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We consider dark sectors with spontaneously broken gauge symmetries, where cascade decays of the
dark sector fields naturally produce multi-Higgs boson final states along with dark matter. Our study
focuses on two and three Higgs boson final states with missing energy using a multivariate analysis with
boosted decision trees. We find that the di-Higgs boson channel is quite promising for the b̄bþ γγ and
b̄bþ l̄l decay modes. The tri-Higgs boson final state with missing energy, on the other hand, appears to be
beyond the reach of the LHC in analogous channels. This may change when fully hadronic Higgs boson
decays are considered.
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I. INTRODUCTION

The scalar sector of the Standard Model (SM) remains
relatively little explored compared to the gauge sector. In
particular, no Higgs boson self-interaction has been mea-
sured. It is a well-motivated and experimentally viable
possibility that the Higgs field plays the role of a portal
into the hidden sector which may contain dark matter
and possibly other cosmologically relevant fields [1–3].
Exploring this portal requiresHiggs couplingmeasurements
as well as a search for extra states. The Higgs self-coupling
can be determined via Higgs boson pair production—one of
the central objectives of the future (HL-)LHC searches; cf.,
e.g., Ref. [4] for a recent summary. Higgs portal dark matter
can manifest itself in di-Higgs or multi-Higgs boson final
states with large missing energy, which appears due to
emission of undetected dark matter. Analogous signals
arise in a multitude of new physics models as studied in
Refs. [5–20]. LHC searches for di-Higgs + ET have been
presented in Refs. [21–23].
Within a similar framework, a study of di-Higgs + ET

production with the 4bþ ET final state has been performed
in Ref. [24]. It utilizes a jet substructure technique to
reconstruct the boosted Higgs bosons. While for heavy dark

states this method is efficient, in the intermediate mass
range (below 700 GeVor so) it is less reliable. In our work,
we consider both two and three Higgs boson final states,
which subsequently decay into b̄b, γγ, and WW. These
have the advantage of being cleaner channels with a lower
background. Instead of using a traditional cut-based analy-
sis, we employ (as done for 4bþ ET in Ref. [24]) a
multivariate technique with boosted decision trees which
leads to much better sensitivity to new physics. Further
probes of the model are provided by monojetþ ET
searches [25]. The analysis of Ref. [25] is based on
rectangular cuts and as such leads to lower sensitivity than
the present study does.
To set the framework for our study, we introduce a

simplified model in which cascade decays of heavier states
produce dark matter and the Higgs bosons. This model is
motivated by non-Abelian gauged hidden sectors in which
gauge symmetry is broken completely by vacuum expect-
ation values (VEVs) of a minimal set of dark Higgs boson
multiplets [26]. Such models automatically lead to stable
dark matter which consists of a subset of gauge fields (and
possibly extra scalars). Smaller groups like U(1) and SU(2)
[27,28] do not allow for the needed cascade decays, while
SU(3) and larger groups have all the necessary features.
Further options, e.g., when part of the gauge group
condenses, have been explored in Refs. [29,30].
This paper is structured as follows. In Sec. II, we

motivate our study and introduce the simplified model.
In Sec. III, we perform an LHC study of the di-Higgs boson
final state with missing energy using multivariate analysis
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with boosted decision trees and present the resulting
sensitivity to model parameters. In Sec. IV, our findings
on the tri-Higgs boson final state with missing energy are
summarized. Section V concludes our study.

II. MOTIVATION: MULTI-HIGGS BOSON
STATES AND MISSING ENERGY FROM

DARK GAUGE SECTORS

A. Dark Higgsed gauge sectors

The presence of stable states which can play the role of
dark matter (DM) is a common feature of dark sectors with
spontaneously broken gauge symmetry. In particular,
breaking SU(N) completely with the minimal number of
dark Higgs boson fields automatically leads to stable dark
matter. To be specific, let us briefly summarize the main
relevant features of the SU(3) example [26] (see also
[31,32]). The setup contains two dark Higgs boson triplets
ϕi to break the symmetry completely.1 The Lagrangian is
LSM þ Lportal þ Lhidden, where

−LSM ⊃ VSM ¼ λ

2
jHj4 þm2jHj2; ð1aÞ

−Lportal¼jHj2
�X2

i¼1

λHiijϕij2−ðλH12ϕ
†
1ϕ2þH:c:Þ

�
; ð1bÞ

Lhidden ¼ −
1

2
trfGμνGμνg þ

X2
i¼1

jDμϕij2 − Vhidden: ð1cÞ

Here, Gμν ¼ ∂μAν − ∂νAμ þ ig̃½Aμ; Aν� is the field strength
tensor of the SU(3) gauge fields Aa

μ with gauge coupling g̃,
Dμϕi ¼ ∂μϕi þ ig̃Aμϕi, and H is the Higgs doublet, which

in the unitary gauge can be written asHT ¼ ð0; vþ hÞ= ffiffiffi
2

p
.

