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ABSTRACT: In this work, we show the importance of searches for heavy resonant scalars
(H) and pseudoscalars (A). Taking cue from the present searches, we make projections
for searches in an extended scalar sector at the high luminosity run of the Large Hadron
Collider. We study the three most relevant search channels, i.e., H — hh, H/A — tt and
bbH/A. Upon studying multifarious final states for the resonant double Higgs production,
we find that the bbyy (o(pp — H — hh) € [81.27,14.45]fb for mpy € [300,600] GeV at
95% C.L.) and bbbb ([5.4,2.5]fb for my € [800,1000] GeV at 95% C.L.) channels are the
most constraining. For the bbH channel, we can exclude o(pp — bbH) € [22.2,3.7] fb for
my € [300,500] GeV. Finally, we consider the phenomenological Minimal Supersymmetric
Standard Model as an example and impose various present constraints and our future
direct search-limits and obtain strong constraints on the m4 — tan  parameter space,
where m4 and tan 8 are respectively the mass of the pseudoscalar and the ratio of the
vacuum expectation values of the two Higgs doublets. Assuming that the heavy Higgs
boson decays only to Standard Model (SM) states, we find that the H — hh — bbyy
(H — tt) channel excludes tan as low as 4 (m4 € [400,800] GeV) at 95% CL. This
weakens up to ~ 5.5 when the bbH channel dominates. Upon allowing for non-SM decay
modes, the limits weaken.
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1 Introduction

The Higgs boson discovered in 2012, was the last missing piece in the Standard Model of
particle physics (SM). The SM, however, is inadequate to explain the nature and existence
of dark matter, the small but non-negligible masses of the neutrinos, the asymmetry be-
tween baryons and anti-baryons, to name a few. Besides, SM can not explain the hierarchy
problem which is inherent in the theory. Well motivated theories including supersymmetry



have the potential to solve some of these limitations. There are additional fundamental
theoretical requirements that the SM can not satisfy. The aforementioned experimental
observations and theoretical requirements compel us to look for physics beyond the Stan-
dard Model (BSM). However, the possibilities being innumerable, it is extremely difficult
to ascertain the nature of such new physics. Since the discovery of the Higgs boson, and
a growing convergence of its properties with the SM expectations [1-16], the new physics
possibilities are gradually getting strongly constrained. Searches for BSM are being per-
formed at the Large Hadron Collider (LHC) by the CMS, ATLAS, ALICE and LHCb
collaborations. Except for some excitement in the flavour physics sector, there have not
been any strong hints for new physics in the form of new particles or significant devia-
tions in couplings with respect to the SM. Even though supersymmetry is perhaps one
of the most elegant theories of our time, it comes with additional new particles, which
need to be discovered at some stage. Even though searches are being conducted for a
considerable region of parameter space for the Minimal Supersymmetric Standard Model
(MSSM), there are more non-traditional searches which need to be performed. The MSSM
parameter space has been extensively studied in light of the constraints from cosmology,
flavour physics, and Run-I plus Run-II data from LHC [17-41]. However, there are sim-
ple extensions of the MSSM that can weaken the present bounds considerably. On the
positive side, the LHC can potentially pin down the Higgs couplings to weak bosons and
most of the fermions at the level of O(5 — 10%) [42-45]. However, as has been shown in
numerous experimental [46-59] (including future extrapolations [60-62]) and phenomeno-
logical studies [63-72, 72-83, 83, 84, 84-107|, the measurement of the elusive triple Higgs
coupling (Apnp) is a difficult feat at the LHC. Studies show that future colliders are
expected to be more adept in constraining or even measuring this coupling to a great pre-
cision [89, 108-117]. In order to be completely sure whether or not there is any extended
Higgs sector, it is of utmost importance to measure the Higgs quartic coupling, A\ppnn and
the Higgs trilinear coupling, Appn = Appanv, Where v is the vacuum expectation value of
the SM Higgs boson. Now, independent measurements of the Higgs couplings to the gauge
bosons and fermions will constrain v and we already have a precise Higgs mass measure-
ment. To confirm this sector of the SM, one needs to measure A\ppp, or Appnp [64, 118-122].

In the following sections, we focus on the various production and decay processes
of a resonant scalar, viz., a resonant decay to a pair of SM-like Higgs bosons, to a pair
of top quarks, a heavy pseudoscalar, A, decaying to an SM-like Higgs boson and a Z-
boson and the production of a heavy scalar in association with a pair of bottom quarks.
The final theme of this work is in the context of the phenomenological MSSM (pMSSM).
However, our results are presented in such a way that they can be mapped onto most
models with an extended scalar sector. Table 1 summarises the various bounds set on
the double-Higgs production cross-section by CMS and ATLAS in the non-resonant and
resonant categories. The resonant production results are mostly interpreted in terms of
spin-0 and spin-2 hypotheses. Besides, there are many supersymmetric interpretations for
the resonant scalar searches. As an example, for the bbr" 7~ resonant search performed by
CMS [123], the MSSM parameters m4 (mass of the C'P-odd scalar, A) and tan 8 (ratio of
the vacuum expectation values of the two Higgs doublets in the model, viz., H, and Hy)



Channel CMS (NR) | CMS (R) | ATLAS (NR) | ATLAS (R)
(xSM) [fb, (GeV)] (xSM) [tb, (GeV)]
bbbb 75 1500 — 45 13 2000 — 2

[133-135] (260 — 1200) (260 — 3000)
bbyy 24 240 — 290 22 1100 — 120
[136-138] (250 — 900) (260 — 1000)
bbrtr— 30 3110 — 70 12.7 1780 — 100
59, 123] (250 — 900) (260 — 1000)
YW [139) 200 40000 — 6100
(vytvij) (260 — 500)
bblvly 79 20500 — 800 300 6000 — 170
[140, 141] (300 — 900) (500 — 3000)
WW*WW* 160 9300 — 2800
[142] (260 — 500)

Table 1. Bounds obtained on the di-Higgs cross-sections (in fb) from CMS and ATLAS studies
dedicated to the search for non-resonant (NR) and resonant (R) double Higgs production in various
channels. The numbers in brackets show the range of the heavy scalar mass considered in that
particular study.

are excluded in the range 230 GeV < my < 360GeV and tan§ < 2, at 95% CL. Thus,
besides measuring deviations to the Higgs self-coupling, there are other possible channels
to look for in order to establish an extended scalar sector. Some of these new channels
include the production of the SM-like Higgs in association with a Z-boson reconstructing
a resonance. Another possible channel is the production of a pair of top-quarks. Now, the
first of these channels can be via a heavy pseudoscalar resonance [124, 125], whereas the tt
production can be either through a heavy scalar or pseudoscalar [126, 127]. However, both
these channels can also come about from a heavy Z’ [125, 128-131]. Now, in order to be
sure whether the Zh or tt production is via a spin-0 or spin-1 resonance, one needs to delve
deeper into the angular observables. Lastly, we also study the effects of the high tan
regime for a heavy scalar produced in association with a pair of b-quarks and decaying to
a pair of T-leptons [132].

Our paper is organised as follows. We study the reach of the HL-LHC for the H — hh
channel in various final states, in section 2, by showing the 95% CL bounds on o(pp —
H — hh) as functions of the heavy Higgs mass, my. Following the Higgs pair production,
we address the couplings of the C'P-even heavy Higgs to a pair of top quarks and to a pair
of bottom quarks in sections 3 and 4 respectively. In section 5, we use the previous results
to recast our limits in the purview of the phenomenological MSSM (pMSSM) and show the
future reach of these searches in the ma — tan 8 parameter space. We finally summarise
our results and present our future outlook in section 6.



Figure 1. Feynman diagram for the signal production from pp — H — hh. The SM Higgses then
decay to the corresponding final states viz. h — bb and h — v give rise to bbyy final state.

2 The pp — H — hh channel

As discussed in the introduction, the objective of this work is to scrutinise the viable scalar
extensions of the Standard Model (SM). In this section, we focus on a heavy C'P-even scalar
produced via gluon fusion and subsequently decaying to a pair of SM-like Higgs bosons.
The decay width of the heavy Higgs boson is chosen to be ~ 1 GeV which is within the
resolution of the detector. We would like to mention that the heavy Higgs search limits
derived in the course of this analysis would stand valid only if the detector resolution is
greater than the chosen heavy Higgs decay width. In the next five subsections, we study
the reach of the HL-LHC in constraining the resonant Higgs pair production cross-section,
o(pp — H — hh), upon studying multifarious channels, wviz., bby-y, bbbb, bbr 7=, bbW W~
and yyW W=, Many of these channels with 7-leptons and W-bosons give different signa-
tures upon considering leptonic or hadronic modes. We study all possible final states giving
importance to the total rate as well the cleanliness. Unless otherwise stated, we generate the
signal samples with Pythia 6 and for the background samples, we use MG5_aMC@NLO [143].
The showering and hadronisation is performed within the Pythia 6 [144] framework. The
b-tagging efficiency and mistag efficiencies of a c-jet or a light jet posing as a b-tagged jet are
employed as functions of the transverse momentum of the jet [145]. Unless explicitly men-
tioned, the CTEQ61 PDF set has been used throughout this work. Also, to take into account
the detector effects, we use the fast-detector simulation package, Delphes-3.4.1 [146].

2.1 The bbyvy channel

The bbyy final state is the golden channel when it comes to studying the non-resonant
double Higgs production. The cleanliness of this channel, owing to smaller backgrounds,
triumphs over the reduced rate (Br(h — v7) ~ 0.2%). Here however, we turn to a resonant
scalar production which decays to a pair of SM-like Higgs bosons. Our goal is to ascertain
the reach of the HL-LHC in measuring o(pp — H — hh) for a range of heavy Higgs
masses (my) (figure 1). One of the reasons for this final state being a favourite is that the
reconstruction and identification precision of photons at the LHC is very high.



Figure 2. Feynman diagrams illustrating the (a) bbyy and (b) tth background processes, corre-
sponding to the bbyy search channel.

Even though the signal seems to have a clean final state, there are several backgrounds
at play which need to be dealt with carefully. The major backgrounds (figure 2) typically
have the form of hh + X which includes the SM double Higgs production, A + X which
includes Zh, hbb and tth, and null-Higgs processes like tf + tty where leptons may fake
as photons, bbyy + céyy + jjvy (henceforth termed as bbyy*) where for the latter two,
the light-jets may fake b-jets. Other fake backgrounds include bbjy + c¢jy (we will refer
to it as Fake 1 category), bbjj (referred to as the Fake 2 category), where the c-jets may
pose as b-jets and the light jet may mimic a photon, and the single Higgs processes, viz.,
hjj + hce (classified henceforth as the hjj* category), where the light-jets and c-jets may
mimic b-jets. One of the major differences between most of the backgrounds and the signal
lies in the invariant mass distribution of the b-jets, m,;. However, even when the my;
distribution of the signal (as well as the non-resonant SM di-Higgs background) peaks
around the SM-like Higgs mass, my, it is broad and can have considerable overlap with the
my;, distribution either ensuing from a Z-boson or from a continuum. It should be noted
that the most dominant backgrounds come from the QCD-QED bby~*, tth and SM-like
di-Higgs processes. The former being a continuum, covers a large part of the kinematic
variable space with the signal. The SM-like di-Higgs background also has very large overlap
with the signal. One of the easiest way to break this degeneracy is to utilise the My OF
reconstructed myp,;, distribution which has a clear peak around the heavy scalar mass, my,
for the signal.

We generate the QCD-QED bbyy and Zvyy — bbyy backgrounds upon merging with
one additional jet. We employ the MLM merging scheme [147] where the extra jet contains
gluon, light quarks, ¢- as well as b-quarks. Among the h+ X category, the Zh is generated
with the Higgs boson decaying to a pair of photons and the Z-boson decaying to a pair of
bottom quarks. Furthermore, the tth and bbh backgrounds are generated with h — y7. The
major fake backgrounds with jets in the final state are generated with the aforementioned
jet definition with one exception. We define both of the jets in the jjv~v channel in a way as
to have no overlap with the bbyy background. In case of the t{4+X backgrounds, we generate
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Figure 3. Normalised distributions of ARy, and AR, for heavy Higgs masses, my = 275, 400
and 1000 GeV with dominant bby~y background.

the tt events with both of the top quarks decaying leptonically which ultimately fakes as
photons. However, for the ¢ty background, we require one of the tops to decay leptonically
and the other hadronically. Finally, we generate separate single Higgs backgrounds via
gluon fusion in association with c-quarks and also with light jets. The separation between
the hcc and hjj backgrounds are necessary in order to appropriately take into account the
different fake rates for ¢ — b and j — b. All of these backgrounds are generated with
specific cuts at the generation level which we summarise in appendix A.

