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Abstract We discuss the production of a heavy neutral
Higgs boson of a CP-conserving two-Higgs-doublet model
in gluon fusion and its decay into a four-fermion final state,
gg(→ VV ) → e+e−μ+μ−/e+e−νl ν̄l . We investigate the
interference contributions to invariant mass distributions of
the four-fermion final state and other relevant kinematical
observables. The relative importance of the different contri-
butions is quantified for the process in the on-shell approxi-
mation, gg → Z Z . We show that interferences of the heavy
Higgs with the light Higgs boson and background contribu-
tions are essential for a correct description of the differential
cross section. Even though they contribute belowO(10 %) to
those heavy Higgs signal cross sections, to which the exper-
iments at the Large Hadron Collider were sensitive in its
first run, we find that they are sizable in certain regions of
the parameter space that are relevant for future heavy Higgs
boson searches. In fact, the interference contributions can sig-
nificantly enhance the experimental sensitivity to the heavy
Higgs boson.

1 Introduction

The two multi-purpose experiments ATLAS and CMS at the
CERN Large Hadron Collider (LHC) discovered in 2012
a scalar resonance at 125 GeV [1,2], which is compatible
with a Standard Model (SM) Higgs boson. Even though its
couplings are – to the precision obtained so far – in agree-
ment with the SM expectations, it can well be embedded in
an extended Higgs sector like a two-Higgs-doublet model
(2HDM).
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The main production mechanism for a SM-like Higgs
boson h is gluon fusion [3], for which a large amount
of higher-order corrections in quantum chromodynamics
(QCD) [4–11] are known. Recently the combined scale and
PDF+αs uncertainties, see e.g. Refs. [12–14], were reduced
to belowO(10) %. Of particular importance for the discovery
of the new particle and the subsequent investigations of its
mass and couplings were the decays into heavy gauge bosons
h → VV with V ∈ {W, Z}, which appear to be of relevance
also for off-shell Higgs bosons [15] (see also Ref. [16] for an
investigation of off-shell contributions at a linear collider and
the LHC). Given the small theory uncertainties and because
of their importance for the unitarization of the process, inter-
ference effects between the off-shell Higgs boson and the
continuum background in gg → h∗ → VV were studied for
leptonic decays in Refs. [17–30]. The semileptonic process,
where interferences with tree-level background diagrams
occur, was recently discussed for the first time [31]. Whereas
for the processes gg → hh, gg → hZ and gg → γ γ next-
to-leading order (NLO) QCD contributions have been known
for quite some time [32–34], the calculation of background
contributions to gg → VV for off-shell gauge bosons in the
limit of massless quarks at NLO QCD became available just
very recently [35–38]. For the mentioned signal–background
interference approximate higher order contributions using a
soft-collinear approximation for a heavy Higgs boson [29]
and applying soft-gluon resummation for an off-shell light
Higgs boson [30] were previously available.

We discuss gg → (VV ) → e+e−μ+μ−/e+e−νl ν̄l at
LO QCD in the context of a CP-conserving 2HDM, see
Refs. [39–44] for 2HDM reviews. We furthermore assume
the absence of tree-level flavor-changing neutral currents.
The Higgs sector of the CP-conserving 2HDM consists of
three Higgs bosons φi , i ∈ {1, 2, 3}, namely two CP-even
Higgs bosons h, H with masses mh < mH and one CP-odd
Higgs boson A. According to the structure of the Yukawa
couplings four types of 2HDMs are distinguished, where for
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our purposes only two types are of relevance, namely those
with different couplings of the two Higgs doublets to up- and
down-type quarks. The process gg → VV was only very
recently discussed in the context of a 2HDM [45], following
a discussion of gg → t t̄ [46]. In contrast, for the similar pro-
cesses gg → φiφ j [47] and gg → Zφi [48] in the 2HDM
even higher order effects were partially included. The process
gg → VV was recently extensively discussed in the context
of the SM with an additional real singlet [49,50], and also the
vector-boson fusion process was considered in Ref. [51]. The
extension of the SM by a real singlet can be characterized by
a single angle which multiplies all Higgs couplings to quarks,
leptons, and gauge bosons with a universal factor. Accord-
ingly the phenomenology of the 2HDM is more rich, since
in the 2HDM in particular the couplings of the two CP-even
Higgs bosons to quarks and to gauge bosons are modified
differently.

The interference contributions to the process gg →
(VV ) → e+e−μ+μ−/e+e−νl ν̄l , within the 2HDM, which
we study in the present paper, are of interest for several rea-
sons. The interference contributions of the heavy Higgs with
the light Higgs and the background are crucial for the uni-
tarization of the process. The related effects are particularly
important for high invariant masses of the gauge bosons, i.e.
at high energies of the hard scattering process. In general, the
interference effects need to be well understood in order to
obtain a sufficiently accurate prediction for the process. Fur-
thermore, interference effects are of interest since they can
potentially enhance the sensitivity to the signal of a heavy
Higgs boson. All those aspects are addressed in our analysis
below.

We make use of GoSam [52,53] to discuss the processes
gg → e+e−μ+μ− and e+e−νl ν̄l (including all three neu-
trino flavors). For a study of the relevance of interference con-
tributions we also consider the case where the first process
is approximated by the on-shell production of two Z boson,
gg → Z Z (and the subsequent decays of the Z bosons).
We added its amplitudes for this process to a modified
version [54] of vh@nnlo [55], which has been linked to
2HDMC [56].

The LHC experiments recently presented results for a
heavy Higgs search with subsequent decay into heavy gauge
bosons in Refs. [57,58]. The ATLAS experiment also pro-
vided an interpretation in terms of the 2HDM, neglecting pos-
sible interferences between the heavy Higgs signal and the
background as well as with the contribution of the light Higgs
boson. The CMS experiment took into account a rescaled
interference from the SM case of a heavy Higgs boson.
Neglecting the interference contributions involving the heavy
Higgs boson and employing the narrow-width approxima-
tion (NWA) for the heavy Higgs boson, gg → H → VV ,
has of course the advantage that all known QCD and elec-
troweak corrections for gluon fusion and the decay into

heavy quarks as implemented in codes like SusHi [59]
or Prophecy4F [60,61] can be taken into account. In
our analysis of the interference contributions to the process
gg → (VV ) → e+e−μ+μ−/e+e−νl ν̄l we find that neglect-
ing the interference contributions of the heavy Higgs boson
with the background and the light Higgs boson in the ATLAS
analysis has indeed been justified in view of the experimental
sensitivity that has been reached in the first run of the LHC.
On the other hand, we find that these interference contribu-
tions will be of relevance for high integrated luminosities at
the LHC.

