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We study the prospects for observing exotic decays of the Standard Model Higgs boson % into light
beyond the Standard Model scalars a with mass m, < m;,/2 in the single Higgs and Higgs pair production
channels at the high luminosity run of the Large Hadron Collider (HL-LHC). Discovery prospects for single
Higgs production in the gluon-gluon fusion and vector boson fusion modes with the Higgs boson decaying
via the exotic mode & — aa — 47 are analyzed at the HL-LHC. The projected sensitivity for exotic Higgs

decays in the nonresonant Higgs pair production channel pp — hh — (h — bb)(h — aa — 41) — 2bdr at
the HL-LHC and a future /s = 100 TeV hadron collider (FCC-hh) are also estimated. Furthermore, we
study HL-LHC’s potential reach for the Higgs-strahlung process in the 2b4z channel, taking into account the
contamination from nonresonant Higgs pair production. Finally, the potential reach for resonant Higgs pair
production in the 2b47 channel at the HL-LHC is also explored for several choices of {my, m, }. Our studies
suggest that significant improvements over existing bounds are achievable in several production channels,
motivating new dedicated searches for # — aa — 4t at the HL-LHC and future colliders.
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I. INTRODUCTION

Despite bearing a high degree of consistency with
the Standard Model (SM) predictions, the current Higgs
measurements still allow significant room for the Higgs
boson to have nonstandard decays. The ATLAS collabora-
tion has analyzed the /s =13 TeV data collected at
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L = 139 fb~! and has derived upper limits on the branching
ratios of the Higgs boson to undetected ~19% and invisible
particles ~11%, at 95% CL, through combined measure-
ments of single Higgs boson production in gluon-gluon
fusion (ggF), vector boson fusion (VBF), Vh, and fth
modes, and decay in h— bb,yy,ZZ* WrW~ ot 0" utu~
channels [1]. Thus, nonstandard or exotic decays of the
Higgs boson are still allowed with appreciable branching
rates and remain a well-motivated and exciting opportunity to
probe new physics [2,3]. Given the generic expectation of
novel event topologies and decay kinematics in a variety of
well-motivated exotic Higgs decay channels, dedicated
search strategies are required to fully discern their discovery
potential.

Exotic decays of the Higgs boson can be realized in
various beyond the SM (BSM) frameworks. One typical
example is the Higgs portal scenario where the Higgs field
weakly couples to a light hidden sector [4—13]. Similarly,
BSM theories with extended Higgs sectors, including
supersymmetric extensions, often predict exotic Higgs
decays. A widely studied example from the latter category

Published by the American Physical Society
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is the next-to-minimal supersymmetric SM where the
Higgs sector consists of two Higgs doublets and a singlet
[14-16]. Here, the lightest (pseudo)scalar Higgs can be
singletlike with mass < m;,, /2, leading to exotic decays of
the SM-like Higgs boson. The ATLAS and CMS collab-
orations have explored exotic Higgs decays in single Higgs
production channels viz., pp—>h—aa—X,X=4b [17,18],
2b2t [19], 2b2u [20-22], 4u [23,24], 2u2t [25-29], 4y
[30], and 2y2j (j = jets) [31]. Here, a is a new spin-0
boson that couples with the SM Higgs boson / with mass
m, < m;/2 such that it is kinematically possible for 4 to
decay via h — aa. These analyses assume several exten-
sions of the two Higgs doublet model (2HDM) while
maintaining SM-like Higgs production cross sections such
as Refs. [19,21,27,28] by CMS and Refs. [17,18,20] by
ATLAS collaboration, where type Il 2HDM+S model have
been incorporated. Assuming SM production cross section,
upper limits have been derived on Br(h — aa — X) at
95% CL, as presented in Table .

In this paper, we study the prospects for probing the
exotic Higgs decay

h— aa — 4z

(1.1)

at the high luminosity run of the Large Hadron Collider
(HL-LHC) and a future 100 TeV hadron collider (FCC-hh)
from several directions. This channel is particularly well
motivated for a couple of reasons. From a theoretical
perspective, if a has preferential couplings to leptons with
an interaction strength that is proportional to the lepton
mass, as is often the case, then it is natural to expect a — 77
to dominate over other possible a decay channels. For
simplicity, we will take a phenomenological approach in
this work, assuming that a decays solely via @ — 77 and the
branching ratios to any other possible channels are negli-
gible. Besides being theoretically motivated, the current
experimental bounds on the exotic decay branching ratio

TABLE L

Br(h — aa — 4) are relatively weak, particularly for m,
larger than about 15 GeV, allowing for the possibility of
large event rates depending on the Higgs production
channel under consideration. Let us summarize the current
experimental status for this channel.

A CMS search in the & — aa — 47/2u27 mode has
placed 95% CL upper limits on Br(h — aa — 47) in the
low m,, range of 4-15 GeV [26]. The limits vary from 0.23
atm, =4 GeVto0.16 at m, = 15 GeV, being strongest at
m, =9 GeV with a limit of 0.022. On the other hand, for
heavier exotic scalars, Br(h — aa — 4r) is only weakly
constrained by existing experimental analyses [2,33,34].
Upper limits on Br(h — aa — 4r) in the m, > 15 GeV
regime has been derived in a recent ATLAS search which
focuses on the gg — h — aa — 47 mode, considering the
47 final state with two same-sign (SS) charged leptons and
two SS 7 jets [32]. This search excludes Br(h — aa — 47)
up t0 0.3 (0.1) for m, = 15(60) GeV in the SS p*u*+SS ¢
jets channel at 95% CL.

If the exotic decay (1.1) is present, then it is natural to
expect it to first be detected in the single Higgs production
channels with the largest rate. Therefore, our first inves-
tigations in this work focus on the discovery prospects for
h — aa — 47 in the ggF and VBF induced single Higgs
production channels at the HL-LHC.

Observing Higgs boson pair production, and in turn
measuring the Higgs self-coupling and studying the scalar
potential, is one of the major goals of the HL-LHC and
future colliders. New physics can significantly impact the
discovery prospects of the di-Higgs channel.

As is well-known, the rates of di-Higgs production can
be enhanced in the presence of heavy resonances, as well as
by new particles in the loops. Besides new physics that
modifies di-Higgs production, it is also worthwhile to
consider the impact of exotic Higgs decays in Higgs pair
production.

Model-independent upper limits at 95% CL on the branching ratio of Higgs boson to pseudoscalars
with a further decay into various four-particle final states.

Channel (X) Mass of a, m, (GeV)

95% CL upper limit on

6 X Br(h - aa - X) (fb)

Br(h — aa — X)

bbbb [17,18] [20, 60]
2027 [19] [15, 60]
262u [20] [20, 60]
262u [21] [20, 62.5]
2b2u [22] [16, 62]
4y [23,24] [0.25, 8.5]
47 [32] [15, 60]
227 [25] [3.6, 21]
47 /227 [26] [4,15] (9)
227 [27-29] [15, 62.5]
4y [30] [10, 62]
272 [31] [20, 60]

[3x 10744 x 107 x ogy

[3000, 1300] e
[0.03, 0.12]
(1.2-8.4) x 107
(1-7) x 107
(0.2-4) x 1074
[0.15, 0.39] e
e [0.30,0.10]
upto 1.5 x 107*
[0.23,0.16](0.022)
upto 1.2 x 10~

[3100, 9000]
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Such a case where one of the Higgs decays to a pair of
invisible particles was first studied in Ref. [35] and later in
Refs. [36,37]. Probing di-Higgs production in the SM is
extremely challenging, with the projected constraints on the
Higgs trilinear self-coupling at the FCC-hh being ~5%
[38]. Thus additional final states could in principle be
helpful in probing the di-Higgs production and the Higgs
self-coupling further. With this motivation, we will study
the prospects for probing nonresonant Higgs pair produc-
tion at the HL-LHC and FCC-hh, with one of the Higgs
bosons decaying exotically via h — aa — 47 [Eq. (1.1)]
and the other decaying via h — bb, thus, culminating in the
g9 = hh = (h = bb)(h — aa — 47) final state.

It is worth reiterating here that one generically expects
to first observe such exotic decays in single Higgs
production channels and only later in 2/ production, owing
to the lower rates of the latter. At \/E = 13 TeV LHC, the

. . . . ggF
hh production cross section in the ggF mode is o}, =

31.05f52:02;/j fb [39-46] at next-to-next-to-leading order

(NNLO), which is roughly three orders of magnitude

. . . . F
smaller than ggF induced single Higgs production. &7

improves only to 36.69774: fb and 1224199% fb [39-46]
at /s = 14 and 100 TeV, respectively. Besides ggF, hh
production at the LHC can also proceed via VBF, asso-
ciated production with a vector boson (Vhh, V = W*/Z),
and associated production with a top-antitop pair (ffhh).
However, the latter processes have comparatively smaller
cross sections, making them more challenging to probe.
Despite the lower expected production rates in the di-Higgs
channel, the possibility of exploiting novel final states,
such as gg — hh — (h — bb)(h — aa — 41), to probe the
Higgs self coupling and scalar potential warrants further
investigation.

It must be noted that both ATLAS and CMS collabo-
rations have explored nonresonant Higgs pair production in
numerous final states with a significant focus on the
scenario where the Higgs boson decays via SM modes
viz. 4b [47], bbr 1~ [48,49], bbyy [50,51], bbWW* [52],
WW*yy [53], and 4W [54]. However, due to the non-
observation of any substantial excess over the SM expect-
ation in these channels, upper limits have been derived on
the di-Higgs production cross section (o) times SM
branching ratio. In principle, BSM physics can impact
the Higgs pair production cross section. Reference [55]
discusses benchmark BSM scenarios like the Higgs Singlet
model and the 2HDM model containing a heavy Higgs
boson that can enhance the di-Higgs production rate.
Moreover, deviations in the Higgs self-coupling can modify
the hh production cross section. Reference [56] studies the
custodial weak quadruplet extension and the Gegenbauer’s
twin model in detail that predict large Higgs self-coupling
deviations. The current measurements from CMS in the
combined bbZZ, multilepton, bbyy, bbrr, and bbbb
channels [57] and ATLAS in the combined bbyy, bbrr,

and bbbb channels [58] have constrained the di-Higgs
signal strength (py;,) within y;;, < 3.4 and 2.4 at 95% CL,
respectively. Discovery prospects for nonresonant di-Higgs
production and its potential sensitivity to probe 4, at the
future hadron colliders have also been widely studied in the
literature (see Refs. [59-81] and references therein), and
they do not exhibit much promise at the HL-LHC. As
discussed previously, the major bottleneck in nonresonant
di-Higgs searches at the LHC is the low production rates,
rendering them weaker than the single Higgs production
channels, despite bearing a richer phenomenology.
However, the rate bottleneck can be alleviated in various
new physics scenarios. New physics models with extended
Higgs sectors, modified top quark Yukawa interaction, or
heavy color-charged states as in supersymmetric or extra-
dimension theories, are a few typical examples [82—144].
In new physics scenarios with an extended Higgs sector,
a heavier Higgs boson H which decays to two SM-like
Higgs bosons H — hh can be resonantly produced
(g9 » H — hh), which can potentially increase the di-
Higgs production rate. Studies on the future collider
prospects of resonant di-Higgs production, with both
SM-like Higgs bosons decaying via SM decay channels,
can be found in Refs. [123,131,140,145-152]. In light
of the possible presence of the exotic decay mode of the
SM-like Higgs boson h — aa — 4z, the projected sensi-
tivity for resonant di-Higgs searches warrants a thorough
evaluation. Accordingly, we perform a detailed collider
study to evaluate the projected reach of resonant di-Higgs
production at the HL-LHC, in the g9 - H — hh — (h —
bb)(h = aa — 4t) channel, for various combinations of
heavy and light Higgs masses, my and m,, respectively.
Another channel of interest is Higgs-Strahlung production
pp — Zh, a background in di-Higgs searches. The Zh
production mode can also lead to the 2b47 final state with
Z — bb and h decaying via the exotic mode h — aa — 4z,
thus, providing a supplementary channel in the search for
exotic Higgs decays. The backgrounds of this channel
include the 2b4r final state arising from nonresonant
di-Higgs mode. In this work, we analyze the potential
sensitivity for probing exotic Higgs decaysinthe pp - Zh —
(Z— bb)(h— aa— 47) channel at the HL-LHC and contrast
the results with that from nonresonant di-Higgs searches.
The plan of the paper is as follows. In Sec. II, we
study the projected reach for single Higgs production at the
HL-LHC, with the Higgs boson decaying exotically
h — aa — 4r. Both ggF (Sec. [ A) and VBF (Sec. 11 B)
production modes are considered, and our results are
presented as projected upper limits on the Higgs boson

signal strength p/?"V5F) = G09F(VEE) GZ‘(S’SWBF) as a func-

tion of Br(h — aa — 47) at 95% CL. Section III delves
into the general kinematic features of the nonresonant di-
Higgs production in the ggF channel, gg — hh — bb4r,
and explores its prospects at the HL-LHC and FCC-hh.
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We further discuss the possibility of probing exotic Higgs
boson decay in the Higgs-strahlung channel pp —
Z(—bb)h(—~aa - 47) in Sec. IV. The case of resonant
di-Higgs production in the gg — H — hh — (h — bb) x
(h = aa — 47) channel is studied in Sec. V. Finally, we
summarize in Sec. VI.

