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We consider search strategies for an extended Higgs sector at the high-luminosity LHC14 utilizing
multitop final states. In the framework of a two Higgs doublet model, the purely top final states (¢7, 4¢) are
important channels for heavy Higgs bosons with masses in the wedge above 2m, and at low values of tan f3,
while a 252t final state is most relevant at moderate values of tan 3. We find, in the fZH channel, with
H — 11, that both single and three lepton final states can provide statistically significant constraints at low
values of tan f for m, as high as ~750 GeV. When systematics on the 7 background are taken into account,
however, the three lepton final state is more powerful, though the precise constraint depends fairly
sensitively on lepton fake rates. We also find that neither 2b2¢ nor ¢7 final states provide constraints on
additional heavy Higgs bosons with couplings to tops smaller than the top Yukawa due to expected

systematic uncertainties in the ¢7 background.
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I. INTRODUCTION

Precision measurements of the observed 125 GeV Higgs
boson, as well as searches for new Higgs bosons, are a
focus of run II of the LHC. These measurements will give
us crucial insights into the nature of electroweak symmetry
breaking. This program, for the case of the 125 GeV Higgs,
is already well defined and under investigation. Current
measurements have large uncertainties, but overall consis-
tency with Standard Model (SM) expectations is observed.
Both ATLAS and CMS expect to reduce their uncertainties
over the next few years, achieving percent level precision
for decays into massive gauge bosons and ~5% level
precision for decays into heavy flavor fermions [1,2].

If additional Higgs bosons are present, the so-far SM-
like nature of the observed 125 GeV Higgs boson implies
that such states can only be minimally mixed. This suggests
that the Higgs sector is approximately aligned [3-16],
either via decoupling or via alignment without decoupling.
In the latter scenario, it becomes essential to directly search
for the presence of extra Higgs bosons, which may have an
unmeasurably small impact on the properties of the
125 GeV Higgs. Thus the program of precision Higgs
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measurements is complimentary to direct searches for
electroweak scale Higgs bosons.

To date, direct searches for heavy Higgs bosons (both
scalar H and pseudoscalar A) have focused on decays to
bottom quarks and 7 leptons, which dominate the branching
fraction at large tan /3 (75) in a type II two Higgs doublet
model (2HDM). The most commonly studied channels are
Higgs production in association with bottom quarks, which
is enhanced by tanp, as well as gluon fusion. The
(bb)H/A — bbt* 7~ channel gives the strongest constraint,
with the bound 75 < 45 for a heavy Higgs with a mass below
1 TeV [17], obtained using 3.2 fb~! of 13 TeV data (see the
red region in Fig. 10). The constraint arising from the search
channel bbH /A — bbbb [18,19] is weaker in the context of
a type 1I 2HDM, but nevertheless very important in more
general 2HDMs, for which the coupling of H/A to 7 leptons
and bottom quarks is independent [20].!

There are no direct constraints at low and moderate
values of tan f, and for heavy Higgs masses above the top
threshold for type II models. Additionally, projections of
the present ATLAS and CMS analyses show that part of
this region of parameter space will remain unexplored at
the high-luminosity run [22,23]. Here, for 3 <5 and
mya > 350 GeV, the main decay mode is H/A — i,
for which there have been no experimental analyses to date.

'One example is the aligned 2HDM studied, for example, in
Ref. [21].
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The purpose of this paper is to study search strategies for
additional Higgs bosons at low and moderate values of
tan. We study bbH/A — bbti (2b21), tiH/A — tibb
(212b) (both important at moderate t4), 1tH/A — titt
(41) and H/A — 1t (2t) (both important at a low #p).

Previous studies have also focused on constraining heavy
Higgs bosons through decays to top quarks at the LHC
[24,25]. Our study differs in several aspects, drawing new
conclusions in several instances. Reference [24] considered
the 4¢ final state, though this study implemented and scaled
the existing CMS multilepton analyses. We instead design
two possible search strategies (one lepton + b jets and three
leptons + b jets), estimating the impact of future lepton fake
rates, as well as b-tagging efficiencies, on our conclusions.
We also discuss in detail the relevance of systematic effects
in the one lepton + b jets channel. As a result of this analysis,
we find a more significant reach than Ref. [24]. This
reference also showed that systematics fundamentally limit
the reach of the H — 7 channel. We confirm this conclusion,
though our methods significantly differ in that, for the first
time, we have implemented in a Monte Carlo tool, MadGraph,
the interference between the heavy Higgs signal and the SM
background, reconstructing the fully interfered signal
and background after showering and detector effects.
Reference [25] considered the 2b2¢ final state, though this
study, based on a boosted decision tree method, found a
greater impact of forward b-jets on the significance of the
signal, as the b-quark distributions of this study differed
from ours. In our cut-based analysis, we also find that
systematic uncertainties severely limit the reach of the 252t
final state. As a result, whereas Ref. [25] found significant
bounds on heavy Higgs bosons in the 252t final state, we
find that it will be difficult to draw constraints.

The outline of this paper is as follows. In the next section
we review rates and signatures for the channels we study.
We summarize the main features that we will utilize in our
analyses. Then we move systematically through the three
final states we consider in detail: 4¢ (Sec. III A), 2b2t
(Sec. III B) and #7 (Sec. III C). We highlight the challenges
and advantages of each search, and suggest ways that
experiments could improve the reach in each case. Finally,
we conclude. In the Appendix we discuss our top
reconstruction method.

II. RATES AND SIGNATURES FROM ALIGNED
HEAVY HIGGS BOSONS

We begin by summarizing production rates and branch-
ing fractions for heavy scalars in a type Il 2HDM. A type II
2HDM consists of doublets H,, coupling only to up-type
quarks, and H,, coupling only to down-type quarks and
leptons. The neutral scalar components of both these fields
acquire vacuum expectation values, v, and v,, with v2 +
v% = v = (246 GeV)? and tan = v, /v,. Such a 2HDM
gives rise to the physical states: h and H (scalars), A
(pseudoscalar) and H* (charged Higgses).