The potential for the dark Higgs bosons is given by

Vhiddenðϕ1;ϕ2Þ ¼ m2
11jϕ1j2 þm2

22jϕ2j2 − ðm2
12ϕ

†
1ϕ2 þ H:c:Þ

þ λ1
2
jϕ1j4 þ

λ2
2
jϕ2j4 þ λ3jϕ1j2jϕ2j2

þ λ4jϕ†
1ϕ2j2

þ
�
λ5
2
ðϕ†

1ϕ2Þ2 þ λ6jϕ1j2ðϕ†
1ϕ2Þ

þ λ7jϕ2j2ðϕ†
1ϕ2Þ þ H:c:

�
: ð2Þ

In the unitary gauge, ϕ1 and ϕ2 can be written as

ϕ1 ¼
1ffiffiffi
2

p

0
B@

0

0

v1 þ φ1

1
CA;

ϕ2 ¼
1ffiffiffi
2

p

0
B@

0

v2 þ φ2

v3 þ φ3 þ iðv4 þ φ4Þ

1
CA; ð3Þ

respectively, where the vi are real VEVs and φi are real
scalar fields.
For simplicity, we assume an unbroken CP symmetry in

the scalar sector; i.e., we assume that the couplings are real
and v4 ¼ 0.2 As explained in Refs. [26,34], the model then
has an unbroken Uð1Þ × Z0

2 global symmetry. Its Z2 × Z0
2

subgroup leads to stability of multicomponent DM. The
parities of the fields under Z2 × Z0

2 transformations are
summarized in Table I.
The lightest states with nontrivial parities cannot decay

to the Standard Model (SM) particles and are viable DM
candidates. The hidden vector and scalar fields can mix
with other fields of the same Z2 × Z0

2 parity.
In this example, A1−3

μ and φ4 play the role of dark matter.
The other vectors A4−8

μ are heavier and decay into A1−3
μ with

scalar emission. The scalar couplings to the vectors depend
on the VEVs of the triplets as well as their mixing with the
SM Higgs boson. The CP-even scalars are all expected to
mix, and their mass eigenstates include the 125 GeV Higgs
boson h, a heavier scalar H, and two more heavy scalars
which play no significant role in our discussion. Given that
H emission is often kinematically forbidden, cascade
decays of the heavy states naturally produce multi-Higgs
boson h signals.

B. Simplified model

In our study, only main features of this setup play a role.
Hence, it is convenient to introduce a simplified model
which inherits salient features of the Higgs portal frame-
work. Consider an extension of the SM by three fields: a
Higgs-like scalar H with mass mH, a stable vector field AL
with mass mAL

, and a heavier unstable vector field AH with
mass mAH

. Dark matter is assumed to be composed of AL,

TABLE I. Z2 × Z0
2 parities of the scalars and dark gauge

bosons.

Fields Z2 × Z0
2

h;φ1;φ2;φ3; A7
μ ðþ;þÞ

A2
μ; A5

μ ð−;þÞ
A1
μ; A4

μ ð−;−Þ
φ4; A3

μ; A6
μ; A8

μ ðþ;−Þ

1This is the minimal scalar field content needed to break SU(3)
completely. With fewer scalars, part of the gauge group would
remain unbroken and may eventually condense, leading to
different phenomenology; cf. [29,30].

2If this assumption is relaxed, the model still has dark matter
which consists of a subset of stable states considered here [33].
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while the 125 GeV Higgs boson h and the heavier Higgs
boson H are mixtures of the SM Higgs doublet and the
hidden sector singlet characterized by the mixing angle θ.
The interactions of the prototype fields are listed in

Ref. [26]. The result depends on which of the triplets the
SM Higgs boson mixes with predominantly. For our
purposes, it is convenient to parametrize the couplings in
terms of the mixing angles as follows. The couplings of h
and H to SM matter and SM gauge fields are given by

L⊃ ðhcosθþH sinθÞ

×
1

v

�
2m2

WW
þ
μ Wμ−þm2

ZZμZμ−
X
f

mff̄f

�
; ð4Þ

while the couplings of h and H to AL and AH are given by

L ⊃ ð−h sin θ þH cos θÞ
×
g̃
2
½cos δmAL

ðAμ
LÞ2 þ sin δmAH

ðAμ
HÞ2�: ð5Þ

In addition to the masses, the new physics parameters are
the dark gauge coupling g̃, the Higgs mixing angle θ, and
an angle δ that sets the relative strength of the scalar
coupling to the dark vectors.3 Further relevant couplings
include the terms

L ⊃ −κ112
v
2
Hh2 − σðALÞμAμ

Hh: ð6Þ

Here κ112 is not fixed by the other model parameters, so that
we can take BRðH → hhÞ to be a free variable. The σ term,
which is also a free parameter within the simplified model,
accounts for decay of the heavy gauge boson into dark
matter and SM states.
The di-Higgsþ ET final state is generated through the

diagram in Fig. 1, left. We consider the regime where H is
produced on shell and decays into a pair of AH with a

significant branching fraction. These subsequently decay
into AL’s and h’s as long as kinematically allowed, while
the AL pair escapes undetected, thereby producing the
missing energy signal.
In the simplest model, BRðAH → AL þ hÞ ≃ 100% for

mAH
> mAL

þmh. On the other hand, BRðH → AHAHÞ
varies. The partial width for the H decay into SM fermions
and SM vector bosons is given by

ΓðH → ff̄; ZZ;WþW−Þ ¼ sin2 θ × ΓSMjmh→mH
: ð7Þ

The partial widths for the H decay to hidden vectors are
given by

ΓðH → ALALÞ ¼
g̃2 cos2 θ cos2 δm3

H

128πm2
AL

fðxLÞ; ð8aÞ

ΓðH → AHAHÞ ¼
g̃2 cos2 θ sin2 δm3

H

128πm2
AH

fðxHÞ; ð8bÞ

where xL=H≡4m2
AL=H

=m2
H and fðxÞ¼ð1−xþ3x2=4Þ ffiffiffiffiffiffiffiffiffi

1−x
p

.