II. THE h — 4t CHANNEL

The ggF channel is the dominant mode for single
Higgs production at the LHC, with a cross section of
49.68182% pb at NNLO + NNLL (next-to-next-to-leading-
logarithm) QCD and NLO electroweak( EW) [153] at
\/s = 14 TeV. The VBF production mode is the second
largest, with a cross section of 4.2603%¢ pb at NNLO
QCD and NLO EW [153]. The ATLAS and CMS collab-
orations probed these production modes in various final
states, viz. i — bb [154,155], yy [156,157], 7z [158], ZZ*
[157,159], WW* [160,161], and pu [162]. As discussed
previously, current Higgs measurements at the LHC still
have enough uncertainties to allow exotic decays of the
SM-like Higgs boson, and such exotic Higgs decays are
expected to appear in single Higgs search channels sooner
than in nonresonant Higgs pair production channels due to
larger rates. Correspondingly, the experimental collabora-
tions have analyzed exotic decays of the Higgs boson
pp — h — aa at the current LHC in several final states, as
discussed in Sec. I. Extending this search to HL-LHC is
pertinent, which is precisely this section’s goal. We study
the projected reach for single Higgs production in ggF and
VBF modes, with the Higgs decaying via h — aa — 4z, at
the HL-LHC. The ggF channel is viable due to its large
cross section, while the VBF channel offers a unique final
state topology. On the other hand, the choice for the decay
channel 7 — aa — 4z is motivated by these three factors:
(1) a modest signal production rate at the future LHC along
with tractable background rates, (ii) a rich phenomenology
offered by the multiple zs which could decay either
leptonically (z;) or hadronically (z;) leading to a wide
array of potential final states, and (iii) the absence of
dedicated studies on this particular channel in the literature.
We perform the analysis for several benchmark scalar
masses, m, = 20, 30, 40, 50, and 60 GeV, and combine
both leptonic and hadronic decay modes of the 7 lepton.

A. ggF production: gg - h — aa — 47

The kinematic features of the 7 leptons in the process
gg — h — aa — 47 have substantial dependence on the
mass of the exotic scalar a. For illustrative purposes, we
present the distributions for transverse momentum py of
the four 7 leptons at the truth level in Fig. 1. The 7 leptons
are pr ordered as 7; [i = 1-4], 1 being the hardest. For
smaller values of m,, viz. m, = 20 GeV, the exotic scalars
a are considerably boosted, which eventually translates to
and largely regulates the boost associated with the 7

leptons. This leads to a wide variation between the distri-
butions for pr . and py,. On the other hand, in the m, =
60 GeV scenario, the as are produced almost at rest in the
c.m. frame of /. In this case, the boost associated with the ¢
leptons is largely governed by the mass difference m, — m,.
Hence, the py . and pr ., distributions for exotic scalars
with larger mass manifest relatively close to each other.
Implications from the dependence of py, (i = 1-4) distri-
butions on m, would become evident in the estimation of
projected limits in the latter part of this section.

The main source of backgrounds are the inclusive 4¢ and
h — Z7Z* — 4¢ (¢ = e, u, 1) processes. Subdominant con-
tributions arise from QCD-QED 4£2v, 4¢2b, tiZ, tth, (tZZ
and tfWW. Signal and background events have been gen-
erated at LO with MadGraph5_aMCc@NLO' [163] at
/s = 14 TeV. Showering and hadronization effects in the
signal and h — ZZ* — 4¢ background have been simulated
with PYTHIA6 [164] along with CTEQ6L1 Parton distribution
functions (PDF) set. We use PYTHIAS [165] with the NN23LO
PDF set for the rest of the backgrounds. Jets have been
reconstructed using the anti-k7" [166] algorithm with jet
reconstruction parameters R = 0.4, and transverse momen-
tum pgy > 20 GeV within the Fastet [167] framework.
Detector response has been simulated with DELPHES-3.4.1
[168] using the detector card for ATLAS with the following
modifications: b-tagging efficiency, as well as the efficiency
of a light jet or ¢ jet being mistagged as a b-tagged jet, are
defined as functions of the jet py considering the medium
working point (see Fig. 17 in Ref. [169]. For example, the
b-tagging efficiency is about 62% for py ~ 20 GeV, while
the ¢ (light) jet mistagging efficiency is 12% (2%).
Considering py ~ 50 GeV, the b-tag efficiency and c, light
jet mistag efficiency is about 67% and 12%, 0.8%, respec-
tively. z-tagging efficiencies for the 1-prong and 3-prong
7-tagged jet (z,) are fixed at 55% and 50%, respectively, and
Jj — 7, fake rate is set to 0.35% (see Fig. 3 in [170]).

The presence of exotic decay channels also modifies the
total decay width of 4 (I';) with respect to its SM value.
In the present scenario, the modified total decay width of &
is given by I'y = I, + ' 444, Correspondingly, the
SM branching ratios of h are scaled by the factor,
~(1 =Br(h - aa — 47)).

Events with exactly four 7 objects and zero b-tagged jets
are selected. We consider both leptonic and hadronic decay
modes of the zs and include these 7 decay scenarios in the
present analysis: (a) four z-tagged jets (47;,), (b) three 7,
and one 7 (£ = e*, u%), (c) two 7, and two #, and (d) one
7, and three £ 2 We want to mention that fake backgrounds

'"The generation level cuts are tabulated in Appendix A (see
Table XVIII).

Unless otherwise specified, 7, and # will be collectively
referred to as 7 in the rest of the analysis. Here, we do not include
the four £ final states as the 77 + X backgrounds become very
large with minor improvement in signal efficiency.
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FIG. 1.
channel g9 — (h - aa — 4t), at \/s = 14 TeV LHC.

can arise from a light jet faked as a hadronic 7. However,
their contribution is suppressed because the mistagging
efficiency is very low, and we demand four 7 objects in the
final state. We do not include these backgrounds in our
analysis. The z;, and ¢ must satisty pr > 20 GeV and
>10 GeV, respectively. The minimum distance in the
n—¢ plane between the 7 objects is as follows,
AR(zy.7;) > 0.4, AR(7;,¢) > 0.4, and AR(Z,¢) > 0.1.°
The 7 objects must be within |57| < 3.0. The veto on b jets is
applied to reduce backgrounds like QCD-QED 4/2b,
t1Z, tth, tiZZ, and ttWW. Furthermore, events are
required to satisfy the generation level cuts described in
Table XVIII.

Several kinematic observables are reconstructed in order
to discriminate the signal from the background through a
multivariate analysis,

AR (i,j=1-4i# ), ARmMin, ARMx,

D140 mXi:, mrp, E;, (2.1)

*We choose the separation in the n — ¢ plane between two
leptons to be >0.1 because the leptons coming from boosted 7s
are highly collimated and demanding a greater AR separation
decreases the signal efficiency.

0.08F
0.07 —— m, =20 GeV
— m, =30 GeV
0.06 m, =40 GeV
he] — m, =50 GeV
—— m, =60 GeV
® oosf ma=60.6e
E 0 04:
S
o [
= 0.03p
0.02F
0.01F
0 60 70 80
PT, 1, [GeV]
0.08: —_— m, =20 GeV
L —— m,=30 GeV
m, =40 GeV
o L —— m, =50 GeV
& 0.06 — m, =60 GeV
E L
S 0.0 E
.04
2
0.02
- L

pr, 7, [GeV]

Distributions for the transverse momentum py of the 7 leptons at the truth level in the ggF induced single Higgs production

where ARﬁm(mw represents the minimum (maximum)
separation between any pair of 7 objects, pr4, and mfj
are the visible transverse momentum and invariant mass of
the Higgs boson £, respectively, mr , is the transverse mass
of h, defined as m3., = (3, Er;)* — (3_; Pr,)* where i
runs over the visible 7 decay products and £, the missing
transverse momentum. The training observables considered
in Eq. (2.1) are chosen due to their sensitivity to the mass of
the exotic scalar, which dictates the final state kinematics.
The multivariate analysis is performed using the extreme
gradient boosted, or XGBoost [171], technique, which is a
decision tree-based machine learning algorithm. The multi-
class classification algorithm is adopted through the
MULTI:SOFTPROB objective function and three network
hyperparameters are optimized, MAX DEPTH, 1 and A.
Here, MAX DEPTH is the maximum depth of a tree that
XGBoost constructs, 7 is the learning rate, and 4 is the L2
regularization applied to weights. Furthermore, the sig-
nal and background events in the training dataset are
weighted according to their relative cross sections. The
output from the trained network is a set of probability
scores corresponding to each class. In other words, the
model predicts, for every event, the probability of the event
belonging to the signal and the different background
classes.
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We rank the kinematic variables using SHAP (Shapley
additive explanations) [172,173] based on how well they
performed in the XGBoost analysis. SHAP is an individu-
alized feature attribution method that uses the concept of
Shapley values [174] to determine how much each feature
contributed to the model’s output. SHAP has emerged as a
popular tool for interpreting machine learning results in
collider studies [175-179]. The classification result for
each event is equal to the total SHAP values of all the
features in that specific event. We obtain a mean of the
events’ absolute SHAP values by averaging over all of
the events. The influence of a variable in categorizing an
event as a signal or one of the backgrounds increases with
the SHAP value. The mean SHAP values of all the
kinematic variables for exotic scalar of mass 20 (left)
and 60 GeV (right), along with backgrounds, are summa-
rized in Fig. 2. The variables, in this case, are ranked
according to their feature importance. Signals and back-
grounds are labeled with a class in multiclass classification.
The different colors next to each feature on the y axis
correspond to a class of signal or one of the backgrounds.
The length of each colored bar for a given feature shows the
contribution of that feature to classifying events into that
class. It should be noted that AR™™ has a more significant
impact on the signal class for the 20 GeV scalar than it does
for the 60 GeV case. This is because when the scalars have
a mass of 20 GeV, the enhanced boost causes the 7 objects
to become collimated, reducing the minimum AR between
zs and distinguishing the signal more from all other
backgrounds. As the mass increases, the 7s become more
dispersed, and the signal loses the advantage of having a
low R™" in comparison to the backgrounds.

The training observables with the highest feature impor-
tance scores are mr , m}{if, Er, and Dra. In Fig. 3, we
show the distributions of these observables at the detector
level for signal benchmarks corresponding to m, = 20, 40,
60 GeV, and the relevant backgrounds. The signal

MET

= h(azo)
= h-ZZ-4
- iz

- 4

. tth

. 42v

- W
. 412b

. (77

efficiency and background yields B at the HL-LHC from
the XGBoost analysis are shown in Table II. We also
compute the signal yields S and signal significance at the
HL-LHC, assuming Br(k — aa — 47) = 0.1%. Here, sig-
nal significance is defined as S = S/+/S + B. The signal
efficiency is almost similar for m, = 20, 30, and 40 GeV. In
Fig. 1, we observe that the distributions for py ., for smaller
m, at the truth level peaks at pr < 10 GeV. However, we
apply stronger selection cuts on the visible decay products
of these 7 leptons at the detector level, pr , > 10 GeV and
Prr, > 20 GeV, which selects events only from the tail of
the py., distributions in the m, = 20, 30, and 40 GeV
scenario, thereby, leading to lower signal efficiencies. On
the other hand, the background yield increases with m,,.
Overall, the significance falls from 6.0 at m, = 20 GeV to
5.2 at m, = 40 GeV. For higher values of m, viz m, = 50
and 60 GeV, the signal efficiency registers an improvement,
leading to higher signal significance. The dominant con-
tributions to the background yield arise from the 47 and
h— 77— 4¢ (¢ =e, u, t) processes, as discussed
previously. For example, in the m, = 60 GeV scenario,
the total background yield is 237, out of which 54% are
inclusive 47 events, 44% are h - ZZ* — 4¢ events and
the other subdominant backgrounds comprise the remain-
ing 2%. In Table II, we also show the signal signifi-
cance given a systematic uncertainty of o, = 5%, using

S=58//S+ B+ ((S+ B) X 6ypc)?. Including systematic
uncertainties barely reduces the significance due to rela-
tively large S/B ~ O(1). It lowers only by 3-10% for
Ounc = 5%.