PHYSICAL REVIEW D 93, 075038 (2016)

For simplicity, we assume that we are in the (almost)
alignment limit [3—16], in which, to first approximation, the
mass eigenstates are given by the fields in the Higgs basis
[26-31], where only one doublet field combination (Hgy)
couples to gauge bosons and does not mix with the second
orthogonal doublet combination (Hysy). The observed
Higgs boson (h) with a mass of 125 GeV is identified
with the scalar arising from Hgy;, whereas the Hygy gives
rise to H, A and the charged Higgs bosons. In particular,
alignment implies that the couplings of H to
WHTW~/ZZ/hh go to 0, as does the coupling of A to
Zh. It should be noted that in the almost alignment limit,
below the top decay threshold (mp,/4 < 350 GeV) at low
values of tan /3, both H and A could have significant decays
into these channels in spite of the suppressed couplings,
due to the paucity of other available decay channels. The
coupling between AZH is not suppressed, though in a
typical 2HDM spectrum where A and H are almost
degenerate, this decay is kinematically forbidden.” In
contrast to the above decay channels induced by tree-level
couplings, both A and H couple to pairs of gluons and
photons only via loops of colored/charged particles as does
the SM-like Higgs. Generically, the branching ratio into
pairs of gluons and photons is expected to be O(107%) and
O(1079), respectively.

In the alignment limit, the expressions for the couplings
of the new Higgs boson with fermions are rather simple:
Hit~m,/(vtz), Hbb ~ myts/v and HtT ~ m 15/ v. In the
alignment limit, these couplings correspond also to the
couplings of the pseudoscalar A to fermions. Corrections
away from the alignment limit scale like xm, /v, where x
quantifies the deviations from perfect alignment, with
a=pf—nr/2+x, and a the mixing angle between the
Higgs doublets H, and H,. From the precision measure-
ments of the 125 GeV Higgs boson, |x| is expected to be at
most ~0.1 depending on 75. Hence, at low values of 4, the
couplings of the nonstandard Higgs bosons to the top quark
are sizable, leading to large production cross sections from
gluon fusion and the expectation of a large branching
fraction into top quark pairs when kinematically allowed.
The production of H or A in association with a pair of top
quarks is however not expected to be particularly large at a
center of mass energy of 14 TeV, due to the large top quark
mass (see the top row of Fig. 1). Since the coupling to b
quarks is enhanced by 75, at moderate values of #; the gluon
fusion production receives comparable contributions from
the top and bottom loops, with approximately equal
contributions from both loops at 5~ /m,/m; ~ 6. The

In a generic 2HDM arising, for example, from nonminimal
supersymmetric (SUSY) models like the next to minimal super-
symmetric SM, where such a degeneracy in the H and A mass is
not necessarily expected, the decay of A - ZH or H — ZA can
be very relevant at low values of tan 3, even after the top threshold
opens up (see e.g. Refs. [16,32-35]).
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FIG. 1. Production cross section times branching fraction for the channels of interest. For concreteness, we adopt the z-phobic MSSM
scenario [36].

associated production with b quarks is expected to increase ~ Higgs bosons using the latest version of FeynHiggs2.11.2 [37]
with 7. for the z-phobic minimal supersymmetric SM (MSSM)

For concreteness, in Fig. 1, we compute the production  scenario [36], with heavier sleptons M; =1 TeV. We
cross sections times branching ratios of the nonstandard  list the relevant MSSM parameters here for convenience:
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Mgusy = 1500 GeV,  p = 2000 GeV,
X0 = 245Mgusy, A, =A, = A,
M, =100 GeV, M, =200 GeV,
Ms=1500 GeV, M, = 1500 GeV,

Ay =0(f=c,s,u.d p,e). (2.1)
For this figure, we sum the contributions of the scalar H
and the pseudoscalar A, since the mass splitting is always
below ~(10-20) GeV, and hence below the expected
experimental mass resolution. This scenario at tan f ~ 10
is very well approximated by a type II 2HDM in the
alignment limit. Note that for values of tanf much
larger or much smaller than 10, the H¢f coupling can
deviate from the alignment value by O(10%), depending
on the precise value of m,. However, this effect will
mainly be canceled in signal rates for H in the region
of parameter space of interest. The effect on the
coupling of Hbb is in contrast suppressed by tg and
therefore completely irrelevant. Hence gluon fusion at
low values of 75 and the associated top production
channels in the alignment limit are very similar to the
numbers shown in Fig. 1.

In the figure, tan £ is taken in the [1-20] interval, as well
as my € [400, 1000] GeV. This region of parameter space
has been rather unexplored by experimental searches to
date. Other regions are, instead, already probed or will be
probed in the coming years by the LHC. At larger values of
tan #, as mentioned in the Introduction, constraints are
derived from heavy Higgs decaying into 7 leptons and b
quarks. These searches are not yet able to probe the m, >
400 GeV and tan f < 20 region, presented in Fig. 1. This
remains true at the high-luminosity LHC [22,23]. In
principle, decays of heavy Higgs bosons to gauge bosons
and the SM Higgs may be highly constraining, especially
below the top threshold (my 4 <350 GeV) where the
branching fraction may easily be large (see, for example,
Ref. [38]). These constraints depend strongly, however, on
the degree to which the Higgs sector is aligned.

In this paper we focus on the “wedge” of open parameter
space with 7; < 10 and my 4 2 350 GeV, where the Higgs

bosons decay dominantly to tops, and the bb/z" 7z~ final
states are not constraining. As a result, we consider 77, 4¢
and 212b/2b2¢ signatures. From Fig. | we see that the rates
for associated top production processes (4t and 2¢2b) are
very suppressed compared to either gluon fusion initiated
(2¢) or associated b-quark production (2521), both of which
reach 100s of femtobarns. In particular, the 4¢ signature
may be as large as 10s of femtobarns at low values of tan f3.
In spite of the smaller rates, since this signature is quite
spectacular, we expect that it can offer some reach in the
tan # — m, plane (see Sec. Il A). On the other hand, the
212b signature (pp — tH/A,H/A — bb) is always at
least 2 orders of magnitude smaller in rate than the
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corresponding 2b2t (pp — bbH/A,H/A — tf; note that
we differentiate between 212b and 2b21). Since we do not
expect that the reconstruction of the H/A resonance from b
quarks will bring much improved significance compared to
the reconstruction from top quarks, we will not discuss this
signature further, instead focusing on the 2bH2¢ signature in
Sec. I B.’