The idea of this section is to understand the reach of the HL-LHC in constraining mod-
els with extended scalar sectors. We thus employ optimised search strategies for a varied
range of scalar masses. We vary my in the mass range 275 GeV and 1TeV. Specifically,
we consider the following benchmark points, viz., mg = 275,300, 350, 400, 450, 500, 550,
600, 800 GeV and 1TeV. In line with our previous work [105], we first perform a classical
cut and count analysis to gauge the sensitivity of various benchmark points. We closely
follow various cuts from the ATLAS projection study [61]. Namely, we require exactly
two b-tagged jets and two photons in the final state. The photons are required to have
transverse momenta, pr > 10 GeV and a pseudorapidity coverage of |n| < 2.5. Moreover,
the two photons are also required to lie within the pseudorapidity range, |n,| < 1.37 (barrel
region) or 1.52 < |n,| < 2.37 (endcap region). After imposing these basic requirements,
we apply some stronger selection cuts in order to enhance the signal to background ratio,
S/B. We require the invariant mass of the pair of photons, m,, to reconstruct sharply
about the SM-like Higgs mass in the range (122,128) GeV. Furthermore, we veto events
containing lepton(s) in the final state in order to reduce the impact of the tth background
when it decays semi-leptonically or leptonically. We also impose lower bounds on the
transverse momenta of the leading and sub-leading b-jets and photons. Moreover, upon
inspecting the distribution of AR, and AR; (figure 3), we find that with larger values
of myr, the SM-like Higgs bosons are more boosted yielding more collimated final states.
We thus require AR, and AR to lie in the range (0.4,3.0), (0.4,2.0) and (0.4,1.5) for
mpyg = 275,300 and 350 GeV, myg = 400, 450, 500, 550 and 600 GeV, and myg = 800 GeV
and 1TeV respectively. Besides, we require the invariant mass of the b-jets, m;; to lie in



Fixed cuts
122GeV < m., < 128 GeV
Ny=0
prp > 40 (30) GeV, pr., > 30 (30) GeV
04 <AR,, < (3.0/2.0/1.5), 0.4 < ARy, < (3.0/2.0/1.5), AR, > 0.4
90 GeV < myy < 130 GeV

Table 2. Applied fixed cuts for the cut-based analysis in the bbyy channel.
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Figure 4. Normalised distribution of Hp for heavy Higgs masses of my = 400, 600 GeV with
dominant backgrounds.

the range (90,130) GeV. This choice is related to account for the jet-energy correction
and has been described in ref. [105]. We summarise these cuts in table 2. As the next
logical step, we delve deeper into the kinematics. We reconstruct the invariant mass of the
bbyy system, Mypy, and its total visible energy, Hp. These two variables are intrinsically
correlated. Also, from figure 4, it is evident that the Hr distribution is broader leading to
more background contamination as compared to the myy,., distribution which we show in
figure 5 (left). Thus, we proceed with My I order to further optimise our analysis. We
also reconstruct the transverse momentum of the SM-like Higgs decaying to a pair of pho-
tons, pr,~. As can be seen from the pr ., distribution in figure 5, the spectrum is harder
for heavier values of my. We choose pr - > 50 GeV for my = 275 and 300 GeV and for all
other masses, we choose the transverse momentum of this reconstructed Higgs to be larger
than 100 GeV. Thus, after these fixed cuts, we perform a simplified optimisation with the
Myp,~ Variable in order to enhance S/B. These cuts are finally tabulated in table 3 where
we also present the signal efficiency and the background yield at an integrated luminosity,
L = 3 ab~! with mpy being varied. The signal efficiency, €, here points to the ratio of
the total number of signal events remaining after all the cuts applied in sequence to the
generated number of events. The second column refers to the range of my,,, that optimises
the signal and the third column denotes the minimum pp for the diphoton system. This
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Figure 5. The my;,., and pr - distributions for heavy Higgs masses of mpy = 400 and 600 GeV with
backgrounds. Here the heavy Higgs boson is searched for in the bby~y final state. The distributions
are shown after imposing the fixed cuts.
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Figure 6. Normalised distribution of pr ., for heavy Higgs masses of my = 300, 500, 800 and
1000 GeV along with the SM di-Higgs production from gluon-gluon fusion process.

optimisation is different as compared to the SM di-Higgs production scenario as shown
in ref. [105]. This difference is related to the kinematics of the event topology. As an
example, the pr ., distribution changes with the heavy Higgs mass as shown in figure 6.
From this figure, it is evident that different optimisation is required for each mass point
and also for the SM scenario. We must note that in table 3, the choices of the upper and
lower cuts on my,., for the different heavy Higgs masses can be understood from figure 7.
These ranges are obtained after optimising for each value of my. Finally, we provide a
detailed cut-flow table for my = 400 GeV in table 4 with a complete information for the
backgrounds including the perturbative order at which the rates are considered as well as
the number of events remaining at the HL-LHC.

Utilising these results, we derive the projected upper limits on the production cross
section of the heavy Higgs in a model independent manner.! We calculate the cross-section

We consider the cut-based optimisations as final as we did not obtain any observable improvement
with a multivariate analysis.



Heavy Higgs mass, Optimised cuts After all cuts
mp (GeV) Mypyy (GeV) | pray > (GeV) | Signal Efficiency () | Background yield at 3000 bt
275 [235 , 275] 50 0.012 30.01
300 [255 , 305] 50 0.024 55.62
350 300 , 355] 100 0.024 23.33
400 [345 , 405] 100 0.032 15.80
450 [395 , 455] 100 0.042 13.75
500 [445 , 510] 100 0.051 10.87
550 [460 , 570] 100 0.068 14.39
600 [460 , 615] 100 0.076 18.11
800 [560 , 830] 100 0.091 9.54
1000 [780 , 1030] 100 0.090 2.31

Table 3. Details of the final optimised cuts with signal efficiency and background yields after
applying all cuts.
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Figure 7. Normalised distribution of my, . for heavy Higgs masses of my = 300, 500, 800 and
1000 GeV with dominant backgrounds.

reach by using the significance formula: S/v/B = N, where N denotes the number of
confidence intervals. Here, the signal yield, S, is defined as o(pp — H — hh — bbyy) x L X ¢
and B represents the total background yield after the cut-based analysis. With this, we
derive o(pp — H — hh) at the No level, with N = 2 and 5, respectively, corresponding to
a 95% and 99.7% confidence level (CL) upper limit, also referred to as the exclusion and
discovery limits, respectively. We show the final results in figure 8 with the upper limit
on o(pp — H — hh) as a function of my and we display the 20 and 50 lines. The 20
upper limit is strong between 400 GeV and 1TeV, varying between 31.74fb and 4.24fb.
Upon adding 5% systematic uncertainty,? the upper limit becomes 32.35fb and 4.25fb
respectively within the previously mentioned mass range. It must be noted that the upper
limit is mildly affected by incorporating a systematic uncertainty of ~5%. The reason can
be attributed to the fact that the signal over background ratio (S/B) is high.

2The significance formula for a systematic uncertainty of N% has the form: S/\/B + (N % B/100)*.



Signal Efficiency Event rates with £ = 3 ab™!
Cut flow pp— H SM Backgrounds
— hh — 2b27) | hh — 202y hbb tth Zh Z~y | bbyyx® |Fake 1°| Fake 2¢| hjj*¢
Order NNLO [148]| NNLO (5FS) 4+ |NLO [149] | NNLO (QCD) +| LO LO LO LO LO
NLO (4FS) [149] NLO EW [149]
My 0.123 39.71 36.68 397.97 62.21 32.861071.38| 837.45 | 403.98 | 9.60
Ny 0.122 39.70 36.68 290.10 62.21 32.86|1071.34 | 837.40 | 403.98 | 9.60
PTob/y 0.081 27.65 16.34 197.83 35.87 14.00| 510.73 | 361.01 | 183.70 | 4.91
AR cuts 0.052 20.56 5.09 36.73 22.32 4.86 | 56.24 | 35.60 | 27.05 | 1.53
My 0.036 14.19 1.41 12.74 4.43 1.02 | 16.44 | 11.47 7.47 | 041
DTy 0.035 14.01 1.36 12.29 4.28 0.98 | 15.53 | 10.90 | 6.70 | 0.40
My 0.032 2.96 0.29 3.31 0.87 0.21 | 3.84 3.18 1.03 | 0.08
“bbyy + c&yy + Jiv7-
"bbjy + ccjy.
‘bbjj.

Y99 = hjj) + (99 — hce).

Table 4. The cut-flow table for heavy Higgs of mass 400 GeV. The table also shows the various
perturbative orders at which the cross-sections have been used.
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Figure 8. Upper limit on o(pp — H — hh) (fb) as a function of my (GeV) for the bbyy channel
with cut-based analysis. The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic
uncertainties.

Next, we perform a multivariate analysis in order to improve upon the cut-based
analysis. We use the following variables:

Mpb, A}zbba PT vy AR’Y’Y: mbB’y’W ARbi’y]'a
ARbbP/’W PTbys PTbas PTyis PTyye

Here, the variable names have their usual meaning. The ARy, is the distance in the
n — ¢ plane between the b-jets and photons with ¢ and j = 1,2. Also, ARy, is the
AR separation between the system of b-jets and the two photon system. However, after
performing this analysis we obtain comparable results. Thus, we do not show the results
of the multivariate analysis in this section.

~ 10 —




Fixed cuts
122 GeV < m., < 128 GeV
prp > 35 (25) GeV, pr, > 30 (30) GeV
04 < AR,y < (3.0/2.0/1.5), 0.4 < ARy, < (3.0/2.0/1.5), AR, > 0.4
55 GeV < my, < 100 GeV

Table 5. Applied fixed cuts for the cut-based analysis.

2.1.1 The pp -+ A — Zh channel

With the accumulation of more data, we are on the brink of accepting the fact that in
MSSM or in generic two Higgs doublet models, the SM-like Higgs is in the decoupling
regime with its coupling to the SM gauge bosons being proportional to sin(f — «), with «
and tan 8 being the mixing angle in the neutral C'P-even sector and the ratio of the two
vacuum expectation values of the two doublets, respectively. For the up and down type
fermions, the Yukawa couplings for the SM-like Higgs boson are proportional to cos / sin
and sin a/ cos ( respectively. In the decoupling regime, sin(/3 — «) ~ 1 and hence the decay
width of A — Zh which is proportional to the coupling cos(3 — «), is small. In a non-
decoupling regime, pp — A — Zh can give us deep insight into two scalars simultaneously.

The CMS [150] collaboration has derived projected upper limits on o(pp — A — Zh)
from searches in the £¢bb (Z — £, h — bb) final state for HL-LHC. In the present study,
keeping in continuation to the analysis prescribed in the previous section (section 2.1), we
explore the prospects of directly probing A in the A — Zh — bby~ channel in the context
of HL-LHC.

We will remain agnostic to the fact that the prospects of observing A — Zh in the
decoupling regime may be extremely small. The main difference here is the fact that in
the previous analysis both the diphoton and the bb pairs are required to peak around the
SM-like Higgs boson mass, whereas in the present case, the b-jets are required to peak
around the Z-boson mass. We follow a cut-based analysis as before and optimise the m, .,
and pr .~ cuts for different values of m 4. These variables are shown to have substantial
discriminatory power and are shown in figure 9 for m 4 = 400 GeV and 600 GeV. Details of
the fixed and optimised cuts are presented in table 5 and table 6 respectively. In table 7,
we show the cut-flow table for m 4 = 400 GeV. After a full optimisation, we show the 95%
and 99.7% CL exclusion for o(pp — A — Zh) in figure 10. The bounds are weaker than
their H — hh counterpart mainly because of a larger overlap with the Zh background. It
is to be noted that the projected upper limits on o(pp — A — Zh) derived from searches
in the bbyy channel (see figure 10) are weaker than the projected limit obtained by CMS
from searches in the £¢bb [150] final state.

2.2 The bbbb channel

After having studied the cleanest possible di-Higgs final state, we turn our attention to the
one with the largest rate, viz., pp — H — hh — 4b. Several searches have already been
conducted in this channel [58, 134, 135, 151] and provide some of the strongest bounds
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Figure 9. The my,., and pr -, distributions for heavy Higgs masses of m4 = 400 and 600 GeV with
backgrounds. Here the heavy pseudoscalar is searched for in the bby~y final state. The distributions
are shown after imposing the fixed cuts.

Heavy Pseudoscalar mass, Optimised cuts After all cuts
ma (GeV) My (GEV) | pTyy > (GeV) | Signal Efficiency (x1072) | Background yield at 3000 fb—!
220 [170 , 235] 50 0.48 30.40
300 (255 , 305] 50 3.24 91.87
350 (290 , 360] 100 4.01 51.08
400 (345 , 420] 100 5.00 34.10
600 (470 , 625] 100 10.19 24.28
800 (590 , 830] 100 10.68 10.69
1000 [780 , 1040] 100 7.50 4.15

Table 6. Details of the final optimised cuts with signal efficiency and background yields after
applying all cuts.

Signal Efficiency Event rates with 3000 fb~! of integrated luminosity
Cut flow |for pp - A — Zh SM Backgrounds
— 202y hh — 202y | hbb | tth Zh | Z~y | bbyyx® | Fake 1° | Fake 2¢| hjj*¢
Moy 0.115 39.71 36.681397.9762.21|32.86|1071.38 | 837.45 | 403.98 | 9.60
PT b/ 0.091 32.19  [26.29(314.39(47.00|19.82| 670.56 | 483.95 | 241.41 | 7.12
AR cuts 0.071 23.08 8.28 | 62.03 |25.88| 5.86 | 72.77 | 48.40 | 34.27 | 2.32
mpp 0.059 9.02 3.03 | 23.85 [22.56| 5.03 | 33.45 | 21.94 | 15.72 | 0.88
DTy 0.058 8.89 2.86 | 22.77 |21.50| 4.80 | 31.30 | 20.48 | 13.91 | 0.84
My 0.050 2.94 0.64 | 6.39 | 5.97 | 1.28 | 8.16 5.68 2.83 | 0.21
“bbyy + c&yy + JY-
*bbjy + ccjy.

°bbjj.
Y99 = hjj) + (99 — hce).