Figure 2 shows the variation of BRðH → AHAHÞ with mAH

and cos δ. The other parameters are set to sin θ ¼ 0.3, g̃¼2,
mH ¼ 600 GeV, and mAL

¼ 10 GeV, and BRðH → hhÞ is
kept fixed at 0.2. This choice is motivated by having a
sizable production cross section for H: Both sin θ and g̃
should be substantial, whileH should not be too heavy. We
see that cos δ is required to be small in order to get a
significant BRðH → AHAHÞ. A large portion of parameter
space is excluded by the invisible h-decay constraint
BRðh → invÞ < 0.1, which also forces cos δ ≪ 1. More
precisely, the relevant bound is that on the signal strength μ
of the 125 GeV Higgs boson, which constrains a combi-
nation of sin θ and the invisible decay BR (see, e.g., the
discussion in Ref. [35]). Given the fluctuations in the
experimental values of μ, we take the resulting constraint
on h → inv to be BRðh → invÞ < 0.1. The precise value of
this bound does not affect our results. In the SU(3) model,
the smallness of cos δ can be attributed to the Higgs mixing
predominantly with one of the triplets, namely, ϕ1, such

FIG. 1. Left: hhþ ET production. Right: hhhþ ET production.

3Within the UV complete model of the previous subsection,
sin δ depends on the composition of the heavy Higgs boson H in
terms of the CP-even dark scalars.
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that H has a large ϕ1 component (see Table 3 of Ref. [26].)
Finally, we note that the chosen values of sin θ and mH are
consistent with both the LHC and electroweak precision
measurements [35,36], although a stronger bound on sin θ
from the W mass alone has been quoted in Ref. [37].
In this work, we are being agnostic as to the DM

production mechanism and do not impose a constraint
on the thermal DM annihilation cross section.4 On the other
hand, the direct DM detection cross section is automatically
suppressed: The h-mediated contribution is small due to
cos2 δ ≪ 1, while the H-mediated contribution is sup-
pressed by sin2 θ and m4

H. Thus, in what follows, we
may focus on the collider aspects of the model as long as
the parameter values are in the ballpark of those considered
in this section.
The simplified model can add a layer of complexity by

including an extra heavy gauge boson A0
H. Indeed, dark

sectors with the symmetry group larger than SU(2) contain
multiple heavy bosons with different masses. The relevant
couplings take the form

L ⊃ λabiðAaÞμðAbÞμΦi; ð9Þ

where Aa ¼ A0
H; AH; AL and Φi ¼ h, H. Depending on the

couplings λabi and masses, H may predominantly decay
into a pair of A0

H, which then decay into AH and AL with h
emission. This can lead, for example, to a 3h and dark
matter final state as shown in Fig. 1, right. Such exotic

processes may provide an additional handle on the dark
sector properties.

III. LHC SEARCH FOR DI-HIGGS BOSON
PRODUCTION WITH MISSING ENERGY

A. 2b+ 2γ +ET in the final state

Certain aspects of collider phenomenology of related
models have been studied before [6,24,25,38–42] through
different production channels. In this work, we focus on the
heavy CP-even scalar (H) production through gluon
fusion, which subsequently decays via the hidden sector
vector fields into the 125 GeV Higgs bosons (h) along with
two dark matter particles. This can result in various final
states depending on the decay mode of the 125 GeV Higgs
boson. The dominant decay of the Higgs boson to bb̄ has
been studied extensively in Ref. [24]. However, such a
multi-b-jet final state is plagued with hadronic back-
grounds, and one needs a very clear understanding of
the W þ jets and QCD backgrounds at high luminosity in
order to isolate the signal events. Using the jet substructure
technique to reconstruct the Higgs bosons is an efficient
tool for a heavy H, while in the mass range of interest to us
it is less reliable.
Instead, we explore a cleaner channel where one of the

125 GeV Higgs bosons decays into a pair of photons. The
photon identification efficiency is quite good, and, even
though the corresponding branching ratio is small, an
enhanced cut efficiency makes this channel a significant
one. Thus, our signal region consists of two b jets, two
photons, and large transverse missing energy. The LHC
collaborations have studied the two b-jets þ2 photons
signal region quite extensively in the context of beyond-SM
Higgs boson searches [43]. However, this does not include
large missing energy which we use as an additional feature
to suppress the SM background.
The dominant SM background to the signal arises from

the tt̄h, bb̄h, Zh, γγ þ jets, tt̄γγ, bb̄γγ, and ZZγγ produc-
tion. In addition, there are contributions from bb̄γ þ jets
and bb̄þ jets with the jet(s) being mistagged as photon(s),
which can be important due to pileup at the LHC at high
luminosity. Although the mistagging probability is small,
of the order of 0.1% [44], the resultant background cross
section may not be negligible given the large production
cross section for these two processes. We have simulated all
of the above processes along with our signal for some
representative benchmark points at the 14 TeV LHC. The
parton level events have been generated using MadGraph5

[45,46]. We use the NNPDF parton distribution function
[47,48] for our computation. These events are then passed
through PYTHIA8 [49,50] for decay, showering, and hadro-
nization. For processes with additional jets at the parton
level, MLM matching [51,52] was performed through the
MadGraph5-PYTHIA8 interface. The complete event informa-
tion is further passed through DELPHES3 [53–55] for

0.1

0.20.3

0.40.5

0.6 0.20.3

0.40.5

0.6

160 180 200 220 240 260 280 300
0.000

0.002

0.004

0.006

0.008

0.010

FIG. 2. Branching ratio for the heavy Higgs boson decay to
heavier dark bosons H → AHAH . Here sin θ ¼ 0.3, g̃ ¼ 2,
mH ¼ 600 GeV, mAL

¼ 10 GeV, and BRðH → hhÞ ¼ 0.2.
The shaded region is excluded by BRðh → invÞ > 0.1.

