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1 Introduction

In two Higgs doublet models (2HDMs) with vectorlike quarks, the decays of vectorlike
quarks are often dominated by cascade decays through charged or neutral Higgs bosons
leading to signatures with 6 standard model (SM) fermions [1]. The heavy Higgs bosons
are effectively pair produced with QCD-size cross sections, while the final states with a
large number of 3rd generation fermions, resulting from their dominant decay modes, have
very small irreducible SM background. This presents a great opportunity for the Large
Hadron Collider (LHC). However, depending on hierarchies in masses of new quarks and
Higgs bosons and other model parameters, many decay chains are possible. Moreover,
the rates for several of them are often comparable, diluting individual final states. Thus
designing optimal searches for specific possibilities is not practical, and focusing on the
common signature of a whole class of decay chains might be more beneficial.

In ref. [2] we investigated final states with combinations of 6 top and bottom quarks
in an extension of the type-II 2HDM. In that case, since the top quark also decays into
a bottom quark, a common signature for many possible decay chains is 6 bottom quarks.
Although the search strategies were tailored to the final state consisting of exactly 6 bottom
quarks, they were found to be very effective for all the other processes. Even with current
data, new quarks and Higgs bosons with masses of about 1.5 TeV could be seen irrespective
of tan B which is striking in comparison with the reach for heavy Higgs bosons in 2HDMs
without vectorlike matter. On the other hand, the current limits for heavy neutral CP-even
and CP-odd Higgs bosons, H and A, are only about 400 GeV for medium tan 5 [3, 4] and
are significantly weaker for the charged Higgs boson, H* [5-9].



Figure 1. Cascade decays of vectorlike quarks through heavy Higgs bosons leading to 4b + 27 or
4b + 17 final states. On the left and top right, we show possible decays of a bottom-like new quark
through neutral and charged Higgses or both. On the bottom right we show the decay of a top-like
new quark through charged Higgses.

In this paper we present analyses based on final states where one of the heavy neutral
or charged Higgs bosons decays to tau leptons, see figure 1. Although in the type-1I 2HDM
the decay modes H(A) — 77 and HT — 7v are subleading, they have the advantage of
competing with significantly smaller background. Actually, in the type-1I 2HDM, H(A) —
77 leads to stronger limits [3, 4] than H(A) — bb [10, 11]. We present search strategies
for 4b + 27 and 4b + 17 signatures which are common to several possible decay chains
involving both top and bottom quarks in final states and discuss the mass ranges of heavy
Higgs bosons and new quarks that can be explored at the LHC as functions of branching
ratios (BRs) in a model independent way. We find that the reach of the LHC for these
decay modes is comparable to the reach for the similar processes with dominant decay
modes of heavy Higgses, discussed in [2]. We further combine these analyses to study the
ultimate reach of the high luminosity (HL) LHC and interpret the sensitivity to charged
and neutral Higgs bosons and vectorlike quarks in the type-II 2HDM. We find that the
LHC reach for their masses extends to well above 2TeV in the case of an SU(2) doublet
quark and to at least 1.8 TeV for a bottom-like SU(2) singlet quark in the whole range of
tan 8 between 1 and 50.

The same or very similar signatures do not rely on type-II 2HDM and could be present
in many models and frameworks with extended Higgs sectors and vectorlike quarks. For
scalars that couple to leptons more than in the type-II 2HDM the rates for the processes
we consider could be further enhanced. These signatures are also relevant for models with
Z" or W' with the neutral (charged) Higgs boson in figure 1 replaced by Z' (W’). For



example, a Z' with couplings to b and a vectorlike quark was suggested in connection with
the Z-pole anomalies [12, 13] or tensions in rare B decays [14, 15].

Related signatures of cascade decays of heavy neutral Higgs bosons through vectorlike
and SM quarks were recently studied in ref. [16]. These decay modes, depending on the size
and the structure of Yukawa couplings of vectorlike quarks, are relevant when vectorlike
quarks are lighter than the new Higgs bosons.