Table 7. The cut-flow table for a pseudoscalar mass of 400 GeV. The various perturbative orders
used in the calculations are the same as in table 4.
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Figure 10. Upper limit on o(pp — A — Zh) (fb) as a function of m4 (GeV) for the bbyy
channel with cut-based analysis. The solid (dashed) lines show the 20-50 band on taking 0% (5%)
systematic uncertainties.

Figure 11. Feynman diagrams for dominant (a) bbbb and (b) bbcé background for the bbbb channel.

in both the non-resonant and resonant sectors. ATLAS [135] has computed the observed
(expected) upper bound on o(pp — hh — 4b) to be 13 (20.7) times that of the SM
expectation with an integrated luminosity of 27.5fb~!. This channel has been further
combined in ATLAS’ HL-LHC projection [152] alongside pp — hh — bbyy/bbrT. The
above channel will gain an improvement in sensitivity according to the ref. [152] because
of a projected 8% improvement in b-tagging efficiency, besides having larger data sets.
In this work, we closely follow the search strategy used by the ATLAS collaboration in
ref. [58]. Even though this channel has the highest signal rate, the enormous multijet and
tt backgrounds may considerably overwhelm the signal yield.

The dominant backgrounds (figure 11) include the multijet production from QCD pro-
cesses and the top pair production. For the multijet backgrounds, we dissect our sample
generation into three different categories each having at least two b-quarks, viz., bbbb, bbce
and bbjj, in order to have sufficient statistics to take into account the different tagging
efficiencies and fake rates. We do not generate the h + jets and Z + jets backgrounds sep-
arately but we include their tree-level diagrams while generating the multijet backgrounds
as they have negligible contributions [58]. We must mention here that we do not consider
other possible sources of multijet production wiz., cécé, c¢jj etc. as these processes will be
highly suppressed (with respect to bbbb) upon multiplying by the fake efficiency factors, in
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Signal Efficiency (x1072) Cross section [fb]

Cut flow (pp — H — hh — bbbb) SM Backgrounds
For mpy of bbbb | bbce tt bbjj | hh —4b | ttbb

400 GeV | 600 GeV | 800 GeV | 1000 GeV

Order - - - - LO | LO |NNLO + NNLL [153]| LO |NNLO [148] | LO
4 b-jets 5.40 30.79 56.36 67.29 278.15 | 26.85 2.83 66.74 0.16 8.29
Hr 5.05 30.69 56.32 67.26 263.80 | 25.48 2.78 64.15 0.16 8.27
ARy 1.67 24.80 48.00 57.34 93.67 | 7.94 1.72 11.90 0.12 1.87
PT di-jet 0.41 21.19 46.44 56.52 54.25 | 4.69 1.28 7.54 0.09 1.61
my 0.33 18.25 38.34 45.83 46.43 | 3.80 0.20 6.36 0.08 0.66

Table 8. Cut-flow table before performing the multivariate analysis, in the bbbb channel.

succession. We generate the ¢t background with the top quark decaying to a b-quark and
a W-boson. The W-bosons are then further decayed to ¢35 or és. We avoid the W — ud
mode as the probability of a light jet faking a b-jet is ~ 10 times smaller than that of a
c-jet. Lastly, we also consider the subdominant background coming from the non-resonant
di-Higgs production (gg — hh) and also from ttbb (including ttZ/tth).

We select events containing exactly 4 b-tagged jets with the requirement of
prp > 60GeV and || < 2.5. The scalar sum, Hr, of the transverse momenta of all the
visible particles in an event must fulfil, Hy > 300 GeV. Finally, we form two di-jet systems
from these four b-jets. The two jets within a dijet system must satisfy 0.4 < ARy, < 1.5. We
choose the leading (sub-leading) di-jet system to have pr > 200 (150) GeV.3 Furthermore,
to reduce the contamination from the ¢t background, we reconstruct the top by combining
extra jets in an event with the di-jet systems. These jets must be within AR < 1.5 in the
1N — ¢ plane with the di-jet system. If an event contains exactly one extra jet, then we
choose the di-jet system which is closest to it and combine to form a top quark system,
my,. However, when there are two such jets, we compute the minimum of all possible AR
combinations between these two jets and the two di-jets before reconstructing two other
top masses, my, and my,. Because for our signal, we do not expect any proper top quark re-
construction, we thus veto events if the reconstructed mass of any of these possible choices
for the top quark exceeds 120 GeV. After imposing this cut the ¢t background reduces to
half with more than 80% of the signal events still to spare. We detail these cuts one by one
alongside the signal efficiency and cross-sections for the background processes in table 8.

Finally, after all the aforementioned cuts are applied in succession, we check for any
possible improvement upon performing a multivariate analysis. We utilise the BDT algo-
rithm for our purposes and choose the following nine kinematic variables with maximal

3These are preliminary cuts before performing the multivariate analysis. The rationale behind these
cuts are (a) some of these cuts have been applied at the generation level on some of the backgrounds in order
to have better control over event statistics owing to large production cross-sections (see appendix A) and
(b) some other cuts are applied by observing the kinematic distributions of these observables. However, we
apply stronger cuts on these variables in the following where we optimise them alongside other correlated
variables through a more sophisticated multivariate analysis.
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Figure 12. The ARgijets; Map, Mdijet,1 and Pr dijet,1 distributions for heavy Higgs masses of
my = 400 and 600 GeV with backgrounds. Here the heavy Higgs boson is searched for in the 4b
final state. The distributions are shown after imposing the cuts mentioned in table 8.

potency,

DT dijet ks Mdicjet,k> APbb dicjet, ks ANdicjetss ARdijetss Miyhph-

Here we use the kinematic variables reconstructed from the two di-jet systems wiz.,
invariant mass (mdijet), transverse momentum (prqijet) and azimuthal angle separation
between the b-jets forming the dijet systems (A qijet). The subscript & = 1,2 refers to
the pr ordering of the di-jets. We also take the separation in the n and n-¢ plane between
the two di-jets, viz., Angijets and ARgijets respectively. mypy is the invariant mass of
the four b-jet system. The top four variables with the highest discriminatory power are
shown in figure 12. We can see that the lower masses have significantly longer tails while
performing the mass reconstructions.

Finally, in table 9, we present the background yields after the BDT optimisation has
been completed. Like in the previous section, we translate these results into an exclusion
diagram showing the upper limits on o(pp — H — hh) as a function of the heavy Higgs
mass. We show these in figure 13. The limit is very strong between 600 GeV and 1TeV
with the 95% CL upper limit varying between 15.26 fb and 2.51fb. The upper limit be-
comes between [82.70, 5.77] fb within the aforementioned range by adding 5% systematic
uncertainty,.
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(a) Process Order Events

bbbb LO 203.60
bbce LO 121.51
bbjj LO 46.11

Background it NNLO [153] | 10.65
pp — hh | NNLO [148] | 6.77

ttbb LO 77.28
Total 465.92
(b) Process | Events (c) Process | Events (d) Process | Events
bbbb 8950.94 bbbb 4304.59 bbbb 1228.85
bbce 731.91 bbce 358.89 bbce 127.17
bbjj 1263.16 bbjj 624.17 bbjj 219.03
Background tt 74.56 Background tt 130.07 Background tt 63.26
pp — hh | 103.65 pp — hh | 50.96 pp — hh | 18.44
ttbb 230.05 ttbb 152.77 ttbb 52.97
Total 11354.27 Total 5621.45 Total 1709.72

Table 9. Respective background yields for the bbbb channel after the BDT analyses optimised for
a heavy Higgs mass of (a) 400 GeV, (b) 600 GeV, (c) 800 GeV and (d) 1 TeV. The tables also list
the perturbative order at which the cross-sections are considered.

1000 Upper Limit on pp - H — hh — bb bb Channel

400

200

o(pp — H — hh) (fb)

400 500 600 700 800 900 1000
m,, (GeV)

Figure 13. Upper limit on o(pp — H — hh) (fb) as a function of my (GeV) for the bbbb channel.
The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic uncertainties.

Discussion about myg = 400 GeV. The 95% and 99.7% CL upper limits on o(pp —
H — hh) for the heavy Higgs with a mass around 400 GeV is very large (256.66 fb and
641.65 fb respectively) as compared to the other mass points, even after the BDT optimisa-
tion. The reason for this is the following. The signal efficiency for my = 400 GeV reduces
by ~ 67% after imposing the ARy, selection as can be seen from table 8. Since the heavy
Higgs mass (400 GeV) is near the threshold of the non-resonant di-Higgs production, the
SM-like Higgs bosons for the resonant case are produced with low pp. This further leads
to the Higgs decay products being widely separated in the 1 — ¢ plane and thus obviously
does not satisfy our di-jet selection criteria of ARy, < 1.5 within each di-jet system. With

~ 16 —



the sole intention of improving the sensitivity, we adopt a x? minimisation technique as
described below. We define a new kinematic variable X%h for the events which do not
satisfy the ARy, < 1.5 selection criteria as follows

2 2
2 2 2 2
9 ] (mdi—jet,l - mh) (mdi-jet,2 - mh)
Xhp = Wmin +

ARpp 9 %1 UéQ

; (2.1)

where mj, = 125 GeV and oy, = 0.1 X mgijet,; With j = 1,2 marks the py ordering. Thus,
in addition to the events satisfying A Ry, < 1.5, we also consider those events which contain
di-jet pairs with AR separation between the b-jets to be more than 1.5. Following this,
we construct the aforementioned X}th variable for each possible pair of reconstructed di-jet.
The event is finally selected if the non-zero minimum value of the X%h variable is less than
50.% Upon using this modification, the signal efficiency increases by ~ 26% at the di-jet
selection level while simultaneously increasing the dominant backgrounds like bbbb by ~ 5%
and tt by ~ 7%. However, the limit on the upper limit of the cross-section improves to
245.75fb and 614.37fb at 95% and 99.7% CL respectively.

2.3 The bbrT channel

Next, we turn our attention to one of the best probes for the di-Higgs searches, viz., the
bbr7 channel. The intricacy and potential of this channel lies in our ability to reconstruct
the 7-leptons as these come with neutrinos which show up as missing transverse energy in
the detector. This channel gives rise to three phenomenologically different final states, viz.,
bbl 0~ + o, bblry, + Fp and bbry,m, + Fp. In this work, we will only consider the last cate-
gory, i.e., the one with the fully hadronic 7 decays. The hadronically decayed 7-leptons are
termed as 7-hadrons or 7-jets which may either contain one (one-pronged) or three (three-
pronged) charged particle(s) inside the jet cone. Thus, it is essential to tag these T-jets in
order to segregate them from regular QCD jets ensuing from the various backgrounds that
we will discuss below. We will not discuss the fully leptonic case here as from our previous
analysis [105] we know that the sensitivity is extremely low even at the HL-LHC.

We generate two different samples for the dominant ¢t background (figure 14), where
either both the TW-bosons decay to jets or where one decays into a lepton (viz. e*, u* or %)
and the other to a pair of jets. The QCD-QED background 77bb also contributes signif-
icantly. Besides, we also generate the subdominant backgrounds which include tth, ttW,
ttZ, bbh, Zh and the non-resonant Higgs pair production i.e., gg — hh. We simulate the
Zh background upon considering two processes where in one case the Z-boson decays to a
pair of bottom quarks and the Higgs boson decays to a pair of 7-leptons and in the other
the decays are reversed. Moreover, we also generate the dominant fake background for the
hadronic channel in the form of bbjj (figure 14), where the light jets can be fake 7-tagged

“We checked our results upon choosing x7;, both higher and lower than 50. For higher values, the signal
yield increases but the background increases at a higher rate, generating a weaker limit. On the other hand,
upon lowering the x?, value below 50, the signal yield decreases substantially. This makes the value 50 an
ideal and optimal choice.
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Figure 14. Feynman diagrams for the dominant (a) semi-leptonic ¢¢, (b) fully hadronic ¢t and (d)
bbjj (where jet (j) can fake as 7 jet) background for the bbr7 channel.

> We detail the generation level cuts for these various backgrounds in appendix A.

jets.
Following the generation level cuts, we further apply some basic cuts on the signal and
background samples in order to ensure a common kinematic phase space. The b/7-jets
and the leptons (e, u) are required to lie within || < 2.5 and have pry/-() > 20 (10) GeV.
The light jets must satisfy pr; > 20GeV and |n;| < 4.5. The minimum distance in the
n — ¢ plane between the b-jets and the leptons, and also among themselves is required to
be AR > 0.2. The reconstructed invariant mass of the bottom pair and the visible 7 pair

must obey myy,/,, > 50 GeV.