Note that this is a unique time to test heavy Higgs bosons
produced in association with top quarks. In fact, at the
8 TeV LHC, the corresponding ¢fH/A production cross
section is at most O(1 fb) for my = 400 GeV and low
values of tan f3, at least an order of magnitude smaller than
the cross section at the 14 TeV LHC (see the upper right
panel of Fig. 1).

III. HEAVY HIGGS SIGNALS IN HEAVY FLAVOR
FINAL STATES AT LHC14

We model signals and backgrounds using MadGraph5 [39],
interfaced with Pythia 6.4 [40] for parton showering. For
detector simulation, we modify PGS4 [41] to enable anti-kT
jet reconstruction. We generate events for the #7 back-
ground, allowing up to two additional partons in the final
state, and adopt the MLM matching scheme [42], with
xqcut = 20 GeV. We also generated W(Z) + jets, 1iW, tiZ
and four top backgrounds. As we will discuss in Sec. III B,
we generate signal and background samples with the four
flavor scheme, and we have checked that, with the specific
analyses performed, signal rates are not modified by more
than a few percent if we use the five flavor scheme. We use
SUSYHIT [43] to generate the several SUSY benchmark
scenarios m, = (400-1000) GeV, in steps of 50 GeV. At
the generator level, we impose cuts on the pr of the jets
(20 GeV) and of the leptons (20 GeV). Additionally, we
require jets and leptons to have [57;| < 4.5 and [,| < 2.5.
With these baseline cuts, the f7 background has a cross
section at next-to-leading order (NLO) of 1 nb, and the
W(Z) + jets cross section is 220 nb (70 nb)." The 11Z, iW
and four top background cross sections are much smaller:
1 pb [46], 770 fb [47] and 12 fb [48], respectively. At the
detector level, we have assumed a b-tagging efficiency
approximately flat in p; and given by 70% for || < 1.2
and 40% for 1.2 < || < 2.5. This is what we call “standard
b tagging” in Sec. III B.

In all the signal final states we study, the ¢7+ jets
background is dominant. This is because, for the 252t
and 4t single lepton [analysis (a) below] signatures, we rely

*Note that, with the analysis performed in Sec. III B for the
2b2t signature, the 2r2b signature is also included as part of
the simulation. However, we have checked that, in spite of the
relatively good acceptance, this signal amounts at most to O(5%)
of the 2b2¢ signal in the entire region of parameter space of
interest, for the optimal cuts we find in Sec. III B.

“We have included in the 77 + jets and in the W(Z) + jets cross
sections a K factor of 1.5 [44] and 1.2 [45], respectively.
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FIG. 2. Background distribution of the number of jets (left panel) and leptons (right panel) in each event. In the left panel, the fake rate
we have used is e,00 = 5 x 1073 (see Sec. IIT A). The events shown satisfy the requirement of at least one lepton and at least one
b-tagged jet. In solid green we show the W + jets background, in red the ¢7 background, in solid blue the Z + jets background, in dashed
green the /W background and in dashed blue the 77Z background. We normalize the distributions in such a way that the 77 background
integrates to 1, while the other backgrounds are normalized according to their cross section relative to 7.

on high H; and a large multiplicity of jets (as well as at
least one lepton and at least one b-tag). In the left panel of
Fig. 2, we show the distribution for the number of jets in
each event of the 7 + jets and W(Z) + jets backgrounds,
after demanding at least one lepton and at least one
b-tagged jet. The total cross section of 7 after these
requirements is 150 pb. We scale the distributions in such
a way that the #7 background (in red) is normalized to 1 and
the W(Z) + jets backgrounds (in green and blue, respec-
tively) are rescaled according to their cross section relative
to f1. As we can see from the figure, the W + jets back-
ground is rather subleading, as long as we require at least
three jets. This is similar to what has been shown in
Ref. [49], for the case of a one lepton and many jets
signature (with no b-tag requirement). In the figure for
completeness we also show the results for the 17Z and W
(in dashed blue and dashed green, respectively) even
though they are negligible.

The tf + jets background is also the dominant back-
ground for the 47, multilepton [analysis (b) below] sig-
nature, even though the exact estimation of the several
backgrounds, in particular of the 7 + jets and W(Z) + jets,
relies on the particular jet fake lepton rates adopted. In the
right panel of Fig. 2, we show the distribution for the
number of leptons in each event, after asking for at least one
b-tagged jet and at least one lepton. The fake rate we have
used is ey90 = 5 x 1073 (see Sec. III A for details). As we
can see from the figure, both the W + jets and Z + jets
backgrounds are small, as long as we require at least
three leptons. Asking for at least two b-tagged jets, as we
do in our analysis of Sec. IIl A, will further deplete the

W, Z + jets backgrounds, as compared to the 7 back-
ground. In the figure, we also show the results for the 7Z
(dashed blue) and 7W backgrounds (dashed green). As can
be seen, contrary to what was found for analysis (a), they
represent a non-negligible background. Nevertheless, 7
remains by far the dominant background.

The invariant mass of the top quark pairs can be a
relevant quantity for both the 2b2¢ and 2¢ case. Since the
top pairs in both these signal topologies arise from the
decay of the heavy Higgs bosons, a different line shape in
the invariant mass m; could, possibly, be a discriminant
from the #7 4 jets SM background, for which a continuum
distribution is expected. When analyzing both these sig-
natures, we compute the invariant mass of the top quark
pairs by first reconstructing the 4-momenta of the top
quarks using the algorithm detailed in Appendixes A and B
of Ref. [50], and summarized in the Appendix of this paper.

We now turn to analyzing each of the signatures in detail.

A. A four top signature

We begin by considering the pp — ftH/A — fitt
signature.