With respect to the interference contributions involv-
ing the heavy Higgs boson it is obviously important to
ensure that the cross section into heavy gauge bosons is
correctly unitarized, in particular at high invariant masses
of the gauge boson system. In case interferences involving
the heavy Higgs boson are neglected the light Higgs boson
and its interference with the background has to have SM-
like Higgs boson couplings. For the pure signal strength
of a heavy Higgs boson Ref. [45] suggests to use a multi-
plicative factor covering the interference effects in the con-
text of a 2HDM. We find it preferable to take into account
all interferences of the light Higgs boson, the heavy Higgs
boson and the background consistently in the setup of a
2HDM in order to describe the cross section at high invari-
ant masses accurately, as done in the present paper. We find
that in the vicinity of the heavy Higgs boson mass peak the
role of interferences is essential since they simultaneously
alter the form and the position of the heavy Higgs boson
mass peak. We furthermore show that in certain regions of
the parameter space the interferences of the heavy Higgs
boson with the light Higgs boson and the background sig-
nificantly enhance the heavy Higgs boson signal and thus
increase the experimental sensitivity in heavy Higgs boson
searches.

The paper is organized as follows: We explain the theoret-
ical background in Sect. 2 starting with a short introduction
to the two-Higgs-doublet model and providing the details of
our cross section calculations for the processes under con-
sideration. In Sect. 3 we discuss the 2HDM scenarios that
we consider in our study, and briefly describe the employed
selection cuts. Lastly, we present our numerical results in
Sect. 4 and conclude in Sect. 5.

2 Theoretical background

In this section we first discuss the basics of the two-Higgs-
doublet model (2HDM) and afterwards describe our imple-
mentation of the processes gg → Z Z and gg → e+e−
μ+μ−/e+e−νl ν̄l with the help of FeynArts, FormCalc
and GoSam.
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Table 1 Relative couplings gφ
f

(with respect to the SM
coupling) for the two 2HDM
types

Model ghu ghd gHu gHd

Type I cos α/sin β cos α/sin β sin α/sin β sin α/sin β

Type II cos α/sin β − sin α/cos β sin α/sin β cos α/cos β

2.1 Two-Higgs-doublet model

The 2HDM contains two Higgs doublets, which we name
H1 and H2. It can conveniently be classified in four types if
one demands the absence of tree-level flavor-changing neu-
tral currents and furthermore assumes CP conservation. By
convention, the up-type quarks couple to H2, such that the
couplings to the down-type quarks and to the leptons can
either be through H1 or H2, which corresponds to the four
different types. For details we refer to Refs. [39–44]. Since
our studies are not sensitive to the coupling of the Higgs
bosons to leptons, it is sufficient to restrict our discussion to
the two types I and II. The two Higgs doublets form one CP-
odd field A and two CP-even Higgs fields h and H due to CP
conservation, as well as two charged Higgs bosons H±. The
2HDM can be described in different basis representations.
We make use of the “physical basis”, in which the masses of
all physical Higgs bosons, the ratio of the vacuum expecta-
tion values tβ := tan β = v2/v1 and the Higgs mixing angle
in the CP-even sector α, or alternatively sβ−α := sin(β −α),
are taken as input parameters. Together with the mass term
m2

12 of both Higgs bosons H†
1 H2 all parameters of the Higgs

sector of a 2HDM are fixed. We choose β − α in between
−π/2 ≤ β − α ≤ π/2, such that −1 ≤ sβ−α ≤ 1 and
0 ≤ cβ−α ≤ 1. Our scenarios are thus specified by the two
angles α and β, which completely determine the relative cou-
plings (with respect to the couplings of a SM Higgs boson)
of the light and the heavy Higgs boson to quarks and the
heavy gauge boson. They are provided in Eq. (1) and Table 1
(together with Eq. (2) for a decomposition in terms of β − α

and β). Moreover, our analysis is sensitive to mh and mH ,
whereas it is rather insensitive to the mass of the pseudoscalar
mA and the heavy charged Higgs boson mass mH± , as long
as they are heavy enough not to open decay modes of the
heavy Higgs H into them and as long as the decay mode
H → hh is sub-dominant. If the latter condition is fulfilled,
also the dependence on the mass term m2

12 can be neglected.
The Higgs boson couplings to the gauge bosons V ∈

{W, Z} relative to the SM are given by

ghV = sin(β − α) =: sβ−α, gHV = cos(β − α) =: cβ−α.

(1)

The pseudoscalar has no lowest-order couplings to a pair of
gauge bosons. It can in principle contribute to the considered
processes with four fermions in the final state. Because of
the suppression of the Yukawa couplings to leptons, how-

ever, these contributions are very small, and thus diagrams
involving the pseudoscalar are not of relevance for our dis-
cussion. The relative couplings of the heavy Higgs boson to
bottom quarks and top quarks, which are of particular rele-
vance for our discussion, are given by

gHt = sin α

sin β
= −sβ−α

1

tβ
+ cβ−α,

Type I: gHb = sin α

sin β
= −sβ−α

1

tβ
+ cβ−α,

Type II: gHb = cos α

cos β
= sβ−αtβ + cβ−α. (2)

In the decoupling limit, |sβ−α| → 1, the light Higgs boson
h couples to the gauge bosons with the same strength as the
SM Higgs boson. In contrast, the more SM-like the cou-
pling of the light Higgs boson to gauge bosons is, the more
suppressed is the coupling of the heavy Higgs boson gHV to
gauge bosons, as a consequence of the well-known sum rule
(ghV )2 + (gHV )2 = 1. Accordingly, for a 2HDM with a SM-
like Higgs boson h at 125 GeV the signal for the production
of the heavier Higgs H in gg → H → VV will necessarily
be rather weak.

For a suppressed signal of this kind interference effects
can be important, both with the off-shell light Higgs boson
contribution as well as with the background diagrams. Our
analysis will quantify these effects for different final states
as a function of sβ−α , tβ as well as the employed Higgs mass
mH . In the context of interference effects obviously also the
width, �H , is an important quantity. In our analysis �H is
not treated as a free parameter, but it is calculated from the
other 2HDM parameters with the help of 2HDMC.

2.2 Details of the calculation

We briefly describe here the calculations that we have
carried out for the process with two on-shell Z bosons,
gg → Z Z , and for the full process with four fermions in
the final state, gg → e+e−μ+μ−, gg → e+e−νμν̄μ and
gg → e+e−νeν̄e. Our implementation of gg → Z Z within
vh@nnlo was generated with the help of FeynArts [62]
and FormCalc [63], see the diagrams in Fig. 1. The imple-
mentation links to LoopTools [63] for the calculation of
the employed one-loop Feynman integrals and to2HDMC [56]
for the calculation of the Higgs boson widths �h and �H .
In comparison to our treatment of the full process, see
below, we employ additional approximations for the process
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Fig. 1 Feynman diagrams for gg → Z Z
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Fig. 2 Sample Feynman diagrams for double resonant W, Z contributions, i.e. where the final state leptons directly come from the decay of massive
gauge bosons

gg → Z Z , for which we investigate the different interfer-
ence contributions. In particular, we do not take into account
the top-quark contribution to the box diagrams in gg → Z Z ,
see Fig. 1c, even though they are of relevance for large invari-
ant masses of the gauge bosons above 2mt . However, the
top-quark contribution to those diagrams does not add new
features to our qualitative discussion of interference effects in
Sect. 4.2. We treat the remaining five quarks massless in con-
trast to our GoSam implementation, which includes all six
quarks with finite top- and bottom-quark masses, see below.
The triangle diagrams with an intermediate light or heavy
Higgs boson, see Fig. 1a, b, take into account the massive
top-quark and bottom-quark contributions.

