) 6.4 (0.5, 0.2)
−0.5 10.4 0.013 0.021 2020 3263 2.8 (0.2, 0.08) 5.4 (0.4, 0.2)

1 3.69 0.02 0.03 1107 1661 1.5 (0.1, 0.04) 2.7 (0.2, 0.09)
2 1.87 0.026 0.037 729 1038 1 (0.07, 0.03) 1.7 (0.14, 0.06)
3 1.85 0.016 0.022 444 611 0.61 (0.04, 0.02) 1 (0.08, 0.03)
4 3.75 0.0062 0.009 349 506 0.48 (0.03, 0.01) 0.84 (0.07, 0.03)

Table 10. The cross-sections, signal efficiencies, signal yields, background yields, and the signal
significances at the HE-LHC, obtained from the BDTD and the XGBoost analysis are listed along
with the respective values of kλ for σsys_un = 0%, 2% and 5%.

for double Higgs production can be factorized into three different contributions: the trian-
gle diagram (∝ λ2

h), box diagram (independent of λh) and the interference between these
two diagrams (∝ λh). For positive values of λh, the interference term contributes nega-
tively, resulting in a destructive interference between the box and triangle diagrams [173].
Therefore, as we increase the values of kλ away from the SM hypothesis, we initially observe
a reduction in the di-Higgs production rate due to a larger destructive interference, viz.
kλ = 2, 3. Upon moving to an even larger value of λh (kλ = 4), the contribution from the
triangle loop which is proportional to λh squared, starts compensating the reduction from
the negative interference term resulting in an increase in the di-Higgs production rate. As
we move towards the negative values of kλ, a dramatic increase is observed in the di-Higgs
cross-section since the interference term begins to contribute constructively.

In all the di-Higgs search channels considered in this section, we observe a roughly
uniform trend in the variation of signal efficiency as a function of kλ. Both, the BDTD and
the XGBoost classifiers (both trained for the SM hypothesis), exhibit the highest signal
efficiency for kλ = 2 with a gradual decrease towards higher as well as smaller values of kλ.
For example, in the case of bb̄γγ channel, the BDTD (XGBoost) optimization result in a
signal efficiency of 0.068 (0.07), 0.103 (0.1), 0.113 (0.108) and 0.032 (0.035) at kλ = −2, 1, 2
and 4, respectively. We would like to clarify again that we have not performed the signal
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Figure 16. Normalized distributions illustrating the probability that the signal events in the bb̄γγ
(top), bb̄ττ (center) and bb̄WW ∗ (bottom) channel look like the respective SM di-Higgs signal
(shown in the left panels) and respective dominant SM backgrounds (shown in the right panels).
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significance optimization for the respective kλ signals, and have used the BDTD and the
XGBoost classifiers optimized for the case of kλ = 1. The signals corresponding to the
different values of kλ have been simply passed through the classifiers optimized for the
case of kλ = 1. We must note that even with the classifiers optimized for the case of
kλ = 1, the signal efficiency is highest for kλ = 2. This occurs despite the kλ = 2 signal
having a relatively smaller cross-section compared to most of its counterparts. In order
to attain a better viewpoint, we illustrate the normalized distribution of the probability
of new physics signal events corresponding to the different values of kλ to look like the
respective SM di-Higgs signal (kλ = 1) in the left panel of figure 16. The probability
distribution of the NP signals to look like the respective dominant SM backgrounds: QCD-
QED bb̄γγ (for the bb̄γγ channel), bb̄jj (for the bb̄τ+τ− channel) and tt̄ (for the bb̄WW ∗