As discussed above, the main SM background is given
by ff + jets. Because this background is large, and the
signal cross section is rather limited, as shown in Fig. 1, we
will rely on either high jet multiplicities or multileptons to
extract the signal over the background. This suggests two
possible analysis strategies—one analysis requiring at least
one isolated lepton (either electron or muon) and at least six
high py jets (one of which must be b tagged), and a second
analysis requiring at least three leptons and three high pr
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jets (one of which is b tagged). We require that the leptons
have p% > 10 GeV, || < 2.5 and the jets (including b-
jets) have p7. > 20 GeV, |n;| < 4.5.

Analysis (a)-single lepton.—We now discuss the single
lepton plus high multiplicity jets analysis in detail. Similar
searches have been performed at the 8 TeV LHC, con-
straining strongly produced gluinos in R-parity violating
SUSY models [51], as well as pair produced sgluons [52].
In Fig. 3, we show in green the p; distributions of the
leading jet (solid lines) and of the sixth jet (dashed lines)

PHYSICAL REVIEW D 93, 075038 (2016)

from signal events of a 400 GeV heavy Higgs (upper left
panel) and of a 800 GeV heavy Higgs (upper right panel).
The corresponding distributions for the background are
overlaid in black. We use only events that pass our baseline
cuts. All distributions are normalized to 1. As observed in
the left panel, even a relatively light Higgs boson
(400 GeV) produces a more boosted spectrum for the first
six jets compared to the SM ¢7 background. This feature is
more evident for heavier Higgs bosons, as shown in the
right panel of the figure. In the lower panel of Fig. 3, we

e . = .
0.04 i1 -~ 6" jet, 400 GeV 0.041 11 ~= 6% jet, 800 GeV
ii —  1%et, 400 GeV ii —  1%et, 800 GeV
0.03 ¢ ii --  6Mjet, SM 0.03} H --  6Mjet, SM
H-: — et SM H — et SM
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FIG. 3.

(Upper panels) p distribution of the leading jet (solid lines) and of the sixth jet (dashed lines) from a signal of a heavy Higgs

with m, = 400 GeV (left panel) and with m, = 800 GeV (right panel). The distributions in black are the corresponding ones for the
SM ¢t background. (Lower panel) Hy distribution for the signal (m, = 400 GeV in green, m, = 800 GeV in red) and for the

background (in black). The distributions are normalized to one.
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TABLE 1.
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Cut flow tables for the number of events at LHC14 with 3000 fb~! data arising from a representative scenario for the 4¢

signature: my = 400 GeV and tan# = 1.5. In the tables, we sum the contributions of the scalar H and the pseudoscalar A. (Left)
Analysis (a). One lepton + multi-b-tag signature. (Right) Analysis (b). Three leptons and two b-tag signature. In the latter case three
different fake rates are used for the background: e,p9 = {€;, €5, €3} = {5 x 1073,1072,1073}.

Cuts 400 GeV ff + jets S/B S/\VB
11+ b-jets (21.3 fb) (1 ab)
Baseline 19600 5.0 x 107 3.9 %107 2.8
pr1 > 200 6200 9.5 x 10° 6.6 x 10~ 2.0
pra > 60 5200 5.6 x 10° 9.2 x 107 22
pry > 60 1900 1.2 x 10° 1.6 x 1073 1.8
Hy > 800 1700 1.0 x 10° 1.7 x 1073 1.7
N, >3 400 3.9 x 10* 1.0 x 1072 2.0
400 GeV 17+ jets S/B S/\/B
31 4 b-jets (21.3 fb) (1 ab)
€ 240 1850 0.13 5.6
€ 240 3870 0.06 3.8
€ 240 480 0.5 10.9

show the Hy distribution for the signal (m, = 400 GeV in
green, m, = 800 GeV in red) and for the background (in
black), where we have defined Hy as the scalar sum of the
pr of all jets in the event, including b-jets: Hy = > pJ. As
expected, the signal has higher Hr, especially for larger
Higgs boson masses.

Based on these considerations, we optimize our single
lepton analysis as follows. We generate signal events for
benchmarks with heavy Higgs bosons with a mass in the
range my € [400, 1000] GeV, in steps of 50 GeV. The
variables that feed into our optimization are the p; of the
leading jet (p7;), second, third and fourth jet (pr,), fifth
and sixth jet (p73), the pr of the leading lepton (p,), H7 and
the number of b-jets (N b).s We perform a six-dimensional
scan to find the cuts on these variables that maximizes the
significance S/+/B at each value of m,, while simulta-
neously requiring S/B > 1% and 5%. These two numbers
for S/B were chosen as proxies to demonstrate how well
the LHC experiments can constrain the model parameter
space given a particular handle on experimental and
theoretical systematic uncertainties. In particular, we build
a six-dimensional grid with py; in  the range
[50-300] GeV with a step size of 50 GeV, pr, 3 in the
range [20-100] GeV with a step size of 20 GeV,
pre = (20,30) GeV, Hy in the range [100-1000] GeV
with a step size of 100 GeV, and finally N, = 1, 2, 3. We
have checked that increasing the maximum in the range of
the pr of the jets and leptons does not improve the reach of
our proposed search.

5We have checked that replacing the Hy variable with mqy =
S pj+ > p4 in our optimization does not lead to stronger
constraints.

To show the impact of these cuts, in Table I(a) we show
the cut flow table corresponding to our optimal cuts for the
benchmark scenario with m, = 400 GeV and tan = 1.5.
A sizable improvement in the S/B ratio arises once we
demand at least three b-jets. In the left panel of Fig. 4, we
show the reach of our proposed search: values of tan f as
large as ~1.5 can be probed for heavy scalar masses up to
~600 GeV. The main issue that the ATLAS and CMS
collaborations will have to overcome is systematic uncer-
tainties. To show this effect, in the left panel of Fig. 4 we
compare the expected exclusion after requiring S/B = 1%
(solid blue boundary) and 5% (dashed blue boundary). As
we can see in the figure, the bound will depend strongly on
the degree to which systematic uncertainties can be reduced
in the high-luminosity runs.