4The thermal DM analysis for the SU(3) model has been
performed in Ref. [26].
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detector simulation. The jets are constructed via FastJet [56]
following the anti-kt [57] algorithm with radius param-
eter R ¼ 0.4.

B. Problems with the cut-based analysis

In our scenario, the two b jets and two photons in the
final state arise from on-shell Higgs boson decays. In
addition, the final state contains two dark matter par-
ticles which contribute to the missing transverse energy.
In order to tag the b jets, we have used a tagging
efficiency which depends on the b transverse momentum,
0.80 × tanhð0.003 × pTÞ 30

ð1þ0.086×pT Þ as provided by the

ATLAS Collaboration [58]. We have also considered
the possibility of a light jet being mistagged as a b jet.
The mistagging probability is largest for the c jets:
0.20 × tanhð0.02 × pTÞ 1

ð1þ0.0034×pTÞ, and much lower for

the other light jets: 0.002þ 7.3 × 10−6 × pT [58]. In order
to tag isolated charged leptons and photons, we impose the
requirements pT > 20 GeV and jηj < 2.5, where η is the
pseudorapidity. We further ensure that all the leptons are
well separated among themselves with ΔRll > 0.2 and
also from other particles,ΔRlx > 0.4, where x can be either
photons or jets. Furthermore, the transverse energy depos-
ited by the hadrons within a cone of ΔR ≤ 0.2 around
the lepton is required to be less than 0.2 × pl

T . Similar ΔR
and hadronic energy deposition criteria are also imposed
on the photons for them to be considered isolated. A jet-
jet separation ΔRjj > 0.4 is also imposed. We use the
following kinematic cuts to achieve a good signal to
background ratio.5

(i) C1.—The final state must contain two b jets with
pb
T > 25 GeV and two photons. Pseudorapidity of

both the b jets and the photons must lie within
jηj < 2.5. There should be no isolated charged
leptons in the final state.

(ii) C2.—The transverse missing energy ET must be
larger than 120 GeV. This cut is particularly useful to
reduce background contributions from the channels
with no direct source of missing energy, namely,
bb̄h, Zh, γγ þ jets, bb̄γγ, bb̄γ þ jets, and bb̄þ jets.
For all these channels, ET in the final state arises
from mismeasurement of the jet transverse mo-
menta. Its distribution is likely to be much softer
than that of the channels like tt̄h, tt̄γγ, and ZZγγ as
shown in Fig. 3.

(iii) C3.—Invariant mass of the b-jet pair must lie within
a 20 GeV window of the 125 GeV Higgs boson,
jmbb̄ − 125 GeVj < 20 GeV. The background b jets
are either hard produced or arise from top quark or Z
boson decay. Hence, the invariant mass of the b-jet
pairs is distributed over a wide range in most cases,
whereas for Zh and ZZγγ it peaks around the Z

boson mass as can be seen from Fig. 4. Thus, the cut
on the bb̄ invariant mass reduces the background
contribution drastically.

(iv) C4.—Effective mass meff ¼
P

i p
bi
T þP

i p
γi
T þ ET

must be larger than 800 GeV. For the signal events,
this quantity is normally larger than that for the
background channels like Zh and bb̄h. This cut
also helps to reduce background contributions from
soft b jets and photons in processes like bb̄γγ,
bb̄γ þ jets, and bb̄þ jets.

(v) C5.—Invariant mass of the photon pair must lie
within a 5 GeV window of the 125 GeV Higgs
boson, jmγγ − 125 GeVj < 5 GeV. TheHiggs boson
mass reconstruction from the photon pair is much
more precise than that from the b jets due to the
better photon momentum resolution, thus allowing
for efficient discrimination against many of the
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T

EddN
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2−10

1−10

1 γγbb
 jγbb
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γγZZ
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BP2
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FIG. 3. ET distribution for some of the benchmark points and
background processes for the final state 2bþ 2γ þ ET .
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0
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0.1

0.15

0.2
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γγZZ

BP1
BP2

FIG. 4. mbb̄ distribution for some of the benchmark points and
background processes for the final state 2bþ 2γ þ ET .

5Many of these cuts are borrowed from the CMS analysis [43].
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background channels (except for tt̄h, bb̄h, and Zh).
The corresponding kinematic distribution for some of
the signal and background processes is shown
in Fig. 5.

(vi) C6.—Angular separation between the bb̄ pair and
the photon pair must be large, Δϕðbb̄; γγÞ > 2.0.
Since the two Higgs bosons are radiated from two
different legs in the production process, it is ex-
pected that the resultant b-jet pair and the γ pair will
be well separated in the final state. This is not the
case for some of the background processes, espe-
cially those where all the b jets and photons are hard
produced, like bb̄γγ, etc. The two b jets can also
arise from decays of two different mother particles,
as in tt̄γγ, in which case the combined bb̄ system
may not be well separated from the γγ system.

(vii) C7.—p
γ1
T

mγγ
> 1

3
and p

γ2
T

mγγ
> 1

4
. This eliminates some of

the distortions in the low end of the mγγ distribution
and reduces the continuum background.