channel), respectively, is illustrated in the right panels of figure 16. The XGBoost toolkit
was used to derive these probability distributions. It can be observed from the distributions
in the left panel of figure 16 that the kλ = 2 scenario (shown in red color) has the largest
number of events in the highest probability bin for all three signal channels. The kλ signals
in decreasing order of signal efficiency at the highest probability bin can be noted from
the left panels in figure 16 to be: kλ = 2, 1 (green color), -0.5 (orange color), -2 (cyan
color) and 4 (purple color). This sequence holds true for all the three di-Higgs final states
considered in the present section. It must be noted that the above mentioned ordering also
stands at the lowest probability bin in the background-like probability distribution of the
kλ signals (right panel of figure 16). Furthermore, in the lower right panel of figure 16,
where we illustrate the normalized distribution of the probability that the various kλ signals
in the fully-leptonic bb̄WW ∗ channel look like the dominant tt̄ background, we observe a
second peak towards the higher end. This indicates that the bb̄WW ∗ signal corresponding
to kλ = 4 (purple color), kλ = −2 (cyan color) and kλ = −0.5 (orange color), also has
a relatively high probability to resemble the dominant tt̄ background, making the signal-
background discrimination more challenging. This trend is also reflected in the low signal
efficiency for these kλ signals.

As discussed earlier, varying kλ also leads to modified kinematic distributions. In
figure 17, we illustrate the difference in kinematic distributions arising from different values
of the Higgs self-coupling. In the top panel of figure 17, we show the normalized distribution
of pT,γγ (left) and mhh (right) in the bb̄γγ channel for kλ = −2, − 0.5, 1, 2 and 4. In the
central (bottom) panels of figure 17, we illustrate the normalized distribution of pT,τhτh (left-
side) andmT2 (right-side) (pT,bb (left-side) and ∆Rbb (right-side)) for the bb̄τ+τ− (bb̄WW ∗)
channel. Among the pT distributions illustrated in the left panel of figure 17, we see that
the distribution for kλ = 4 stands out in all three channels with a peak at relatively
smaller values compared to their other counterparts. The reason behind this observation
is the increased contribution from the triangle diagram. We see a roughly similar behavior
in the mT2 and mhh distributions. In the lower right panel of figure 17, we observe that
the ∆Rbb distribution for kλ = 4 signal becomes flatter compared to the other signals due
to relatively smaller pT of the parent Higgs boson.

The results from this section strongly indicate that the SM di-Higgs search analyses can
be very sensitive to new physics effects arising from a different value of the yet unmeasured
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Figure 17. Normalized distribution of (a) pT,γγ and mhh in the bb̄γγ channel (top), (b) pT,τhτh
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different values of kλ = λ/λSM .
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Higgs self-coupling. It is therefore of utmost importance to have an understanding of the
differences in the kinematic properties emerging from varying λh while searching for new
physics as well as the double Higgs production at the futuristic HE-LHC. We would also
like to emphasize that the HE-LHC will be sensitive to the entire range of kλ considered
in this section through non-resonant di-Higgs searches. The signal significances listed in
table 10 show that the combination of search results in the bb̄γγ, bb̄τ+τ− and bb̄W+W−

channels would result in a combined signal significance of 4.5σ at the HE-LHC for the
kλ = 3 scenario. Combination of search results in the same three channels for the kλ = 2
and 4 scenarios result in a projected signal significance of > 5σ at the HE-LHC. The
smaller values of kλ, viz. kλ = −0.5, − 1 and −2, result in an impressive projected
signal significance of > 30σ, while the SM hypothesis also exhibits a projected signal
significance of > 10σ. We conclude this section by highlighting upon the need to improve
the discrimination capability between the modifications arising from a variation in λh to
constrain the Higgs self-coupling more precisely.