Analysis (b)-multilepton.—Next we consider the con-
straints on a heavy Higgs boson when requiring at least
three leptons in addition to the jets (including b-tags).
Similar searches have been performed at the 8 TeV LHC,
such as searches for strongly produced gluinos [53]. As
shown in the right panel of Fig. 2, the main backgrounds for
this signature are {7Z and {7+ jets, where at least one jet
fakes a lepton. The ATLAS and CMS collaborations use a
data-driven approach to estimate lepton fakes in their
multilepton analyses [54,55]. Since we do not have access
to the resources needed for data-driven estimates, we adopt
the approach proposed in Ref. [56]. This method exploits
the relationship between the kinematics of a fake lepton and
that of the heavy flavor jet that produces it. In particular, we
apply to each heavy flavor jet a probability of generating a
fake lepton (e5), assumed to be a function of the jet pr,
and a transfer function [7;_,(a)], which represents a
normalized probability distribution for the fraction of the
jet momentum (/) that is inherited by the fake lepton (p?):
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(Left panel) The 4¢ exclusion limit obtained using the single lepton analysis in the m, — tan f§ plane, demanding S/B = 1%

(solid blue boundary) or 5% (dashed blue boundary). (Right panel) The 95% 4t exclusion limit obtained using the three lepton analysis
in the m, — tan § plane. The three lines represent three different choices of fake rates: €,09 = {€1, €5, €3} = {5 x 1073,1072,1073}.
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(3.2)

where a = 1 — p”/p/ is the fraction of the heavy flavor jet
momentum that is not transferred to the fake lepton, and r
parametrizes the dependence of the fake rate on the
transverse momentum of the jet.

For simplicity, we consider an efficiency independent of
the jet pJ (r;o = 1). We further set u = 0.5, based on the
expectation of a roughly equal splitting of the momentum
between the fake lepton and the neutrino produced in heavy
flavor decays. Finally, we consider values of ¢ and €,
such that we reproduce the 8 TeV CMS three lepton, > 2 b-
jet signal regions in Ref. [54]. We find that 6 = 0.1 and
€200 = 5 x 1073 gives a good fit to the data.

Applying these parameters for fake leptons, we compute
the 77 + jets and W(Z) + jets background cross sections at
the 14 TeV LHC, requiring at least three leptons, two b-jets
and three ordinary jets (including b-jets). Our results for the
number of events at the 14 TeV LHC with 3000 fb~! data
are reported in Table I(b) (row ¢ in the table). To assess the
impact of a different fake rate at LHC14, we also report our
results for two additional fake rates: e, = 1072, e5 = 1073,
In the table, we do not report the values of the W(Z) + jets

and 17W(Z) backgrounds, since these are subleading and at
least one order of magnitude smaller than the 77 back-
ground, for every choice of the fake rate e, (see also the
right panel of Fig. 2). In the right panel of Fig. 4, we present
the reach in the m, — tan  plane for these three different
choices for the fake rates €;. The reach of this proposed
search is more robust than the reach of the single lepton
search, even though it greatly depends on the lepton fake
rates ATLAS and CMS will be able to achieve at the high-
luminosity stage. In particular, for our three choices of fake
rates (€y, €5, €3), we can probe heavy Higgs bosons up to
770, 720, 820 GeV, respectively, for tanf = 1.

Quantitatively, the main difference between the three
lepton and one lepton analysis, as can be seen comparing
the two tables in Table I, is that S/B is greatly improved in
the three lepton analysis, highlighting the leading role that
systematics on the 77 background plays in limiting the reach
of the one lepton search.

In the next section, we will see that the 7 background
systematics will be even more challenging for designing a
search for heavy Higgs bosons in the 252t final state.

B. A two top, two bottom signature

We next turn to considering the 252t final state. As can
be seen from Fig. 1, compared to the 4¢ signature presented
in the previous section, the signal cross section for
pp — bbH(A), H(A) — (7 is significantly larger. At the
same time, the signal is harder to disentangle from the 7 +
jets background. This is due to a lower multiplicity of jets,
the low p7 of many of the b-jets produced in association
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with the Higgs boson, and the challenge of b tagging such
jets which are additionally produced at relatively high
pseudorapidity.

These features can be seen in Fig. 5, where the py versus
n distributions are shown, as obtained from parton level

my = 900 GeV

300

my =400 GeV

PHYSICAL REVIEW D 93, 075038 (2016)

events for the four hardest b quarks in two representative
signal scenarios (my = 900 GeV, left column, my =
400 GeV, middle column) as well as in the SM 7 + jets
background (right column). Typically the two b quarks
with lowest p; (p3, pF) are the b quarks produced in
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pr versus n distributions, as obtained from parton level events for the four hardest b quarks in two representative signal

scenarios (my = 900 GeV, left column, my = 400 GeV, middle column), as well as in the SM ¢7 background (right column).
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association with the Higgs boson. As shown in Fig. 5, these
two b quarks have low prz, and reach relatively sizable
values of pseudorapidity. In fact, we find that, almost
independent of the H/A mass, the signal efficiency at the
parton level after the simple requirement that these two b
quarks have p; larger than 20 GeV and || < 2.5 is ~15%,
emphasizing the challenge of pursuing this signature. As
shown in the top two panels of Fig. 5, the two hardest b
quarks can instead represent a better discriminant between
the signal and the background, at least for relatively heavy
Higgs bosons.

Similar to the 4¢ signature, we generate signal events for
benchmarks with heavy Higgs bosons with a mass in
the range m, € [400, 1000] GeV, in steps of 50 GeV. The
variables that enter our optimization are the p; of the
leading jet (p7;), second jet (pr,), and third and fourth jet
(pr3), the pr of the leading lepton (pr,), Hr and the
number of b-jets (N,). In particular, we build a six-
dimensional grid with py; in the range [50-300] GeV
with a step size of 50 GeV, pr, 3 in the range [20-100] GeV
with a step size of 20 GeV, pr, = (20,30) GeV, Hy in the
range [100-1000] GeV with a step size of 100 GeV and
finally N, = 1, 2, 3. We have checked that scanning over
larger values for pry, pra3, Pre» Hr, as well as including
N, =4, does not lead to a better bound on the excluded

cross section (see Fig. 7). We show the S/B versus S/v/B
resulting from this scan in the left panel of Fig. 6 for m, =
400 GeV and 15 = 6. This value of tan $ has been chosen to

ma = 400 GeV, t5 = 6, \[ s =14 TeV, 3000 fb™"

N
o o oo0
%00 Qoo

0.0 0.2 0.4 06 0.8
S/B[107%]
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maximize the pp — bbH/A, H/A — (7 cross section (see
Fig. 1). The three branches shown in the figure represent
the results of our scan, having fixed N, = 1, 2, 3, from top
to bottom. One can see that, while S/v/B can easily be
sufficiently large (> 2), S/B is, instead, typically much
smaller than what might possibly be obtained theoretically
or experimentally, where a systematic uncertainty of at least
several percent is expected. We also checked if reconstruct-
ing the 77 resonance, using the top reconstruction algorithm
outlined in the Appendix, could improve the outlook; we
found that the smearing from detector effects as well as
combinatorics implies only a small improvement (see the
Appendix for details).