For comparison, we use two more models as multivariate
methods. First, we perform a multivariate analysis using the
boosted decision tree decorrelated (BDTD) algorithm in the
TMVA framework. We optimize the following parameters
while training the signal and background events, viz.
number and length of decision trees, NTrees and

MR, -, | —=
AR« -, - 4

. tth
DRq, <, . h-ZZ-4]
- 42y
m 412b

ART,;X - ttww
. (tZZ

0.0 0.5 1.0 15 2.0 25 3.0 3.5
mean(|SHAP value|) (average impact on model output magnitude)

0 3

1 2 4
mean(|SHAP value|) (average impact on model output magnitude)

FIG. 2. Mean of the absolute SHAP values for the kinematic variables used to perform the XGBoost analysis for m, = 20 (left) and
60 GeV (right) in the gg — h — aa — 4z channel, at /s = 14 TeV LHC with £ = 3 ab~!. A higher absolute SHAP value indicates a

higher rank.
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FIG. 3. Distributions for the transverse mass of the reconstructed Higgs boson 1y j,, missing transverse momentum £, invariant mass

and transverse momentum for the visible 47 system, m}}

and pr4., respectively, for signal benchmarks corresponding to

m, = 20,40,60 GeV, and relevant backgrounds, in the gg — h — aa — 4t channel at /s = 14 TeV LHC with £ =3 ab~!.

MaxDepth, respectively; minimum number of events (in
%) in each leaf, MinNodeSize and NCuts. We utilize
Adaptive Boost for boosting the weak classifiers. We
maintain a stable Kolmogorov-Smirnov test score of >0.1
to avoid overtraining signal and background samples.
The signal, background yields, and signal significance
after the BDTD analysis are tabulated in Table III. The
signal efficiency is poor compared to XGBoost results. For

TABLEII. Signal efficiency and background yields in the gg —
h — aa — 4t channel at the HL-LHC from the XGBoost
analysis. Signal yields and signal significance at the HL-LHC
are also shown, under the assumption Br(h — aa — 47) = 0.1%.
Signal significance for 5% systematic uncertainty are shown in
parenthesis.

a scalar of mass, m, = 20 (60) GeV, the XGBoost yields
a signal significance of 6.0 standard deviations (s.d.)
(10.3 s.d.). In contrast, BDTD results in 3.6 s.d.
(2.9 s.d.), a decrease by 40(70)%.

Next, we use a deep neural network (DNN) model. The
network consists of one input layer, three hidden layers
with 16, 32, and 16 nodes, respectively, and one output
layer with nine nodes for one signal and eight backgrounds.

TABLE III. Signal efficiency and background yields in the
gg — h — aa — 4t channel at the HL-LHC from the BDTD-
TMVA analysis. Signal yields and signal significance at the HL-
LHC are also shown, under the assumption Br(h — aa — 47) =
0.1%. Signal significance for 5% systematic uncertainty are
shown in parenthesis.

Total Signal Total Signal
s m,  background efficiency Signal Significance NG m,  background efficiency Signal Significance
(TeV) (GeV) yield, B (x10™) yield, S (5% sys.) (TeV) (GeV) yield, B (x10™) yield, S (5% sys.)
14 20 50 4.3 64 6.0 (5.8) 14 20 58 2.4 35 3.6 (3.5)
30 65 4.1 61 5.4 (5.2) 30 95 1.8 27 2.5 (22)
40 87 42 63 52 (4.9) 40 105 2.4 36 3.0 (2.8)
50 137 6 87 5.8 (5.3) 50 137 23 34 2.6 (2.3)
60 237 15 221 10.3 (9.0) 60 48 1.7 25 2.9 (2.8)
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TABLE IV. Signal efficiency and background yields in the
gg — h — aa — 4t channel at the HL-LHC from the DNN
analysis. Signal yields and signal significance at the HL-LHC
are also shown, under the assumption Br(h — aa — 47) = 0.1%.
Signal significance for 5% systematic uncertainty are shown in
parenthesis.

Total Signal
Vs m,  background efficiency Signal Significance
(TeV) (GeV) yield, B (x10™) yield, S (5% sys.)
14 20 56 4.5 66 6.0 (5.8)
30 66 4.4 66 5.7 (5.5)
40 80 4.4 67 54 (5.1
50 150 6.4 96 6.1 (5.5)
60 210 15 228 10.9 (9.8)

Each layer except the output layer uses the ReLu activation
function. The final layer uses the Softmax function to output
probabilities to each class label. The model minimizes
categorical cross-entropy loss with a learning rate of 0.1,
and the Adam optimizer. The model stops learning when the
performance does not improve after five epochs to avoid
overfitting.

Using the DNN, the results are listed in Table I'V. There
is a 5-6% improvement in performance using DNN. Since
XGBoost and DNN have similar classification perfor-
mances, we continue using XGBoost as our model for
the rest of the analysis.

The measured Higgs signal strength, denoted as

W = o) ai‘zg, is consistent with the SM predictions
[57,180]. The observed a'ZgF is constrained within ~20% of
aghfi: at 2 s.d. uncertainty.” In Fig. 4, we present the upper
limit projections for Br(h — aa — 4t) as a function of m,
for the SM scenario 69" = ofgﬁ, or uf" = 1. We observe

that the HL-LHC would be able to probe exotic Higgs
decays up to Br(h — aa — 47) ~0.025% (0.015%) for
m, = 20 (60) GeV assuming SM production rates for h.
With a 5% systematic uncertainty, the upper limits on
Br(h —» aa — 4t) become ~0.027% (0.018%) for
m, = 20 (60) GeV. The blue band illustrates the variation
in the upper limit within a 2 s.d. interval of the current
signal strength measurements obtained by the CMS [57]
and ATLAS [180] collaborations.

As mentioned earlier, our present analysis does not
consider backgrounds where a light jet might fake as a
7,. Reference [32] analyzed the SS u*u*+ SS 7 jets
channel considering the dominant background from the
fake j — 7, events while using a medium working point for
7 identification. It must be noted that in prior studies (for
example, see Fig. 9 in [181]), the medium working point

“The errors on the signal strength measurement by CMS and
ATLAS have been combined in quadrature to obtain the approxi-
mate error on uJ%".

-3
0.7 10

0.6F Vs =14 TeV —— 95% C.L., no systematics
—=- 95% C.L., 5% systematics

I £=3000 fb~!
F gg9F _ ~9gF, _ggF _ + 2 s.d. experimental uncertaint,
05F MY =op?iopd =1 P 4

Br(h—»aa—-4T)

P RS S S B

I N
20 25 30 35 40 45 50 55 60
m, [GeV]

P B S A B

FIG. 4. Upper limit projection for Br(h — aa — 47) at
95% CL, as a function of exotic scalar mass when y*Z"F is unity
at /s = 14 TeV. The blue band represents the variation in
Br(h — aa — 47) within 2 s.d. interval of x/" as measured
by CMS [57] and ATLAS [180] collaborations. The solid and
dashed lines refer to adding zero and 5% systematic uncertainty,
respectively.

with one-prong z-tagging efficiency of 55% corresponds to
1% j — 7, fake rate. In our analysis, we use 7-tagging
efficiency of an MVA-based tagger [170], with 0.35%
Jj — 7, fake rate for 55% one-prong z-tagging efficiency.
With an improved machine learning based 7 tagger [182],
the fake rate is expected to further reduce in the future.
However, the backgrounds from j — 7, fakes might still
play an important role in contaminating our signal, which
can be estimated by choosing a tighter working point for 7
identification. For example, choosing a z-tagging efficiency
of 30% for m, =60 GeV and assuming that the total
background yield doubles upon considering the contribu-
tion of additional backgrounds from j — 7, fakes, we
obtain an upper limit on Br(h — aa — 47) ~0.06%
(0.07%), assuming 0% (5%) systematic uncertainty. This
limit is roughly four times weaker than the upper limit
presented in Fig. 4.

Our current analysis methodology yields subpar signal
efficiency for scalars with m, < 20 GeV. In this scenario,
the decay products of zs are collimated and hard to isolate.
The requirement of four z objects at the detector level
becomes too strict to achieve decent signal efficiency. For
instance, even with a large ggF production cross section at
HL-LHC, we expect to observe only five events for
L =3 ab~!, for an exotic scalar of mass m, = 10 GeV,
leading to a signal significance of only 1.33. The upper
limit on the branching ratio for the exotic Higgs decay
considering the SM case is almost an order of magnitude
weaker than the m, > 20 GeV scenarios and comes about
Br(h — aa — 47) ~0.168%. Due to the weaker sensitiv-
ity, we do not consider very low-mass exotic scalars in
the present analysis. However, it must be noted that the
projection above for m, = 10 GeV are stronger than the
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current limits on Br(h — aa — 4t) ~ 3% [26] by roughly
an order of magnitude.

The analysis done in this paper utilizes no kinematic
observables which depend on the exotic scalar mass, which
is a free parameter. However, we have performed an
alternate analysis by reconstructing the exotic scalars from
the final state zs. The analysis depends on the choice of m,,,
and we see that the results are comparable. At the detector
level, the presence of multiple missing particles (v) pro-
duced from z decays makes it challenging to reconstruct a.
To circumvent this issue, we adopt the collinear mass
approximation (CMA) technique [183]. This technique is
based on two assumptions: visible and invisible compo-
nents from 7 decays are nearly collinear (0,;, ~ 6, and
¢vis ~ ¢,), and neutrinos are the only source of missing
energy. In the present study, the validity of the first
assumption is determined by the difference between m,
and m,, and the boost carried by m,. Low mass exotic
scalars, m, ~ 20 GeV, are considerably boosted due to the
large mass gap with m, while heavier values of m,
(~60 GeV) are produced almost at rest in the rest frame
of h. However, as discussed previously, the z lepton is
boosted in the latter case due to the relatively large mass
gap between a and 7. These conditions validate the first
approximation of the CMA technique. The second approxi-
mation naturally holds since the only missing energy
source is the neutrinos produced from the 7 decays. One
drawback of this technique is its high sensitivity to £
resolution, leading to overestimating the reconstructed
Higgs mass with long tails in the distribution.

Since the final state decay products of exotically
decaying Higgs, s, are identical at the detector level,
the goal is to choose the right pair of zs to reconstruct the
two exotic scalars. We first check this at the parton level
where the full kinematics is known. The four visible =
decay objects can be grouped into two pairs corresponding
to the two equal mass exotic scalars, a; and a,, in three
independent ways, with one of them being the correct 7
pair. First, we choose the following variables to see their
potential in having similar features across most of the
events for the correct pairing, AR!, ARZ, mS,

1 2 1 2
(M /mz;), (mgz™ - mgz), and y2. . Here, ARl and
AR?, are AR separations between 7s in a pair which are

. 1ot/
used to construct light scalars. The mj; wl/ el g m$Y are

the collinear mass of a;/a, and exotically decaying
125 GeV Higgs boson, respectively, as defined in the
previous paragraph. In case of ;(fnin, we choose the
combination of zs that minimizes the function

(22 = m)* | ()2 = )

2 T
= + , (22
Aimin 0"21 Uiz (22)

where 6,1/, = 0.1 x mile/@2a (1841 Among these six
variables, over most events, the 2. performs better with a

minimum value for the correct 7 pair. So, we choose the
x2: to reconstruct the exotic scalars in our analysis.
However, this method has some additional complications:

(1) For a selected pair of s, they must contain oppo-
sitely charged 7s to reconstruct the neutral exotic
scalars. This information is absent in the y* mini-
mization procedure. While this can be easily imple-
mented for a leptonically decaying 7, there is an
ambiguity in defining the charge of a hadronic 7 or 7
jet. We explicitly checked this in Delphes, and a
significant number of events contain 7z jets with
charges other than +1. In those cases, assigning
pairs to an exotic scalar and constructing variables
using them might be misleading.

(2) We are using the mass of the exotic scalar while
calculating 2. . But we do not have that knowledge
in actual experiments. Hence, we choose to continue
with our methodology, which is not dependent on
exotic scalar mass information.