2.3.1 The bbr,7, channel

In this sub-section we briefly outline the prospects of searching for the heavy Higgs in
the bbr, 7, final state. In doing so, we select events containing exactly two b-tagged jets
and two T-tagged jets alongside the cuts described above. Having seen the strength of
the multivariate analyses for this channel, in ref. [105], rather than opting for the classical
cut-based analysis, we perform a BDT analysis with the following 13 variables with the
maximal discerning capability:

PTbbs Mbbs PTryrys ARryr, Adp, g, Db g,

MT) mT2, PTtot, Mtot, Meff, ARblTh17 ARbb,ThTh

where, My is the transverse mass of the h — 77 system,® DT tot and My are respectively
the transverse momenta and mass of the full visible system and mg is the scalar sum of

®The 7-leptons decay hadronically (each with a branching fraction of ~ 65%) leading to jets in the final
state. In our analyses, we use the T-tagging method as discussed in ref. [154].
SFor this whole section, we use the conventional definition [155] of M7 = (3 Er.:)? — (3. pr.s)?, where
' i

3
i runs over the relevant objects. In section 4, we use a modified definition of Mr.
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(a) Process Order Events
tfhad | NNLO [153] | 662.20
tt semi-lep | NNLO [153] | 5366.58
T7bb LO 3143.59
tth NLO [149] 296.20
Background tf_Z NLO [156] 141.56
tHW NLO [157] 33.50
pp — hh | NNLO [148] 50.46
bbh NNLO 2.36
Zh NNLO 132.88
bbjj LO 9558.83
Total 19388.16
(b) Process Events (c) Process Events (d) Process Events
tt had 126.60 tt had 97.38 tt had 48.69
tt semi-lep | 884.05 tt semi-lep | 498.06 tt semi-lep | 460.70
T7bb 633.83 T7bb 379.98 T7bb 319.31
tth 90.79 tth 60.52 tth 70.61
Background th 57.06 Background th 57.06 Background th 4829
ttW 3.28 ttW 6.57 ttW 11.82
pp — hh 29.85 pp — hh 12.87 pp — hh 9.92
bbh 0.36 bbh 0.29 bbh 0.24
Zh 60.94 Zh 24.50 Zh 19.34
bbjj 3303.97 bbjj 1639.38 bbjj 2068.14
Total 5190.73 Total 2776.61 Total 3057.06

Table 10. Background yields after the BDT analysis for heavy Higgs mass of (a) 400 GeV,
(b) 600 GeV, (c) 800 GeV and (d) 1000 GeV for the bbr,7;, channel.

the transverse mass of all the visible products plus J. The rest of the variables have usual
definitions. The top five variables are shown in figure 15. As can be seen, the mp9 variable
is particularly useful for heavier Higgs masses as it can be used to completely eradicate the
tt background. We train the signal and background samples and they are optimised for
each benchmark signal point. We list the background events after optimising the BDT and
imposing the cut for four values of my, in table 10. Finally, we show the upper limit on the
heavy Higgs production cross-section (assuming BR(H — hh) = 100%) in figure 16. The
95% CL upper limit on the cross-section between mpy = 600 GeV and 1 TeV varies between
67.34fb and 39.56fb. With 5% systematic uncertainty, the limits become 251.76 fb and
116.30 fb respectively.

2.4 The bbWW* channel

In this section, we consider the situation where a heavy scalar decays to a pair of SM-like
Higgs bosons with one of them decaying to a pair of b-quarks and the other to WW* leading
to three possible final states depending on the decays of the W-bosons. We perform our
analyses for the fully leptonic (leptons at this stage include e, u, 7) and the semi-leptonic
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Figure 15. The mpp, Myiot, Me, M2 and My distributions for heavy Higgs masses of my = 400
and 600 GeV with dominant backgrounds. Here the heavy Higgs boson is searched for in the bbr, 7,
final state. The distributions are shown after imposing the basic trigger cuts.

channels. We avoid studying the fully hadronic mode as the signal will be overwhelmed by
the huge QCD background.

The dominant contribution to the background (figure 17) for both the channels men-
tioned above comes from top pair production because of its large production cross-section.
We generate this background where either or both the W-bosons decay leptonically. The
fully hadronic ¢t mode is not considered as a potential background as the fake rate for
j — £ is negligible for all practical purposes. The fully leptonic ¢t background contributes
to the fully leptonic channel final state whereas for the semi-leptonic scenario, the con-
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Figure 16. Upper limit on o(pp — H — hh) (fb) as a function of my (GeV) for the bbry, 7, channel.
The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic uncertainties.

Figure 17. Feynman diagrams for (a) leptonic £, (b) semi-leptonic tf and (c) Wbb + jets back-
ground for the bbWWW* channel. Here, [ refers to e, p and 7 lepton.

tribution comes from both the fully-leptonic as well as the semi-leptonic tt. The second
most dominant background for the semi-leptonic channel is Wbb + jets, where the -
boson decays leptonically (e, u, 7). We generate this background upon merging with two
additional jets by exploiting the MLM merging scheme [147]. While generating the Wbb +
jets background we ensure that there is no double counting ensuing from the semi-leptonic
tt background. Besides the aforementioned backgrounds, a significant contribution also
comes from the ¢*¢~bb production where ¢ refers to e, and 7. Finally, we also consider
the subdominant backgrounds wviz., tth, ttZ, ttW and the non-resonant gg — hh.

In this subsection and the following section (section 3), the top-pair production is the
dominant background. Thus, the reconstruction of the top quarks is a very powerful tool
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Figure 18. The f; distributions for the 1/ and 2/¢ categories for my = 400 and 600 GeV with
dominant backgrounds. Here the heavy Higgs boson is searched for in the bW W™ channel. The
distributions are shown after imposing the basic trigger cuts.

in order to reduce the contribution from this background. For the semi-leptonic case, the
only source of missing transverse energy, fr,” arises from the neutrino of the leptonically
decaying W-boson from the top decay. We reconstruct the top from its decay products.®
The quadratic equation gives two possible solutions for the neutrino p,. Besides, because
there are two b-jets in the final state, we get four possible choices for the mass of the
leptonically decaying top. We use these variables during our analysis. After reconstructing
both the tops, we reconstruct the total system from all the final state particles. We also use
this later in section 3 which exhibits the same final state. These variables help us greatly
in reducing the semi-leptonic ¢t background for high values of my.

Before embarking on the final analysis, we impose a common set of trigger cuts for
both the leptonic and the semi-leptonic channels. The pr, || and AR cuts for the various
objects are discussed in subsection 2.3 and also in appendix A. Furthermore, we require
generation-level cuts on the invariant mass of b-jets, wviz., myp, > 50 GeV. The selected
events are also require to have F; > 40 GeV upon scrutinising the distribution. The Fr
distribution for the 1¢ and 2¢ cases are shown in figure 18. Finally, we perform separate
multivariate analyses for the two final states upon using the BDTD algorithm. While
training samples for both the leptonic and semi-leptonic analyses, we only consider the ¢t
background since it constitutes the bulk of the total background. This training is used for
testing all other backgrounds which are subdominant in front of ¢t.

2.4.1 The 2£2b + Er channel

For the fully leptonic final state, we select events with exactly two b-tagged jets, and two
isolated leptons having opposite charge meeting the trigger criteria as mentioned above.
We choose the following set of kinematic variables in order to perform the multivariate

"To incorporate the J. smearing, we use the standard module of the Delphes ATLAS card.
8First the W-boson mass is reconstructed in order to attain the pz component of the neutrino.
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Figure 19. The myp, mee, mpe and My distributions for the 2¢ category for my = 400 and
600 GeV with dominant backgrounds. Here the heavy Higgs boson is searched for in the bbW W *
channel. The distributions are shown before the multivariate analysis.

analysis:

DT bbs Mbbs DPbbs Mibs ARpp, Adpy, DTee, Mee, Pees Mer, ARy,

MT, mr2, Mtot, PT,tot, ¢t0ta eff, ARblega ARbb,€f7 Prys,s

where, M7 is the transverse mass of the SM-like Higgs decaying to W-bosons. The rest of
the variables have either been defined before or have usual meaning. The top four variables
are shown in figure 19. The signal distributions are significantly different from the various
backgrounds.

Finally, in table 11, we summarise the number of background events after imposing the
optimised cut on the BDT variable. Like in the other channels, we impose an upper limit
on o(pp — H — hh) as a function of the heavy Higgs mass. This is shown in figure 20.
The 95% CL upper limit varies between 67.41 fb and 26.18 fb (357.51 fb and 82.21 fb with
5% systematic uncertainty) within 600 GeV < my < 1TeV and is somewhat weaker than
the channels discussed earlier owing to smaller S/B.

2.4.2 The 1£2b2j + F1 channel

Finally, we discuss the potential of the semi-leptonic final state as well. We require events
with exactly two b-tagged jets, one isolated lepton and at least two light jets satisfying
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(a) Process Order Events
tflep | NNLO [153] | 356309.30
tth NLO [149] | 1310.44
tHZ | NLO [156] | 1264.20
Background tW | NLO [157] | 627.97
pp — hh | NNLO [148] | 90.72
£0bb LO 5013.31
Total 364615.94
(b) Process | Events (c) Process | Events Process | Events
tt lep 7056.45 tt lep 11954.46 tt lep 1286.76
tth 322.80 tth 328.30 tth 135.72
ttZ 640.88 ttZ 812.07 ttZ 386.28
Background W 11429 Background w 185.24 Background Hw 4927
pp — hh 37.75 pp — hh 20.38 pp — hh | 10.68
£0bb 2678.57 £0bb 3233.14 £0bb 1674.80
Total 10850.74 Total 16533.59 Total 3543.51

Table 11. Respective background yields for the 2¢ 4+ 2b 4+ F; channel after the BDT analyses

optimised for my = (a) 400 GeV, (b) 600 GeV, (c) 800 GeV and (d) 1 TeV. The tables also list the
perturbative order at which the cross-sections are considered.
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Figure 20. Upper limit on o(pp — H — hh) (fb) as a function of my (GeV) for the 2¢ + 2b+ Er
channel. The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic uncertainties.

the trigger criteria discussed earlier. Besides, we consider the same set of cuts as for

the dileptonic channel before performing the multivariate analysis. We find the following

kinematic variables to have the best discriminatory power and use them for our multivariate
analysis:

Moby My Mg, My, AR5, ARy i, My, mpa,
Mpbjys Mt11, Mt12, PTlvs PT,bys PT01s PT,j1»

where, m; is the transverse mass of the leptonically decaying W-boson. ARy ;; is the
distance in the 7 — ¢ plane between the system comprising of the two hardest jets and the
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Figure 21. The muy, m411, mre and pp;, distributions for the 14 category for my = 400 and
600 GeV with dominant backgrounds. Here the heavy Higgs boson is searched for in the bbW W*
channel. The distributions are shown before the multivariate analysis.

lepton. myyj, refers to the invariant mass of the two b-tagged jets and the hardest pr jet.
The reconstructed transverse momentum of the leptonically decaying W-boson is denoted
as prey. My;j is the mass of the leptonically decaying top quark with the reconstruction
procedure outlined before. The first index ¢ = 1,2 indicates the pr ordering of the b-
jet. The second index j = 1,2 refers to the choice of the z-component of the neutrino
momentum. The other variables have usual definitions. The best discriminatory variables
are listed in figure 21. However, we can see that the separation power for the 1¢ category
is significantly less compared to its 2¢ counterpart.

Coming to the results, table 12 summarises the background yields after the BDT cut.
The upper limit on o(pp — H — hh) as a function of my are shown in figure 22. The
limits are considerably weak in this channel.

2.5 The yyW W™ channel

After the bbyy channel this is the second most cleanest channel in terms of the final state
particles but with the pitfall of having very low event rate. In this channel, one of the SM-
like Higgs decays to a pair of photons and the other to lepton(s) through A — WW*. Similar
to the bbWW* analysis in subsection 2.4, here also we divide the channel into the leptonic
and semi-leptonic category. Because of the relatively clean final states, these channels have
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(a) Process Events
tt semi-lep 9740640.28
tt lep 1614225.57
Wb + jets [LO] | 569181.53
tth 28364.75
Background ttZ 24846.06
W 16935.36
pp — hh 318.61
Lbb 20252.87
Total 12014765.03
(b) Process Events (c) Process Events (d) Process Events
tt semi-lep | 280140.51 tt semi-lep | 169281.37 tt semi-lep | 138443.80
tt lep 40221.77 tt lep 19965.61 tt lep 19342.98
Wb + jets | 106228.20 Wb+ jets | 91249.74 Wb + jets | 77935.55
tth 3804.77 tth 2519.09 tth 1842.32
Background ttz 2952.00 Background ttz 2261.73 Background ttZ 1919.34
W 1958.78 tw 1630.34 W 1399.78
pp — hh 87.93 pp — hh 42.35 pp — hh 21.38
£0bb 1985.36 £0bb 848.49 £0bb 571.21
Total 437379.32 Total 287798.72 Total 241476.36

Table 12. Respective background yields for the 1¢ 4 2j 4+ 2b+ F channel after the BDT analyses

optimised for my = (a) 400 GeV, (b) 600 GeV, (¢) 800 GeV and (d) 1 TeV. The various orders of
the signal and backgrounds are same as in table 11.
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Figure 22. Upper limit on o(pp — H — hh) (fb) as a function of my (GeV) for the 1£+2j+2b+F
channel. The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic uncertainties.
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Figure 23. Feynman diagrams for (a) tth, (b) £0yy + jets, (c) fvyy + jets, (d) Zh + jets and (e)
Wh + jets background for the yyW W™ channel.

low contaminations due to backgrounds. We simulate the Zh and Wh backgrounds upon
merging with two additional jets (the definition of jet is given in subsection 2.1). Here
we decay the Z- and the W-bosons leptonically (e, u, 7). The Wh channel contributes
only to the semi-leptonic category. Besides, there are fvyy and £¢~vy productions coming
from ~v*, diagrams containing triple and quartic gauge boson interactions and various other
diagrams not involving the Higgs. We generate these two backgrounds upon merging with
an additional jet and using the same scheme as before. Next, we also consider the tth
background with Higgs-boson decayed to a pair of photons. Finally, we also consider the
SM Higgs pair production which is subdominant. We show the Feynman diagram of the
dominant backgrounds in figure 23.