One might wonder if one could better utilize the presence
of the forward and low py b-jets from the initial state to
discriminate signal from background. To do this effectively
would require increased b-tagging efficiency at higher
rapidities and smaller py. Motivated by the ATLAS
Phase-II Upgrade Scoping Document [57], we consider
a b-tagging efficiency of 70% for |n| < 2.5 and 40% for
2.5 < || < 3.7. We (very) optimistically assume that the b-
tagging efficiency is independent of pr, down to 20 GeV. In
the right panel of Fig. 6, we show the results of our scan
with this improved b-tagging efficiency, including also
N, =4 in our scan (the lowest branch in the figure).
Modifying the b-tagging efficiency does indeed improve
S/B, and in particular, allows us to obtain a reasonably
sizable signal for 4 b-jets in the events. These are the points

High n b-tag
ma =400 GeV, tg =6, 4/ s=14 TeV, 3000 fb~"!

WL NEN e o0 .®
“ee o
- o

$38341. o .
““""’ e o

Q3 !.f. o *
(7) "..‘ .
N o
. e
2 T3
1
0

00 02 04 06 08 10 12 14
S/B 1079

FIG. 6. /B versus S/+/B for the 2b2¢ signature for the benchmark scenario with ty = 6 and m, = 400 GeV. Each point corresponds
to an element of our scan, varying the cuts on the py of the jets (pr;, pr,3) and of the lepton (pr,), as well as the number of b-tags and
H (see text for details of the scan). In the left-hand panel, a standard b-tag is applied, while in the right-hand panel b tagging allowing
for higher values of 7 (3.7) is applied. The three (four) branches correspond to three (four) b-tags in the left- (right-) hand plot.
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shown with the largest S/B. However, as can be seen, this
gain is not sufficient to guarantee values of S/B at the
percent level. For this reason, we do not expect that this
search will be an efficient probe of the 2HDM (m, — tan f3)
plane, at the 14 TeV LHC with 3000 fb~! of data.

More general models could produce a larger cross section
for a resonance produced in association with b quarks and
decaying into tops, pp — bbH/A, H/A — ti. For this
reason, in Fig. 7, we show the excluded cross section with
S/B = 1% (red) and 5% (blue). The upper (solid) and lower
(dotted) bounds of each band represent our results obtained
with standard and high-yb tagging, respectively. For this
plot, we chose cuts based on our scan so as to maximize
S/+/B, with the requirement S/B > 1% (inred), S/B > 5%
(in blue). For comparison, the dot-dashed black curve shows
the cross section for pp — bbH/A, H/A — i in the
7-phobic scenario, having fixed 75 = 6, to maximize the
cross section. As can easily be seen, the large systematic
uncertainties do not allow one to put meaningful constraints
on the heavy Higgs in the 252¢ channel.

Two comments are in order: the b tagging at higher
values of 7 allows us to probe cross sections up to a factor
of 2 smaller than the standard b tagging. In addition, in
the optimistic scenario in which the LHC collaborations
will be able to reduce systematics to the level of S/B ~ 1%
in the high-luminosity runs, cross sections one order of
magnitude larger than the cross sections of our z-phobic
scenario can be probed.

4
10 S8 - 5 — Original b-tag 1

°

----- High n b-tag

1000 ¢

Oexal. [fb]

100 ¢

10 |

400 500 600 700 800 900
my [GeV]

FIG. 7. Excluded cross section as a function of m, with S/B =
1% (red) and 5% (blue). The upper (solid) and lower (dotted)
bounds of each band represent our results obtained with the
standard and high-nb tagging, respectively. The dot-dashed black
curve shows the cross section for pp — bbH/A, H/A — fTin the
7-phobic scenario, having fixed 5 = 6.
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C. Top resonance searches

The case of the 2 signature is fundamentally different in
nature from the previous two signatures discussed. In
particular, the interference between the SM QCD produc-
tion and resonant ¢7 production from A, H is fundamentally
important. This was calculated first in Ref. [58] and has
been revisited recently in Ref. [24,59]. This interference
gives rise to a distinctive peak and dip structure that one
may hope to be able to use to observe the presence of a
heavy scalar or pseudoscalar resonance. Reference [59]
utilizes the current 8 TeV 7 searches to project LHC14
reach, having only the total deficit in #7 production due to an
almost pure-dip structure from the interference. It has been
shown that sensitivity may be obtained for deficits of order
of 10s of femtobarns for Higgs boson masses less than
1 TeV with 3000 fb~! of data. Reference [24], instead,
shows that, for the case where both a peak and a dip is
present, detector effects will in all likelihood wash out this
structure so as to make it very difficult to disentangle from
the SM background. The analysis carried out in Ref. [24]
relied on a smearing function that was obtained by
simulating SM (only) events both at the parton level and
after showering and detector simulation; no signal events
were utilized to obtain the smearing function.

We refine this analysis by implementing for the first time
in a Monte Carlo tool, MadGraph, the scalar/pseudoscalar
interference with the QCD background. This allows us to
take into account efficiencies for the signal and background
when fully interfered first at parton level, then showered.
Detector effects were applied to the combined signal and
background events. This procedure when applied to the
fully interfered sample was numerically very intensive,
given the small size of the interference in comparison to the
background. It does give us confidence, however, that we
have fully taken into account the detector and f7
reconstruction effects on the fully hadronized sample.