The amplitudes for the processes gg → e+e−μ+μ−,
gg → e+e−νμν̄μ and gg → e+e−νeν̄e have been gener-
ated with GoSam [52,53]. GoSam is a publicly available
tool for the automated generation of one-loop amplitudes
within and beyond the Standard Model. It is based on a
Feynman diagrammatic approach, where the Feynman dia-
grams are first generated withQGraf [64] andForm [65,66],
and Spinney [67], Haggies [68] and Form are used
to write an optimized Fortran output. For the reduction of
the tensor integrals there are several options available. We
used Ninja [69–71], an automated package for integrand
reduction via Laurent expansion. Alternatively one can use

other reduction techniques such as integrand reduction in
the OPP method [72–74] as implemented in Samurai [75]
or methods of tensor integral reduction as implemented in
Golem95 [76–79]. The resulting scalar integrals are evalu-
ated using OneLOop [80].
In this case the implementation of a 2HDM model in GoSam
requires only the implementation of a second Higgs boson,
while leaving the relative couplings gh,H

f and gh,H
V as free

parameters, which can be modified according to the specific
parameters that are considered. Our discussion including the
different decay channels of the intermediate vector bosons
considers final states with four leptons, namely

gg → e+e−μ+μ−, gg → e+e−νμ/τ ν̄μ/τ ,

gg → e+e−νeν̄e , (3)

where we have to sum over all possible intermediate con-
figurations leading to the given final state. This particularly
means that depending on the subprocess, also intermediate
W bosons as well as non-resonant contributions and pho-
ton exchange have to be taken into account. In Fig. 2 we
show a few sample diagrams that contribute to a resonant
decay of the massive gauge bosons, either for the actual sig-
nal (including a Higgs boson) or to the background (without
an intermediate Higgs boson exchange).
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Fig. 3 Sample Feynman diagrams for single- and non-resonant W, Z contributions for the subprocesses under consideration

In Fig. 3 we show a few sample diagrams for single- or
non-resonantW, Z contributions to the same four lepton final
states. These types of contributions make it necessary to
impose certain cuts on the final state leptons to render the
cross section finite, see below.

For the box diagrams, see e.g. Fig. 2d, e, we take into
account all six quark flavors, where the first four are consid-
ered to be massless. For diagrams involving a Higgs cou-
pling to quarks only top and bottom quarks are of rele-
vance, since lighter quark contributions are suppressed by
their small Yukawa couplings. For the numerical integration
over the four particle phase space we have combined the
GoSam amplitudes with the integration routines provided by
MadEvent [81,82].

It is well known that the calculation of processes includ-
ing internal Higgs bosons, in particular if one includes higher
orders, needs a gauge-invariant formulation of the Higgs
boson propagator. Since we are working at LO QCD only,
a simplistic Breit–Wigner propagator is sufficient for all our
purposes.

We checked our modified vh@nnlo and our GoSam
implementations against each other for gg → Z Z at the
amplitude level and reproduced parts of the results presented
in Ref. [50] for the four leptonic final state within the numer-
ical uncertainties.

While for the purpose of brevity of our presentation we
do not give explicit analytical results for the final states with
four fermions, we refer the reader to Ref. [18] for the helic-
ity amplitudes of gg → Z Z (taking into account the cor-
rection described in Ref. [45]). The amplitudes given for
the SM can individually be translated to the 2HDM case by
multiplying them with effective couplings of Higgs bosons
to fermions and gauge bosons. The split in longitudinally
and transversely polarized final state Z bosons is instructive,
since the relative fraction of longitudinal Z bosons rises with
increasing invariant masses of the two Z bosons. This rise
also explains the relevance of the top-quark contribution for
the background amplitudes involving longitudinal Z bosons,
since they are proportional to m2

t . We focus in the following
on our numerical analysis in order to discuss the dependences
on all relevant 2HDM parameters. For a discussion of some of
the qualitative features in terms of contributions from real and
imaginary parts to the interferences we also refer to Ref. [45].

In our numerical analysis below we will first study the full
process with four fermions in the final state generated with
GoSam in order to discuss the experimental sensitivities in
terms of the relevant distributions. In a second step we will
focus on the on-shell approximation for two Z bosons, i.e.
the simplified process gg → Z Z , in order to quantify the
relevance of interference contributions.

3 Parameter choice and selection cuts

We consider five benchmark scenarios to cover different
aspects of a heavy Higgs boson in the phenomenology of
a 2HDM. The scenarios yield sufficiently high event rates
for the heavy Higgs boson to be potentially observable at the
LHC at least at very high integrated luminosities. We also
vary certain parameters of the scenarios in order to discuss
the relevance of the interference of the heavy Higgs signal
with the light Higgs boson and the background. All scenarios
include a light Higgs boson with mass mh = 125 GeV. We
keep the couplings of the light Higgs close to the ones of the
SM Higgs by a proper choice of tβ and sβ−α . The masses
(and widths) of quarks and gauge bosons are set to

mt = 172.3 GeV, mb(mb) = 4.16 GeV,

mz = 91.1876 GeV, mw = 80.398 GeV, (4)

�z = 2.4952 GeV, �w = 2.085 GeV.

To keep our calculation simple, we work with the MS bottom-
quark mass as input to the bottom-Yukawa coupling as well
as to internal propagators. Note that in all cases we choose the
masses of the pseudoscalar A and the charged Higgs boson
H± heavy enough not to open decay modes of the heavy
Higgs boson H into them. The corresponding width of the
heavy Higgs boson �H is obtained with2HDMC. The detailed
settings of the scenarios are presented in Table 2.

Scenario S1 is a standard 2HDM scenario of type II, sim-
ilarly to S2. Both have a large value of |sβ−α| close to 1,
such that the coupling of the heavy Higgs to gauge bosons
proportional to cβ−α is small. They in particular differ in the
choice of the heavy Higgs mass mH . Scenario S1 is inspired
by the ATLAS analysis carried out in Ref. [58], where we
want to discuss the relevance of interferences for the per-
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Table 2 2HDM scenarios
considered in our analysis Scenario 2HDM type tβ sβ−α mH (GeV) �H (GeV)

S1 II 2 −0.995 200 0.0277

S2 II 1 0.990 400 3.605

S3 I 5 0.950 400 2.541

S4 I 5 0.96695 200 0.0882

S5 II 20 0.990 400 5.120

formed experimental searches in the previous LHC run at√
s = 8 TeV.
Scenario S3 is of type I, where larger values of cβ−α are

still compatible with data, see Ref. [83]. The last two scenar-
ios S4 and S5 are such that particularly large interferences
are possible either between the heavy Higgs boson signal and
the light Higgs boson or the background. Potentially large
interference effects can occur for values of sβ−α where the
top- (and bottom-quark) Yukawa coupling gHt (and gHb ) for
the heavy Higgs boson in a 2HDM of type II (or I) are sup-
pressed. Another possibility is a relatively large value of tβ ,
which increases the relevance of the bottom-quark Yukawa
coupling gHb for the heavy Higgs boson in a 2HDM of type II.
A general difference between scenarios S2, S3, and S5 and
scenarios S1 and S4 is also the heavy Higgs boson mass. The
latter is once above and once below the top threshold 2mt . For
mH > 2mt on the one hand the decay mode H → t t̄ opens
and on the other hand also an imaginary part of the ampli-
tude gg → H → VV is induced through the top-quark loop,
which is of importance for interferences, see also Ref. [45].