4 Summary

In the first part of this work, we studied the future potential of the HE-LHC in probing the
non-resonant double Higgs production in the SM in several final states by performing multi-
variate analysis using the BDTD algorithm, the XGBoost toolkit and DNN. In this regard,
we analyzed the bb̄γγ, fully hadronic bb̄ττ , fully leptonic bb̄WW ∗, fully leptonic WW ∗γγ,
the 2b4l′ and 2b2e2µ final states of bb̄ZZ∗, and, the bb̄µµ channels. The highest signal
significance and S/B value was observed in the bb̄γγ channel, where we obtained a signal
significance of 9.42, 12.46 and 10.03, from the BDTD, XGBoost and DNN classifiers, re-
spectively, assuming zero systematic uncertainty. Upon assuming a systematic uncertainty
of 2% (5%), the signal significance from the BDTD, XGBoost and DNN analysis, drops
down to around 5.93 (2.91), 9.31 (5.11) and 7.26 (3.9), respectively. The relatively smaller
reduction in the value of signal significance from the XGBoost and the DNN analysis com-
pared to that from the BDTD analysis, upon assuming non-zero systematic uncertainty, is
a reflection of relatively larger S/B value in the former two cases. The bb̄γγ channel, thus,
displays a discovery potential at the HE-LHC. The second most promising search chan-
nel was observed to be the bb̄τ+τ− final state with a signal significance of 2.77 (BDTD),
4.78 (XGBoost) and 4.25 (DNN) at zero systematic uncertainty. The signal significance
attains a value of [0.35, 0.14] (BDTD), [1.13, 0.46] (XGBoost), [1.15, 0.47] (DNN) upon
considering a systematic uncertainty of [2%, 5%]. The fully leptonic bb̄WW ∗ channel was
also analyzed using these three classifiers and a signal significance of 1.42, 2.75 and 1.43
was observed from the analysis using BDTD, XGBoost and DNN, respectively, at zero
systematic uncertainty. Here, the signal significance value registers a sharper drop upon
assuming non-zero systematic uncertainties compared to that in the case of the bb̄γγ and
the bb̄τ+τ− channels. The signal significance value falls down to 0.09 (0.03), 0.23 (0.09)
and 0.14 (0.06), from the BDTD, XGBoost and DNN analysis, respectively, upon assum-
ing a systematic uncertainty of 2% (5%). This drastic reduction in the signal significance
can be attributed to the relatively smaller S/B value. In the aforesaid channels, the per-
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formance of the XGBoost classifier was better than the BDTD and DNN. The XGBoost
toolkit resulted in a signal significance which was higher than its BDTD counterpart by
∼ 32%, ∼ 73% and ∼ 94% in the bb̄γγ, bb̄τ+τ− and bb̄WW ∗ channels, respectively. We
also analyzed the WW ∗γγ, bb̄ZZ∗ and the bb̄µ+µ− search channels using the BDTD and
the XGBoost classifiers. We obtained a signal significance of 1.64 (BDTD) and 2.05 (XG-
Boost) in the WW ∗γγ channel and the second highest S/B value after the bb̄γγ channel.
The 2b4l′ and 2b2e2µ final states arising from bb̄ZZ∗ were also subjected to the BDTD and
XGBoost optimizations, and both of these final states resulted in a signal significance of
< 1σ. However, combining the XGBoost search results for these two final states result in
a signal significance of 1.3. The bb̄ZZ∗ mode also exhibited an impressive S/B value. The
future potential of the bb̄µ+µ− channel at the HE-LHC was also analyzed, and we obtained
a signal significance of 0.2 and 0.42 using the BDTD and the XGBoost classifiers, respec-
tively. Combination of results from all the search channels considered in this work yield a
combined projected signal significance of ∼ 10 and ∼ 14 from the BDTD and the XGBoost
classifiers, respectively. These projections indicate towards the possibility to observe the
non-resonant di-Higgs signal at the HE-LHC at discovery potential.