We first validated our parton level simulation by veri-
fying that the parton level events reproduce cross sections
in agreement with the theoretical expectation (see Figs. 2
and 3 in Ref. [58]), with either one of A/H or both together
as expected in a MSSM scenario. This can be seen from the
invariant mass distribution shown in Fig. 8, which we
obtain using 1M parton level events each for the SM
continuum (black solid line), scalar H (dotted blue line,
my = 420 GeV) and pseudoscalar A (dashed green line,
my = 400 GeV) separately interfered with the SM back-
ground. We also show a typical MSSM scenario with
my = 400 GeV (solid red line), where the heavy scalar H
will be split slightly in mass from A at low values of tan j
(taking a representative value of my = 420 GeV). We fix
tan # = 1, so that H and A couple to the top quarks with a
strength given by the top Yukawa. The expected dip and
peak structure can be clearly seen in both the H and A
interference separately. The slight offset in the masses
between A and H for the MSSM leads to a diminishing of
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FIG. 8. The parton level invariant mass distribution for top

pairs. The continuum SM background is shown in black solid, the
interference between the pseudoscalar (M, = 400 GeV) only
and the SM background in green dashed, the interference
between the scalar only (My = 420 GeV) and the SM back-
ground in blue dotted, and the SM background interfering with
both the scalar and pseudoscalar in red solid. tan f is fixed to 1.

the dip structure observed in the red solid line, obtained
summing up the pseudoscalar and scalar contributions.
The situation changes rather seriously once the tops are
decayed, jets are showered and smearing due to detector
effects is taken into account. The tops are reconstructed
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FIG. 9.
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using the method outlined in the Appendix. The resulting
distribution for the invariant mass of the two tops is shown in
the left-hand panel of Fig. 9 for a pseudoscalar with a mass of
400 GeV interfering with the SM background (in red). The 17
background is also shown in the figure (green solid line). For
the plot, we generated 30M parton level events for signal and
background. These substantial statistics are needed, since,
after showering, detector simulation and top reconstruction
less than a million events are left for the signal and back-
ground and differences between signal and background are
only at the percent level. One can see that even without the
presence of the H, which diminishes the peak-dip structure
when split in mass from A, the interference with a 400 GeV
Higgs (which has the largest signal) is barely distinguishable
from the SM only case. In the right-hand panel of Fig. 9, we
show S/B as a function of Amg;, where S indicates the
difference of the number of events of signal plus background
(including interference) and the number of events of the
pure background. Am; defines the width of the bin:
mg = Amg/2, where my, is fixed to ~360 GeV to maximize
S/B. As we can see from the figure, typically S/B is on the
order of (3-4)%. We conclude, therefore, that the shape of
the m; distribution must be very well known before any
conclusion could be drawn about the presence of additional
Higgs bosons. In particular systematics would have to be
very tightly controlled, which seems difficult at the level
required. Even though the scale uncertainties in the SM only
background and the signal interference approximately
cancel when taking the ratio of the two, it was shown
recently that NLO QCD effects can easily be of the order of
~5% [60]. It will be interesting to see if more precise
theoretical studies will be able to bring this uncertainty on
the m,; distribution at the needed level in the future.

0.044 ¢

0.042 1

S/B

0.040 1

0.038 1

0.036 1

20 40 60 80
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(Left panel) m; probability distribution for the SM background (green) and SM background interfered signal for

my = 400 GeV, after showering, detector effects and top reconstruction have been applied. The distinctive peak-dip structure visible
in Fig. 8 is washed out. (Right panel) S/B as a function of the bin width Am.
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To conclude, the interference between pp — H/A — ti
and the SM background strongly suggests that it will be
quite challenging to set bounds on the m, — tan plane
using a tf resonance search. The bounds will be much
weaker than those extracted neglecting the interference
effects and using LHC f7 resonance searches performed
either in the past or in the future to look for new gauge
bosons decaying into two tops, Z' — tf (see, for exam-
ple, Ref. [38]).

IV. CONCLUSIONS

We have studied prospects for the high-luminosity LHC
to probe heavy Higgs bosons via heavy flavor final states,
focusing on the 4¢, 202t and (7 signatures. These multitop/
multibottom final states are particularly interesting, since
they are the ones with a sizable rate in type II two Higgs
doublet models in the (almost) alignment limit, as
demanded by the SM-like properties of the discovered
125 GeV Higgs boson, for heavy Higgs bosons above the 17
threshold, m, 2 350 GeV and for moderate/small values of
tan f to which the present LHC heavy Higgs searches are
not sensitive [see the blue and red regions in Fig. 10 for the
present LHC bounds on the (m, — tan ) plane].

Focusing on the z-phobic MSSM scenario, we found
that, at the high-luminosity LHC, the 4t signature arising
from pp — titH/A, A/H — (i is promising for con-
straining heavy Higgs bosons with masses up to
~750 GeV, having a coupling to the top quarks which
is the same as the SM top Yukawa. In particular, for this
signature, we compared the constraints from a single lepton
plus multi-(b) jet signature [analysis (a), see the shaded
green regions in Fig. 10] and from a multilepton [analysis
(b) signature, see the shaded orange regions in Fig. 10]. For
the single lepton signature, the main challenge is the small
signal-to-background ratio S/B: if the LHC will be able to
reduce the systematic uncertainties to the level of
S/B ~ 1%, Higgs bosons as heavy as 750 GeV could be
probed (again, if they couple to tops with a strength given
by the SM top Yukawa). The reach completely degrades for
S/B = 5%, for which heavy Higgs bosons could be probed
only if they couple to tops with strength ~1.3 times larger
than the SM top Yukawa. By contrast, we found that the
multilepton analysis is not limited by small values of S/B,
but will strongly depend on the specific fake rate efficien-
cies the LHC will be able to achieve. For fake rates similar
to the ones at the 8 TeV LHC, heavy Higgses up to
~750 GeV with a SM top Yukawa coupling could be
probed.