For completeness we also investigated a “flipped Yukawa”
scenario, see e.g. Refs. [83–85], where the relative bottom
Yukawa coupling of the light Higgs is ghb = −1. Such a sce-
nario makes it possible to have a relatively large value for
cβ−α and thus a large coupling of the heavy Higgs boson
to gauge bosons keeping the light Higgs compatible with
experimental bounds. However, in the processes under con-
sideration it does not provide new features with respect to
the other five scenarios and is thus not listed separately.

Our studies are generally carried out for the LHC with
a center-of-mass energy of

√
s = 13 TeV, except for sce-

nario S1 which is investigated both at 8 and 13 TeV. The role
of interference effects is a bit less pronounced at 7/8 TeV
compared to 13 TeV. We make use of CT10nnlo [86] as
PDF set for the gluon luminosities. Since our calculations
are purely performed at LO, the renormalization scale depen-
dence enters through the strong coupling αs only, which we
take from the employed PDF set. We choose the renormal-
ization and factorization scale to be dynamical, namely half
of the invariant mass of the gauge boson system μR = μF =
mVV /2, i.e. μR = μF = m4l/2 in the case of the four lep-
tonic final states. Since the Gram determinants of the box
diagrams, see Fig. 1c, approach zero for low pT of the heavy

gauge bosons, we perform a technical cut of pZT > 2 GeV
and pWT > 2 GeV for all our processes. It is well known to
have a small effect on the cross section [21,25], which we
have numerically confirmed for the processes under consid-
eration.

For the processes with four charged leptons or two charged
leptons and two neutrinos in the final state, we additionally
cut on the transverse momentum and the pseudorapidity of
each lepton l, plT > 10 GeV and |ηl | < 2.7, the R-separation
between individual leptons Rll ′ > 0.1, as well as mll >

5 GeV, where ll is an oppositely charged same-flavor dilepton
pair. For the neutrinos we ask for a total missing transverse
momentum of Emiss

T > 70 GeV. The cuts are inspired by the
recent ATLAS analysis carried out in Ref. [58].

One of the most important observables is certainly the
invariant mass distribution of the four leptons, as the two
Higgs bosons manifest themselves in Breit–Wigner peaks
in this distribution. For the first process gg → e+e−μ+μ−
of Eq. (3) this observable m4l is also experimentally easily
accessible due to two electrons and two muons in the final
state. In the cases with neutrinos in the final state the situ-
ation is more involved. The invariant mass is no longer an
observable that is experimentally accessible but only a trans-
verse component can be measured. As we are particularly
interested in a heavy Higgs boson that will decay into the
four leptons via two intermediate electroweak gauge bosons,
a sensible choice is to consider the transverse mass of the
underlying two boson system. In our case the two boson sys-
tem can be Z Z as well as WW . We therefore define a general
transverse mass via [87]

m2
VV,T = (

ET,ll + ET,νν

)2 − ∣∣ �pT,ll + �pT,νν

∣∣2
, (5)

with

ET,ll =
√
p2
ll + | �pT,ll |2, and Emiss

T = ET,νν = ∣∣ �pT,νν

∣∣ .

(6)

In the case of a purely leptonic final state the last squared term
in Eq. (5) vanishes. As we are interested in the heavy Higgs
boson and its interference with the light Higgs boson and the
background we put an additional cut on the invariant mass.
For the scenarios where the heavy Higgs mass is 400 GeV,
we require m4l > 350 GeV for the muonic process. For the
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Fig. 4 a Invariant mass distribution for gg → e+e−μ+μ− and b transverse mass distribution for gg → e+e−νl ν̄l for scenario S1 at
√
s = 13 TeV

neutrino process we apply the same cut but on mVV,T . For
the scenarios where the heavy Higgs boson mass is 200 GeV,
we choose the invariant mass cut as m4l > 100 GeV or
mVV,T > 100 GeV, respectively.

4 Numerical results

We present our numerical results as follows: We start with
a discussion of the four fermionic final states making use
of the benchmarks scenarios defined in Sect. 3. Afterwards
we exemplify the relevance of interference effects for gg →
Z Z , where we vary either the heavy Higgs mass mH , the
relative coupling to gauge bosons sβ−α (cβ−α for the heavy
Higgs, respectively) or the ratio of vacuum expectation values
tβ and fix the other parameters according to the benchmark
scenarios. The three mentioned free parameters are the ones
relevant for the phenomenology of the heavy Higgs boson in
the processes under consideration. As noted the heavy Higgs
width �H is obtained from 2HDMC.

The process gg → VV (→ e+e−μ+μ−/e+e−νl ν̄l)

is by far superseded by the large background qq̄ →
VV (→ e+e−μ+μ−/e+e−νl ν̄l) (without Higgs boson con-
tributions), in particular at high invariant masses. However,
the two processes do not interfere and can be added inco-
herently. For the relevance of other backgrounds we refer
to Ref. [58]. A detailed simulation with all backgrounds
in order to determine to which cross sections the experi-
ments are actually sensitive at high integrated luminosities is
beyond the scope of this paper. In addition, with increasing
tβ in a 2HDM of type II the bottom-quark initiated processes
bb̄ → VV (→ e+e−μ+μ−/e+e−νl ν̄l) become relevant,
which involve Higgs boson contributions and thus similar
interferences as observed in the gluon initiated processes.

4.1 Discussion of four-fermion final states

In the following we discuss the processes

gg → e+e−μ+μ−, gg → e+e−νμ/τ ν̄μ/τ ,

gg → e+e−νeν̄e, (7)

for the benchmark scenarios and the cuts shown in Sect. 3,
taking into account the contributions displayed in Sect. 2.2.