In continuation of the CMA technique, we do not remove
those events having different charges in a 7 pair. Instead, we
choose the 7 pairs from the second y*> minimum. This helps
in improving signal efficiency. The z7 pairing derived from

Eq. (2.2) is also used to reconstruct the visible invariant

. Iy 2, .
mass of the exotic scalars, ms;** and me-**, and we include

them in XGBoost analysis. After performing the analysis,
we found no significant improvement in the final results
using these mass-dependent variables. For scalars of mass
m, = 20 GeV, this methodology gives a signal signifi-
cance of 6. As a result, we do not employ this method
further in this study, but we acknowledge that it has room
for improvement.

B. VBF production: pp — (h — aa — 4z)jj

Having discussed the HL-LHC prospects for ggF
induced single Higgs production channel, we now focus
on single Higgs production in the VBF mode pp —
hjj — (h — aa — 47)jj. The dominant background stems
from the QCD-QED 4£2; process. Subdominant back-
ground contributions can arise from QCD-QED 4¢£2b,
11Z,tth, 11ZZ, and ttWW processes. We select events
containing exactly four = objects with at least one z-tagged
jet and at least two light jets in the final state. Figure 16 in
Appendix B shows the pr , distributions at the parton-level
for the five signal benchmarks. The choice for 7 objects is
similar to that in Sec. II A. The trigger cuts for the final state
objects are

pr., >10GeV, pr. >20GeV,

| <4.0,

pT,./‘l/./‘Z > 30 GeV,

|’71f/1,,| < 30’ |n7/|/lz (23)
where j; and j, are the hardest-p; light jets in the final
state. The VBF Higgs production channel leads to a unique

topology with the VBF jets produced back to back in the
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forward regions of the detector. Prompted by the large
pseudorapidity difference between the VBF jets and a large
invariant mass, we require events to satisfy 7, .7;, < 0 and
m; ;, > 500 GeV. Furthermore, the pseudorapidity differ-
ence between these VBF jets Ap; ;, is used as a training
observable in the XGBoost analysis. We also veto events
containing any b-tagged jet with p > 30 GeV and || < 3
in order to suppress the #7 + X backgrounds. Kinematic
cuts that are specific to the VBF topology viz. m; ; >
500 GeV is also imposed at the event generation level to
improve the population of events in the phase space of our
interest. Similar to Sec. Il A, we also apply the AR cuts,
AR > 0.4, and AR > 0.1. We also apply the gen-

ThThie TeTe
eration level cuts, which are summarized in Appendix A,
along with the signal and background cross sections.

We next turn our attention to the multivariate XGBoost
analysis to discriminate the exotically decaying VBF Higgs
signal from the SM backgrounds. The optimization is
performed for the five signal benchmarks considered in
Sec. IT A. The following kinematic observables are used to
perform the training,

AR, (i,j=1-4i#)), ARmn, ARmax,
HTv mT,h?

A'Ijj, ARjj,4z'7 ET-

vis
my; Pr.jj> Mijij,

(2.4)

Here, H7 is the scalar py sum of the visible 7 objects and
the hardest two VBF jets in the final state, pr ; ;, is the
transverse momentum for the pair of VBF tagged jets,
ARjj 4, is the AR between the VBF dijet system and the
visible Higgs system reconstructed from the visible zs.
The other kinematic observables in Eq. (2.4) have their

mm h(az)
- 402
- iz
. tth
- ttWwW
. 412b

ARjj ar
- ttZZ

usual meanings. The relative importance of the training
observables in Eq. (2.4) in the XGBoost analysis is
measured using SHAP analysis. We present the results
for the m, = 20 and 60 GeV scenarios in Fig. 5. The top
four observables with highest SHAP scores for the
m, = 60 GeV scenario are mXiTS, my ,, Hy, and E;.

For illustrative purposes, we show their distributions at
the detector level in Fig. 6. We observe that mXi: and my,
distributions for the signal benchmarks peak at <m;, due to
the decay products from Higgs resonance comprising of
missing energy from the neutrinos. On the other hand, the
background distributions peak at higher values and are
relatively flatter, thereby leading to excellent signal-to-
background discrimination. The Hy distributions for the
signal benchmarks and background processes also exhibit a
similar trend. In the distributions for E7, the signal bench-
marks lead to peaks at £ ~ 3040 GeV. Here, the missing
energy arises mainly due to neutrinos from the decay of =
leptons. We observe that the £ distributions for the 4£2b
background process overlap considerably with the signal
benchmark. However, the rest of the backgrounds are
relatively flatter, with peaks at higher values.

The signal efficiency and background yields at the
HL-LHC for the five signal benchmarks considered in
Sec. IT A are shown in Table V. Keeping in line with the
discussion in Sec. I A, we also compute the signal
yields and the signal significance under the assumption
Br(h—aa—471)=0.1%. For a given signal benchmark, the
significance from the VBF channel is lower than that from
the ggF channel (cf. Table II) due to a smaller production
rate for the former. Signal efficiency and background yields
increase with m,. However, the relative growth for signal
efficiency is larger than the background yields leading
to an overall improvement for the signal significance.

MRey v,y - h(aéu)
- 412
ARy, 7, [ 74
. tih

Prji -

. 412b
- ttZZ

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
mean(|SHAP value|) (average impact on model output magnitude)

FIG. 5.

0.0 0.5 1.0 1.5 2.0
mean(|SHAP value|) (average impact on model output magnitude)

Mean of absolute SHAP values for the kinematic observables [Eq. (2.4)] used to perform the XGBoost analysis for m, = 20

(left) and 60 GeV (right) in the VBF pp — hjj — (h — aa — 47)jj channel, at the HL-LHC. A higher absolute SHAP value indicates

a higher rank.
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FIG. 6. Distributions for mXiTS, myy,, Hyp, and E; at the detector level for different signal benchmarks with exotic scalar
masses m, = 20, 40, and 60 GeV in the VBF single Higgs production channel pp — hjj — (h — aa — 4t)jj. Distributions
for the QCD-QED 4¢2j, 4£2b, (iZ, and tih background processes, are also shown. We consider /s = 14 TeV LHC with

L =3ab L

In Table V, the significance values shown within paren-
theses correspond to a systematic uncertainty of 5%. We
observe that the signal significance values remain almost
unaffected by systematic uncertainties due to relatively large
S/B ~ O(1) values. The results shown in Table V can be
translated into upper limits in the plane of Br(h — aa — 47)
as a function of m,, as shown in Fig. 7, under the assumption
of uy ¥ = 1, where i **" = 6)%" /o) BF . For m, = 20 GeV

TABLE V. The signal, background yields, and signal signifi-
cance at the HL-LHC after the XGBoost analysis in the VBF
single Higgs production where Higgs decays via h — aa — 4r.
Here, we assume Br(h — aa — 47) ~0.1%.

Total Signal
NG m,  background efficiency Signal Significance
(TeV) (GeV) yield, B (x10™) yield, S (5% sys.)
14 20 5 3.8 5 1.5 (1.5)
30 6 8.4 11 2.6 (2.6)
40 7 10 13 2.9 (2.9)
50 8 12 15 3.1 (3.1)
60 9 15 20 3.7 (3.6)

3.0 x10~3

[ VS = 14 TeV
251 £=3000 fb~!
F oYBF=gVBF =1

—— 95% C.L., no systematics
==- 95% C.L., 5% systematics
+ 2 s.d. experimental uncertainty

20f

Br(h - aa-4T1)

Lo b b b b e b b

20 25 30 35 40 45 50 55 60
m, [GeV]

FIG. 7. Upper limit projection for Br(h — aa — 47) at
95% CL as a function of exotic scalar mass when ) 8% is unity
at /s = 14 TeV. The blue band represents the variation in
Br(h — aa — 47) within 2 s.d. interval of p)®F as measured
by CMS [57] and ATLAS [180] collaborations. The solid and
dashed lines refer to adding zero and 5% systematic uncertainty,
respectively.
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(60 GeV), the HL-LHC would be able to probe exotic Higgs
branching ratios as small as Br(h — aa — 47) < 0.14%
(0.043%) through searches in the VBF Higgs production
channel at 2 s.d. uncertainty. The observed o) # at the LHC

is constrained within ~40% of ;""" at 2 s.d. uncertainty

[57,180]. The blue band displays the variation in the upper
limit within 2 s.d. uncertainty of ) ®" measurements.

As previously discussed in Sec. I, signatures for exotic
Higgs decay are expected to be observed in single Higgs
production channels before in nonresonant di-Higgs
searches. Nonetheless, it must be noted that Higgs pair
production offers a far richer phenomenology, which can be
utilized to complement the potential sensitivity from single
Higgs production channels. Therefore, in the following
section, we perform a detailed collider study to estimate the
future potential at the HL-LHC to probe exotic Higgs
decays in the nonresonant di-Higgs production.

III. NONRESONANT HIGGS PAIR PRODUCTION:
gg — hh — (h — bb)(h — aa — 41)

In this section, our focus is the nonresonant di-Higgs
production channel with one Higgs boson decaying into bb
and the other decaying into a pair of light exotic scalars:
g9 = hh — (h — bb)(h — aa — 4t), at /s = 14 TeV
HL-LHC.

The major sources of background are t7h, 1tZ, and Zh —
(Z = bb)(h - aa — 41) processes. In addition, QCD-
QED 4¢2b, {tZZ, and tWW contribute subdominantly.
The signal and background events are generated using the
simulation chain considered in Sec. II. The jet reconstruction
parameters are fixed at R = 0.4 and pr > 20 GeV. Other
event reconstruction parameters remain unchanged from
Sec. IL

We first perform a traditional cut-and-count collider
analysis, optimizing the cuts on selected kinematics observ-
ables. Afterwards, we follow a machine-learning-based
approach using the XGBoost algorithm. Here again, we
consider five signal benchmarks corresponding to different
exotic scalar masses m, = 20, 30, 40, 50, and 60 GeV.
Then, we translate our results into projected upper limits on
Br(h — aa — 4t) with the condition that ¢¥J" = 6¥',.
Under this assumption, we also estimate the projected

upper limits for the di-Higgs signal strength factor " =

ol /o99r,y as afunction of Br(h — aa — 4t) for different
values of m,,.

We select events containing exactly two b-tagged jets
with pr > 30 GeV and |57| < 3.0, and four 7 objects. Both
leptonic and hadronic 7 decay modes are considered.
Similar to the analysis in Sec. II, the fully leptonic final
state from exotic Higgs decay is ignored due to the small
production rate and complex combinatorial ambiguity. The
selected events are also required to pass the 7 trigger cuts
(see Sec. IT A) and the generation level cuts, summarized in

Table XIX. Furthermore, pr; > 40 GeV (b jets are pr
sorted), and 0.4 < AR, ;,, < 2.

Having discussed the event selection cuts, we next turn
our attention towards reconstructing the di-Higgs system.
One of the Higgses is reconstructed upon requiring
90 GeV < my,;, < 130 GeV following the optimization in
Ref. [66]. In addition, we require p; ,; > 80 GeV. However,
reconstructing the exotically decaying # is challenging due to
the presence of multiple invisible particles in the final state
from the decay of the 7 leptons. Bypassing this complexity,
we reconstruct the visible invariant mass of the exotically
decaying h, m}, similar to single Higgs production. In
Fig. 8, we illustrate the m}® distributions for the signal
benchmarks and the dominant backgrounds at /s =14 TeV.
For both c.m. energies, we observe that the peak for mXiTS
distributions for the signal process and the Zh background
falls close to 80 GeV. On the other hand, the dominant /7 + X
backgrounds peak at a higher value and are flatter. Overall,
mys proves to be an excellent discriminator against the
associated 77 backgrounds.

Another category of observables of considerable interest
is the angular correlations between the zs. In Fig. 8, we

present the AR™N(MaX) 4 ctributions, which corresponds to
the smallest (largest) AR separation between any pair of
visible components from the decay of 7z leptons. Both
observables exhibit excellent discrimination against the 1k
and 17Z backgrounds. We would like to point out the
following observations:

(1) Two distinct peaks are observed in the ARMM
distributions for the signal process, 0.1 < ARMM <
0.4 and AR™™ > 0.4. This segregation is an impli-
cation of the AR selection cuts. While the minimum
distance between the visible components of two
leptonically decaying 7 leptons (7,) is AR 2 0.1, the
minimum separation between 7, pairs or {7,,7,}
pair must be greater than AR = 0.4. Hence the
AR™"™ < 0.4 region is associated which those events
where the least separated zs are leptonic.