Possible embeddings into grand unified theories also suggest new leptons that form
complete multiplets together with new quarks. Complementary signatures of heavy Hig-
gses and vectorlike leptons were studied in refs. [17-21]. The SM with complete vectorlike
families can provide an explanation of the observed hierarchy of gauge couplings [22, 23].
In the MSSM with a complete vectorlike family, the seven largest couplings in the SM can
be understood from the IR fixed point behavior provided that new quarks and leptons
are in the multi-TeV range [24-26], some of them possibly within the reach of the LHC.
Vectorlike quarks around the same scales can also lead to more natural EW symmetry
breaking [27, 28], while vectorlike leptons can easily explain muon g — 2 anomaly [29-34].
There are many other observables related to vectorlike quarks and leptons in collider
searches [35-41], B-meson anomalies [14, 42-45], the Cabibbo angle anomaly [46, 47],
and searches for dark matter partilces [48-51].

This paper is organized as follows. In section 2 we describe signal topologies and briefly
review the model and expected pattern of branching ratios. In section 3 we discuss search
strategies for final states which contain two bottom quarks, and one or two tau leptons,
and estimate the reach of the LHC. We summarize the main results in section 4. Our
conclusions are drawn in section 5. Supplementary details of the analysis are provided in
the appendix.

2 Signal topologies and expected rates

The 4b+ 27 and 4b+ 17 final states can be produced with large rates from cascade decays
of new quarks through heavy Higgs bosons. The processes shown in figure 1 are expected
to be the most sizable in the type-II 2HDM extended by SU(2) doublet and singlet quarks
with the same quantum numbers as SM quarks and corresponding vectorlike partners.
We label the lightest new mass eigenstates of bottom-like and top-like vectorlike quarks
as by and t4. We assume that new quarks mix dominantly with the third generation of
SM quarks, although the Yukawa couplings can be very small. We work in the alignment
limit of the 2HDM so that the light CP-even Higgs boson, h, is SM-like. Details of the
model have been presented in refs. [1, 16]. The pair production cross section of new quarks
depends only on their mass, see figure 2, while the typical BRs of both new quarks and
heavy Higgs bosons depend only on tan . Depending on the doublet/singlet nature of
new quarks there are ranges of tan 8 where their decays through heavy Higgses dominate
the decays through W, Z, and h. Branching ratios of vectorlike quarks were studied in
detail in ref. [1]. The typical pattern of BRs, reproduced from table 6 of ref. [1], is shown
in figure 3 for singlet-like (left) and doublet-like (right) b4 and ¢4. The plots assume that
a decay through only one heavy Higgs boson is kinematically open and the remaining BRs
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Figure 2. NLO pair production cross section for top- or bottom-like vector-like quarks at the
14 TeV LHC with respect to the quark masses. In the inset we show the relative enhancement
compared to the LO cross section. The LO cross sections have been obtained with MadGraph5 [52],
whereas the NLO cross sections were obtained with Top++ [53].
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Figure 3. Typical branching ratios of singlet-like (left) and doublet-like (right) b4 and ¢4 to charged
and neutral heavy Higgs bosons with respect to tan S obtained from table 6 of ref. [1]. The plots
assume that a decay through only one heavy Higgs boson is kinematically open and the remaining
BRs are to W, Z, and h. The BRs to A are the same as to H.

are to W, Z, and h. The BRs to A are the same as to H (in this model by has almost
identical couplings to H and A, see, for instance, appendix A.4 of ref. [1] and footnote 3
of ref. [2]). We see that a singlet-like by can dominantly decay to both heavy neutral and
charged Higgses at moderate to large tan 8, while singlet-like ¢4 decays to heavy Higgses
can be sizable only for small tan 8. On the other hand, note that doublet-like b4 and t4
can have large BRs to one of the neutral or charged Higgs bosons at any tan .