We start the discussion of the numerical results with sce-
nario S1. Figure 4 shows the invariant mass distribution of
the four leptons for gg → e+e−μ+μ− and the transverse
mass distribution using the definition in Eq. (5) for the pro-
cesses involving final state neutrinos. In this plot and in the
following we distinguish four different contributions. In red,
denoted with “All”, we plot all contributions that lead to the
given final state in the considered scenario. In green, we only
plot the contribution from the heavy Higgs boson, whereas in
blue we also add the interference of the heavy Higgs boson
with the background and the light Higgs boson. The contri-
bution |h + B|2, plotted in black, contains besides the con-
tributions without any Higgs also contributions of the light
Higgs as well as the interference contributions of the light
Higgs boson with non-Higgs diagrams.
In the invariant mass plot of gg → e+e−μ+μ−, see Fig. 4a,
the two Higgs boson peaks at m4l = 125 and 200 GeV can
be clearly seen. Due to the very small width of the heavy
Higgs boson there is no distortion of the Breit–Wigner shape
visible, and also the impact of the interference contribution
to the total height of the peak is rather small. The trans-
verse mass distribution for gg → e+e−νl ν̄l , see Fig. 4b,
shows a quite different pattern. First of all there is no peak
from the light Higgs boson. The reason for this are the dif-
ferent cuts compared to the process without neutrinos. The
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Fig. 5 a Invariant mass distribution for gg → e+e−μ+μ− and b transverse mass distribution for gg → e+e−νl ν̄l for scenario S4 at
√
s = 13 TeV
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Fig. 6 a Invariant mass distribution for gg → e+e−μ+μ− and b transverse mass distribution for gg → e+e−νl ν̄l for scenario S2 at
√
s = 13 TeV

requirement of Emiss
T > 70 GeV excludes this region of phase

space. Due to the fact that the four-momenta of the neutrinos
are experimentally not accessible one sets ET,νν = ∣∣ �pT,νν

∣∣,
which ignores the invariant mass of the neutrino system. This
removes the sharp peak of the heavy Higgs boson, which is
visible in the invariant mass distribution of the muon pro-
cess. Instead of a distinguished peak one obtains a broad
distribution. But also here the contribution of the interfer-
ence remains small. A second difference compared to the
muon process is the occurrence of a small dip at around
mVV,T = 180 GeV in both signal and background. This
specific shape is due to the fact that the total contribution
to the process with neutrino final state consists of the sum
of two different subprocesses, namely the one with the elec-
tron neutrino and the ones with muon- and tau neutrino in
the final state. Whereas the first subprocess also has con-
tributions from intermediate W -bosons, this is not the case

for the latter subprocesses. The two subprocesses therefore
show a different kinematical behavior, and the sum of the
two contributions leads to the given distribution.

Scenario S4 shown in Fig. 5 is phenomenologically sim-
ilar to scenario S1 with a very narrow heavy Higgs boson
peak. In contrast to scenario S1 the couplings of the heavy
Higgs to the fermions and gauge bosons are smaller leading
to a small heavy Higgs boson signal. The relative importance
of the interference effect is sizable and increases the heavy
Higgs boson signal by roughly a factor of 2. However, its
measurement remains challenging. For the neutrino process
on the r.h.s. one observes a more pronounced dip as compared
to scenario S1. In contrast to the type I scenario S4, the type II
scenario S2 leads to a large signal-over-background ratio for
the heavy Higgs peak as can be seen from Fig. 6. Accordingly
the interference contribution leads only to a mild distortion
of the shape and thus only has a small impact.
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Fig. 7 Transverse momentum distribution of the hardest electron (electron or positron) for a, b gg → e+e−μ+μ− and for c, d gg → e+e−νl ν̄l
at

√
s = 13 TeV. Due to the different cuts on the invariant mass of the four leptons, the scenarios S2, S3 and S5 (a, c) are plotted separately from

S1 and S4 (b, d)

In general, comparing gg → e+e−μ+μ− with gg →
e+e−νl ν̄l , the big advantage of the latter process is the much
larger total cross section. We find that for

√
s = 13 TeV

the cross section for the process with neutrinos in the final
state is roughly one order of magnitude larger than for
gg → e+e−μ+μ−. First there are three neutrino generations
involved, second, there are more additional underlying sub-
processes (including internal W bosons) and different cou-
plings. On the other hand gg → e+e−νl ν̄l is experimentally
more difficult to access than gg → e+e−μ+μ− with four
tagged leptons in two different flavors. For the latter process
mass windows around the Z -boson mass even allow one to
cut away non-resonant contributions and only measure the
pure gg → Z Z contribution.

In the following paragraphs we also discuss how other
observables are affected by the presence of a second heavy
Higgs boson. In the invariant mass distribution the effect

is obvious as the heavy Higgs boson leads to an additional
peak in the distribution. In contrast in other observables its
presence is less significant but still sizable.

In Fig. 7 we plot the transverse momentum distribution
of the hardest electron, being either the involved electron or
the positron. In Fig. 7a, b the distribution is plotted for the
final state including muons, Fig. 7c, d shows the same dis-
tribution for the neutrino final state. The scenarios S2, S3
and S5 are plotted in a different figure than the scenarios
S1 and S4 due to the different cuts on the invariant mass of
the four leptons (350 and 100 GeV). In order to investigate
the question how the different 2HDM benchmark scenarios
can be distinguished from the SM, we also plot the distri-
bution for the SM including the SM Higgs boson. In con-
trast to the invariant mass and transverse mass spectra we
do not split our results into the pure heavy Higgs boson and
interference contributions, since the individual contributions
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Fig. 8 R-separation between electron and positron for a, b gg → e+e−μ+μ− and for c, d gg → e+e−νl ν̄l at
√
s = 13 TeV. Due to the different

cuts on the invariant mass of the four leptons, the scenarios S2, S3, and S5 (a, c) are plotted separately from S1 and S4 (b, d)

would include large invariant mass contributions, not being
unitarized.

For the SM with a cut on the invariant mass of 350 GeV
we observe a peak coming from the Z -boson decay followed
by a smoothly falling distribution, see Fig. 7a, c. Reducing
the cut to 100 GeV changes the shape of the distribution sig-
nificantly. In case of the scenarios S2, S3, and S5 we observe
a substantial deviation from the Standard Model prediction
for the intermediate region 50−200 GeV, which is caused
by the effects of the additional heavy Higgs boson. For the
cases of the scenarios S1 and S4 the effects are much less pro-
nounced. This is partially due to the decreased importance of
the heavy Higgs boson but also due to the fact that the heavy
Higgs is 200 GeV in these scenarios, which means that the cut
on the invariant mass is set to 100 GeV. These distributions
therefore contain contributions from the light Higgs peak,
which makes the heavy Higgs also relatively unimportant.
For the neutrino final state one does not observe a peak in
the transverse momentum distribution in the low pT -region,

which can be explained by the additional cut on the missing
ET of the neutrinos and by the additional presence of the
W -pair processes plus the increased importance of off-shell
contributions.

Another interesting class of observables are angular cor-
relations. In Fig. 8 we show the R-separation between the
electron and the positron. Also here we have split the plots
according to the different cuts in the same way as described
above.