In Tables II and III, we show our results obtained from the
cut-based analysis. The signal strength depends strongly on
mH, sin θ, and BRðH → AHAHÞ. For these we choose the
benchmark values sin θ ¼ 0.3 and BRðH → AHAHÞ ¼ 1.0
and 0.7 in order to maximize the event rate, while mH is
taken to be 500 GeVand above. For lower mH, the existing
LHC data already constrain the model as we show in the
subsequent section. Hence, mH ≥ 500 GeV represents the
range of interest for the future LHC runs, as long as sin θ and
BRðH → AHAHÞ are relatively large. To paint a more
complete picture, in Sec. 3. 4. 1 we discuss the LHC reach
in terms ofmH leavingBRðH → AHAHÞ as a free parameter.
Cuts C2, C3, and C5 prove to be the most effective ones

in reducing the background. Clearly, the combined impact
of the chosen cuts is adequate for our purposes, yet they
also decrease the signal cross section to the extent that any
possible signal could be observed only at high-luminosity

LHC. The 14 TeV LHC is projected to accumulate an
integrated luminosity of 3000 fb−1, which appears insuffi-
cient to obtain even 3σ statistical significance in most of the
parameter space.6 We have also tried to soften the cuts to
increase the signal rate, but that eventually results in a
worse signal to background ratio. The best case scenario
here is BP1, for which the significance factor at 3000 fb−1

is ∼2.5σ if we assume σB ¼ 0. Therefore, our conclusion is
that imposing rectangular cuts does not lead to good
discovery prospects.

C. Multivariate analysis

Evidently, the cut-based analysis is not sensitive enough
to probe the present scenario at the 14 TeV LHC even at
high luminosity. Thus, we next explore the possibility of
improving the analysis with machine learning techniques,
namely, the gradient boosted decision trees (BDT) [59].
This method of data analysis is being used quite extensively
in LHC searches to good effect [24,60–64]. We have
chosen the XGBoost [59] toolkit for the gradient boosting
analysis. Below, we list the kinematic variables used in the
decision trees (cf. [43]).
(1) Number of b jets, Nb.
(2) Number of photons, Nγ .
(3) Transverse momentum of the hardest b jet, pb1

T .
(4) Transverse momentum of the second hardest b

jet, pb2
T .

(5) Transverse momentum of the hardest photon, pγ1
T .

(6) Transverse momentum of the second hardest
photon, pγ2

T .
(7) Missing transverse energy ET.
(8) Invariant mass of the hardest b pair, Mbb̄

inv.
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FIG. 5. Distribution of mγγ for some sample benchmark points
and background processes for the final state 2bþ 2γ þ ET .

TABLE II. The SM background channels along with their cross
sections before and after the cuts. Numerically negligible results
are not shown. Here we have used a flat rate of 0.1% for the
probability of a jet being mistagged as a photon.

Channels
Production cross

section (fb)
Cross section
after cuts (fb)

tt̄hðh → γγÞ 0.673 2.2 × 10−4

bb̄hðh → γγÞ 0.164 6.4 × 10−6

ZhðZ → bb̄; h → γγÞ 0.141 � � �
γγ þ jets 61660.7 � � �
tt̄γγ 2457.6 2.4 × 10−3

bb̄γγ 5144.41 � � �
ZZð→νν̄bb̄Þ + photons 2.106 � � �
bb̄γ þ jets 9.76 × 106 � � �
bb̄þ jets 7.74 × 109 � � �

6We use the following definition of statistical significance:
S ¼ S=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Sþ Bþ σ2B

p
, where S and B are the number of signal

and background events, respectively, and the background un-
certainty is taken to be negligibly small, σB ≪ B.
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(9) Invariant mass of the hardest photon pair, Mγγ
inv.

(10) Effective massMeff , defined as the scalar sum of the
transverse momenta of the jets, photons, and ET .

(11) Angular separation between the bb̄ pair and the
photon pair, Δϕðbb̄; γγÞ.

(12) Ratio of the hardest photon pT and diphoton

invariant mass, R1 ¼ p
γ1
T

Mγγ
inv
.

(13) Ratio of the second hardest photon pT and diphoton

invariant mass, R2 ¼ p
γ2
T

Mγγ
inv
.

We have chosen 1000 trees, maximum depth 4, and learning
rate 0.01 for our analysis. We combine data on the above
kinematic variables for our signal events with all the back-
ground events in one data file. All the events are required to
have at least two b jets (pb

T > 25 GeV), at least two photons
(pγ

T > 20 GeV), and no charged leptonswithpT > 20 GeV.
We have combined the background events after properly
weighting them according to their cross sections subject to
these cuts. As a result, more importance is given to the
dominant backgroundswhile training the data.We alsomake
sure that there are enough signal events to match the total
weight of the background events.We take 80%of our data for
training and 20% for testing. Each of our data samples
typically contains values of the kinematic variables corre-
sponding to ∼106 events. These include the final states
subject to our conditions on b jets, photons, and charged
leptons as discussed above. In order to obtain this dataset, we
have generated ∼107 Monte Carlo events for the back-
grounds and ∼106 events for the signal benchmark points.

1. Results

Figure 6 shows results of our multivariate analysis for
benchmark point BP1. The BDT classifier response shows
clear distinction between the signal and the background.