If decays through multiple heavy Higgs bosons are simultaneously kinematically open,
the corresponding BRs are appropriately rescaled. Assuming the same masses of heavy
Higgses, the typical ratios of partial widths of a singlet-like by and t4 to H, A, and H* are
1/4:1/4:1/2. Doublet-like by and t4 dominantly decay to the charged Higgs in a different
region of tan 8 than to neutral Higgses. For more details, see the discussion in ref. [2].
Subsequent decays of heavy Higgses follow the usual pattern of type-II 2HDM. Large BRs
of heavy neutral Higgses to bottom quarks require medium to large tan 3 (see e.g. figure 3
of ref. [16]). Moreover, branching ratios of both heavy neutral and charged Higgses into
quarks and leptons are strongly correlated. For projected sensitivities at the HL-LHC we
take BR(H/A — bb) = BR(HT — tb) = 90% and BR(H/A — 7777) = BR(Ht —
7Tv.) = 10% motivated by type-II 2HDM at large tan 3, however the sensitivities can be
straightforwardly reinterpreted for any other pattern of BRs.

The combination of tan 5 dependences of BRs of new quarks and heavy Higgses identi-
fies processes shown in figure 1 as the most promising within the type-II 2HDM. However,
the same or very similar signatures can arise in many other models with new quarks and
scalars or new gauge bosons, Z’ or W’. The search strategies discussed in following sections
are thus not limited to the 2HDM.

3 Event generation and selection

All cascade decays in figure 1 yield final states with multiple b-jets and one or two 7 leptons.
Accordingly, we present two strategies in which we consider events with exactly one or two
T-tagged jets. For each signal, events are generated using a FeynRules [54] and corre-
sponding UF0 model file based on the model described in detail in ref. [1]. Both signal and
background events are generated using MadGraph5 [52] and are passed to Pythia8 [55, 56]
for showering and hadronization. Delphes [57] is used with the standard settings for the
detector simulation; in particular for determining the origin of the 7- and b-tagged jets. We
note that the standard CMS simulation cards in Delphes require |n| < 2.5 in selecting jets
that are either b- or 7-tagged. However, the total efficiency for tagging b-jets is dependent
on the pr (in units of GeV) of the observed jet, ¢, = tanh(400/p7)85/(4 + 0.252pr), while
that of a 7-jet is fixed with respect to pr, e, = 0.6.

At the detector level, an advantage of search strategies based on 7-jets is in avoiding
large irreducible QCD backgrounds. As previously discussed [58], QCD processes involving
final states with multiple b-jets can be easily faked by gluons splitting to a pair of b-quarks.
T-jet final states avoid the need to include these large irreducible backgrounds allowing
for simple cut-based strategies and confidence in the simulated background samples. In
addition, the analyses we present here rely largely on the ability to reconstruct decays of
the top quark in order to suppress tt backgrounds which requires kinematic information
of both 7- and b-jets in the samples. Alternative strategies could be explored utilizing
the leptonic decay modes of the 7. However, these modes contribute only about 35% of
the total width and lack the features in the final state allowing to efficiently suppress the
backgrounds originating from tt.



The production cross sections pp — (b4l_)4,t4f4) depend only on the vectorlike quark
mass and are presented in figure 2 where we show the LO and NLO pair production
cross section for the LHC running at 14 TeV. The NLO cross section has been obtained
using the public code Top++ [53] with standard settings. In the inset, we present the
relative enhancement of the NLO cross section compared to the LO result. In the next two
subsections we present the details of the 27 and 17 analyses.

3.1 2b+ 27 analysis

For cascade decays leading to final states with two 7 leptons, the initial event selection we
require for this analysis is:

e Exactly two 7-tagged jets with pr > 50 GeV among the six highest pr jets;

e At least four additional jets, any two of which are b-tagged,
with pr > (200, 100, 100, 50) GeV;

e In order to suppress backgrounds from Standard Model Higgs and Z boson, the
invariant mass of the two 7-tagged jets is required to be larger than 200 GeV.