Before performing the multivariate analyses, we impose the generic trigger cuts. The
pr, || and AR,? cuts are the same as has been defined in subsection 2.3. The above cuts
for the photons are the same as those on the leptons. Owing to an excellent resolution
for the diphoton invariant mass, we require 122 GeV < m., < 128 GeV. Finally, we also
require my, > 20 GeV because we generate the £/yy background with this invariant mass
cut at the generation level (the details of these cuts are mentioned in appendix A). We now

QAR,W/.Y@ > 0.4 and AR44>0,2.
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(a) Process Order Events
tth NLO [149] 6.16
Zh + jets | NNLO (QCD) + NLO (EW) [149] | 1.28
Wh + jets | NNLO (QCD) + NLO (EW) [149] | 11.27
Background | pp — hh NNLO [148] 1.35
Lvyy + jets LO 3.33
Llyy + jets LO ~ 1.00
Total 24.39
(b) Process Events (c) Process Events (d) Process Events
tth 6.94 tth 3.43 tth 2.68
Zh + jets 1.21 Zh + jets 0.37 Zh + jets 0.20
Wh + jets 9.67 Wh + jets 4.50 Wh + jets 3.38
Background | pp — hh 1.10 Background | pp — hh 0.25 Background | pp — hh 0.13
Llvyy + jets | 2.25 lvyy + jets | 1.10 Llvyy + jets | 1.09
Llyy + jets | 0.42 Uy + jets | 0.13 Uy + jets | 0.08
Total 21.59 Total 9.78 Total 7.56

Table 13. Respective background yields for the yy1¢2j + E; channel after the BDT analyses
optimised for mg = (a) 400 GeV, (b) 600 GeV, (c¢) 800 GeV and (d) 1 TeV. The tables also list the
perturbative order at which the cross-sections are considered.

describe the results of the multivariate analyses for these two channels in the following two

subsections.

2.5.1 The yv1£25 + FEr channel

Before performing the BDT analysis, we select events with exactly two isolated photons, one
isolated lepton and at least two jets in the final state, which fulfils all the aforementioned
trigger requirements. Like all the other channels, we consider the following variables to
train our signal and background samples for the multivariate analysis:

PT vy AR’Y"/a A¢€ET’ mt7 ARE]]; Mtot, Meff, MT: AR’ylZ’ AR’YQ@; PT,ves PT s ET?

where the variables carry their usual meaning. The five best variables are shown in figure 24.
The background yields after the BDT optimisation are shown in table 13. In figure 25,
we show the upper limit on o(pp — H — hh) as a function of mg. The 95% CL upper
limit changes from 220.11 fb (226.74 fb with 5% systematic) for mg = 400 GeV to 112.20 fb
(113.24 b with 5% systematic) for my = 1TeV.

2.5.2 The vv2¢ + Er channel

This is the final channel that we study for the pp — H — hh case. We choose events with
exactly two isolated photons, and two isolated leptons with opposite charge, following the
trigger cuts mentioned above. Finally, we choose the following kinematic variables for the

multivariate analysis:

PT vy AR'y’y’ AQS’Y’W mMye, ARM, MTa Mtot, Mleff, AR’y’y,Zﬁa Pr.e1,
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Figure 24. The myo, ARy, AR, ¢, pr,4y and M7 distributions for the 1¢ category for mpy = 400
and 600 GeV with backgrounds. Here the heavy Higgs boson is searched for in the yyWW™* channel.
The distributions are shown after imposing the basic trigger cuts.

with the usual definitions for the variables. Some of the variables of interest are plotted
in figure 26. The background yields after the BDT cut are tabulated in table 14 whereas
the upper limit on o(pp — H — hh) as a function of heavy Higgs mass is shown in

figure 27. The 95% CL upper limit for the leptonic scenario is stronger than its semi-
leptonic counterpart in the heavy Higgs mass range of 600 GeV and 1TeV. The upper
limit varies in between 109.80fb and 56.30fb (110.24fb and 56.30 fb with 5% systematic
uncertainty) at 95% CL, in the aforementioned range.
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Figure 25. Upper limit on o(pp — H — hh) (fb) as a function of my (GeV) for the yy1£2j + Er
channel. The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic uncertainties.

(a) Process | Events
tth 4.78
Zh + jets 1.03
pp — hh 0.74
Background | 00y + jets | 2.44

Total 8.99
(b) Process Events (c) Process | Events (d) Process | Events
tth 0.89 tth 0.26 tth 0.14
Zh + jets 0.56 Zh + jets 0.21 Zh + jets 0.37
pp — hh 0.37 pp — hh 0.12 pp — hh 0.05
Background | £0yy + jets | 0.64 Background | £0yvy + jets | 0.24 Background | vy + jets | 0.14
Total 2.46 Total 0.83 Total 0.70

Table 14. Respective background yields for the yy2¢ + F, channel after the BDT analyses opti-
mised for my = (a) 400 GeV, (b) 600 GeV, (¢) 800 GeV and (d) 1TeV. The various perturbative
orders for the backgrounds are the same as in table 13.

2.6 Summarising the H — hh channel

Having studied five different channels with more than one sub-processes in three instances,
we summarise the results in this subsection. The 95% CL upper limits on o(pp — H — hh)
for all these channels is shown in figure 28. We find that the strongest limits come from
the bbyy and 4b channels. The bbyy is strongest up to my ~ 600 GeV. From 600 GeV
onward, the 4b channel is more constraining owing to its larger cross-section. The present
limits on o(pp — H — hh) from the 13 TeV analysis vary between ~ 970fb (300 GeV)
and ~ 225fb (600 GeV) from the bbyy channel [138] and between ~ 70fb (800 GeV) and
~ 25fb (1TeV) from the 4b analysis [135]. Our projected limits vary between 79.03 fb
(300 GeV) and 14.10fb (600 GeV) from the bbyy channel and between 5.36fb (800 GeV)
and 2.51fb (1TeV) from the 4b channel. We find an order of magnitude improvement in
the sensitivity. We must note in passing that from the results obtained in ref. [142], the
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Figure 26. The meq, mee, Mo, M7 and pr .~ distributions for the 2¢ category for mpy = 400 and
600 GeV with backgrounds. Here the heavy Higgs boson is searched for in the vyW W™ channel.
The distributions are shown after imposing the basic trigger cuts.

H — hh — 4W category does not show much promise even at the HL-LHC, owing to
very small signal yields in all categories. The maximum sensitivity is expected in the ey
2-lepton category with 5 expected events.

3 The pp — H — tt channel

After having studied the H — hh in multifarious channels in detail, we now turn our
attention to a heavy scalar (or pseudoscalar) resonance being produced predominantly by
gluon fusion and decaying to a pair of top quarks (figure 29). This channel has already
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Figure 27. Upper limit on o(pp — H — hh) (fb) as a function of my (GeV) for the yy2¢ + Er
channel. The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic uncertainties.
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Figure 28. 95% CL upper limit on o(pp — H — hh) (fb) as a function of my (GeV) for the
bbyy, bbbb, bbrt T, bBWW* (2¢) and WW*vy (2¢) channels without systematic uncertainty (left)
and with 5% systematic uncertainty (right).

gained some attention in the experimental community [127, 130]. Searches for resonant
scalars, pseudoscalars, Z’-bosons, Kaluza-Klein gluons and Kaluza-Klein gravitons have
been performed. The aim of this section is to try and improve upon these existing searches
and provide potential reach of the o(H — tt) by studying the fully leptonic and the semi-
leptonic final states. The branching ratio of ¢ — bW being close to 100% makes the channel
essentially become a search for H — bbW+W ~. However, unlike the H — hh — bbW W *
channel studied in subsection 2.4, where one of the W-bosons is off-shell, here both of them
are on-shell. This is the first essential difference between the two channels and the reason
why one requires a completely different search strategy for the two cases. In the previous
section 2, we required BR(H — hh) = 100%. However, in realistic scenarios, if the heavy
scalar is produced predominantly via gluon fusion (top/bottom loops), it should also decay
to a pair of top quarks (and also bottom quarks) if it is above the ¢t threshold. Similar
to the H — hh — bbWW* channel, here also we divide the analysis into two parts, viz.,
the leptonic and the semi-leptonic channels. We apply the same trigger-level cuts to the
various objects as sketched in subsection 2.4. The backgrounds are the same as before.
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Figure 29. Feynman diagram for the pp — H — tt signal process.

As before, we implement the production and decay of the heavy scalar in the Pythia 6
framework.

3.1 The leptonic channel

Like in section 2.4.1, here also we select events with two oppositely charged isolated leptons
and two b-tagged jets. Without performing a classical cut-based analysis, we optimise our
results to obtain the best-possible sensitivity by employing a boosted decision tree analysis.
The set of variables which discriminate the signal from the backgrounds are as follows:

PT,bb5s Tbb, d)bbu Mpy, MT7 Mtot, Meff, ARb1f1) PTbys PT,bys PT415 PTlos

where all the variables have their usual meaning as mentioned earlier. We would like
to mention here that we also consider the mpy variable during our analysis. However,
this variable is ~ 80% correlated with prp,. Moreover, mpo has a lower BDT ranking
as compared to pru,. We explicitly checked that adding this correlated variable does not
improve our BDT sensitivity. Thus for this analysis, we do not use myy (mge was used
in the bbr7 (section 2.3) and bbWW* (section 2.4) analyses.). The top four discriminatory
variables are shown in figure 30. In table 15, the number of background events at an
integrated luminosity of 3000 fb~!, optimised to maximise the sensitivity for various values
of my and after imposing cuts on the BDT observable, are presented. Like in all the other
channels, we present the 95% and 99.7% upper limit on o(pp — H — tt) as a function
of my, in figure 31. We find that the 95% upper limit on the cross-section lies between
380.43 fb and 135.25 fb (42683.56 fb and 3940.56 fb with 5% systematic uncertainty) for mg
varying between 400 GeV and 1 TeV.

3.2 The semi-leptonic channel

We end this section by analysing the semi-leptonic final state ensuing from the semi-leptonic
decays of tt. We select events which contain a single isolated lepton, two b-tagged jets and
at least two light jets after applying the same set of trigger cuts as discussed in section 2.4.
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Figure 30. The myot, meg, M7 and mye distributions for the 2¢ category for my = 400 and
600 GeV with dominant backgrounds. Here the heavy Higgs boson is searched for in the ¢t channel.
The distributions are shown before doing the multivariate analysis.

(a) Process Events
ttlep | 4979032.27
tth 6211.98
ttZ 6769.81
Background Hw 401871
pp — hh 111.55
£Lbb 38875.30
Total | 5035019.62

(b) Process Events (c) Process Events (d) Process Events
tt lep 3520173.16 tt lep 712411.06 tt lep 326174.10
tth 6832.81 tth 2289.83 tth 1349.87
itz 10547.04 itz 4211.79 tz 2866.39
Background Hw pa98.14 Background Hw 1998.19 Background Hw 1229.00
pp — hh 73.68 pp — hh 32.69 pp — hh 23.20
£ebb 29580.72 £ebb 10697.64 £ebb 7492.23
Total 3572605.55 Total 731641.20 Total 339134.79

Table 15. Respective background yields for the 2¢ 4+ 2b 4+ F, channel after the BDT analyses
optimised for my = (a) 400 GeV, (b) 600 GeV, (¢) 800 GeV and (d) 1 TeV. The various orders of
the signal and backgrounds are same as in table 11.
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Figure 31. Upper limit on o(pp — H — tt) (fb) as a function of my (GeV) for the 2¢ + 2b + E
channel. The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic uncertainties.
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Figure 32. The reconstructed invariant mass of the top-quark pair in the semi-leptonic decay of
the H — tt channel.

Finally, we perform a multivariate analysis with the following set of kinematic variables:

PTbby M, ARpy, mjj, Meg, M, my1,

Me12, Mugt, Muge, PTows AR jj, DTy DT

where, m;z; are the possible combinations for the invariant mass of the heavy Higgs re-
constructed from the top pair. The four most sensitive variables are listed in figure 33.
The reconstruction procedure is discussed at the beginning of section 2.4. We show the
reconstructed ¢f invariant masses in figure 32. Finally, we summarise the boosted decision
tree results in table 16. For heavy Higgs mass ranging between 400 GeV and 1TeV, we
show the upper limit on o(pp — H — tt) in figure 34. The 95% CL upper limit varies
between 186.57 fb (39460.45 fb) and 32.81 fb (2021.51fb) for mpy varying between 400 GeV
and 1TeV with zero (5%) systematic uncertainty. The H — ¢t channel has a small S/B
ratio. Hence, adding systematic uncertainty will drastically change the upper limit on the
cross-section.