(2) The AR separation between the 7 leptons produced
from the decay of an exotic scalar a — 7z is
inversely correlated to the mass gap between h
and a. As a result, the 7 siblings with identical
mother a would be more collimated in the m, =
20 GeV scenario compared to the m, = 60 GeV
scenario. Let us take the example of m, = 20 GeV.
Here, the light exotic Higgs boson is produced with a
relatively larger boost owing to its small mass,
leading to highly collimated decay products. This
further implies a narrower peak for smaller m,. As a
result, the smallest AR separation is exhibited by
the 7 pairs produced from the same light scalar. On
the other hand, at relatively higher m, values,
m, 2 30 GeV, t decay products from different light

scalars start constituting AR™™,
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FIG. 8. Distributions of AR™n A RMax

T

max_ and mﬁl; for signal benchmarks m, = 20,40, 60 GeV, and dominant backgrounds, in the

pp — hh — (h — bb)(h - aa — 47) channel at /s = 14 TeV LHC.

(3) The peak for the ART* distributions exhibit a mild
shift towards larger values with decreasing m,. At
smaller m,, the 7 siblings are highly collimated with
their three momentum vectors roughly pointing in
the same direction as their parent scalar a. Therefore,
the 7 pair candidates with the largest AR separation
are more likely to arise from different scalar parents
at smaller values of m,,.

Taking into account these observations, we perform a

cut-based collider analysis by optimizing the selection
cuts on mys, ARM" and AR™™. We analyze five signal

4z > 7T >

benchmarks considered in Sec. II at the HL-LHC and

TABLE VL
bb)(h = aa - 47) channel at HL-LHC.

FCC-hh. Our goal is to maximize the signal significance
S=S/vS+B.

In Table VI, we summarize the basic selection cuts and
the optimized cuts on m}*, AR™" and ARM™. We observe
that the optimized cuts on m}* get slightly stronger with
larger values of m,. For example, for m, = 20 GeV, the
signal significance is maximized at m}s < 140 GeV while
at m, = 60 GeV, the signal significance is maximized at
mys < 120 GeV. We further observe that the optimized
selection cuts get weaker with increasing m,, since the peak
of AR™™ distributions shift to lower values with decreasing

Basic selection and optimized cuts imposed in the cut-and-count analysis for pp — hh — (h —

Basic selection cuts

PT.by(by) > 40(30) GeV, 0.4 < AR, <2.0
90 GeV < my;, < 130 GeV
pT.bb > 80 GCV

Optimized cuts for 14 TeV analysis

myis < [140, 130, 120, 120, 120] GeV for m, = [20, 30,40, 50, 60] GeV
ARM < [0.6,0.9,1.2,1.2,1.2] and AR™ < [2.4,2.6,2.6,2.8,2.8] for m, = [20, 30,40, 50,60] GeV
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m,. A similar variation is also exhibited by the optimized
cuts on ART*,

The cut-flow information and the signal significance at
the HL-LHC are presented in Tables VII. Adopting a
conservative approach, we consider Br(h — aa — 47) =
10% [2,32] while computing the signal and Zh back-
ground yields. We find that significance increases with
m,. At the HL-LHC, we obtain a significance of ~1.1 for
m, = 20 GeV, which increases to ~2.0, 2.2, 2.3, and 2.5 at
m, = 30,40, 50, and 60 GeV, respectively. In addition to the
optimized cuts on m){ifs, AR™™ and AR, the selection cuts
on pr, plays a pivotal role towards improving the signifi-
cance with m,. For m, ~ 20 GeV, the zs from the a — 77

TABLE VIL

decay is produced rather softly compared to a scenario where
m, is heavier. This behavior is illustrated in Fig. 17,
Appendix B where we present the pr . distributions at the
parton-level for the five signal benchmarks at /s = 14 TeV.
At the basic selection stage, we require pr ., > 20 GeV and
Prr, > 10 GeV. The signal efficiency is the highest for
m, = 60 GeV and decreases with m,. This hierarchy per-
colates down to the final stage of cut-based optimization. The
signal efficiency for smaller values of m,, could be potentially
improved through smaller and optimized trigger cuts on py .,
and py, at the HL-LHC. Such studies inspire a detailed
analysis of the projected low-p trigger efficiency at future
colliders and are beyond the scope of the present work.

Signal and background yields in the pp — hh — (h — bb)(h — aa — 4t) channel, at each step of

the cut-based analysis for the signal benchmarks m, = 20, 30, 40, 50, and 60 GeV and the dominant backgrounds at
the HL-LHC. Signal significance at the HL-LHC is also shown for Br(h — aa — 47) = 10%.

Event rates at /s = 14 TeV with £ =3 ab™!

Backgrounds
Cut flow Signal tth tizZ Zh 402b 1tZ7Z TwWw ﬁ Significance
m, =20 GeV
Pris ARy 2.8 34 81 2.3 2.0 0.72 14 0.023 0.25
My 2.0 12 26 0.40 0.66 0.24 0.46 0.047 0.30
PTob 1.9 11 25 0.38 0.63 0.23 0.44 0.048 0.30
myis 1.8 1.3 1.0 0.36 0.074 0.007 0.012 0.39 0.8
ARMIn(max) 1.7 0.24 0.22 0.32 0.042 0.002 0.001 0.67 1.1
m, = 30 GeV
Prps ARy 8.4 34 81 6 2 0.72 14 0.063 0.72
My, 5.8 12 26 1.0 0.66 0.24 0.46 0.12 0.85
DTbb 5.8 11 25 1.0 0.63 0.23 0.44 0.13 0.86
myis 53 1.0 0.64 1.0 0.067 0.004 0.006 0.658 1.9
A RMin(max) 52 0.38 0.24 0.95 0.045 0.002 0.002 0.762 2.0
m, =40 GeV
DPrps ARy, 10 34 81 7.3 2.0 0.72 14 0.074 0.87
My 7.0 12 26 14 0.66 0.24 0.46 0.15 1.0
DT ob 6.9 11 25 1.4 0.63 0.23 0.44 0.15 1.0
myis 6.3 0.73 0.42 1.4 0.061 0.002 0.003 0.71 2.1
AR™Min(max) 6.1 0.29 0.22 1.3 0.042 0.001 0.001 0.77 22
m, = 50 GeV
Prps ARy 11 34 81 8.4 2.0 0.72 1.4 0.082 0.96
My 7.9 12 26 1.8 0.66 0.24 0.46 0.16 1.1
PT.bb 7.8 11 25 1.7 0.63 0.23 0.44 0.16 1.1
myis 7.1 0.73 0.42 1.6 0.061 0.002 0.003 0.716 22
ARMIn(max) 6.8 0.31 0.26 1.5 0.048 0.002 0.002 0.759 2.3
m, = 60 GeV
Prps ARy 13 34 81 10 2.0 0.72 14 0.094 1.1
My 9.4 12 26 1.8 0.66 0.24 0.46 0.18 1.3
DT b 9.3 11 25 1.8 0.63 0.23 0.44 0.19 1.3
myis 8.5 0.73 0.42 1.7 0.061 0.002 0.003 0.75 2.5
A RMn(max) 8.2 0.34 0.26 1.6 0.048 0.002 0.002 0.79 2.5

T
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Owing to the complexity and limited statistics in the
pp — hh — 2b4r channel, it is of utmost importance to
precisely explore all possible clues pertaining to beyond-
SM interactions. In principle, new physics effects can
potentially manifest through complex correlations between
various input observables. The cut-based analysis, although
robust, is susceptible to overlooking such multidimensional
correlations. Accordingly, similar to Sec. II, we adopt the
XGBoost algorithm as a multivariate technique with several
kinematic observables,

m}/llhb , P?.Shh’ AR}?Jf , mrs, mr p, Mg,
PT.bbs My ARy, mys,

Aer,rzv Aer.ry ART]’M, Aer,ry Aer.u’
AR, ., ART™, ART™. (3.1)

Here, m)’ and p},, are the invariant mass and transverse
momentum, respectively, for the visible components of the
di-Higgs system, AR} is the distance in the 7 — ¢ plane
between the reconstructed & — bb and visible h — 41
system, mq; is the effective mass of the di-Higgs sys-
tem, myy = Hy +Er, and mp, is motivated from
Refs. [185,186]. The analysis in Refs. [185,186] illustrates
the effectiveness of my, in estimating the mass of pair-
produced particles in scenarios where both decay into
visible and invisible components. The decay topology of
the exotic scalars in our signal corresponds to a similar
scenario as they are pair produced from the SM-like Higgs
boson and undergo decay into visible and invisible candi-
dates. The rest of the observables in Eq. (3.1) have their
usual meanings.

The six most essential observables with the highest
absolute SHAP values across all five signal benchmarks
are mys, AR™N ART™ mp ;.. AR5, my;. We note that the
cut-and-count analysis discussed earlier was performed by
optimizing the selection cuts on the first three observables
on this list. For illustrative purposes, we present the
distributions for the other three most important observables
viz ARy, my,, and my,, in Fig. 18, Appendix C.

The optimized signal and background yields from the
XGBoost analysis, alongside the signal significance at the
HL-LHC [for Br(h — aa — 41) = 10%], without and with
5% systematic uncertainty, are presented in Table VIII.
Compared to the cut-and-count analysis, the significance
improves by O(25-45%). Considering Br(h — aa —
47) = 10%, the significance goes beyond 2. However,
single Higgs production at the HL-LHC would be able
to constrain Br(h — aa — 4t) up to ~0.015% for m, =
60 GeV (see Sec. Il A). Considering the projection
described above for exotic Higgs branching fraction, null
signal events would be observed in the nonresonant di-
Higgs channel at the HL-LHC at =2 s.d.

We next focus on the /s = 100 TeV hadron collider
FCC-hh. The di-Higgs production cross section is ~30

TABLE VIII. Signal and background yields, and signal sig-
nificance, at the HL-LHC from XGBoost analysis in the pp —
hh — (h — bb)(h — aa — 47) channel. The results shown here
have been derived for Br(h — aa — 47) = 10%.

Total Signal

NG m, background efficiency Signal  Significance
(TeV) (GeV) yield, B (x10™) yield, S (5% systematic)
14 20 1.8 2.5 32 1.4 (1.4)

30 2.7 6.7 8.6 2.6 (2.6)

40 3.8 8.4 10 2.8 (2.8)

50 4.5 9.3 12 2.9 (2.9)

60 5.0 11 14 32 (3.2)

times greater than that at the HL-LHC, which motivates us
to investigate the prospects for exotic Higgs decay.
We consider the same background processes as above.
We use the FCC-hh detector card of DELPHES [187] for the
detector simulation with b-tagging, ¢, and light jet mis-
tagging efficiencies as functions of p, as prescribed in
Appendix A of [187]. For our analysis, the typical py of a
jetis much less than the TeV scale. Hence, the b-tagging, c-
mistagging, and light jet mistagging efficiencies are
approximately 85%, 5%, and 1%, respectively. Jets are
reconstructed from particle-flow objects using Fastlet with
R = 0.3 and py > 30 GeV. The basic trigger and selection
cuts on the final state objects remain unchanged.

Figure 9 shows the distributions of AR™", AR™>*_ and
myS variables. The peak in the AR™" < 0.3 region is
higher for /s = 100 TeV because here the 7 objects are
more boosted, and the decay products are more collimated
than at \/s = 14 TeV. Table IX shows the optimized cuts
on these variables.

Using these cuts, we perform a cut-and-count analysis.
The cut-flow information, along with the signal signifi-
cance, is presented in Table X. Assuming a 10% branching
of h — 4z, we observe a much higher signal yield and
signal significance at the /s = 100 TeV collider. At the
FCC-hh, we obtain signal significance of 24,48,50,54, and
50 for m, = 20, 30, 40, 50, and 60 GeV, respectively. We
also apply the XGBoost analysis using the observables in
Eq. (3.1). Table XI shows the signal efficiency, signal and
background yields, and signal significance with and with-
out 5% systematic uncertainty. As expected, the multivari-
ate method resulted in O(30-45%) improvement in the
signal signiﬁcance.5

The signal significance at FCC-hh is ~76 s.d. for m, =
60 GeV with Br(h — aa — 47) = 10%. The significance
at FCC-hh drops by O(24%) to ~58 s.d. on introducing a
5% systematic uncertainty. Adopting the HL-LHC reach
for exotic Higgs branching ratio at m, = 60 GeV from

5Appendix D (see Table XX) lists the results of XGBOOST
analysis with jet radius R = 0.4 instead of 0.3.
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FIG. 9. Distributions of AR™" AR™ and mXi: for signal benchmarks m, = 20,40,60 GeV, and dominant backgrounds, in the
pp — hh — (h — bb)(h — aa — 41) channel at /s = 100 TeV LHC.

searches in the single Higgs production channel (see
Fig. 4), Br(h —» aa — 47) ~0.015%, the significance at
FCC-hh drops to <1 s.d. However, it must be noted that if a
light scalar of mass 60 GeV is first observed at the
HL-LHC, there remains the possibility for a 5 s.d. discov-
ery at the FCC-hh through the Higgs pair production
channel, provided Br(h — aa — 47) = 1%. Overall, pros-
pects at the /s = 100 TeV collider look promising, and it
might be possible to access exotic Higgs decays in pp —
hh searches at the FCC-hh.