These initial cuts allow for two dominant sources of backgrounds: bbW W~ (jj) and
bbrt77(jj), where we include backgrounds with two additional jets denoted by (j7), i.e.
bbrt77(jj) denotes the sum of bbr* 7~ and bbr 7~ + jj backgrounds. We split the former
in two parts corresponding to resonant tt(jj) where the b-W¥ pairs are produced from
the decay of the top and the non-resonant remainder without tops in the decay chain.
In figure 4 (left), we show the transverse hadronic energy (Hrp) distribution which we ob-
tain after the initial selection described above; we show the relevant backgrounds and two
signals corresponding to mp, = 1.5 and 2.5 TeV (the signal cross sections correspond to
maximal branching ratios and the latter has been rescaled by a factor 102 (left)). We see
that even a moderate cut of Hr > 1500 GeV alone can reduce most background events by
roughly an order of magnitude compared to signal events even with lower masses. This
kinematic advantage improves for heavier vectorlike quark masses.

It is clear that the most formidable background is tt(jj). The top quark decays can
be reconstructed by forming the minimum invariant mass between a 7-tagged jet and a
b-jet in the event. We begin by first forming the minimum of the invariant masses between
the leading 7-jet and any of the b-jets in the event m,;, followed by the same for the
next-to-leading 7-jet and the remaining b-jets:

Moy = miny (p(r1) + p(b:))? (3.1)
My = min \/(p(r2) +p(b)))? (3.2)
]#Zmin
where b; . is the b-jet selected when constructing m.,;,. For tt(jj) backgrounds, the distri-

butions of these variables peak around the top quark mass, see figure 5 (left). By contrast,
since the 7-jets in signal events do not form a well-defined invariant mass with any b-jet
in the event, the corresponding distribution shows no such correlation, see figure 5 (right)



’ D Signal, m = 1.5Tev
107 E
E \:] Signal x 107, m = 2.5Te
L [ w-um
_ — bb + WW + jj (x 10)
~10°E B~ i
Y £
&) F pp = bb+ 11
f=3
S
~
<
<403
=10
=
©o
107

H, [GeV]

115 L
1000 1500 2000 2500 3000 3500 4000 4500 5000

107°

G [fb] /[100 GeV]

_;
S
L

-
o
&

101000 1500 2000 2500 3000 3500 4000 4500 5000

D Signal, m. = 1.5Tev
|:| Signal X 10,m = 2.5 TeV
[ lw-nm

- pp = bb+ WW +jj (x 10)

pp = bb+ 11T

I

H, [GeV]

Figure 4. Distribution of the total hadronic energy in the 2b + 27 analysis before (left) and after

(right) the anti-top cuts on mqp, and M,,p,.

bb+ WW + jj, and bb + 77 respectively.

1000
E|tt + jj bkgd
900
8001
700 ; "
= 600; ]
@ C ]
= 500 - n
g a0k " )
F e
300 5 "o = =
E .
; | |
2 —

o b b b b b B e b e

s

m, , [GeV]

w

N

100 200 300 400 500 600 700 800 900 1000 0

Signal distributions for mp, = 1.5 and 2.5 TeV are
shown in blue and cyan respectively. In order to make evident the position of the peak in the Hp
distributions we have rescaled the later by a factor of 10? (left) and 10 (right), respectively. The
red, green, magenta (x10), and gray regions show the background distributions from tt + jj, tt,

o

.
=
v
o
~
S
o
>
<]
g
3
=
Y
S~
S

S

=

)

)

~

=
o
£

1000

1.5 TeVszgnal l:
900

800
700
600
500
400
300
200

100

AR SR NENEN FUNNE NN NN FRRTE NN N S

o

100 200 300 400 500 600 700 800 900 1000 0

., [GeV]

% of events/ 20 [GeV]*

Figure 5. Left: the tt + jj background distribution in the m., ,-m,,p plane. Right: signal distri-
bution in the m; ,-m,,p plane assuming mp, = 1.5 TeV.

and this allows to efficiently distinguish the top decays. Thus, tt(jj) can easily be cut away

using an anti-top cut requiring:

® Mrp, Mpyp > 200 GeV.

The distributions we obtain after applying the anti-top cut are shown in figure 4 (right),

where we have rescaled the my;, = 2.5 TeV signal instead by a factor of 10 to avoid overlap



of the peak in the distribution with the legend. Note that while 7-b pairs in the 20427
background do not reconstruct the mass of the top quark, we find that the m., ,; invariant
masses typically cluster even lower. Thus, events in this background in figure 4 (right) are
highly suppressed compared to the scale of the figure.!