We find that, among the kinematic variables listed above,
Mbb̄

inv and ET are the two most important discriminators
followed by Mγγ

inv. The right panel in Fig. 6 shows the
receiver operating characteristic (ROC) curve for BP1. The
x axis (efficiency) indicates the fraction of identified signal
events after imposing the BDT classifier, while the y axis
(purity) indicates the ratio of identified signal events to the
total number of identified events (signal plus background)
after imposing the classifier. The area under the curve
(AUC) is a good indicator of the BDT performance. For this
benchmark point, AUC ¼ 0.90.
Our multivariate analysis results are quite promising and

prove to be a significant improvement over those for the
cut-based analysis. The AUC indicator is close to 0.9 for all
the benchmark points, which shows that the BDT classifier
is efficient in distinguishing the signal from the background
in all considered cases. In Table IV, we present the AUC for
the benchmark points along with the required luminosity to
achieve a signal significance of 3σ.
This approach allows one to constrain the low H-mass

window already with the existing LHC data. The inte-
grated luminosity required to achieve the 3σ significance
for mH ¼ 450 GeV, mAH

¼ 150 GeV, sin θ ¼ 0.3, and
BRðH → AHAHÞ ¼ 1.0, 0.7 is 72 and 114 fb−1, respec-
tively. Thus, the current set of 139 fb−1 of data collected
should be sufficient to exclude mH ≤ 450 GeV for these
parameter values, although the 2bþ 2γ þ ET channel has
not yet been analyzed by ATLAS and CMS. This justifies
our choice of the mH benchmark values of 500 GeV and
above for the future LHC runs.
From our BDT analysis, we conclude that nine out of

the 13 kinematic variables used are essential to obtain the
sensitivity indicated in Table IV. The four less essential
variables are Nb, Nγ, R1, and R2. Among these, Nb and Nγ

TABLE III. The signal cross section σðpp → H → AHAH → hALhAL → bb̄γγALALÞ before and after the cuts. For
all the benchmark points, sin θ ¼ 0.3, BRðH → AHAHÞ ¼ 1.0 or 0.7 (in parentheses), and BRðAH → ALhÞ ¼ 1.0.

Benchmark points
Production cross

section (fb)
Cross section after

cuts (fb)

BP1:
mH ¼ 500 GeV, mAH

¼ 240 GeV, mAL
¼ 10 GeV 0.640 3.66 × 10−3

BP2: (0.448) (2.56 × 10−3)
mH ¼ 500 GeV, mAH

¼ 240 GeV, mAL
¼ 100 GeV 3.05 × 10−3

(2.14 × 10−3)
BP3:
mH ¼ 600 GeV, mAH

¼ 280 GeV, mAL
¼ 10 GeV 0.286 9.25 × 10−4

BP4: (0.200) (6.48 × 10−4)
mH ¼ 600 GeV, mAH

¼ 280 GeV, mAL
¼ 150 GeV 8.95 × 10−4

(6.27 × 10−4)
BP5:
mH ¼ 700 GeV, mAH

¼ 340 GeV, mAL
¼ 10 GeV 0.133 4.16 × 10−4

BP6: (0.093) (2.91 × 10−4)
mH ¼ 700 GeV, mAH

¼ 340 GeV, mAL
¼ 200 GeV 3.33 × 10−4

(2.33 × 10−4)
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are rendered inconsequential by the criteria we have set to
select the final states, which ensure that all the signal and
background events already have at least one pair of b jets
and photons. Some of the important kinematic variables,
specifically pγ1

T , p
γ2
T , andM

γγ
inv, ensure that R1 and R2 are not

essential either. With the remaining nine variables, we have
performed a tenfold cross validation check in order to
assess the robustness of our analysis. We have randomly
split our dataset in train and test sets of similar size and
computed the signal significance for ten such different
combinations. In Table V, we present the resulting signal
significance factors obtained at an integrated luminosity of
1 fb−1 along with the corresponding mean and the variance

for the benchmark point BP1. The variance is clearly quite
small, indicating the robustness of our results.

D. Multivariate analysis for 2bjets+ 2l+ET
in the final state

Another promising channel for the di-Higgs boson
and dark matter search is provided by the b̄b and WW�
decay modes of the Higgs bosons. Tagging on leptonic
decays of the W’s, one obtains a clean final state with 2b
jets þ2lþ ET . Here we take l ¼ e, μ. The challenge is to
suppress the tt̄þ jets background, which has a much larger
cross section. Further background contributions come from
the tt̄V, tt̄h, VVV, and VV þ jets (V ≡W�; Z) channels.
We perform a multivariate analysis of our signal with the
following kinematic variables (cf. [65]):
(1) Number of b jets, Nb.
(2) Number of charged leptons (e or μ), Nl.
(3) Number of non-b-tagged jets, Nj.
(4) Transverse momentum of the hardest b jet, pb1

T .
(5) Transverse momentum of the second hardest b

jet, pb2
T .

(6) Transverse momentum of the hardest charged
lepton, pl1

T .
(7) Transverse momentum of the second hardest

charged lepton, pl2
T .

(8) Missing transverse energy ET.
(9) Effective mass defined as a scalar sum of the trans-

verse momenta of the b jets, leptons, and ET .
(10) Invariant mass of the b-jet pair, mbb̄

inv.
(11) Invariant mass of the lepton pair, mll̄

inv.
(12) Transverse momentum of the dilepton system, pll̄

T .
(13) Transverse momentum of the b-jet pair, pbb̄

T .
(14) Separation between the two charged leptons, ΔRll̄.
(15) Separation between the two b jets, ΔRbb̄.
(16) Azimuthal separation between the b-jet pair and the

dilepton system, Δϕðbb̄;ll̄Þ.