Current measurements from CMS in the combined
bbZZ7, multilepton, bl_)yy, bbrr, and bbbb channels [57]
and ATLAS in the combined bbyy, bbrr, and bbbb
channels [58] have imposed constraints on the di-Higgs

signal strength, limiting it to y;;, < 3.4 and 2.4 at 95% CL,
respectively. For the sake of completeness, we translate
the results from cut-and-count (Tables VII and X) and
XGBoost analyses (Tables VIII and XI) into upper limit
projections on the di-Higgs signal strength M'Z‘ZF as a
function of Br(h — aa — 47), as shown in Fig. 10.
The solid lines represent the projected upper limits when
systematic uncertainties are not considered. We observe
that the HL-LHC would be able to probe exotic Higgs
decays up to Br(h — aa - 47) ~7% for m, = 60 GeV
through cut-and-count analysis in the nonresonant
di-Higgs production channel, at 95% CL. Upon using
XGBoost, the projected sensitivity improves only to
Br(h - aa - 47) ~5%. The potential reach at the

TABLE IX. Basic selection and optimized cuts imposed in the cut-and-count analysis for pp — hh — (h —

bb)(h = aa — 47) channel at the FCC-hh.

Basic selection cuts

PT.b(by) > 40(30) GeV, 0.4 < ARy, < 2.0
90 GeV < my,;, < 130 GeV

Pr.ob > 80 GeV

Optimized cuts for 100 TeV analysis

myis < [200,200, 170, 170, 150] GeV for m, = [20.30,40, 50, 60] GeV
AR™® < [0.8,0.9,0.9, 1.0,1.0] and AR™ < [2.1,2.4,2.4,4.0,4.0] for m, = [20, 30,40, 50,60] GeV
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TABLE X. Signal and background yields in the pp — hh — (h = bb)(h — aa — 47) channel, at each step of the cut-based analysis
for the signal benchmarks m, = 20, 30, 40, 50, and 60 GeV and the dominant backgrounds at the FCC-hh. Signal significance at the

FCC-hh is also shown for Br(h — aa — 47) = 10%.

Event rates at /s = 100 TeV with £ = 30 ab™!

Backgrounds
Cut flow Signal tth 1tz Zh 402b 127 HtWW ﬁ Significance
m, =20 GeV
D1 ARy 1609 23454 39799 505 736 601 1497 0.024 6.2
My, 1215 7098 11089 67 195 163 374 0.060 8.6
DT.bb 1208 6908 10683 67 188 158 364 0.062 8.6
mXiTS 972 1779 889 59 44 14 29 0.26 16
ARITT;in(mﬂX) 887 190 193 49 17 3.8 2.0 0.66 24
m, =30 GeV
D1y ARy, 4362 23454 39799 973 736 601 1497 0.061 16
My 3222 7098 11089 122 195 163 374 0.14 22
DT.bb 3211 6908 10684 122 188 158 364 0.15 22
mxi: 2814 915 425 118 29 8.1 13 0.65 43
ARrTr;in(maX) 2748 190 193 116 20 3.6 3.0 0.84 48
m, = 40 GeV
D1 ARy 4909 23454 39799 1201 736 601 1497 0.068 18
Mpy 3578 7098 11089 142 195 163 374 0.16 24
PT.ob 3554 6908 10684 140 188 158 364 0.16 24
mXiTS 3112 915 425 126 29 8.1 13 0.67 46
AR™in(max) 2999 189 193 124 20 3.6 3.0 0.85 50
m, = 50 GeV
Prb> ARy 5396 23454 39799 1223 736 601 1497 0.074 20
My 4026 7098 11089 146 195 163 374 0.17 26
DPT.bb 3995 6908 10684 146 188 158 364 0.18 27
myis 3454 363 193 124 19 4.3 6.0 0.83 54
ARgin(max) 3450 276 193 122 18 3.8 4.0 0.85 54
m, = 60 GeV
D1 ARy 6591 23454 39799 1608 736 601 1497 0.089 24
My, 4829 7098 11089 168 195 163 374 0.20 31
PT.bb 4801 6908 10684 168 188 158 364 0.21 31
mXiTS 4083 363 193 158 19 4.3 6.0 0.85 59
AR™Mn(max) 4083 276 193 156 18 3.8 4.0 0.86 59
FCC-hh is more than an order of magnitude stronger than at
TABLE XI. Signal and background yields, and signal signifi- the HL-LHC. For m, = 60 GeV, FCC-hh would be able to

cance, at the FCC-hh from XGBoost analysis in the pp — hh —
(h = bb)(h = aa — 47) channel. The results shown here have
been derived for Br(h — aa — 47) = 10%.

Total Signal

Vs m, background efficiency Signal  Significance
(TeV) (GeV) yield, B (x107%) yield, S (5% systematic)
100 20 716 4.1 1749 35 (28)

30 1125 10.7 4595 61 (49)

40 1247 13 5521 67 (53)

50 1384 14 5995 70 (54)

60 1565 16 7015 76 (58)

probe Br(h — aa — 4t) as small as ~0.1% and 0.07% at
95% CL through the cut-and-count and machine-learning
based XGBoost analysis, respectively.

However, as discussed earlier, these limits are almost an
order of magnitude weaker than the projections from single
Higgs search channels considered in Sec. II. Having
exhausted the discovery prospects for exotic Higgs decay
in the Higgs pair production channel, we focus on other
possible Higgs production modes. The bb4z final state
considered in the present section can also manifest in Z
associated Higgs production pp — (Z — bb)h, which is
precisely the goal for our next section.
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FIG. 10. Signal strength factor at 95% CL for the nonresonant Higgs pair production with respect to Br(h — aa — 41) at \/s =
14 TeV with £ = 3 ab™! (top panel) and /s = 100 TeV with £ = 30 ab~! (bottom panel). On the left, results from cut-based analysis

are shown. The XGBoost results are shown on the right.

IV. HIGGS-STRAHLUNG:
pp = Zh — (Z - bb)(h - aa — 47)

Higgs-strahlung production pp — Zh, with Z — bb and
h — aa — 4z, served as a major background for the
nonresonant di-Higgs signal considered in Sec. IIIl. An
alternate point of view would be to consider the Zh process
with the & decaying exotically as a signal by itself, and the
di-Higgs process would be a potential background.
We analyze such a case in the present section. The back-
ground processes are similar to those considered in Sec. III
barring pp — Zh which is adopted as the signal process
here. The new addition to the list of backgrounds is non-
resonant di-Higgs production pp — hh — (h — bb) x
(h — aa — 47).

We closely follow the analysis strategy adopted for the
nonresonant di-Higgs channel considered in Sec. III, with
relatively smaller thresholds on the invariant mass and
transverse momentum for the bb pairs. The Z boson is
reconstructed by constraining m,; €[50, 100] GeV and
Py 1s required to be py,; > 50 GeV. We first perform
a cut-and-count analysis to estimate the projected sensi-
tivity at the HL-LHC by optimizing the selection cuts on

vis

myy, AR™™ and AR™>, The optimization is performed for

five signal benchmarks considered in Sec. II. The basic
selection cuts and the optimized cuts on m}s, ARMM,
and AR for different signal benchmarks are summarized
in Table XII. The cut-flow information and signal signifi-
cance at the HL-LHC are shown in Table XIII. Here
again, we have assumed Br(h — aa — 47) = 10%. At
m, = 20(60) GeV, we obtain significance of 1.06 (2.36)
at 5 s.d. uncertainty. It must be noted that the significance
values computed for the Zh signal are roughly comparable
with the results from searches in the nonresonant di-Higgs
channel (cf. Sec. III).

We also perform the XGBoost analysis using the
kinematic observables in Eq. (3.1). The subset of training
observables with the highest importance rankings is
similar to that for the nonresonant di-Higgs channel.
We present the corresponding signal and background
yields, signal efficiency, and signal significance with
and without systematic uncertainty (o, =5%), at
the HL-LHC, in Table XIV. Here again, we consider
Br(h —» aa — 47t) = 10% while computing the signal
yields and the background yield for pp — hh. Our results
are also translated into projected upper limits on uy;, =
ozn/03) and Br(h — aa — 41) as shown in Fig. 11.
We observe that the HL-LHC would be able to probe
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TABLE XII. Basic selection and optimized cuts imposed in the cut-and-count analysis for pp — Zh —

(Z - bb)(h > aa — 47) channel.

Cuts applied for 14 TeV analysis of Zh — bb4zr

PT.b,(by) > 30 (20) GeV, 04 < Ath <20
50 GeV < my;, < 100 GeV
pT.bb > 50 GeV

mys < [125,120, 120, 120, 120] GeV for m, = [20, 30,40, 50, 60] GeV
AR™ < [0.7,0.9,1.2,1.2,1.2] and AR™ < 3.5 for m, = [20,30, 40,50, 60] GeV

TABLE XIII. ~ Signal and background yields in the pp — (Z — bb)(h — aa — 4z) channel, at each step of the cut-based analysis for
the signal benchmarks m, = 20, 30, 40, 50, and 60 GeV and the dominant backgrounds at the HL-LHC. The signal significance at the

HL-LHC is also shown for Br(h — aa — 47) = 10%.

Event rates at /s = 14 TeV with £ =3 ab™!

Backgrounds
Cut flow Signal tth 1tz hh 402b 1iZZ HWw ﬁ Significance
m, = 20 GeV
DPTp> ARy 2.3 34 82 23 2.8 0.73 1.4 0.022 0.25
my,, 22 17 38 22 1.1 0.30 0.6 0.037 0.29
DT.bb 22 17 38 22 1.1 0.30 0.59 0.037 0.29
myis 2.1 0.85 0.55 0.94 0.09 0.003 0.010 0.46 0.99
ARMn(max) 2.1 0.49 0.28 0.94 0.08 0.005 0.006 0.54 1.1
m, = 30 GeV
Pr.ps ARy 6.2 35 82 8.4 2.1 0.73 1.4 0.046 0.53
My 6.0 17 38 33 1.2 0.30 0.60 0.089 0.73
DP1.bb 6.0 17 38 33 1.2 0.29 0.59 0.090 0.73
myis 5.6 0.72 0.48 29 0.090 0.001 0.008 0.57 1.8
ARMIn(max) 55 0.56 0.33 29 0.090 0.001 0.006 0.59 1.8
m, = 40 GeV
Pr.is ARy 7.3 34 82 10 2.1 0.73 1.4 0.053 0.62
My, 7.0 17 38 39 1.2 0.30 0.60 0.10 0.84
DT.bb 7.0 17 38 39 1.2 0.30 0.59 0.10 0.84
myis 6.5 0.72 0.48 34 0.090 0.001 0.008 0.58 1.9
ARMin(max) 6.5 0.67 0.42 34 0.090 0.001 0.008 0.58 1.9
m, = 50 GeV
DPrb> ARy, 8.5 34 82 11 2.1 0.73 1.45 0.06 0.72
my,, 8.1 17 38 4.5 1.2 0.30 0.60 0.11 0.97
DPT.b 8.1 17 38 4.5 1.2 0.30 0.59 0.12 0.97
myis 7.6 0.72 0.48 4.1 0.090 0.001 0.008 0.58 2.1
ARMin(max) 7.5 0.67 0.42 4.1 0.090 0.001 0.008 0.59 2.1
m, = 60 GeV
DPrp> ARy 10 35 82 14 2.1 0.73 1.45 0.071 0.86
My, 9.9 17 38 52 1.2 0.30 0.60 0.14 1.16
DT.bb 9.8 17 38 52 1.2 0.30 0.59 0.14 1.15
myis 9.2 0.72 0.48 4.7 0.090 0.001 0.008 0.61 2.4
ARMn(max) 9.2 0.67 0.42 4.7 0.090 0.001 0.008 0.61 24

Br(h —» aa — 47) up to only ~5% at 95% CL uncertainty
for m, = 60 GeV through searches in the SM Higgs-
strahlung production channel. We would like to note that
the projected sensitivity for Br(h — aa — 47) from

searches in the Zh channel is comparable to that of the
Higgs pair production channel considered in Sec. III, and
weaker compared to other single Higgs production chan-
nels in Sec. II.
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TABLE XIV. Signal and background yields, and signal sig-
nificance, at the HL-LHC from XGBoost analysis in the pp —
Zh — (Z — bb)(h — aa — 47) channel. The results assume Br
(h = aa — 47) = 10%.