Finally we apply a cut on Hp which is optimized to the vectorlike fermion masses we

consider:
e Hp > [500,3000] GeV, depending on my, ¢, .

3.2 2b+ 17 analysis

For cascade decays leading to final states with a 7 and v, pair, the initial event selection
we require for this analysis is:

e Exactly one 7-tagged jet with pr > 50 GeV among the five highest pr jets;

o At least four additional jets, any two of which are b-tagged,
with ppr > (200, 100, 100, 50) GeV;

e A lower bound on the total missing transverse energy Fp > 350 GeV to suppress
leptonic decays of the W boson in the backgrounds;

e In order to suppress backgrounds from tops, the minimum invariant mass, m,p, be-
tween the 7-tagged jet and any of the two b-tagged jets is required to be larger than
300 GeV.

Since we have only one T-tagged jet we remove part of the t#(jj) background by strength-
ening the cut on m;,. These initial cuts allow for backgrounds from resonant tt(jj),
non-resonant bbW W~ (j) and bbrv,. In the two panels of figure 6 we present the Hrp
distribution of signal and backgrounds before (left) and after (right) the anti-top cut
myp > 300 GeV. The comparison highlights the impact of this cut on the resonant ¢(jj)
background. The suppression of the bbrv, background is due to a similar effect as for
2b+27 in the previous analysis.

The 2b + 17 analysis is aimed at constraining signal events in which the 7 originates

*y,, implying the presence of significant missing

from the charged Higgs decay H* — 7
energy. Apart from a cut on Jp, it is expected that the correlation between the pr of the
T-tagged jet with the Fp in the events will differ in the signal compared to the background
due to the heavy intermediate particle. We take advantage of this feature of the signal by

considering the transverse mass of the 7 — F'p system:

2
| (3.3)

Mr = ()| +17,])° = [pe(r) +

Note that there are similar approaches using the information of top quark mass to subtract the tf
background, e.g., in ref. [59]. We believe adding these methods using the neural network would provide
extra power in searching for our signals.
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In figure 7, we show the distribution of M7 in the 2b + 17 analysis for signal events from
b4 decays and relevant backgrounds. While the distribution for signal is somewhat spread,
hindering a strong cut, large portions of the background can be reduced by a moderate
cut on Mryp.

The final cuts we apply are on Hr and Mp which are optimized to the vectorlike

fermion mass we consider:
e Mp > [100,700] GeV, depending on my, 1,;

e Hp > [500,3000] GeV, depending on my, 4, .
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4 Results

4.1 Model-independent sensitivities of 2b 4+ 27 and 2b + 17 analyses

We begin by assuming that only one heavy Higgs channel is kinematically open and proceed
to find sensitivities of the HL-LHC to by — Hb, by — H*t, and t4 — H*b. The by — Hb
can be constrained by the 2b+ 27 analysis and the HL-LHC sensitivity is given by the solid
orange curve in figure 8. Constraining branching ratios into the charged Higgs require the
weaker 2b+ 17 analysis which yields the dashed orange (b4) and purple (¢4) projected limits
in figure 8. These expected bounds have been calculated for My =+ = 1TeV. However,
we have verified that allowing for heavier Higgs bosons, up to 200 GeV lighter than the
decaying vectorlike quark, does not have a significant impact on the bounds. We see that
sensitivities up to 2.1 TeV and 1.8 TeV are possible for decays into neutral heavy Higgs
(from b4) and charged Higgs (both by and t4). The absence of a signal for lower quark
masses can be interpreted as an upper limit on the branching ratio of a new quark to
heavy Higgses.

Note that the plotted sensitivities implicitly assume BR(H/A — bb) = BR(H+ —
th) = 90% and BR(H/A — 7777) = BR(H+ — 7tv;) = 10% motivated by type-II 2HDM
at large tan 5. In models with different patterns of branching ratios the plotted sensitivities
are on BR(by — Hb) X \/[BR(H — 0b)/0.9] x [BR(H/A — 7+77)/0.1] and with a similar
modification for the decays through the charged Higgs.