For gg → e+e−μ+μ− we observe a peak of the distribu-
tion at π which stems from Z -boson decays at rest where the
leptons are in a back-to-back configuration. Adding an addi-
tional heavy Higgs boson leads to Z bosons that are boosted,
which means that in the lab frame the distance between the
same flavor leptons is reduced. The presence of a heavy Higgs
therefore tends to shift the R-separation from back-to-back
configuration toward smaller values. For the scenarios S1
and S4 this effect is much less pronounced as the impor-
tance of the heavy Higgs is reduced and in addition there is
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a contribution from the light Higgs (due to the lower cut on
the invariant mass), which, however, cannot lead to boosted Z
bosons. Therefore we do not observe this shift toward smaller
values of R but the distribution peaks at R = π .

For gg → e+e−νl ν̄l the peak at π is reduced to a kink,
again due to the presence of an additional W -pair channel,
but also here we see the tendency that the presence of the
heavy Higgs shifts the R-separation toward smaller values.

We note that the presence of a heavy Higgs does not lead to
drastic shape distortions of angular correlations and observ-
ables of the final state leptons. As both Higgs bosons are
scalars, they decay isotropically, which means that the heavy
Higgs boson influences rather the kinematics of the leptons
than the qualitative decay structure.

4.2 Relevance of interference contributions exemplified
with gg → Z Z

In the following study of the relevance of interference con-
tributions we make use of the five benchmark scenarios pre-
sented in Table 2 and vary one of the three relevant parameters
for our process, namely mH , sin(β − α) and tβ . The combi-
nation of the latter two also fixes the coupling of the heavy
Higgs to top quarks and bottom quarks, see Eq. (2).

4.2.1 Dependence on mH in scenarios S1

In order to make contact with the ATLAS analysis carried
out in Ref. [58] we start with a discussion of the interference
contributions as a function of mH in scenario S1. In case of
S1 the variation within mH = 150−700 GeV corresponds
to Fig. 14 of Ref. [58], where we keep cβ−α = −0.1 (in
the convention for β −α of the ATLAS analysis) fixed (as in
Fig. 14 of Ref. [58]) and pick one value of tβ , namely tβ = 2,
which leads to cross sections close to the achieved experi-
mental sensitivity in the first run of the LHC. To match the
numbers of the ATLAS analysis the center-of-mass energy
for scenario S1 is set to

√
s = 8 TeV. We quantify the

relevance of the interference as follows: We integrate the
differential cross section dσ X/dmzz for gg → Z Z in the
range mzz ∈ mI

zz = [mH − 15 GeV,mH + 15 GeV]
and compare the pure heavy Higgs signal peak X = |H |2
with the heavy Higgs peak taking into account the interfer-
ence with the light Higgs X = |H |2 + 2Re(H · h) and
the interference with the light Higgs and the background
X = |H |2 + 2Re(H · h) + 2Re(H · B), where the back-
ground stems from the box diagrams not involving a Higgs
boson. All individual contributions are gauge invariant in this
case. The procedure does not take into account the fact that
the interferences are often close to be point symmetric with
respect to mzz = mH , i.e. parts of the interferences below
(mzz < mH ) and above (mzz > mH ) the heavy Higgs boson
peak cancel each other when integrating over the whole range

mI
zz . This is, however, only of relevance if the peak can be

experimentally resolved and of large importance in the case
the mass (and possibly width) of a heavy Higgs should be
deduced from the peak position and its structure. For a dis-
cussion of axially and point symmetric contributions with
respect to mzz = mH we also refer to Ref. [45], where the
imaginary part of the contributions, due to its axially sym-
metric structure, is identified to be most relevant for interfer-
ences.

Figure 9a shows the Higgs width �H as a function of the
Higgs mass mH for scenario S1. The width �H increases
rapidly above the top-quark threshold mH > 2mt , which
lowers the inclusive cross section within mI

zz significantly,
as it can be deduced from Fig. 9b. The latter presents σ X for
the pure signal X = |H |2 in black as well as for X = |H |2 +
2Re(H ·h) in red and for X = |H |2+2Re(H ·h)+2Re(H ·B)

in blue. The relative difference of the contributions with
respect to |H |2 is shown in Fig. 9c. We deduce that the inter-
ference contributions are belowO(10 %) in the whole param-
eter range, even in regions where the Higgs width becomes
so large that the validity of the narrow-width approxima-
tion (NWA) for H can be questioned. Note that the inter-
ferences are getting larger for gg → Z Z , when the Higgs
mass approaches the kinematic threshold 2mz from above,
since in this example the interferences are point symmet-
ric with respect to mzz = mH and the phase space region
2mz < mzz < mH is reduced. Still we conclude that the
usage of the NWA for H in the ATLAS analysis [58] is
justified given the obtained sensitivities on the cross sec-
tions. Similar conclusions can also be drawn in the mentioned
“flipped Yukawa” scenario, even though it allows for slightly
larger values of cβ−α .

Given the presented results the width and mass of the
heavy Higgs are not the most relevant parameters for what
concerns the size of the interferences. As we will see in the
two subsequent subsections an increase in the relevance of
the interference contributions is observed if the couplings of
the heavy Higgs boson, in particular to the top-quark and
bottom-quark loop, are suppressed or the latter is signifi-
cantly enhanced.

4.2.2 Dependence on sβ−α in scenarios S1 and S4

In this subsection we treat sβ−α(cβ−α) as the parameter that
is varied and set tβ to fixed values. For what concerns sce-
nario S1, this choice corresponds to a line in Fig. 13 of
Ref. [58] if we fix tβ = 2. Second, we pick the type I sce-
nario S4. In both cases we vary c2

β−α in the range 0.00001−1,
which corresponds to sβ−α = 0−0.999995. We quantify the
interferences as done in the previous subsection again for√
s = 8 TeV for S1 and afterwards for

√
s = 13 TeV for S4.

In Fig. 10a, c, e we present our results for S1. The figures
provide complementary information as Fig. 9. Two inter-
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Fig. 9 Scenario S1 as a
function of the heavy Higgs
mass mH in GeV showing a the
Higgs width �H in GeV; b the
inclusive cross section σ X in pb
within mI

zz and for
√
s = 8 TeV

(black: X = |H |2; red, dashed:
X = |H |2 + 2Re(H · h); blue,
dot-dashed: X =
|H |2 +2Re(H ·h)+2Re(H ·B));
c the relative ratio of cross
sections σ X/σ |H |2 within mI

zz
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esting observations can be made: The interference is natu-
rally larger in regions where the signal cross section |H |2
becomes small as can be seen for very low values of c2

β−α .
In addition, and this effect is generic to the 2HDM, the cou-
pling of the heavy Higgs to individual quarks can vanish or
the contributions between the top- and bottom-quark cancel.
In our example at c2

β−α = 0.2 the coupling to top quarks
tends to zero, which can easily be understood by decompos-
ing gHt = sin α/ sin β = −sβ−α/tβ + cβ−α . For tβ > 0.7
the corresponding value of sβ−α , where gHt = 0, is above
sβ−α > 0.57 approaching 1 with increasing tβ . Necessarily
the interferences in those regions appear to be large. Due
to the remaining bottom-quark contributions the minimum
is actually located at c2