— 35 —



Normalised

Normalised

016k T T ‘ T T ‘ T T ‘ T T ‘ T T ‘ TT T T ‘ TT T T ‘ T T ] k' TTr T ‘ TrorT ‘ T { T { T {1 T { T { T VA
F :‘: —m,=400 GeV - ff leptonic e 0.16 —m,=400 GeV - ff leptonic ) bej
014; " —m,=600 GeV - tt semi-leptonic - Wbb *: 014; —m, =600 GeV - tt semi-leptonic é
0.12; K 7 0120 =
|- - -c |- -
01 18 ot 3
008~ 7 goosh E
0.06 3 3 0.06? 7;
0.04f~ & 4 o004 - =
0.02F FH I 3 0.02F E
0:"‘1""1""1""1““1-““‘-"1'1:7"""'7 o AN N Mo E2 =22 =B ETARPENS
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

GeV

m; [GeV] Py, [GeV]
. 0.16 ]
0.12 —m,=400 GeV - tt leptonic - r —m,=400 GeV - tt leptonic 1
L —m,=600 GeV - tt semi-leptonic - Wbb 7 0-14; —m,=600 GeV - tt semi-leptonic ° Wbb?
0.1H 7 0.12F B
0.08] 4 3 ot =
r 1 2 r ]
L 1 ®© - i
0.061 4 g 0.08¢ ]
N . 1 S 0.06F -
0.04H -3 4 Z r ]
[ s ] 0.04— —
0.02; *: 0.02f 3
P N N e o Sk oG 542 0: I B T =

150 200 250 300 350 400 450 500 200 300 400 500 600 700 800
M, [GeV] Mgy [GeV]

Figure 33. The m;;, prj,, M7 and meg distributions for the semi-leptonic category for mpy = 400
and 600 GeV with dominant backgrounds. Here the heavy Higgs boson is searched for in the tf
channel. The distributions are shown before doing the multivariate analysis.
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Figure 34. Upper limit on o(pp — H — tt) (fb) as a function of my (GeV) for the 12j2b + E
channel. The solid (dashed) lines show the 20-50 band on taking 0% (5%) systematic uncertainties.
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(a) Process Events
tt semi-lep | 15257053.17
tt lep 2037363.62
Wbb + jets | 513737.45
tth 23963.91
Background ttZ 20628.78
ttW 14852.43
pp — hh 232.54
£ebb 25865.11
Total 17893697.01
(b) Process Events (c) Process Events (d) Process Events
tt semi-lep | 14297184.84 tt semi-lep | 3171586.10 tt semi-lep | 1254581.87
tt lep 1620244.31 tt lep 298446.40 tt lep 115725.81
Wbb+jets | 435088.64 Wbb + jets | 185875.57 Whb + jets | 123298.89
tth 45147.37 tth 15846.33 tth 7762.68
Background ttZ 42620.52 Background tz 16523.44 Background ttZ 8767.07
tw 29695.00 tHW 12081.76 W 6720.41
pp — hh 216.70 pp — hh 66.60 pp — hh 28.36
£ebb 13470.49 £0bb 3244.23 £ebb 1441.88
Total 16483667.87 Total 3703670.43 Total 1518326.97

Table 16. Respective background yields for the 1¢252b + F1 channel after the BDT analyses
optimised for my = (a) 400 GeV, (b) 600 GeV, (¢) 800 GeV and (d) 1 TeV. The various orders of
the signal and backgrounds are same as in table 11.

4 The (H/A)bb channel

Finally, we study the process where the resonant (pseudo)scalar is produced in association
with a pair of bottom quarks, viz., pp — (bb)H/A. The need to study this process lies in the
fact that one can probe and impose strong limits on the lower part in the m 4 —tan 3 plane,
as will be discussed in section 5. The cross-section of the inclusive (bb)H process receives
contribution from both the 4-flavour (4F) and the 5-flavour (5F) processes. There are two
QCD processes (figure 35) contributing to the 4F scheme at LO where the heavy Higgs is
produced in association with two b-quarks, one is via the gluon fusion process (gg — bbH)
and the other is via quarks (¢qg — bbH). The 4F inclusive cross-section suffers from large
logarithms due to an almost collinear splitting of a gluon into a pair of bottom quarks.
This is of the form ln(%) (up = factorisation scale) and may lead to a breakdown of the
perturbative theory. However, these logarithms can be absorbed inside the bottom quark
parton distribution function (PDF) by re-summing at all orders in the perturbation theory.
This forms the basis of the 5F scheme. At leading order (LO), the 5F scheme is dominated
by the QCD process bb — H (figure 35). However, for scenarios involving b-jet in the final
state, the processes where the resonant scalar is produced in association with a b-quark
or a gluon, becomes important, viz., gb (bb) — bH (gH) (figure 35). Owing to different
perturbative expansions, these two schemes give different results when truncated at any
finite order. Thus, higher order calculations become important to match these two results.
The 4F scheme calculation is available up to NLO in QCD [158-161], while the 5F scheme
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(sl

Figure 35. The Feynman diagrams for 4F (a) gg — bbH and (b) qg — bbH process, and 5F (c)
bb — H (LO), (d) gb — bH and (e) bb — gH process.

is known up to NNLO accuracy in QCD [162]. Here the LO process in the 4F scheme i.e.
gg — bbH appears at the NNLO order in 5F scheme. The resonant scalar production in
association with a b-quark or gluon i.e. gb (bb) — bH (gH) has been calculated up to NLO
in QCD [163] and electroweak (EW) [164].

It has been argued that with a proper choice of factorisation scale ~ ™, the inclusive
cross-section in the 4F and 5F schemes agree very well [165-167]. There is a proposed
way to combine these two approaches. This is known as the Santander matching [168]
scheme. The total inclusive cross-section is obtained by matching the 4F and 5F scheme
numbers in which both these cross-sections are multiplied by their proper weight factors.
These weight factors change logarithmically with the heavy scalar mass (mpy) because of
logarithmic difference between these two scheme approaches. The matched cross-section is
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computed as follows:
4FS 5FS
matched __ g +wo

)

14+w
where
w = ln@ -2
my

is the weight factor.!® The analysis can be subdivided according to the number of b-tagged
jets. However, we specifically focus on the category with > 1 b-jets upon following a recent
study performed by the ATLAS collaboration [132]. Furthermore, we consider the heavy
Higgs decaying to a pair of 7-leptons and we specifically focus on the scenario where both
the 7s decay hadronically. The H and A masses are varied between 200 GeV and 1 TeV.

The various backgrounds at play are Z/y*+ jets, multijets, W+ jets, VV (V = W, Z),
tt and single top. The Z/v*+ jets with the Z-boson decaying to a pair of leptons (e, p and
7) is the dominant background for the 7,7, category (a category that we will not address in
the present work) but also gives significant contribution to the 7,7, category. We simulate
this background merged with three additional partons and some specific generation level
cuts which are described in appendix A. Similarly, the W+ jets is also generated with
up to three additional partons and the W-boson is then decayed leptonically. In order to
include the dominant multijets background in the 7,73, category, we generate an exclusive
bbjj sample where j includes light quarks and gluon. These light jets can fake hadronically
decaying 7s. Finally, we include the top-quark related backgrounds wviz., tt and single top.
Next, we describe our analysis for the > 1 b-tagged jets category upon closely following
ref. [132].

4.1 The 1,7h channel: b-tag category

We select events containing at least one b-tagged jet with ppy > 20 GeV and two 7-tagged
jets with pr > 65 GeV.'! These two 7-tagged jets must have opposite electric charge (from
their track reconstruction). We also veto events having leptons (e, ) or T-tagged jets with
1.37 < |n;| < 1.52, in the final state. The azimuthal angle separation between the two
T-tagged jets has to fulfil the condition, |[A¢ (7, 7)| > 2.7. The b- and the 7-jets must have
an angular separation in the 7 — ¢ plane, viz., AR(b,7) > 0.2. Besides, we also impose a
minimum bound on the visible invariant mass of the two hadronically decaying 7 leptons
to be m¥s > 50GeV. For the fake bbjj background, we demand the two light jets to
satisfy the 7 jet configuration during the analysis and we later multiply the event yield
with the j — 7 fake rate. Similarly, for the W (— 7v or v)+ jets background, we demand
at least one extra light jet satisfying the 7 jet requirement on top of the 7 jet ensuing
from W-boson decay. After imposing the aforementioned cuts, we improve our analysis
by optimising over some other kinematic variables wiz., the transverse momentum of the
hardest 7-tagged jet (pr,r ), sum of the cosine of the azimuthal angle separation between

%Here, my is the bottom quark pole mass which enters in the re-summed logarithms.
"Before performing this analysis, we validated our setup with the ATLAS analysis at 13TeV. The
validation is shown in appendix B.

-39 —



0.16— R AR RARE. R B e R e R
C —m,=400 GeV --bbjj ] 0.25— —m,=400 GeV --bbjj
0.14— —m=600GeV -ff E —m,=600 GeV -t ]
.12 = 0.2 -
T o1 4 8 1
2 r ! (_%; 0.15— —
@© 0.08— — C ]
E C 7 g L ]
S r IS r .
3 0.06: 12 0.1: ]
0.04F - C ]
F 1 0.05— -]
0.02— - r ]
E PR AT A P LAHLH.: i | =L h -

50 100 150 200 250 300 350 400 450 500 -04 -03 -02 03 04

GeV
LN

| T T T T T T T T T T T T - C ‘ ‘ T ‘ LI . — ‘ T T T T ‘ T T i
0.35 —m,=400 GeV --bbjj 0.14— —m,=400 GeV --bbjj ]
F —m,=600 GeV -t ] r —m,=600 GeV --ff 1
0.3 - 0.12 =
i C | %) L ]
T 0.2 - T 0.08 -
£ E 1 E F ]
5 0.15F -4 & 0.06- -
z £ ] =2 F ]
0.1~ E 0.04[ 4
0.051 4 o002k 3
0: T e - ] Ei I B (IR RS ]

0 50 100 150 200 250 100 200 300 400 500 600 700

E; [GeV] M. [GeV]

Figure 36. The pr ., > cos Ag, Fp and My distributions for the bbr, 7, category for my = 400

T1,2
and 600 GeV with dominant backgrounds. Here the heavy Higgs boson is searched for in the bbH
channel. The distributions are shown before the optimisation analysis.

the 7-jets and F (3 cos A¢) and the transverse mass of the total system which is defined
T1,2
below,

Mr = \/(pT,ﬁ + DT + ET)2 - (ﬁT,ﬁ + ﬁT,TQ + ET)Q’

where the symbols have their usual meanings. These four kinematic variables are shown in
figure 36. The optimised cuts along with the signal efficiencies and the background yields
for each benchmark point are shown in table 17. We perform our analysis upon considering
both the 4F and 5F signal samples separately. Finally, we add them by multiplying these
cross-sections with the aforementioned weight factor in order to obtain the upper limit
on the matched bbH production cross section. We show the 95% and 99.7% exclusion for
o(pp — bbH) x BR(H — 7,73,) in figure 37. The 95% upper limit varies between 22.16 fb
and 3.68fb (within [146.91, 3.70] fb with 5% systematic uncertainty) for myg varying be-
tween 300 GeV and 500 GeV. This is close to an order of magnitude improvement over
the existing bounds at 13 TeV [132]. The effects of systematic uncertainties for this bbH
channel become negligible for my > 400 GeV. However, for lower masses, the backgrounds
are larger and thus the inclusion of uncertainties weaken the limits.
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Heavy Higgs mass, Optimised cuts (GeV) After all cuts
mpg (GeV) P > | D cos Ag > Mr FEr > | Signal Efficiency (x10~*) | Background yield at 3000 fb—*
T
200 70 —0.10 [80, 200] 0 7.94 3725.90
300 75 —0.06 [160 , 320] 0 49.40 17172.83
400 180 —-0.04 [380 , 400] 80 1.39 2.22
500 180 —0.02 [380 , 420] 80 5.14 5.16
600 240 —0.10 [500 , 580] | 140 5.38 0.62
800 260 0.00 [400 , 840] | 220 7.91 0.62
1000 260 —0.02 (780 , 1020] | 200 23.03 0.36

Table 17. The details of final optimised cuts with signal efficiency and background yields after all
the applied cuts.

Upper Limit on pp — bbH — (> 1b) T, Th Channel

o(pp — bbH) x Br(H— 7,75 (o)

200 300 400 500 600 700 800 900 1000
m, (GeV)

Figure 37. Upper limit on o(pp — bbH — bbrH77) (fb) as a function of mpy (GeV) for the
> 1b + 275, channel. The solid (dashed) lines show the 20-5¢ band on taking 0% (5%) systematic
uncertainties.

5 The future of the pMSSM parameter space

The Higgs sector in the MSSM comprises two Higgs doublets which give rise to five massive
Higgs states after the electroweak symmetry breaking. The Higgs spectrum is thus com-
posed of two CP-even scalars, h and H, one C'P-odd scalar, A, and two charged scalars,
H* (detailed studies on the Higgs sector of MSSM can be found in refs. [36, 169]). In
addition to the extended Higgs sector, the SUSY particle spectrum boasts a multitude of
particles, wiz., the sleptons, squarks, gluinos and electroweakinos. A majority of direct
searches at the LHC have excluded stops and gluinos below the TeV scale (refs. [170-178]
show some such limits in various supersymmetric interpretations). This more or less nulli-
fies the prospect of observing these particles unless the luminosity is enhanced significantly.
The electroweakino sector has also been probed in numerous studies [179-184] and bounds
have been obtained on their masses within simplified scenarios [185-194]. In many of
these studies, the electroweakino masses are excluded from between a few hundred GeVs
to about half a TeV and are comparatively weakly coupled compared to the gluinos and
stops. Within a generic SUSY parameter space without any correlation between the choice
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of the electroweakino mass parameters, these bounds can become considerably weaker.
The ATLAS and CMS collaborations have also performed several studies to search for
resonant Higgs through their decay into SM final states [59, 123, 132, 134, 136, 195-199].
However, none of these searches could find any significant excess over the SM expectations
and thus only imposed upper limits on the production cross-section of the heavy Higgs
bosons times their branching ratio into various SM final states. In this section, we present
a brief discussion on the relevant constraints and discuss the parameter scan for the 14 TeV
HL-LHC. We follow this up with an analysis to capture the present status of the MSSM
parameter space in light of the latest results from the Run-II data (13 TeV,36fb~1) of
LHC. Finally, we study the implications of the projected heavy Higgs direct search limits
derived in sections 2, 3 and 4, on the MSSM parameter space.