In the case that by is an SU(2) singlet, the rates for decays through neutral Higgses,
charged Higgses or mixed decays through both charged and neutral Higgses (see figure 1

~10 -



bottom left) can be simultaneously large. In this scenario the 2b + 27 analysis is sensitive
to the top-left and bottom-left diagrams in figure 1, while the 2b + 17 to the top-right
and bottom diagrams. To set a limit on the overall decay of by to heavy Higgses, we
assume that H, A and H* are degenerate in mass and that the BRs of by into them are
typical, 1/4:1/4:1/2, as discussed in section 2. The HL-LHC sensitivity to the combined
branching ratio into heavy Higgses resulting from a statistical combination of the 2b + 27
and 2b 4+ 17 analyses is given by the dot-dashed orange curve. The procedure we adopt
for the statistical combination of the two analyses is based on Poisson statistics and is
summarized in appendix A. Since the 2b 4+ 27 analysis has superior reach than the 2b+ 17
one, these bounds are in between those we obtained from analyses in which decays into only
one Higgs are kinematically allowed. We see that we achieve sensitivities close to 2 TeV.

For comparison, in green we also show the projected limits on BR(by — Hb) using
the 5b analysis in ref. [2] updated with the NLO production cross section and assuming
BR(H — bb) = 0.9. We see that despite an order of magnitude smaller branching ratio,
the H — 7777 leads to a similar reach in masses of new quarks and heavy Higgses at
the HL-LHC. Furthermore, in case that the signal is observed in either of the final state,
searching for the complementary signal in other decay modes would be crucial to uncover
the nature of new physics.

4.2 Reach of HL-LHC for new quarks and heavy Higgses in type-II 2HDM

We recast model independent sensitivities obtained above as functions of vectorlike quark
masses and tan 8 for the typical BRs of vectorlike quarks in type-II 2HDM discussed in
section 2 and the usual BRs of heavy Higgses in this model. In figure 9 we show the reach
of the HL-LHC for singlet-like and doublet-like ¢4 and b4. The sensitivities to various decay
modes based on 2b + 17 analyses are shown in orange and purple.

For comparison, we also show the corresponding sensitivities obtained in ref. [2] in the
green regions. To obtain the sensitivity to BR(by — Hb) we have extended the analysis
to account for cascade decays through BR(H — tt). Thus, pair production of by decaying
to neutral Higgses can result in 6b, 4b2t, and 2b4t final states covering large, medium, and
small tan 3 regions respectively. We show the envelope of the maximum reach among these
three individual channels with the thin green line in figure 9 (right). It should be noted
that all of these decays would simultaneously contribute to the 6b final state studied in
ref. [2] (where we use the 5b analysis based on tagging at least 5 b-jets and top quarks are
identified as b-jets through their decays to W*b). Thus, including the regions of parameters
where the events from each channel are combined results in the sensitivity to BR(by — Hb)
for masses of by and H up to 2.3 and 2.1 TeV, which is largely independent of tan 8 (solid
green) except for small tan 8 < 4 region. Similarly, the sensitivities to decays of t4 and by
through the charged Higgs extends to vectorlike quark (Higgs) masses up to 2.2 (2) TeV
which is also largely independent of tan 3.

When t4 and by are doublet-like, it is expected that they have almost the same masses
and would be produced simultaneously, effectively doubling the production cross section
of the signal. Allowing for all possible decay modes of the heavy Higgses, we see that
the BR(by — Hb) and BR(ty — H7b) decays provide the strongest reach. The reach
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Figure 9. 95% CL sensitivity regions for the HL-LHC in the my,-tan 8 (left) and m;,-tan S (right)
planes for singlet-like (top) and doublet-like (bottom) t4 and by in type-II 2HDM. The orange and
purple regions follow from the upper limits obtained in figure 8. The green shaded regions show the
bounds on the t4/by — H 4 t/b and t4/by — HT + b/t decays, respectively, using the 5b analysis
of ref. [2]. The blue region shows the combined reach for the SU(2) doublet, assuming that both ¢4
and by are pair produced with the same mass and that decays to all heavy Higgses are kinematically
open. We show the envelope of the maximum reach among the three individual channels of 6b, 4b2t,
and 2b4t in ref. [2] with the thin green line in the right panels.