In the second part, the implications of varying kλ on the potential reach of the bb̄γγ,
bb̄τ+τ− and bb̄WW ∗ search analyses optimized for the SM hypothesis are studied along
with the variations in the kinematics of the di-Higgs final states emerging from varying
kλ. In this respect, we consider the following values of kλ: -2, -1, -0.5, 1, 2, 3 and 4.
The signal events corresponding to these different values of kλ were passed through the
BDTD and XGBoost classifiers trained for the case of kλ = 1. Both, the BDTD and the
XGBoost classifiers, exhibit a signal significance of > 5σ for kλ = -2 ,-1 ,-0.5, 1, and 2, and
a signal significance of > 2σ for kλ = 3 and 4, at zero systematic uncertainty. Combination
of searches in the bb̄γγ, bb̄τ+τ− and bb̄WW ∗ channels result in a signal significance of
> 5σ even for the kλ = 4 scenario. Upon assuming a systematic uncertainty of 2%, the
BDTD (XGBoost) classifier exhibits a signal significance of > 5σ for kλ = -2, -1, -0.5, and
1 (kλ = -2, -1, -0.5, 1 and 2), and a signal significance of > 2σ for kλ = 2, 3, and 4 (kλ = 3
and 4), in the bb̄γγ channel. If the systematic uncertainty is increased to 5%, then both,
BDTD and XGBoost classifiers, exhibit a signal significance of > 5σ only for kλ = -2, -1,
and -0.5, and kλ = -2, -1, -0.5 and 1.0, respectively. For kλ = 1 and kλ = 2, the signal
significance from the BDTD and the XGBoost classifier, respectively, is > 2σ. Both the
classifiers fall short of the exclusion reach for kλ = 3, 4. Our projections thus indicate that
the HE-LHC would be sensitive to the entire range of kλ considered in this work through
direct searches in the non-resonant di-Higgs search channels.
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A Outlining the generation cuts and production cross sections for the
signal and backgrounds

Process Signal and Backgrounds Generation-level cuts (` = e±, µ±)
(NA: Not Applied) Cross section (fb)

bb̄γγ

Signal (hh→ bb̄γγ) NA 0.37

bb̄γγ+ jet pT,j/b/γ > 20 GeV, |ηj/b/γ | < 5.0, ∆Rj,b,γ5> 0.2,
mbb > 50GeV, 110 < mγγ > 140GeV 134.84

cc̄γγ
pT,j/γ > 20 GeV, |ηj/γ | < 5.0, ∆Rj,γ > 0.2,

mjj > 50GeV, 110 < mγγ > 140GeV 705.026

jjγγ same as cc̄γγ 12772.977

tt̄h, h→ γγ pT,b/γ > 20 GeV, |ηb/γ | < 5.0, ∆Rbb/γγ > 0.2 5.19

bb̄h, h→ γγ
pT,b/γ > 20 GeV, |ηb/γ | < 5.0, ∆Rb,γ > 0.2,

mbb > 50GeV 0.32

Zh, Z → bb̄, h→ γγ same as bb̄h 0.46

bb̄jj
pT,j/b > 20 GeV, |ηj/b| < 5.0, ∆Rj,b > 0.2,

mbb > 50GeV, mjj > 50GeV 650847671.988

bb̄jγ
pT,j/b/γ > 20 GeV, |ηj/b/γ | < 5.0, ∆Rj,b,γ > 0.2,

mbb > 50GeV 1078323.468

cc̄jγ pT,b/γ > 20 GeV, |ηb/γ | < 5.0, ∆Rbb/γγ > 0.2 4399502.876,8

Zγγ+ jet, Z → bb̄ same as bb̄γγ+ jet 3.56

hcc̄, h→ γγ
pT,j/γ > 20 GeV, |ηj/γ | < 5.0, ∆Rj,γ > 0.2,

mjj > 50GeV 0.146

hjj, h→ γγ same as hcc̄ 20.197

bb̄ττ

Signal (hh→ bb̄ττ) NA 10.22

tt̄ had pT,j/b > 20 GeV, |ηj/b| < 5.0, ∆Rj,b > 0.2,
mbb > 50GeV 657474.639

tt̄ semi-lep pT,j/b > 20 GeV, pT,` > 15 GeV, |ηj/b/`| < 5.0,
∆Rj,b,` > 0.2, mbb > 50GeV 803269.61

tt̄ lep same as tt̄ semi-lep 245010.26

bb̄ττ
pT,b > 20 GeV, pT,` > 15 GeV, |ηb/`| < 5.0,
∆Rb,` > 0.2, mbb > 50GeV, m`` > 30GeV 8280.06