Total Signal

NG m, background efficiency Signal  Significance
(TeV) (GeV) yield, B (x10™%) yield, S (5% systematic)
14 20 1.5 0.7 2.7 1.3 (1.3)

30 3.0 1.7 6.4 2.1 2.1

40 33 2.0 7.4 2.3 (2.3)

50 4.7 24 9.0 2424

60 52 3.0 11 2.8 (2.8)

V. RESONANT HIGGS PA_IR PRODUCTION:
pp - H — hh — (h — bb)(h — aa — 47)

The reach of nonresonant di-Higgs searches is limited
mainly due to its smaller production rate. In general, the
sensitivity in di-Higgs channels could benefit from an
enhancement in production cross section. One such pos-
sibility is presented by resonant Higgs pair production,
where the SM-like Higgs boson pair is produced from the
decay of a directly produced heavy scalar, H. Exotic Higgs
searches in the resonant di-Higgs channel are also relevant in
extending/complementing the coverage of the BSM land-
scape since the extended Higgs sector in several well-
motivated BSM frameworks entail such a heavy Higgs
boson alongside an exotic light Higgs viz., next-to-minimal
supersymmetric standard model (NMSSM) [188,189],
2HDM + S [190], among other models.

In this section, we explore the HL-LHC prospects of exotic
Higgs searches in the resonant di-Higgs channel. We restrict
to the final state considered in Sec. III and analyze the
signal process: pp— H — hh— (h— bb)(h— aa — 41).
Along with the background processes in Sec. III, we also
consider the nonresonant Higgs pair production process:
pp — hh = (h = bb)(h — aa — 47) as a BSM back-
ground. The basic selection criteria imposed in Sec. III are
also applied here. We consider four benchmark values of
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FIG. 11.
for the cut-based (left panel) and XGBoost (right panel) analysis.

heavy Higgs mass, my = 300, 500, 800, and 1000 GeV and
three light scalar mass choices, m, = 20, 40, and 60 GeV, for
each value of my. We perform an XGBoost analysis for these
specific choices of {my,m,} using the observables in
Eq. (3.1) and translate the results into model-independent
projected upper limits on 6(pp — H — hh) as a function of
my. Two important observables in the multivariate analysis
are AR™™ and ms. In Fig. 12, we illustrate AR™™ and m}s
distributions for several signal benchmarks {my = 300,
500, 800, 1000 GeV, m, = 20,40,60 GeV} and dominant
backgrounds, at /s = 14 TeV LHC. For brevity, we are not
showing the remaining important observables. The ARM"
distribution shifts towards smaller values with decreasing
m,. The exotic scalars are produced with a larger boost in
case of low m,, leading to more collimated decay products.
For instance, the peak of AR™" distribution is much higher in
the AR < 0.4 region for m, = 20 GeV, especially when
my = 1000 GeV.

In Table XV, we present the signal efficiency and
background yields at the HL-LHC, from the XGBoost
analysis. As discussed earlier in Secs. Il A and III, the
signal efficiency falls with decreasing m,. It must also be
noted that for a given m,, signal efficiency improves with
increasing my, except when my = 1000 GeV. This hap-
pens because the SM-like Higgs bosons are produced with
a relatively more considerable boost for higher myp,
resulting in an overall shift towards the kinematic region
farther away from the SM backgrounds. However, the
decay products become too collimated for very high
mpy ~ 1000 GeV, which becomes challenging to resolve.

We translate the optimized signal efficiencies, eg, and
background yields B, to model-independent projected
upper limits on the resonant di-Higgs production cross
section 6(pp - H — hh)y,,

o(pp—H— hh),,

_ ns- VB
es+L-Br(h— bb)gy-Br(h—aa—4t)-2’

(5.1)

3.00
r —— m,=20Gev
o m, =30 GeV
275; —— m,=40GeV
— m, =50 GeV
s 2.50 — m, =60 GeV
5<
B 2.25F
~
w
8s
5 2.00f
[}
w5 1.75|
SN [ XGBOOST
< 1 50f @ HL-LHC (95% CL)
I solid: No systematics
1.25| dashed: 5% systematics

o
Br(h— aa- 4T1)

M
1072

Signal strength factor in the pp — Zh — (Z — bb)(h — aa — 4t) channel at 95% CL vs Br(h — aa — 4t) at the HL-LHC
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FIG. 12. Distributions of AR™™ (left), and mﬁ‘; (right) for signal benchmarks m, = 20 GeV (top row), m, = 40 GeV (middle row)
and m, = 60 GeV (bottom row), and dominant backgrounds, in the pp — H — hh — (h — bb)(h — aa — 4t) channel, at /s =

14 TeV LHC. The mass of heavy Higgs boson my = 300, 500, 800, 1000 GeV.

Here #¢ represents the standard deviation from the back-  We observe that at my = 300 GeV, HL-LHC would
ground. In the present analysis, we derive the projected  be able to probe resonant di-Higgs production cross
upper limits at 7g =2, which corresponds to a 95%  sections up to o(pp — H — hh) Z 65, 46, 29 fb for exotic
confidence interval, with Br(h — bB) =58% [191] and scalar of mass, m, = 20, 40, 60 GeV, respectively, for

Br(h - aa - 47) = 10% [2,32].

Br(h — aa — 4r) = 10%, at 95% CL. We observe that the

In Fig. 13, we present o(pp — H — hh),;, asafunction  projected sensitivity gets stronger with increasing my up to
of my for three light Higgs mass scenarios, m, = 20, 40,  m,, ~ 800 GeV, after which the upper limit remains almost

and 60 GeV. These projections demonstrate the future  unchanged.

sensitivity of resonant di-Higgs searches in the pp — H — Figure 14 shows the o(pp — H — hh), as a function
hh — (h — bb)(h — aa — 47) channel at the HL-LHC. ~ of Br(h — aa — 47) following Eq. (5.1). This section
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TABLE XV. Signal efficiency and background yields from XGBoost analysis in the pp — H — hh — (h = bb)(h — aa — 41)

channel at the HL-LHC. Results are derived for Br(h — aa — 47) = 10%.

pp = H — hih — bbaa — 2b4t, \/s = 14 TeV

Masses (GeV)

Background yield at 3 ab™!

my m, tth 1tz Zh hh 422b tiZZ tHtWwW Total Signal efficiency (x107%)
300 20 0.24 0.11 0.52 0.31 0.096 0.001 0.004 1.3 0.99
40 0.31 0.20 0.54 0.42 0.102 0.006 1.006 1.6 1.5
60 0.34 0.11 0.85 0.65 0.12 0.001 0.006 2.1 2.8
500 20 0.21 0.088 0.54 1.5 0.074 0.003 0.005 2.4 3.1
40 0.28 0.18 1.7 5.9 0.083 0.005 0.007 8.2 12
60 0.21 0.15 1.6 6.8 0.070 0.003 0.004 8.9 15
800 20 0.15 0.088 0.36 0.68 0.15 0.004 0.012 1.4 3.5
40 0.098 0.13 1.4 2.0 0.11 0.005 0.008 3.8 17
60 0.098 0.13 1.5 2.6 0.14 0.008 0.006 4.5 19
1000 20 0.049 0.044 0.18 0.25 0.090 0.003 0.005 0.62 2.8
40 0.049 0.044 0.58 0.94 0.12 0.008 0.010 1.7 13
60 0.082 0.088 0.62 1.1 0.13 0.007 0.009 2.0 13

focuses on resonant di-Higgs production with an exoti-
cally decaying SM-like Higgs boson. The literature has
also explored scenarios where SM-like Higgs bosons
decay via SM modes. For example, both CMS and
ATLAS collaborations have performed resonant di-Higgs
searches in the H — hh — bbbb [192], bbr* 7~ [193], and
bbyy [194] final states using the 13 TeV LHC data
collected at £~ 139 fb~!, and derived upper bounds on
o(pp — H — hh). A similar variation of these current
upper limits at 95% CL on o(pp — H — hh) with BSM
Br(h — aa — 47) have been drawn in black.

For a 300 GeV heavy Higgs, the current searches have
ruled out up to 6 ~ 300 fb for Br(h — aa — 47) ~0.5% at
95% CL. With increasing mass of the heavy Higgs, the

—— m,=20GeV
HL-LHC (95% CL) 2D iocer
— m,=60 GeV
102 Br(h- aa- 47) = 10% e
Q
g L
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FIG. 13. Projected upperlimits at 95% CLonco(pp — H — hh)
as a function of my; from resonant di-Higgs searches in the hb4r
final state at the HL-LHC, assuming Br(h — aa — 47) = 10%.

The red, green, and blue lines correspond to different light scalar
masses, m, = 20, 40, and 60 GeV, respectively.

region becomes much more constrained by current limits.
For my = 1000 GeV, HL-LHC will be sensitive to
o(pp - H — hh) up to 8 fb for Br(h — aa — 47) ~ 7%.

In Fig. 15 (left), we show the current upper limits from
experiments for different masses of heavy Higgs with
dashed lines. The projected sensitivity in the decay modes
above at the HL-LHC has also been studied in Ref. [131].
We display the projected upper limits at the HL-LHC in the
bbbb and bbyy channel in Fig. 15 (right) with dashed
colored lines and contrast them with the findings of the
present analysis where resonant di-Higgs production is
probed in exotic final states. For this purpose, we consider
the m, = 60 GeV scenario, which furnishes the most
robust limits among other signal benchmarks considered
in the present work. In Fig. 15 (right), we present the
projected upper limits derived in the current analysis in
solid black. The results indicate that the projected sensi-
tivity for resonant di-Higgs searches in exotic final state
assuming a saturated decay branching of Br(h — aa —
47) = 10% is almost comparable if not slightly stronger
than the 4 and 2bH2y channel at the HL-LHC. We further
compare the limits with the upper bounds from current
LHC runs by rescaling our HL-LHC projections (see
Fig. 13) to the current LHC luminosity (£ = 139 fb™!)
in Fig. 15 (left). Below my < 500 GeV, upper limits from
the 2b4z channel considered in the present section are
almost comparable to the 2b2z channel. At higher heavy
Higgs masses my 2 650 GeV, limits from the 45 channel
begin to dominate. At my ~ 1 TeV, the upper limits from
the present analysis are roughly 2-5 times weaker than the
4b channel.

We briefly study the resonant production of a pair of
exotic light scalars from a heavy Higgs. In this case, the
final state consists of 4rs. Hence, we follow a similar
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FIG. 14. Variation of the projected upper limits at 95% CL on 6(pp — H — hh) as a function of Br(h — aa — 4z) for my = 300,
500, 800, 1000 GeV at the HL-LHC. The red, green, and blue lines correspond to different light scalar masses, m, = 20, 40, and 60 GeV,
respectively. Variation of the current upper limits at 95% CL on o(pp — H — hh), from resonant di-Higgs searches in bbbb [192]
(solid), bbr™7z~ [193] (dash dot), and bbyy [194] (dotted) final states, as a function of Br(h — aa — 4r) are shown in black.
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FIG. 15. Left: current upper limits on 6(pp — H — hh) as a function of my from resonant di-Higgs searches in bbbb [192] (blue),
bbrtr [193] (green), and bbyy [194] (red) final states. Right: projected upper limits on 6(pp — H — hh) as a function of m from
resonant di-Higgs searches in bbbb (green) and bbyy (red) final states at the HL-LHC [131]. The solid-black line in the left and right

panels show the sensitivity of the present analysis.

analysis strategy to Sec. Il A. We consider the resonant light
Higgs pair production, pp — H — aa — 4z, for two bench-
mark points, my = 300, 1000 GeV, with m, = 20, 40, and
60 GeV, as the signal. The relevant background processes are

the gg — h — aa — 4z, the inclusive 47 and h - ZZ* —
4¢ (¢ = e, u, 7) processes. Subdominant contributions arise
from QCD-QED 4¢2v, 4€2b, t1Z, tth, t1ZZ, and ttWW.
Table XVI lists the total background yield, the signal
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TABLE XVI. Signal efficiency, total background yield, and
upper limits at 95% CL on o(pp — H — aa) from XGBoost
analysis in the pp - H — aa — 47 channel at the HL-LHC
when Br(H — aa — 47) = 10%.