FIG. 6. Example of the BDT classifier response for BP1 (mH ¼ 500 GeV, mAH
¼ 240 GeV, mAL

¼ 10 GeV) in differentiating the
signal and background events. The ROC curve in the right panel indicates the efficiency of the algorithm.

TABLE IV. The area under the ROC curve for the benchmark
points (see Table III) along with the required luminosity to
achieve a 3σ signal significance in the 2bþ 2γ þ ET channel at
the 14 TeV LHC assuming BRðH → AHAHÞ ¼ 1 or 0.7 (in
parentheses).

Benchmark points
Area under

the ROC curve
Required luminosity

(fb−1)

BP1 0.89 300 (505)
BP2 0.87 707 (1264)
BP3 0.91 870 (1433)
BP4 0.88 2255 (4174)
BP5 0.91 3911 (7381)
BP6 0.88 5995 (11469)

TABLE V. Significance factors, their mean, and their variance
obtained in our tenfold validation procedure for 2bþ 2γ þ ET at
BP1. The integrated luminosity is taken to be 1 fb−1.

Significance factors Mean Variance

0.171, 0.174, 0.172, 0.168, 0.175,
0.171, 0.176, 0.178, 0.169, 0.172

0.1726 3.0 × 10−3
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1. Results

We collect information on these kinematic variables
subject to the following preliminary cuts: The final state
is required to have at least two b jets with pT > 25 GeV,
at least two charged leptons with pT > 20 GeV, and ET >
50 GeV. The final results are summarized in Table VI. In
Fig. 7, we present the required integrated luminosity for a
3σ signal significance in both channels.
Apart from Nb and Nl, all the kinematic variables are

essential with mbb̄
inv, ET , mll̄

inv, and ΔRbb̄ being the most
important ones. We have performed a tenfold cross vali-
dation check for this analysis as well following the
prescription of Sec. III C 1. In Table VII, we present the
resulting ten signal significance factors obtained at an
integrated luminosity of 1 fb−1 along with the correspond-
ing mean and the variance for the benchmark point BP1.
The variance is sufficiently small indicating robustness of
our results.
The results can also presented in terms of the exclusion

limits on the model. In particular, the branching ratio for the
decay H → AHAH can be severely constrained with 3 ab−1

of data. Figure 8 displays the corresponding bound for a
representative set of parameters, namely, mAH

¼ 150 GeV,
mAL

¼ 10 GeV, and sin θ ¼ 0.2, 0.3. The constraint can be
as strong as BRðH → AHAHÞ < 7% for mH < 400 GeV.
Substantial values of BRðH → AHAHÞ can be probed up to

mH ∼ 600–700 GeV. We also see that the 2bþ 2γ þ ET

channel performs slightly better than 2bþ 2lþ ET does.
So far, we have presented our results assuming σB ≃ 0. It

is very difficult to forecast the future background uncer-
tainty, so we have to resort to simple estimates. Let us
assume the background uncertainty to be 20% of the total
background, i.e., σB ¼ 0.2 × B. Consequently, σ2B can be
very large for signal regions with a large background cross
section. The 2bþ 2lþ ET signal is thus affected quite
severely, since tt̄þ jets is a direct background to this final
state and it comes with a large irreducible cross section. We
find that, at 3000 fb−1 luminosity with the parameter
choices shown in Fig. 8, the signal significance for the
2bþ 2γ þ ET final state reduces by a factor of ∼2 when
σB ¼ 0.2 × B compared to the case with σB ¼ 0, whereas
for 2bþ 2lþ ET it reduces by ∼10. Since at such high
luminosity S¼S=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SþBþσ2B

p
≃S=

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Bþσ2B

p
, the required

BRðH → AHAHÞ in the 2bþ 2γ þ ET and 2bþ 2lþ ET
final states have to be scaled up by factors of 2 and 10,
respectively. The scale factor remains the same for the
different choices of sin θ, since the kinematics of the final
state are not affected.

IV. LHC SEARCH FOR A TRI-HIGGS BOSON
AND DARK MATTER FINAL STATE

A. Multivariate analysis for ≥ 3b–jets + 2l+ET
in the final state

In the presence of additional heavy particles in the
dark sector, more exotic final states can be produced. In
particular, cascade decays can lead to three or more Higgs

FIG. 7. Integrated luminosity required for a 3σ signal significance in the 2bþ 2γ þ ET and 2bþ 2lþ ET channels at 14 TeV LHC.

TABLE VI. The area under the ROC curve for the benchmark
points (see Table III) along with the required integrated lumi-
nosity to achieve a 3σ signal significance in the 2bþ 2lþ ET at
the 14 TeV LHC assuming BRðH → AHAHÞ ¼ 1 or 0.7 (in
parentheses). BP5 and BP6 require very large integrated lumi-
nosity and, thus, are not shown.

Benchmark points
Area under the
ROC curve

Required luminosity
(fb−1)

BP1 0.88 463 (900)
BP2 0.87 819 (1614)
BP3 0.85 2900 (5804)
BP4 0.83 11468 (23192)

TABLE VII. Significance factors, their mean, and their variance
obtained in our tenfold validation procedure for 2bþ 2lþ ET at
BP1. The integrated luminosity is taken to be 1 fb−1.