of the signal when these channels are combined is shown in the light blue region and
denoted by the mixed scenario in the legend. Thus, for doublet-like ¢4 and by the HL-LHC
will have sensitivity to vectorlike quark (Higgs) masses up to 2.4 (2.2) TeV for tan 8 =
4. However, even for tan 8 ~ 1 this search strategy has sensitivity to vectorlike quark
(Higgs) masses up to 2.1 (1.9) TeV. In figure 10, we use the sensitivities to the SU(2)
doublet quarks assuming decays through all heavy Higgses are kinematically open (the
mixed ¢4+ by scenario) to project the ultimate reach of the 14 TeV LHC to vectorlike quark
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Figure 10. 95% CL sensitivity to vectorlike SU(2) doublet with mass Mg = my, ~ my, decaying
to heavy Higgses at the LHC running at 14 TeV with respect to the integrated luminosity. The band
shows the ultimate reach based on the mixed scenario in figure 9 between tan 5 = 1 and tan § = 50.

masses at integrated luminosities between 100-3000fb~!. It is assumed that the signal
and background efficiencies remain the same during the course of data collection. The
two curves show the maximum reach based on our analysis for tan f = 50 and tan 5 = 1.
We reiterate that these bounds imply sensitivity to heavy Higgs masses up to my =
Mg — 200 GeV. It should also be noted that while search strategies using decays of heavy
Higgses to 7 leptons are generally weaker, due to dramatically smaller branching ratios
BR(H/A — 7t77) >~ 10%, the reach of the 2b + 17 analyses at tan 8 = 50 in the mixed
scenario would be similar to the tan 8 = 1 curve in figure 10. A striking result shown in
figure 10 is that even with currently available data, the discussed searches could lead to
very strong limits on (or possibly the evidence of) vectorlike quarks and especially heavy
Higgses for any tan (.

5 Conclusions

In this paper, we presented search strategies for new quarks decaying through charged and
neutral heavy Higgs bosons to final states with 7 leptons, and multiple b-jets. In extensions
of type-1I 2HDM, the decays of vectorlike quarks to heavy Higgses can dominate over those
to SM bosons, and thus dramatically alter the projected limits on the masses of new quarks.
Likewise, the production of heavy Higgses from decays of vectorlike quarks leads to QCD-
size rates for signals of both heavy charged and neutral Higgs bosons. We motivate, in
particular, final states with two or one 7 tagged jets based on the pattern of branching ratios
of heavy Higgses in type-II 2HDM. This strategy is simultaneously sensitive to multiple
possible decay chains such as by — Hb, by — H *¢, and t4 — HTD.
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Decay modes of heavy Higgses to 7 leptons typically offer much cleaner signatures at
the LHC despite much weaker rates compared to, e.g. H(A) — bb. As our analyses are also
based on tagging multiple b-jets, QCD-driven events, such as t£(jj), comprise a formidable
source of SM background. However, the kinematic advantage of the heavy resonance in
the decay chain allows to suppress the dominant backgrounds due to markedly different
correlations between 7- and b-tagged jets. These search strategies would also be applicable
to many models of new physics in which new quarks are pair produced at the LHC decaying
to heavy bosons with couplings to third-generation leptons. We therefore encourage our
experimental colleagues to search for the 7 signatures with high Hr.