bb̄h, h→ ττ
pT,b > 20 GeV, pT,` > 15 GeV, |ηb/`| < 5.0,

∆Rb,` > 0.2, mbb > 50GeV 6.14

Zh NA 56.39
tt̄h NA 2860.00
tt̄Z NA 3477.02
tt̄W NA 986.58

bbjj
pT,j/b > 20 GeV, |ηj/b| < 5.0, ∆Rj,b > 0.2,

mbb > 50GeV, mjj > 50GeV 650847671.989

Table 11. Generation level cuts and cross-sections for the various backgrounds used in the analyses.

5∆Rb,j,γ means ∆R between all possible combination of b/j/γ.
6c→ b average fake rate is 3.5% [155].
7j → b average fake rate is 0.135% [155].
8j → γ fake rate is 0.05% [102].
9j → τ fake rate is 0.35% [167].
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Process Backgrounds Generation-level cuts (` = e±, µ±)
(NA: Not Applied)

Cross section
(fb)

bb̄WW ∗

Signal (hh→ bb̄WW ∗, W → `ν) NA 34.82

tt̄ lep pT,j/b > 20 GeV, pT,` > 15 GeV, |ηj/b/`| < 5.0,
∆Rj,b,` > 0.2, mbb > 50GeV 245010.26

``bb̄
pT,b > 20 GeV, pT,` > 15 GeV, |ηb/`| < 5.0,

∆Rb,` > 0.2, mbb > 50GeV 25794.58

tt̄h NA 2860.00
tt̄Z NA 3477.02
tt̄W NA 986.58

tW
pT,j/b > 20 GeV, pT,` > 10 GeV, |ηj/b/`| < 5.0,

∆Rj,b,` > 0.2, mbb > 50GeV 6.59

WW ∗γγ

Signal (hh→WW ∗γγ, W → `ν) NA 0.14

tt̄h, h→ γγ, t→ b W → b `ν
pT,γ > 20 GeV, pT,` > 10 GeV, |ηγ/`| < 5.0,

∆Rγγ/`` > 0.2 1.74

Zh + jets, Z → ``, h→ γγ
pT,j/γ > 20 GeV, pT,` > 10 GeV, |ηj/γ/`| < 5.0,

∆Rγγ/`` > 0.2 0.29

``γγ + jet pT,j/γ > 20 GeV, pT,` > 10 GeV, |ηj/γ/`| < 5.0, m`` > 20GeV,
∆Rγγ/``/γ`/γj > 0.2, 120 < mγγ < 130GeV 3.77

bb̄ZZ∗

Signal (hh→ bb̄ZZ∗, Z → ``) NA 0.0218
tt̄h (all categories combined)

pT,b > 20 GeV, |ηb| < 5.0, ∆Rbb > 0.2, mbb > 50GeV

171.47
tt̄Z, (t→ bW,W → `ν), (Z → ``) 36.92
Zh, Z → bb̄, h→ ZZ∗ → 4` 0.06
Wh, W → cs, h→ ZZ∗ → 4` 0.216,7

Whc, W → cs, h→ ZZ∗ → 4` 0.0036

ggF-hbb̄, h→ ZZ∗ → 4` 0.04
ggF-hcc̄, h→ ZZ∗ → 4` 0.026

VBF-hjj, h→ ZZ∗ → 4` 70.44× 10−5

bb̄µµ

Signal (hh→ bb̄µµ) NA 0.0355

tt̄, t→ bW, W → µνµ
pT,b/` > 20 GeV, |ηb/`| < 5.0, ∆Rb,` > 0.2

mbb > 50GeV, m`` > 100GeV 12952.01

bb̄µµ

same as tt̄

351.28
cc̄µµ 313.796

jjµµ 13930.937

Zh, Z → bb̄, h→ µµ 0.04
bb̄h, h→ µµ 0.02
tt̄h, h→ µµ 0.46

Table 12. Generation level cuts and cross-sections for the various backgrounds used in the analyses.
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