Significance factors Mean Variance

0.143, 0.144, 0.140, 0.138, 0.143, 0.137,
0.136, 0.136, 0.139, 0.138

0.1394 2.8 × 10−3
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bosons h in the final state. For example, the heavy Higgs
boson H can produce a pair of heavy A0

H, which, in turn,
decay via two different decay modes A0

H → AHh and
A0
H → ALh. Subsequently, AH decays into AL and h,

thereby generating a multi-Higgs boson final state. The
channel with four Higgs bosons suffers from severe
kinematic suppression, while the tri-Higgs boson one could
potentially be interesting.
Multi-Higgs boson production can be efficient if the

decays happen on shell. This implies thatA0
H must be heavier

than 250 GeVand, thus,mH > 500 GeV. Given a tri-Higgs
boson final state, there are a number of options to consider
for Higgs boson decay. If all three decay into b̄b pairs, the
signal extraction is marred by a large QCD multijet back-
ground and possiblemisidentification of light flavor jets as b
jets. For the current study, we choose instead two b̄b pairs
and leptonically decayingWW� as our final state. It has the
advantage of being relatively clean, and, in addition, wemay
recycle many of the background calculations done in the
previous section. We perform a multivariate analysis with
the following kinematic variables:
(1) Number of b jets, Nb.
(2) Number of charged leptons (e or μ), Nl.
(3) Number of non-b-tagged jets, Nj.
(4) Transverse momentum of the hardest b jet, pb1

T ,
involved in a b-jet pair withmbb̄

inv closest to 125 GeV.
(5) Transverse momentum of the second hardest b jet,

pb2
T , involved in a b-jet pair with mbb̄

inv closest to
125 GeV.

(6) Transverse momentum of the hardest charged lep-
ton, pl1

T .
(7) Transverse momentum of the second hardest

charged lepton, pl2
T .

(8) Missing transverse energy ET.
(9) Effective mass, defined as a scalar sum of the

transverse momenta of the b jets, leptons, and ET .

(10) Invariant mass of the b-jet pair, mb1b2
inv .

(11) Invariant mass of the lepton pair, mll̄
inv.

(12) Transverse momentum of the dilepton system, pll̄
T .

(13) Transverse momentum of the b-jet pair, pb1b2
T .

(14) Separation between the two charged leptons, ΔRll̄.
(15) Separation between the two b jets, ΔRb1b2 .
(16) Azimuthal separation between the b-jet pair and the

dilepton system, Δϕðb1b2;ll̄Þ.
We collect information on these kinematic variables

imposing the following preliminary cuts: The final state
is required to have at least three b jets with pT > 25 GeV
and at least two charged leptons with pT > 20 GeV. We
construct all possible b-jet pairs in the final state, compute
the corresponding invariant masses, and then identify the
pair that has mbb̄

inv closest to 125 GeV. We call the harder b
jet in this pair b1, and the other one is identified as b2.
Note thatwe are not using the thirdb-jet kinematics directly

in our multivariate analysis. Including it adds a few more
variables to the list: pT

b3
, Δϕðb3;ll̄Þ, and Δϕðb1b2; b3Þ.

However, we have verified that these do not improve our
results.
The sensitivity of this signal region is weaker compared

to the previous two. Although the BDT classifier is quite
efficient in isolating the signal events, the few remaining
background events have a large enough cross section to
suppress the signal significance. This is due to the small
signal cross section to start with, which is further reduced
by detector simulations and applying the BDT classifier.
To give an example, consider the parameter set mH ¼

600 GeV, mA0
H
¼ 290 GeV, mAH

¼ 150 GeV, and mAL
¼

20 GeV. The production cross section for the required final
state is 0.107 fb. Optimizing the signal to background ratio
using our multivariate analysis, we find that the 1σ signal
significance is achieved with 3000 fb−1 integrated lumi-
nosity, while that at the 2σ level requires 12000 fb−1.
Clearly, this is beyond the reach of the LHC.
Although our result for the 3b jets þ2lþ ET channel is

negative, a fully b-jet þET final state may be more
promising. It requires a dedicated analysis which we
reserve for future work.

V. SUMMARY AND CONCLUSIONS

In this work, we have considered dark sectors with
spontaneously broken gauge symmetries, where dark
cascade decays naturally lead to multi-Higgs boson final
states with missing energy. We have introduced a simplified
model which captures the main features of realistic hidden
sectors containing dark matter as well as further heavier
states.
The focus of this work is two and three Higgs boson final

states which subsequently decay into b̄b, γγ, and WW.
Using multivariate analysis with boosted decision trees, we
find that the 2bþ 2γ þ ET and 2bþ 2lþ ET channels are
promising in the context of 14 TeV LHC with 3 ab−1

FIG. 8. 3σ sensitivity of the 2bþ 2γ þ ET and 2bþ 2lþ ET
channels to BRðH → AHAHÞ at 14 TeV LHC with integrated
luminosity of 3000 fb−1. The dashed (solid) line corresponds to
sin θ ¼ 0.3 (sin θ ¼ 0.2).
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integrated luminosity. In particular, light dark matter AL
with mass≲100 GeV can be probed efficiently for the dark
Higgs boson (H) mass below 700 GeVand its mixing angle
with the SM Higgs boson sin θ ∼ 0.2–0.3. In this region, 3σ
and higher signal significance can be achieved. The result
can also be translated into a bound on the dark Higgs boson
decay into the heavier partners of dark matter AH, with
sensitivity to BRðH → AHAHÞ reaching 6% in the best case
scenario.
The three Higgs boson final state, on the other hand,

appears far less promising, at least for the decay channels

considered. Fully hadronic Higgs boson decays may
change this situation but require a dedicated background
study and detection simulation.
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