The initial constraint on the parameter space ensues from the allowed mass of the
125 GeV SM-like Higgs boson. A combined measurement by the ATLAS and CMS collab-
orations constrains my, within the range [124.4,125.8] GeV at 3o. It is to be duly noted that
in the context of MSSM, the available calculation of the Higgs mass is not exact. Thus,
in order to correctly account for the existing uncertainties, we allow a window of £3 GeV
about 125 GeV and restrict the light Higgs mass in our parameter space to lie within [122,
128] GeV. Furthermore, both collaborations have performed numerous measurements on
the coupling strengths of the SM-like Higgs bosons. These results are presented through
bounds on the signal strength variable (u*/) which is defined as follows:

(5.1)

where, o; represents the MSSM (or any specific model in question) Higgs production cross-
section in the " production mode (i = ggF, VBF, tth or Vh) at the LHC and oM
denotes the corresponding SM cross-section. BRy corresponds to the branching fraction of
the SM-like Higgs into a particular SM final state (f = WW, ZZ, bb, vy, 77) and BR}SCM is
the corresponding SM value. We apply all these constraints over our parameter space by
demanding that all our signal strengths simultaneously lie within 20 of their experimental
counterparts. The latest Higgs signal strengths (13 TeV, 36 fb~!) measured by both the
CMS and ATLAS collaborations are listed in table 18.

Additionally, the flavour physics bounds also potentially constrain the MSSM param-
eter space, as shown in [39]. In this regard, the bounds on the branching fraction of rare
B-decay processes: B — Xyv, Bs — ptp~, Bt — 77u,, are among the most sensitive
probes of new physics searches. As shown in [39], constraints from B — Xy disfavours the
low M 4 regime while bounds on Br(Bs — putp™) constrains the low M4 and high tan 3 re-
gions. The low M4 and high tan 3 region gets further constrained by B™ — 77v,. On the
other hand, the current limits from direct heavy Higgs searches in bbH/A, H/A — 777,
imposes much stringent constraint in the M, 2 300GeV region and excludes tan 5 up
to ~ 18 for My ~ 1TeV (a detailed discussion concerning this can be found in [39]).
Consequently, within the scope of this section where our major emphasis is on exploring
the future reach of direct heavy Higgs searches at the HL-LHC, we do not consider the
implications from flavour physics bounds and impose only the light Higgs mass constraint
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CMS [200] ATLAS
Production
mode Decay Best fit Decay Best fit
channel value channel value

bb 2517283 | ww | 1.2115:22 [201]

| 1057008 ZZ | 117103 [202]

ok ww* | 1.3519% vy | 0.811312 [203]
Z7* 1.2210-23
vy | L16%Gs

T 112194 bb | 3.0011 5 [204]

WW* | 0287555 | wWw | 0.62F05% [201]

VBF Z7Z* | —0.0975%% | 4y | 2.00708) [203]
v | 067H5

bb 1.731070 bb 1081047 [13]

Wh Ww* | 3.91722¢ bb 1.2170-45 [205]
Zz* | 0.00+233
v | 3761138

bb 0.991947 bb 1.2010:35 [13]

n WWw* | 0.967%% bb | 0.6915:35 [205]
Zz* | 0.00+426
v | 0.00555

bb 0.917043 % 0.8470:81 [206]

| 023555 bb | 0.8015:8) [207]

tth WWw* | 1.6079:6 vy | 0.607550 [207]
Z7z* | 0.00%550
vy | 218%5%

Table 18. Best-fit value of signal strength variables, along with the associated errors, derived by
ATLAS and CMS using LHC Run-II data, which have been imposed on the parameter space region.

and Higgs signal strength constraints in order to obtain the allowed parameter space region
relevant for studying the current and future reach of direct heavy Higgs searches on the
MSSM parameter space.

In order to evaluate the current allowed region in the parameter space of the phe-
nomenological MSSM (pMSSM), we perform a random scan over a wide range of pMSSM
input parameters, as described below. The parameters relevant to our study are the pseudo-
scalar mass variable (m 4), ratio of the vacuum expectation values of the two Higgs doublets
5o Mg,), the trilinear
coupling of the stop (A4;) and sbottom (A4p) and the gluino mass parameter (M3). These

(tan ), the third generation soft squark mass parameters (MQS, M
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Figure 38. Scatter plot in the m4 — tan 8 plane showing the current status of the pMSSM
parameter space. All parameter space points satisfy constraints from the Higgs mass measurement
and the Higgs signal strengths. The grey coloured points are excluded by the latest direct search
limits from oypp,4 X Br(H/A — 77) derived by CMS and ATLAS using the Run-II dataset with
an integrated luminosity of ~ 36 fb .

parameters are varied in the following range:

1 <tanf <60, 200GeV <my < 1TeV, 1TeV < M3<10TeV
1TeV< M4 - 5 <20TeV, —10TeV < A;, <10TeV
Q3,u3,d3 ;
1TeV < MQL'EH,(L <20TeV, MQQ = MQl’ Mg, = Mg, , MJ2 = ]MJ1
Ae,u,T,u,d,c,s =0, M51L751R752L B2p .83, B3y — 3TeV, 600GeV < MLQ, pu<5TeV
(5.2)

The bino, wino and higgsino mass parameters, viz., My, Mo and u respectively, are
varied from 600 GeV in order to prevent the heavier Higgs bosons from having any decays
to the electroweakinos. This choice ensures only SM final states for the heavy Higgs boson

decays. The second generation soft squark mass parameters (MQ2 s 622) are taken to be
equal to their corresponding first generation counterparts (MQ1 a d~1). The slepton mass

parameters (€1, 1,.2,.20,3.,35) are fixed at 3 TeV while the trilinear couplings of the first
and the second generation squarks (A, q.s) and all three generations of sleptons (A, r)
are taken to be zero.

The particle spectra and the branching fractions of the SM and SUSY particles are
obtained using FeynHiggs [208]. We consider only those parameter points which satisfy the
light Higgs mass constraint defined above. Furthermore, we allow only those points which
lie within 20 uncertainty of each of the signal strength variables listed in table 18. The
parameter space points which are allowed by the aforementioned light Higgs mass constraint
and the Higgs signal strength constraints are referred to as the allowed parameter space
points in the remainder of this section and are shown in grey in figure 38.

The ATLAS and CMS collaborations have also performed numerous searches for the
heavy Higgs bosons through their decay into the SM final states, however, none of these
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searches have been able to observe any significant excess over the SM expectation. Con-
sequently, upper limits have been set on the production cross-section of the heavy Higgs
boson (of/4) times its branching ratio into SM states. In this analysis, we consider the
latest search limits on o4y x Br(H — ZZ,WW,17) [132, 195-197], 04ppr/a X Br(H/A —
77) [132, 197, pp — H — ~7 [198] and pp — H — hh — 4b,2b2~,2b27 [123, 134, 136]
derived by the CMS and ATLAS collaborations upon using the Run-II dataset with an
integrated luminosity of ~ 36 fb~!. The gluon fusion channel is undoubtedly the dominant
Higgs production mode at the LHC for low values of tan 8. However, it gets overrun by the
bbH /A production channel at high tan 3 values. In the current analysis, while evaluating
the impact of the existing upper limits on pp — H — hh — 4b, 202, 2b27, only the contri-
butions from the gluon fusion production are taken into account. This choice is motivated
by the fact that the H — hh decay modes gain dominance only in the low and intermediate
tan B values where the gluon fusion mode overshadows the bbH /A channel. Although the
current search limits on H — hh do not impose any constraints on our parameter space,
the future runs have the potential to probe the low m 4 and low tan S regime. The impact
of these future limits are discussed in the later part of this section. The H — ZZ/WW
limits also turn out to be ineffective in constraining our parameter space and will require
improvements of about three orders of magnitude for making any impact. We would like to
mention that the upper limits derived by ATLAS in the H — v search channel is on the
fiducial cross-section times BR(H — ~v). We compare these upper limits against a com-
bination of the ggF + bbH /A production cross-sections and observe that an improvement
of around two orders of magnitude will be required in order to affect our parameter space.
Limits from searches in the H/A — 77 channel impose the strongest constraints on the pa-
rameter space. Constraints from o554 X BR(H/A — 77) yield stronger limits compared
to their gluon fusion counterparts and exclude the low m4 and high tan § region. The cur-
rent search limits from ATLAS and CMS furnish roughly equivalent impact and rule out
tan 8 2 16 for m4 ~ 1 TeV. Before presenting the results in the m 4 —tan 8 plane, we show
the current allowed branching fractions, viz., H — hh, H — tt and H — 777~ in figure 39.
The H — hh branching ratio dominates for tan § < 8 and for mg < 2my. All points are
allowed by the Higgs mass and Higgs signal strength constraints. However, the grey regions
are excluded by the present direct searches of the heavy Higgs. In figure 38, we show the
impact of the latest direct search limits from oy54/4 X Br(H/A — 77) in the my — tan 8
plane. The parameter space points shown in figure 38 (grey and orange) are obtained after
implementing the light Higgs mass constraints and the Higgs signal strength measurements.
The grey points are excluded upon imposing the aforementioned direct search limits.

Our main concern in this section is to quantify the impact of the projected direct
search limits for the HL-LHC which were derived in the previous sections. In this regard,
we consider the projected direct search limits for the HL-LHC in the H — hh (section 2),
H — tf (section 3) and bbH/A — bbr, 1), (section 4) channels. Among the various final
states of the H — hh channel, the bbyy final state furnishes the strongest limit in the
ma < 600 GeV regime, while the 4b final state imposes the strongest upper limits in the
ma 2 600 GeV region. The H — hh decay mode gains dominance in the low tan 8 region
and especially before the ¢f mass threshold is attained. The same is reflected in the left
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Figure 39. Branching ratios of H — hh, H — tt and H — 777~ as a function of my. All the
points are allowed by the SM-like Higgs mass and Higgs signal strength constraints. The grey points
are excluded by the present direct searches for the heavy Higgs boson.

panel of figure 40 where the brown points represent the region excluded at 95% CL by
the projected 20 reach from the H — hh — bbyy channel. The 4b final state, on the
other hand, is rendered ineffective on account of reduced production cross-section at high
values of m 4. The upper limits derived from searches in the remaining H — hh channels
furnish much weaker bounds and will not be able to probe the pMSSM parameter even at
the HL-LHC. The couplings of the heavy Higgs bosons with the up-type quarks have an
inverse dependence on tan 8 and thus consequently the H — tt channel has the potential
to play an important role in the low tan 8 regime. The parameter space points excluded
at 95% CL by the H — ¢t HL-LHC search limits derived in section 3 are shown in green
in figure 40. The strongest future limits are obtained by the bbH — bbr7 channel (derived
in section 4). This will be able to exclude (at 20) until ~ tan 5 ~ 5.5 at mgq ~ 1TeV as
shown in figure 40, where the orange points are excluded by the same. The blue points in
figure 40 denotes the parameter space which will evade the direct searches at the HL-LHC
as well. The right panel in figure 40, however, shows the discovery potential at 5.

At this point, we would like to briefly discuss the implications from direct charged Higgs
search limits on the parameter space of our interest. A detailed analysis of the exclusion
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Figure 40. Scatter plot in the m4 — tan 8 plane showing the impact of the projected search limits
derived in this study, for the case of HL-LHC. The orange and grey colored points represent the
same color code of figure 38. The brown colored points are excluded by the 2¢ upper limits on
0ggrr X Br(H — hh) x Br(h — bb) x Br(h — ~v), derived in section 2.1, while the green colored
points are excluded by the 20 upper limits on oggy x Br(H — tt) derived in section 3. Upper
limits derived for the case of oy55,4 X Br(H/A — 77) (section 4) at 20 rule out the orange colored
points. The blue colored points represent the parameter space which would remain allowed after
the HL-LHC run. The left and the right plots respectively show the exclusion at 20 and discovery
reach at Ho.

reach of current limits from direct charged Higgs searches in the pp — H* — 7%v. and
pp — H' — tb can be found in [39, 169]. Figure 11 and figure 12 of [39] shows that
the allowed MSSM parameter space points (obtained by imposing the light Higgs mass
constraint, Higgs signal strength limits and flavour physics constraints) are outside the
current reach of charged Higgs searches in the 7v, and tb channels, respectively, and, the
direct charged Higgs search limits would require an improvement of roughly an order of
magnitude in order to be capable of probing some of the MSSM parameter space points
considered in [39]. The implications for future direct charged Higgs search limits for HL-
LHC, obtained by scaling the current limits, has been analysed in [169], where the projected
reach of direct searches in the H* — 7%, and H* — tb channels has been translated to
the MSSM parameter space and presented in the M4 —tan /3 plane (see figure 20 of [169]). A
comparison with the analysis in [169] indicates that the future reach of direct charged Higgs
searches at the HL-LHC is weaker than the future reach of direct heavy Higgs searches in
the bbH/A, H/A — 777~ channel derived in this work.