β−α = 0.23 in this specific example.
The occurrence of large interferences, however, appears in
regions where the signal cross sections is below experimen-
tal sensitivities, which reached O(0.05–1 pb) for the pro-
cess gg → Z Z according to Fig. 12 in Ref. [58] in the
first run of the LHC. The observed large effects of inter-
ferences occur at lower cross sections, which are, however,
potentially of relevance with increasing statistics at the LHC.
We show the different distributions dσ X/dmzz at three val-
ues of cβ−α (marked in Fig. 10c, e) in Fig. 11. Since we
obtained the results of Fig. 11 for the partonic cross section
and are interested in the relative contributions of the inter-

ference effects with respect to the pure heavy Higgs boson
signal, we omit units at the y-axis. The inclusive cross sec-
tion can be deduced from Fig. 10c. The three values of c2

β−α

correspond to sβ−α = 0.999975, 0.8888 and 0.84.
In Ref. [16] the relevance of interferences for a heavy

Higgs boson in e+e− → ZV V/νν̄VV in the context of
a 2HDM at a linear collider was discussed. Since in these
processes the Higgs is produced and decays through the cou-
plings to heavy gauge bosons, the coupling gHV occurs twice
in each Feynman diagram, whereas gg → Z Z only comes
with one appearance. However, vector-boson fusion at the
LHC also shows a larger suppression of the heavy Higgs
boson signal involving the relevant coupling twice. The larger
suppression naturally induces larger interference contribu-
tions, but, however, small event rates.

We finally discuss in this context a 2HDM of type I. As we
have seen already a crucial quantity is the top-quark Yukawa
coupling of the heavy Higgs gHt . Since in a 2HDM of type I
the relative bottom-quark and top-quark Yukawa coupling
are equal, gHt = gHb , the cross section as a function of c2

β−α

does indeed vanish for one specific value of 0.57 < sβ−α ≤ 1
rather than just showing a minimum as depicted in Fig. 10c.
We show this behavior in Fig. 10b, d, f for scenario S4, which
again gives rise to very large interferences in this region,
however, with low cross sections below 10−1 pb.
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Fig. 10 Scenario S1 (a, c, e)
and scenario S4 (b, d, f) as a
function of c2

β−α showing a, b
the Higgs width �H in GeV; c, d
the inclusive cross section σ X in
pb within mI

zz for
√
s = 8 TeV

and
√
s = 13 TeV, respectively

(black: X = |H |2; red, dashed:
X = |H |2 + 2Re(H · h); blue,
dot-dashed: X =
|H |2 +2Re(H ·h)+2Re(H ·B));
e, f the relative ratio of cross
sections σ X/σ |H |2 within mI

zz .
We show dσ X/dmzz at the three
marked values of c2

β−α in c, e in
Fig. 11
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4.2.3 Dependence on tβ in S2

Lastly we focus on the dependence on tβ in a 2HDM type
II, where with increasing tβ the coupling to bottom-quarks
tends to be enhanced for all Higgs bosons. Figure 12 shows
the Higgs width �H and the relevance of the interferences
as a function of tβ for scenario S2. With increasing tβ the
total width �H , depicted in Fig. 12a, first drops due to the
drop in the partial width H → t t̄ , for high tan β it rises due
to the increase of the partial width H → bb̄. A fraction of
heavy Higgs bosons is also decaying into a pair of lighter
Higgs bosons H → hh. Since, however, the latter decay

mode depends on the values ofmA andm±
H indirectly through

the parameters of the Higgs potential, we stop at tβ = 20
where H → hh is still sub-dominant and our results can be
considered to a large extent independent of mA,mH± and
m2

12. We show the inclusive cross section again within the
interval mI

zz = [mH −15 GeV,mH +15 GeV] in Fig. 12b, c
for

√
s = 13 TeV. The local minimum in Fig. 12b at tβ ∼ 7

again corresponds to gHt = 0, which also explains the short
rise of the cross section for tβ > 7. With increasing tβ the

cross section σ |H |2 then constantly drops, the interferences
on the other hand quickly gain in size. In addition, we show
the form of the interferences for tβ = 20 in Fig. 12d, which
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Fig. 11 Partonic cross sections dσ X/dmzz in arbitrary units (see text)
as a function of mzz in GeV for S1 for three different values of c2

β−α

marked in Fig. 10c, e, namely a c2
β−α = 0.00005; b c2

β−α = 0.21

and c c2
β−α = 0.2944. The color coding again corresponds to black:

X = |H |2; red, dashed: X = |H |2 + 2Re(H · h); blue, dot-dashed:
X = |H |2 + 2Re(H · h) + 2Re(H · B)

Fig. 12 Scenario S2 (S5) as a
function of tβ showing a the
Higgs width �H in GeV; b the
inclusive cross section σ X in pb
within mI

zz for
√
s = 13 TeV

(black: X = |H |2; red, dashed:
X = |H |2 + 2Re(H · h); blue,
dot-dashed: X =
|H |2 +2Re(H ·h)+2Re(H ·B));
c the relative ratio of cross
sections σ X/σ |H |2 within mI

zz .
The partonic cross section
dσ X/dmzz in arbitrary units
(see text) is shown in d as a
function of mzz in GeV for
scenario S5 (S2 with tβ = 20)

Γ
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]
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(b)(a)
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X
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m
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[a

.u
.]
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X = |H|2
X = |H|2 + 2Re(H · h)
X = |H|2 + 2Re(H · (h + B))

(d)(c)

defines scenario S5. Again these large interferences occur
below the current experimental sensitivity, but being above
10−2 pb the region is potentially in reach for high statistics
at the LHC. We note that values of tβ > 2 in combination
with sβ−α = 0.99 for S2 are meanwhile excluded from the
non-compatibility with the light Higgs boson signal, see e.g.
Ref. [83]. However, the qualitative features are the same in

phenomenologically viable scenarios with larger values of
sβ−α , as we have numerically checked for sβ−α = 0.999.

The interference contribution with the light Higgs boson in
this specific case is always positive both below and above the
heavy Higgs mass peak mzz = mH , see Fig. 12d, and signif-
icantly larger than in the previously discussed scenarios due
to the large bottom-quark contribution to gg → H → Z Z ,
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Fig. 13 Partonic cross sections
dσ X/dmzz as a function of the
invariant mass mzz in GeV for
scenario a S2, b S3 and c S5
(black: X = |H |2; red, dashed:
X = |H |2 + 2Re(H · h); blue,
dot-dashed: X =
|H |2 +2Re(H ·h)+2Re(H · B);
green, dotted:
X = |H |2 + 2Re(H · h) +
2Re(H · B) + 2Re(h · B))

d
σ

X
/d

m
Z

Z
[a

.u
.]

mZZ [GeV]

X = |H|2
X = |H|2 + 2Re(H · h)
X = |H|2 + 2Re(H · (h + B))
X = |H|2 + 2Re(H · h + H · B + h · B)

d
σ

X
/d

m
Z

Z
[a

.u
.]

mZZ [GeV]