Unfortunately, both the 2b2¢t and 7 signatures are
dwarfed by the large 7 background, and it will be hard
for them to offer a meaningful reach in the m, —tanf
plane. In particular, for the 262¢ signature, even when large
enough S/+/B is obtained, S/B is never as large as the few
percent needed to overcome systematic uncertainties. This
is due to the fact that, in spite of O(100) fb cross sections
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FIG. 10. Summary plot of the present bounds on heavy Higgs
bosons at large values of tanf (red and blue regions from
Ref. [17]) and of the expected bounds at low values of tanf
at the high-luminosity LHC14 (green and orange regions)
from the 4t channel. The green and orange regions refer to
our proposed analysis (a) and analysis (b), respectively. See
Sec. II A for more details. We interpret all bounds in terms of the
7-phobic MSSM scenario.

for my = 400 GeV, this signature is very similar to the 77
background: the two b quarks produced in association with
the Higgs boson have a low p; and a relatively sizable
value of the pseudorapidity. We showed that, utilizing a
higher b-tagging efficiency at large rapidity, as envisioned
for the Phase-II Upgrade, we will be able to set constraints
on cross sections a factor of a few smaller. Nevertheless, a
more forward b tagging will not be able to overcome the
small S/B ratio predicted by type II two Higgs doublet
models.

The f7 signature also appears to offer, at first sight, good
prospects for probing heavy Higgs bosons, due to relatively
large cross sections of the order of a few picobarns for
my = 400 GeV. However, interference effects between the
signal and the r7 background seriously weaken the pros-
pects of probing such heavy Higgs bosons, if the couplings
are smaller than the top Yukawa coupling. To have
prospects for setting bounds in the m, — tan § plane, one
will need to handle uncertainties on the 77 background at the
percent level or better.

The 4t signature does, however, represent a genuine
opportunity to constrain two Higgs doublet models in the
wedge in the m, — tan f plane at low tan # and above the ¢7
threshold, where other searches are expected to be highly
inefficient. We hope the LHC experiments will explore
these signatures further.
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APPENDIX: TOP RECONSTRUCTION

The top reconstruction method we utilize follows
Ref. [50]. In order to obtain an accurate top reconstruction,

0.004

PHYSICAL REVIEW D 93, 075038 (2016)

the jet energies, mass, py and # that feed into the top
reconstruction method must be corrected for detector
effects. This was accomplished by means of a pseudoex-
periment, generating SM dijet events following
Appendix la in Ref. [61]. For the 14 TeV LHC, we
obtained the following jet energy correction:

Apr AE 1681 +683p5,  Am
Pry,  Eobs \/ PzrobSCOShznobs + mgbs Mobs (A1)

An =0,

— s = 600 GeV 0.0035! ma=1TeV .
— SM — SM
0.0030¢}
0.003¢
0.0025¢
0002l 0.0020}
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FIG. 11.

(Upper panels) The probability distribution of the invariant mass of the reconstructed top pairs. Red, SM background; blue,

signal events; left panel, m, = 600 GeV; right panel, m, = 1 TeV. Optimized cuts are imposed on both the SM background and the
signal events before top reconstruction. (Lower panel) The probability distribution for the invariant mass for the top pair reconstruction

for SM events, without imposing any cuts.
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where m is a jet mass and all numbers are given in GeV.
The corresponding variance of the jet energy and angular
parameters were found to be

2.7 1.06
Irr 0036 + - .
V pTobs

D1y, V/ PT s

The procedure we utilize for top reconstruction is
detailed in Appendixes A and B of Ref. [50]. In particular,
we find the missing neutrino momentum and fix combina-
torics by minimizing the y? of our overconstrained system
(for the definition of the y?, see Appendixes A and B of
Ref. [50]). In the process of minimization over the missing
neutrino momentum, we take into account the corrections
to the jets in the PGS events using the functions given in
Eq. (Al). The variances given in Eq. (A2) are used as
uncertainties in the measurement of the jet energies and
angular resolution. We verified that the y? distribution of
the reconstructed top events is good, and reproduces well
previous analyses utilizing the same method.

We find that, despite the excellent performance of the top
reconstruction algorithm employed, the invariant mass of
the top pairs thus reconstructed did not give a very efficient
discriminant between the signal and the background for the
2b2t case. For each value of my,, we optimized the cuts as
detailed in Sec. III B. Events passing these cuts, both for the
SM ¢f background and the signal, are fed into the top
reconstruction algorithm. We find that the kinematic cuts
employed in our analyses are very efficient, so much so that
the top reconstruction employed on these events is unable
to discriminate signal over background efficiently. This can
be seen from the sample distributions shown in Fig. 11 both

(A2)
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TABLE II. Impact of top reconstruction on signal discrimina-
tion. The listed cross section corresponds to 73 = 6 in the z-
phobic scenario for two heavy Higgs masses: my, = 600 GeV
and 1 TeV. The given S/v/B and S/B are computed after
exemplary optimized cuts, assuming 3000 fb~! of data at
LHCI4. ¢, /5 and €5/ denote the impact of top reconstruction
(requiring m,; be within 50 GeV of m,) on §/+/B and S/B. The
precise centering of the interval for the computation of the ¢ has
not been optimized in the above, but it was checked that these
numbers are representative of the change in efficiencies.

After cuts With top reconstruction
my o [fb] S/VB S/B €5/ VB €s/p
600 GeV 49 1.2 9x107 04 14
1 TeV 4 02 3x107 0.5 3

for my = 600 GeV (left panel) and my = 1 TeV (right
panel) and for the SM f7 + jets background (in blue). The
distributions of the 77 + jets background in the left and right
panels are obtained applying a set of optimized cuts for
S/+/B corresponding to these masses (1, = 600 GeV and
my = 1 TeV, respectively). The changes in efficiency due
to top reconstruction are shown in Table II. As can be seen
from these numbers (and is visually apparent from Fig. 11),
top reconstruction does not increase S/ \/E However, there
may be some increase in S/B (up to a factor of a few) for
masses of the order of O(1) TeV, at the cost of reduc-
ing S/ V/B.

For reference, the invariant mass distribution for the SM
background, without imposing any cuts, is shown in the
lower panel of Fig. 11.
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