Total Signal Upper limits on
my my background efficiency Cross section
(GeV) (GeV) yield, B (x10™)  at 95% CL (fb)
300 20 31 12 32

40 158 146 5.7

60 270 144 7.6
1000 20 6 1.7 93

40 24 19 17

60 86 113 5.5
TABLE XVII. Cross sections of processes: bb - H, ti —> H,

and gg — H for my = 500 GeV and 1000 GeV, as calculated by
MadGraph5_aMC@NLO.

Cross sections at LO (pb)

Process /s = 100 TeV ~ my =500 GeV  mpy = 1000 GeV
bb - H 0.61 0.055

tt > H 24 5.1

gg—> H 81 5.7

efficiency, and the upper limit on cross-section o(pp —
H — aa) at 95% CL when Br(H — aa — 47) = 10%.

Although we do not study heavy Higgs production at the
FCC-hh, it would be interesting to see how the #7 and bb
initiated heavy Higgs production cross sections compare to
the ggF cross section at high energy scales. We have used
MadGraph5_aMC@NLO for a simple estimation of the cross
sections at LO when a heavy Higgs is produced from bb
and 77, and how they compare to the heavy Higgs
production from ggF. For this, we consider two masses
of SM-like heavy Higgs, my = 500 and 1000 GeV. We use
the NNPDF2.3NNLO PDF set [195]. The cross sections are
listed in Table XVIL

The LO cross sections of bb — H, {f — H, and gg — H
at /s = 100 TeV are 51 (148), 70 (201), 43 (108) times
greater than the respective LO cross sections at /s =
14 TeV for my =500 (1000) GeV. At the 100 TeV
collider, the top quark, along with the bottom quark, can
be effectively treated as a light particle [196], having a
significant contribution to the heavy Higgs production. In
such a scenario, a dedicated study involving the 7 initiated
process would be interesting.

VI. SUMMARY

In this paper, we have investigated the prospects for
probing the exotic Higgs decay mode h — aa — 47 in
single Higgs and resonant di-Higgs searches at the

HL-LHC, and in nonresonant di-Higgs searches at the
HL-LHC as well as at the FCC-hh. Searches for exotic
Higgs cascade decays to multiple SM particles via new
intermediate light (pseudo)scalars are particularly relevant
in extending the coverage of BSM models with an extended
Higgs sector. We first focused on the ggF gg — h — aa
and VBF pp — (h — aa)jj channels, where the light
exotic Higgs boson a subsequently decays to z7. We
considered five signal benchmarks m, = 20, 30, 40, 50,
and 60 GeV and performed a machine-learning-based
analysis using the XGBoost algorithm to estimate the
projected sensitivity at the HL-LHC. Searches in the
ggF-induced single Higgs production channel at the HL-
LHC lead to signal significance values of 6.0, 5.4, 5.2, 5.8,
and 10.3 in the five signal benchmarks, respectively, for
Br(h — aa - 47) = 0.1%. We also derived upper limits
on the exotic Higgs branching fraction assuming SM
production rates for the Higgs boson, finding that the
HL-LHC will be able to probe Br(h — aa — 4t) up to
~0.015% at 95% CL for m, = 60 GeV. The VBF pro-
duction mode yields smaller signal significances at the HL-
LHC, the signal significance of 1.5, 2.6, 2.9, 3.1, and 3.7,
for m, = 20, 30, 40, 50, and 60 GeV, respectively, mainly
due to the smaller cross section. Through searches in the
VBF channel, the HL-LHC could exclude Br(h — aa — 4t)
up to 0.043% at 95% CL for m, = 60 GeV. The combined
projected upper limit on Br(h — aa — 4r) from searches
in the ggF and VBF channels is 0.014% at 95% CL.

Di-Higgs searches in exotic channels provide additional
search modes besides the usual SM decay channels. We
have analyzed the prospects for probing exotic Higgs
decays in the gg — hh — (h — bb)(h — aa — 4t) chan-
nel at the HL-LHC as well as FCC-hh, for several light
scalar masses. The analysis is performed using the tradi-
tional cut-and-count approach and the XGBoost algorithm.
The cut-based analysis results in the signal significance of
1.1(24),2.0 (48),2.2(50), 2.3 (54), and 2.5 (59) for the five
signal benchmarks, respectively, at the HL-LHC (FCC-hh),
for Br(h — aa — 47) = 10%. The XGBoost analysis per-
forms better and leads to a signal significance of 1.4 (35),
2.6 (61),2.8(67),2.9(70), and 3.2 (76) for m, = 20, 30, 40,
50, and 50 GeV, respectively, at the HL-LHC (FCC-hh).
Overall, the prospects for probing exotic Higgs decays in
the di-Higgs channel at the HL-LHC is comparable with
the current LHC limits on Br(h — aa — 4r) from single
Higgs searches [32]. We also investigate the HL-LHC
prospects for the Z associated Higgs production channel,
pp = Zh — (Z — bb)(h — aa — 47). Searches in this
channel furnish comparable results to the nonresonant
di-Higgs production.

We finally examine the case of resonant di-Higgs
production pp — H — hh— (h— bb)(h— aa — 47) at the
HL-LHC, for several combinations of {m, m,}. We derive
model-independent projected upper limits for o(pp —
H — hh) as a function of my, which are also translated
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to the current LHC through luminosity scaling. At the
current LHC, the 2b47 channel considered in the present
work performs almost comparably with 4b, 262z, and 2b2y
channels, provided Br(h — aa — 4t) = 10%. The same
holds even at the HL-LHC. Current searches put a strong
constraint on the resonant di-Higgs production cross
section for large masses of heavy Higgs.

This work mainly focused on the 47 and 2b4+ final states.
Possible improvements in the search potential for exotic
Higgs decays at future colliders can be expected through
combined searches in other final states. Furthermore, the
projected sensitivity might benefit through better background
modeling, including higher-order signal and background
generation effects. Another critical aspect of the HL-LHC
and FCC-hh would be to study the implications of systematic
uncertainties and devise effective techniques to mitigate their
effects. We defer examining these aspects to future work.
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APPENDIX A: SUMMARY OF THE GENERATION CUTS AND PRODUCTION CROSS SECTIONS
FOR THE SIGNAL AND BACKGROUNDS IN SINGLE HIGGS AND NONRESONANT
DI-HIGGS PRODUCTION

TABLE XVIII.
h — aa — 4t is assumed to be 0.1%.

Generation level cuts and cross sections for the various backgrounds used in the analyses. The branching ratio for

Generation-level cuts (7 = e*, u*, 7%)

+ Cross section (fb)

Process Signal and backgrounds (NA: not applied) at /s = 14 TeV
47 Signal (g9 —» h — aa — 4r) NA 49.68 x 10°
g9 — h—> 77 — 4l NA 10.46
41 pre >3 GeV, |ns| <3.0, ARy > 0.1 442.5
412v pre > 10 GeV, || < 3.0, AR, > 0.1 1.36
Signal (pp — (h - aa — 47)jj) pr; > 20 GeV, || < 5.0, AR;; > 0.2, 426 x 10°
mj; > 500 GeV
412 pr; > 20 GeV, pr, >3 GeV, || < 5.0, 6.2
AR;; > 0.2, ARy > 0.1, mj; > 500 GeV
tth (=3¢ final states) prjm > 15 GeV, pr, >3 GeV, nj| < 4.0, 12.4
16| < 3.0, AR;, » > 0.2 except AR, > 0.1,
my;, > 50 GeV
tiZ, 7 - ¢ same as 1th 29.2
4¢2b 1.77
tiZZ (>3¢ final states) 0.15
tIWW (>3¢ final states) 0.6
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TABLE XIX. Generation level cuts and cross sections for the various backgrounds used in the analyses. The branching ratio for
h — aa — 47 is assumed to be 10%.

Cross section (fb) at /s =

Generation-level cuts (7 = e*, u*, 7%)

Process Signal and backgrounds (NA: not applied) 14 TeV 100 TeV
bb4r Signal (pp — hh — bbaa — 2b4r) NA 4.27 142.6
tth (>3¢ final states) pr.jp > 15 GeV, pr, >3 GeV, 12.4 575.7

|77b/f| < 30, ARj,bf > 0.2
except AR, > 0.1,

My > 50 GeV
tiZ, Z - ¢¢ same as fth 29.2 1288
472b 1.77 31.02
tiZZ (>3¢ final states) 0.15 7.93
tIWW (>3¢ final states) 0.6 33.2
Zh,Z = bb,h — aa — 4t NA 12.64 169.01

APPENDIX B: TRUTH LEVEL TRANSVERSE MOMENTUM DISTRIBUTIONS OF zS IN VBF SINGLE
HIGGS AND DI-HIGGS PRODUCTION
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FIG. 16. Distributions for the transverse momentum p; of the 7z leptons at the truth level in the VBF production channel
pp = (h = aa — 47)jj. Here we assume /s = 14 TeV LHC.

055008-26



PROSPECTS FOR EXOTIC h — 4t DECAYS ... PHYS. REV. D 109, 055008 (2024)

0.014} [
[ — m,; =20 GeV
0.012f 0.0201 — m,=30Gev
L ms =40 GeV
[ — m,=50GeV
8 0.010f E o 015: —— m, =60 GeV
N N T
& 0.008F ] ;
g g |
S 0.006f g o010
2 P [
0.004 | [
0.005F
0.002 t
L L L L L L L 1 n n n 1 n n n 1 n n " 1 " " " 1 " " "
0 25 50 75 100 125 150 175 200 0 20 40 60 80 100 120
pr.r, [GeV] pr., [GeV]
s 0.07p
0.035F ¥
— m,=20Gev 0.06 — m,=20Gev
0.030 —— m,=30GeV F —— m,=30GeV
F m, =40 GeV 0.05 [ — m, =40 GeV
f [ —— m,=50GeV 0o — m, =50 GeV
8 0.025; —— m, =60 GeV 8 [ —— m, =60 GeV
N [ - N o.04f
T 0.020f = :
g [ g T
S 0.015F 5 003t
2 r =
F = 0.02
0.010: =
0.005F ans 0.01f i:‘:\_\:
[ —
E P TS S TS S S S N S S SR NS S S S S S R B S B SR B S S S S S B S R S
0 10 20 30 40 50 60 0 5 10 15 20 25 30 35 40
pT, T3 [GeV] pT, T4 [GeV]

FIG. 17. Distributions for the transverse momentum p; for the four 7 leptons in the nonresonant di-Higgs production channel
pp = hh — (h - bl_J)(h — aa — 4t) at the truth level for several exotic scalar masses m, = 20, 30, 40, 50, and 60 GeV. The center of
mass energy is fixed at /s = 14 TeV.

055008-27



AMIT ADHIKARY et al.

PHYS. REV. D 109, 055008 (2024)

APPENDIX C: NORMALIZED DISTRIBUTION FOR KINEMATIC OBSERVABLES IN NONRESONANT
DI-HIGGS PRODUCTION AT THE HL-LHC AND FCC-HH
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APPENDIX D: XGBOOST ANALYSIS OF NONRESONANT DI-HIGGS PRODUCTION AT FCC-HH
WITH JET RADIUS R=04

We list the results for the case where R = 0.4 is used to reconstruct jets at the FCC-hh. Compared with Table XI, the
signal efficiency in the case of R = 0.3 jets is 1.2-1.8 times more than in the case of R = 0.4 jets.

TABLE XX. Signal and background yields, and signal significance, at the FCC-hh from XGBoost analysis in
the pp — hh — (h - bb)(h — aa — 4z) channel. The results shown here have been derived for Br

(h = aa - 47) ~ 10%.

Signal efficiency Significance
Vs (TeV)  m, (GeV)  Total background yield, B (<107 Signal yield, S (5% systematic)
100 20 514 2.2 965 25 (21)
30 959 6.7 2866 46 (37)
40 993 9.9 4240 59 (48)
50 1046 10 4383 59 (48)
60 1146 12 5108 64 (52)
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