X = |H|2
X = |H|2 + 2Re(H · h)
X = |H|2 + 2Re(H · (h + B))
X = |H|2 + 2Re(H · h + H · B + h · B)

(b)(a)

d
σ

X
/d

m
Z

Z
[a

.u
.]

mZZ [GeV]

X = |H|2
X = |H|2 + 2Re(H · h)
X = |H|2 + 2Re(H · (h + B))
X = |H|2 + 2Re(H · h + H · B + h · B)

(c)

which interferes with the bottom- and top-quark contribu-
tion to gg → h → Z Z . In contrast the interference with the
background yields a much smaller and negative contribu-
tion to the inclusive cross section within mI

zz , which reflects
the unitarization of the cross section for large mzz . Increas-
ing sβ−α to 0.999 yields a similar picture, where the large
positive interference is completely dominated by the interfer-
ence of the bottom-quark contribution to gg → H → Z Z
with the top-quark contribution to gg → h → Z Z , how-
ever, the total inclusive cross section is reduced to values
slightly below 10−2 pb. Reference [45] did not point out
the relevance of the interference of the heavy Higgs signal
with the light Higgs signal for large values of tan β, how-
ever, emphasized the importance of the bottom-quark loop
in gg → H → Z Z for what concerns the interference
with the background. Lastly we comment on the influence
of the heavy Higgs boson mass. Below the threshold of the
H → hh decays, i.e. mH < 250 GeV, the size of interfer-
ence with the light Higgs in gg → Z Z is also diminished
due to the increase of σ |H |2 . The negative interference with
the background gets sizable and reduces the cross section by
about 50 %. Above mH > 2mh , however, σ X/σ |H |2 always
significantly differs from 1. The interferences in these regions
can thus significantly enhance the sensitivity to the heavy
Higgs boson in experimental searches.

In total we conclude that in particular for large values of
tβ or vanishing gHt interferences can get of importance for
future experimental analyses. In the first case the interference
of the heavy Higgs contribution with the light Higgs can be
significantly enhanced, in the second case the interference
with the background. Those cases appear in regions where
the inclusive cross sections are in the vicinity of 10−2 pb and
thus potentially in reach with higher statistics at the LHC.

4.2.4 Interferences at high invariant masses

So far we focused on the interference effects between the
heavy Higgs and the background as well as the heavy Higgs
and the light Higgs in the vicinity of the heavy Higgs res-
onance. Within the region of the heavy Higgs mass peak
the interference between the light Higgs and the background
can be considered constant, with a negative contribution to
dσ/dmzz , and was therefore not considered in the discussion
of gg → Z Z so far. However, similar to our discussion of
the processes with four fermionic final states we now add the
interference of the light Higgs boson with background dia-
grams also to gg → Z Z , since at high invariant masses the
interplay between all three contributions, h and H , and the
background B, is of relevance and plays a role in the unita-
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rization of the cross section. In Fig. 13 we plot the differential
cross section as a function of the invariant mass of the dibo-
son system up to high masses beyond the heavy Higgs res-
onance. We exemplify the discussion for the three scenarios
S2, S3, and S5. The differences between the colored curves
display the importance of the different interference terms.
Since again our study is performed for the partonic cross
section and we are interested in the relative effects of the
interferences among each other, we do not display units for
dσ/dmzz . At high invariant masses the interference between
the heavy Higgs boson and the background is negligible, in
contrast to the interference of the light Higgs and the heavy
Higgs boson, which can be large and can have either sign.
Moreover, the interference of the light Higgs boson and the
background has a sizable impact below and abovemzz = mH

up to invariant masses of about 1 TeV. It should be noted that
the interference effects below mzz = mH are not easy to dis-
tinguish from the larger backgrounds in this region and are
also reduced by our selection cuts. In the decoupling limit
|sβ−α| → 1 the interference contributions of the light Higgs
boson are of course larger than the interference H · B. Fig-
ure 13 depicts different cases where the interference h · H
is either negative, similar to the interference h · B, or leads
to a positive contribution to the differential cross section in a
region mzz ∈ [450 GeV, 1000 GeV]. The latter case is real-
ized for scenarios S3 and S5, where the sum of the contribu-
tions entering with different sign gives rise to a “peak”-like
structure. This structure also appears in the total four particle
final state, where the gluon luminosities further suppress the
cross section at high invariant masses. As a consequence,
all interferences need to be taken into account in order
to properly model “peak”-like structures of this kind and
thus to correctly describe the cross section at high invariant
masses.

5 Conclusions

We have investigated the production of a heavy Higgs boson
of a CP-conserving Two-Higgs-Doublet-Model in gluon
fusion and its subsequent decay into a four-fermion final
state. We have discussed in this context the invariant mass
and transverse mass distributions for gg → e+e−μ+μ−
and gg → e+e−νl ν̄l , respectively, as well as other kine-
matical observables like the separation between outgoing
same-flavor leptons and the transverse momentum distribu-
tions of the hardest electron/positron. The analysis has been
carried out for five different benchmark scenarios. The rel-
ative importance of the interference contributions between
the heavy Higgs boson, the light Higgs boson, and the
background has been investigated for the process in the
on-shell approximation, gg → Z Z . The employed code,
GoSam, makes it possible to consistently take into account

all mentioned interferences for the four-fermion final states,
which should be of interest for future heavy Higgs boson
searches.

We have shown that the interference effects are essen-
tial for a correct description of the differential cross section,
in particular at high invariant masses of the gauge boson
system. Rather than being a trivial function of the heavy
Higgs mass mH and the heavy Higgs width �H , the men-
tioned interferences are in particular of relevance in regions
of the parameter space where the heavy Higgs boson sig-
nal is diminished by small couplings. In case of a 2HDM
of type II the enhancement of the bottom-Yukawa coupling
for large values of tan β can also significantly enlarge the
interference effects. We have investigated the approximation
made in the recent ATLAS analysis in the 2HDM to neglect
the interference contributions of the heavy Higgs boson with
the background and the light Higgs boson. We have found
that the relative importance of those interference contribu-
tions is at the level of O(10 %) with respect to the heavy
Higgs boson signal cross section, and that the approximation
to neglect the interference contributions involving the heavy
Higgs boson was indeed justified in view of the experimental
sensitivity that has been reached in the first run of the LHC.
We have pointed out, however, that regions of the differen-
tial cross sections where interference effects are much larger
are potentially in reach at high integrated luminosities. As an
important result in this context we have found that interfer-
ence contributions can significantly enhance the sensitivity
to the heavy Higgs boson in experimental searches. In the
vicinity of the heavy Higgs boson resonance the interference
contributions are particularly important, since they simulta-
neously alter the form and the position of the heavy Higgs
boson mass peak. We have furthermore pointed out that the
interference h ·H , which can enter with either sign, in combi-
nation with other contributions can actually mimic a “peak”-
like structure. An accurate modeling of effects of this kind,
which requires the proper incorporation of all interference
contributions, is clearly highly relevant for future searches at
high invariant masses.
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