The results discussed till now assume that the heavy Higgs bosons underwent decays
only into SM final states. The branching fractions of the heavy Higgs bosons into SM final
states can, in principle, undergo significant modifications in the presence of light SUSY
particles.!? For example, for intermediate values of tan 3 ~ 7-10, the branching fraction of
the heavy Higgs bosons into charginos and neutralinos may attain significantly large values
(=2 50%) [209, 210]. In the remainder of this section we study the impact on the pMSSM

128USY particles with their masses less than Mpi/4/2, such that it is kinematically possible for the heavy
Higgs bosons to decay into them, are referred to as the light SUSY particles.
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Figure 41. Same as the left panel of figure 40 but for [Ms — u| < 10GeV, My/a > (Mo + M,9)
and My, p > 200 GeV.

parameter space in the presence of non-SM decay modes of the heavy Higgs bosons at
the HL-LHC. Here we will restrict ourselves to the case of light electroweakinos. These
electroweakinos are required to be an admixture of gauginos (bino and wino) and higgsinos
in order to have couplings with the Higgs bosons. The pure gauginos and higgsinos do
not couple with the Higgs states. LHC searches in the chargino-neutralino pair production
mode furnishes the most stringent constraints on the electroweakino sector and excludes
degenerate wino-like x9 and X% of mass < 450 GeV [194], for an LSP neutralino of mass
~ 100 GeV. However, such constraints do not apply to scenarios where the LSP and NLSP
are almost degenerate in mass. We explore this fact and vary My and p in such a way that
|Ms — p| <10GeV, Mya > (X} + x3) and My, > 200 GeV [194]. Closeness between M
and u ensures that the xJ, x9, X3 and Xic have significant admixtures from both winos
and higgsinos. The remaining input parameters are randomly varied within the range
specified in eq. (5.2) except for M; which we fix at 1 TeV. In presence of these H/A — ino
decay modes, the branching fraction of the heavy Higgs bosons to SM final states undergoes
modifications and manifests in weaker limits on the parameter space, as shown in figure 41.
Correspondingly, the orange and blue regions shift upward. The brown and green regions
shrink further down. For mj4 varying between 400 GeV and 700 GeV, tan g as low as 3
is excluded at 95% CL. In presence of these non-SM decay modes, the current (13 TeV,
36 fb~1) limits on Opprja X Br(H/A — 77) exclude tan 3 2 22 for my ~ 1TeV. The
HL-LHC reach weakens out till tan 5 ~ 10 at m4 ~ 1TeV. In the current scenario, the
projected limits from H — tt lose sensitivity on the pMSSM parameter space under study.
The HL-LHC projections from H — hh — bbyy also imposes weaker constraints and
excludes tan 5 < 8 at ma ~ 400 GeV.

6 Summary

In this work, we have studied the prospects of observing or excluding a resonant heavy
Higgs or pseudoscalar in the purview of the HL-LHC at 14 TeV. Various experimental
observations and theoretical motivations necessitate physics beyond the Standard Model
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(BSM). Several searches are performed, either in the context of specific models or in a
generic model-independent fashion, to gauge the type of new physics. In this work, we
specifically focus on neutral heavy Higgs bosons (both C'P odd and even). Run-II data at
the LHC has already constrained strongly interacting BSM particles like gluinos and stops
to O(> 1) TeV. However, the LHC still hasn’t imposed such strong constraints on extended
Higgs sectors. The Standard Model Higgs self-coupling being still unknown, we are yet to
fully understand the scalar sector of new physics. Here, we studied three major search chan-
nels for such a heavy Higgs (or pseudoscalar). Specific to the C'P-even heavy Higgs, we
studied the prospects of constraining o(pp — H — hh) in multifarious channels, viz., bby,
bbbb, bbr 7, bbWW* and yyW W*. We took guidance from the present searches and opti-
mised each channel carefully to obtain upper limits on o(pp — H — hh) from each channel.
Corroborating the present searches, we find that the bbyy and bbbb final states serve as the
golden channels for my in the range [300,600] GeV and [600, 1000] GeV, respectively. The
bbyy sets a 95% CL upper limit on o(pp — H — hh) between [79.03,14.10] fb in the afore-
mentioned mass range. The 4b channel on the other hand sets a corresponding cross-section
limit between [5.36,2.51] fb for my € [800, 1000] GeV. The limits from the remaining three
channels are not so promising. On the other hand, if the mass of the scalar or the pseu-
doscalar Higgs is above the tt threshold and the Higgs is dominantly produced via gluon
fusion, then it can also have a dominant decay into t¢. Upon studying the fully leptonic as
well as the semi-leptonic final states, we find the strongest limits on o(pp — H — tt) from
the semi-leptonic category. The 95% CL upper limits lie between 186.57 fb and 32.81 fb for
my € [400,1000] GeV. Finally, we studied the bbH /A production in the bbr7 final state
upon demanding at least one b-tagged jet in the final state and demanding two hadronic 7s.
The 95% CL upper limit on o(pp — bbH) varies between 22.16 fb and 3.68 fb for my lying
between 300 GeV and 500 GeV. All our searches for the scalars are mostly model indepen-
dent and can be translated to models with multiple Higgs bosons with narrow widths.

In this work, we considered the specific example of supersymmetry, more specifically
the pMSSM. We apply present constraints from the SM-like Higgs boson mass measure-
ment and all its signal strengths into multiple final states. The future limits obtained in
this work constrain different regimes of the parameter space. The H — hh search, mostly
in the bbyy channel excludes tan 3 to as low as 4, at 95% CL, for ma ~ 2m; GeV. The
H — tt has a similar exclusion on tan 3 for ma varying between [400,800] GeV. The bbH
channel in the di-t7+4 > 1b-tagged jet final state excludes tan 8 as low as 5.5 for my = 1TeV.
The blue region in figure 40 will not be probed even by direct searches if the heavy Higgs
bosons decay only to SM particles. We will require higher energy colliders in order to be
able to probe this region. This scenario might change if there are light electroweakinos,
below my /4 /2. In that situation, the m 4 — tan 8 parameter region changes. Upon consid-
ering a scenario where |My — pu| < 10GeV, My 4 > (x§ + x3) and Ma/p > 200 GeV, one
finds that the H — hh and H — tt excludes tan 8 down to 3 for m4 € [400, 700] GeV. The
exclusion bound on tan 3 from the bbH search decreases to 10 for m4 = 1TeV at 95% CL.
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A Detailing the cross section with generation cuts for the signal and

backgrounds
Generation-level cuts (£ =e®, ut) .
Process Backgrounds . Cross section (fb)
(NA : Not Applied)
pp— H — hh, pp— A— Zh and pp — H — tt final states
hh — bbyy NA 0.10
_ ; >20GeV, |n;| <5.0, |mp~| <2.5,
Bhyy+ jets Prafely Il 1] 18.78
ARy > 0.2, my, > 50 GeV, 110 <m., <140 GeV
pr.ib~y > 20GeV, 1] <5.0, |n,] < 2.5
ey DT/ |51 |77+ 162.22
ARy j,>0.2, 110 <m,, <140 GeV
Jivy same as ccyy 2770.67*
_ tth, h—~yy NA 1.39
bby~y =
hbb, h — vy NA 1.32
Zh, h—~v, Z —bb NA 0.33
- prj > 10GeV, prp >20GeV, |n;,] <5.0,
bbjj T b 175l 549583730.00*
myj > 50 GeV, my, > 50 GeV
_ PT,j /by > 20GeV, [nj| <5.0, [my/, ] < 2.5,
bbjy J/b/y , j /Y 201800*
AR’)/’?/’Y/W")/]/]/}I > 0.2, mpy, > 50 GeV
Gy prjjy>20GeV, |n;| <5.0, 1, <2.5, AR;j,>0.2 1132709.63*
, b > 20GeV, |0 < 5.0, 15| < 2.5,
Zyv+ jet, Z b Pram Il bl 0.87
ARy jy> 0.2, my, >50GeV, 110 <mqy < 140 GeV
gg—h + c¢, h—~yy pr,; >20GeV, |n;| <5.0, AR;;>0.2 0.31
99—h + jj, h—yy same as gg —h + cc 27.89*
hh — bbbb NA 13.42
o i >50GeV, | <3.0, ARy ; > 0.3,
multijet bbbb Prjp>50GeV, il b 14541.30
Hyp > 250 GeV
bbbb multijet bbeé same as multijet bbbb 28633.60
multijet bbjj same as multijet bbbb 3602560.00*
tt, W* = ¢()3(s) same as multijet bbbb 860.17
tsz_) pry > 50 GeV, |77b| < 3.0, AR[,_][, >0.3, Hr > 250 GeV 170.58
hh— bbrtr™ NA 2.89
B prj/s>20GeV, pry>8GeV, |n;| < 5.0,
tt hadronic 135623.50
Wb/f‘ <3.0, ARy 0> 0.2, my, > 50 GeV
tt semi-leptonic same as tt hadronic 173409.88
_ >20GeV, pr,>8GeV, <3.0,
rbb e P L 2128.56
ARy > 0.2, my, > 50 GeV, mrr > 30 GeV
bbrt T _ >20GeV, >10GeV, |n;| < 5.0,
bbh, h— 7 L Prr | 1.23
‘771,/7‘ <3.0, ARb,T > 0.2, mpy, > 50 GeV
Zh, h— (bb+77), Z — (T77+bb) NA 28.21
tth NA 611.30
tz NA 731.54
tHW NA 437.87
_ i>10GeV, >20GeV, |n;,| <5.0,
bbjj PLs > PLp 3o 549583730.00%
mgj > 50 GHV, mpp > 50 GeV

“ARy,j~ means AR between all possible combination of b,j and ~.
bARa/b,c/d signifies ARq. and ARpq.

Table 19. Generation level cuts and cross-sections for the various backgrounds used in the analyses.
The backgrounds labelled with * are multiplied by the fake rates before doing the analysis. The

fake rates used are 0.05% [61] for j — v, ~ 1.75% (average from the fake rate function) for j — b and
0.35% [211] for j — 7.
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) Generation-level cuts (£ = e, ut) ] .
Process Backgrounds Cross section (fb)
(NA : Not Applied)
pp — H — hh, pp = A — Zh and pp — H — tt final states
hh — DWW = NA 9.85
B . . o1,/ > 20GeV, pry > 8GeV, |n;] < 5.0,
tt semi-leptonic 173409.88
‘77;,/[‘ < 3.0, ARbJ’({ > 0.2, my, > 50 GeV
bOW W* t¢ leptonic same as tt semileptonic 55319.44
- > 20 GeV, > 8GeV, |y < 3.0,
2066 Prp » P11 \ Ib/l\ 7393.72
ARb?g > 0.2, my, > 50 GeV
Py > 20GeV, pry > 8GeV, |n;| < 5.0,
Wbb + jets, W — Lv, £ also includes 7 32576.60
‘7717/[' < 3.0, ARjp; > 0.2
tth NA 611.30
ttZ NA 731.54
tHW NA 437.87
hh — yyW*TW = NA 0.04
tth, h — vy NA 1.39
] > 10GeV, |n;| < 5.0, |n < 2.5,
AYWW* | Zh + jets, h — 7y, Z = L{({ includes T also) Prast - 17l el 0.12
ARy ;> 0.2, 120GeV < m,, < 130GeV
Wh + jets, h — vy, W — Lv({ includes 7 also) same as Zh + jets 0.70
0> 10GeV, |n;| < 5.0, <25, AR\, > 0.2,
Lvyy + jets, € also includes 7 Prase i el " 3.17
ARy > 0.2, AR,; > 0.4, 120GeV < m.,, < 130GeV
Llyy + jets, £ also includes T same as fvyy + jets, with my > 20 GeV 1.00
pp — bbH final state
tt pry > 20GeV, || < 3.0, ARy, > 0.2 633946.81
single top s-channel NA 11390.00
single top t-channel NA 248090.00
single top Wt-channel NA 84400.00
prip > 20GeV, ppe > 60 GeV, |n; < 3.0,
T+ jets, via Z/y* Prafs Prt syl 884370.24
AR]_b‘g > 0.2, my > 50 GeV
bortr— W + jets, W — £v(¢ includes 7 also) prjwe > 20GeV, ;0 < 3.0, ARjpe > 0.2 112358.64
VV (V includes W* and Z) NA 106510.72
- j > 65GeV, prp > 20GeV, |n,| < 3.0,
b prs bré 3o 12091572.60"
AR]‘.']; > 0.2, mjj > 50 GeV

Table 20. Generation level cuts and cross-sections for the signals and various backgrounds used
in the analyses. The backgrounds labelled with * are multiplied by the fake rates before doing the
analysis. The fake rates used are 0.35% [211] for j — 7.

B Validation of the bbH analysis

Before performing our analysis for the bbH category, we validate our setup with the existing
analysis in this channel [132, 212, 213]. We generate the signal events (at LO in SM) with
MG5_aMC@NLO and shower them via Pythia-8 [214]. We use different parton distribution
functions (PDFs) for the sample generations. Specifically, we use the CT10nlo nf4 [215]
for the 4F bbH process, MSTW2008nn1068cl [216] for the 5F bbH process and CT10 [217] for
the ggF process. Next, we impose the following cuts in sequence. For the b-tag category, we
demand at least one b-tagged jet in the final state. The events are required to have at least
two T jets with opposite charge (from their reconstructed charged tracks). The leading
and sub-leading (pr ordered) 7-tagged jets are required to have pp > 65 GeV. The T jets
lying inside the transition region wviz., 1.37 < |n| < 1.52, are removed. Furthermore, the
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Process Event rates at 13 TeV with 36.1fb~! of integrated luminosity Total
b-tag category
multijet 97.06
Z/v*+ jets 11.03
W+_jets 2.82 51596
tt 83.66
VV+ jets 1.87
500 GeV Signal 18.82
ATLAS numbers [132]
multijet 106 £ 32
Z/v* =TT 75+£29
W(— 7v)+ jets 4.0+1.0
tt+ single top 60 + 50 18060
Others 1.0£0.5
500 GeV Signal 28 +12

Table 21. Comparison table for the 75,7, channel in the b-tag category.

azimuthal angle separation between the leading and the sub-leading 7 jets is required to be
A¢(7,7) > 2.7. Furthermore, we require m¥s > 50 GeV, F1>20GeV and Y cos(Ag) > 0.

TT
We show the validation in table 21.
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