The model-independent upper limits we find on the by — Hb, by — H*t, and t, — H*b
decays show that searches focusing on 7 leptons can probe vectorlike quark masses up to
1.8 TeV and 2TeV at the HL-LHC when decaying to charged and neutral heavy Higgses,
respectively. These limits imply sensitivity to charged and neutral Higgs masses to 1.6 TeV
and 1.8 TeV. We find that these channels offer only comparable reach with respect to
searches based only on b-tagging [2]. However, note that the utility of independent search
channels would offer further insight to the heavy Higgs sector in the event of a discovery. In
particular, while our model-independent limits are motivated by type-II 2HDM scenarios
where heavy Higgses decay mostly to quarks, other 2HDM variants (or scenarios with heavy
charged or neutral vector bosons) would include different hierarchies of branching ratios.
The observation of vectorlike quarks in the absence of either 7- or only b-tagged channels
could be used to disentangle the underlying dynamics of the Higgs sector itself.

Among our results, we recast the model independent bounds explored in this paper
to sensitivities of vectorlike singlet and doublet quark masses in type-I1 2HDM at the HL-
LHC. We also present the corresponding sensitivity of the 5b analyses presented in ref [2]
based on comprehensive searches of a 6b final state. Further, we extend the 5b analyses
to include all sizable decay modes of charged and neutral heavy Higgses. For singlet-like
quarks we find that the combined sensitivity to vectorlike quark and heavy Higgs masses
extends up to 2.2TeV and 2 TeV, respectively. The limits are improved when new quarks
are doublet-like as both top- and bottom-like quarks are expected to have similar masses
which would effectively double the rates we consider. In this case, we find sensitivity of
the HL-LHC up to 2.4 (2.2) TeV for vectorlike quark (Higgs) masses.

We remark that the limits we obtain for new quark and heavy Higgs masses in the type-
II 2HDM, both for singlet- and doublet-like by quarks, are largely independent of tan 3, a
striking difference of the projected limits compared to those of searches for heavy Higgses
without vectorlike quarks. This is mirrored also in the limits for doublet-like t4. Further,
when the production of doublet-like t4 and b4 are combined, even the weakest sensitivity
we obtain, Mg ~ 2.1TeV for tan 8 = 1, is still quite strong compared to existing searches.
This implies robust sensitivities in searches for new quarks and heavy Higgs bosons, even
with current data.
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A Poisson statistics

In this appendix we review our methodology to obtain upper limits on signal cross sections
based on Poisson statistics. For the analyses based on a single final state, we derive an
upper limit on the number of signal events when the expected number of background events,
b, is known via [60]

Sup(a,n,b) = %FX_; p,2(n+1)]—b (A.1)
p=1—a(l—F_2[2b,2(n+1)]), (A.2)

where n is the total number of events observed, F,2 is the x? cumulative distribution, and
the confidence level of the resulting upper bound is given by (1 — «). In the absence of
signal events, the median of upper limits can be calculated by sampling over the background
distribution

Sup(a,b) = sup(a, b,b) . (A.3)
The upper limit on the signal cross section is then given by

up §up(aa UB»C)

[0 —
o8 L esig

, (A.4)
where £ is the integrated luminosity and &g, is the signal efficiency, optimized over the
chosen kinematic cuts. We compare the derived O':i]; to our signal cross sections which are
fixed for a given mass of t4 or by and corresponding branching ratios.

In our main results, we have calculated the statistical combination of vectorlike quark
cascade decays contributing independently to the 2b + 27 and 2b 4+ 17 final states. In
general, assuming X independent final states (e.g. resulting from multiple decay channels
of some particle(s)) the total probability of observing N = S i, ny, events, where ny, is the
number of observed events in the k-th channel, given an expected number of background
events by for each final state is given by

X
p(ng, sk + bi), (A.5)
k=1
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where sy, is the expected number of signal events in the k-th channel. Following the same
reasoning as in the case of a single channel, the upper limit on the signal cross section can be
derived by calculating the confidence interval for X independent poisson distributions [61]
T i X
(1 —Oé) _ fO daHk:lp(blﬂsk—i_bk),
Jo° do Tz p(brs sk + bi)

where by, = op, L, s = €,0L and ¢, is the signal efficiency in the k-th channel. We compute
the upper limit on the cross section, Jgg ,

given vectorlike quark mass and cascade branching ratios through heavy Higgses.

(A.6)

numerically and compare this to the signal for a
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