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1 Introduction

In 2012, the ATLAS and CMS experiments at the CERN Large Hadron Collider (LHC)

announced the discovery of a new scalar resonance with a mass of approximately

125 GeV [1, 2]. The discovered particle is so far consistent with the Higgs boson pre-

dicted by the Standard Model (SM) Higgs mechanism [3–7], but many extensions to the

SM preserve the minimal assumptions of an SU(2) doublet which acquires a vacuum ex-

pectation value thus inducing a physical Higgs boson that couples to fermions and vector

bosons in proportion to their mass, while also allowing for an expanded Higgs sector with

additional, heavier Higgs-like scalar particles.

Since a SM-like Higgs boson has been discovered, a theoretically consistent search for

an additional Higgs boson has to be based on a model that is beyond the SM (BSM).

The simplest extension of the Higgs sector of the SM introduces an additional real scalar

singlet field which is neutral under the SM gauge groups. This 1-Higgs-Singlet extension

of the SM, abbreviated as 1HSM, has been extensively explored in the literature [8–38].

The remaining viable parameter space of the 1HSM after LHC Run 1 has been studied in

refs. [39–42].

At the LHC, ATLAS and CMS have been conducting searches for heavier Higgs-like

bosons in various di-boson channels, in particular W+W− [43–49], and in various di-fermion

channels, in particular tt̄ [50, 51].

So far, the heavy Higgs searches are geared to establishing a significant excess (“bump”)

in the invariant mass spectrum of the final state particles at the position of the heavy
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Figure 1. MWW distribution of the heavy Higgs cross section and including its interference with

the continuum background in the 1-Higgs-Singlet Extension of the SM (1HSM) with Mh2
= 3TeV

and mixing angle θ2 (see table 1) for gg (→ {h1, h2}) → W−W+ → �ν̄ �̄′ν′ in pp collisions at√
s = 13TeV. For details, see sections 2 and 4.

resonance. However, as illustrated in figure 1, the “bump” of the heavy resonance can

turn out to be a tiny correction to the heavy resonance signal when signal-background

interference is taken into account. Note also that the line shape of the resonance without

and with interference has no resemblance.1 We emphasise that the signal-background

interference is a constituent of the BSM signal and a priori has to be treated on equal

footing with the mod-squared BSM amplitude (the “bump”). If the BSM amplitude is

absent, the interference vanishes. It is therefore crucial to calculate and study interference

effects for heavy resonance searches. Furthermore, as demonstrated below, in general it is

crucial to take one-loop corrections to tree-level amplitudes into account to obtain reliable

predictions.

Here, we focus on the case where the additional Higgs boson is heavier than the dis-

covered Higgs boson. In this case, the BSM signal is affected not only by a sizeable Higgs

1For σ(|Mh2 |2), figure 1 shows a shoulder extending from below the heavy Higgs resonance down to

2mt. This significant deviation from the expected Breit-Wigner shape results from the convolution with

the strongly rising (for MWW → 0) gluon parton distribution function (PDF). We note that the shoulder

does not effectuate an enhanced experimental sensitivity to the heavy Higgs signal. This is apparent from

the results given in section 4 and appendix B and can be understood qualitatively as follows. Before

convolution with the PDF, for the continuum background cross section dσcont ∼ ŝ−1 (up to powers of

log ŝ). For
√
ŝ � MHiggs, the same behaviour applies to dσHiggs. However, in the invariant mass region

significantly below the Higgs resonance, one has 1/(ŝ−M2
Higgs)

2 ∼ M−4
Higgs, rather than ŝ−2. This changes

the dependence to dσHiggs ∼ ŝ. In this region, for decreasing
√
ŝ, dσHiggs decreases while dσcont increases.

The background hence outgrows the Higgs cross section when moving further and further below MHiggs.

Convolution with the PDF does not affect this relative change.
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interference with the continuum background, but also by a non-negligible interference be-

tween the heavy Higgs boson and the high-mass tail of the light Higgs boson [52], which is

fully taken into account in the calculations presented here.

For the WW and ZZ decay modes, interference effects in 2-Higgs models have been

studied previously. In gluon fusion Higgs production, the heavy Higgs-light Higgs inter-

ference was studied in the 1HSM in refs. [53–55] and in 2-Higgs-doublet models (2HDMs)

in ref. [56].2

The peak-dip deformation of the Higgs resonance in gg → tt̄ due to signal-background

interference was first studied in the SM in ref. [60]. It was further studied for heavy

scalars in 2-Higgs models for masses up to 750 GeV in ref. [61, 62].3 A detailed analytic

discussion and illustrative study of the heavy Higgs line shape modification due to signal

background interference in gg → tt̄ for scalar masses up to 1 TeV was presented in ref. [64].4

Recently, a detailed study of the experimental sensitivity to additional heavy (pseudo)-

scalar resonances with mass up to 1 TeV in the singlet model, 2HDM and the hMSSM

in gg → tt̄ at the LHC, taking into account signal-background interference effects, was

presented in ref. [65]. In this paper, we extend the work of ref. [65] by studying the Higgs

signal in the 0.7 TeV to 3 TeV mass range for integrated cross sections and differential

distributions in Mtt̄ and various kinematic observables. Interference effects between all

three gg → tt̄ amplitude contributions — heavy Higgs, continuum background and light

Higgs — are taken into account and illustrated individually. Significantly, we investigate

the impact of higher-order corrections on the Higgs signal by accurately taking into account

its interference with the virtual corrections to the gg → tt̄ continuum background.5 Due to

a non-trivial phase, loop-level amplitude contributions can substantially change integrated

cross sections and the shapes of differential cross sections [66–68]. Furthermore, it is well-

known that “flat” inclusive K-factors often do not model differential NLO corrections well.

In 2HDMs, signal-background interference effects have also been studied in the context of

heavy Higgs searches in the tbW final state [69]. NLO effects in effective field theory fits

to W+W− production at the LHC have been studied in ref. [70] and the implementation

is publicly available through the POWHEG-BOX.

This paper is organised as follows: in section 2 we discuss the 1HSM and specify the

used benchmark points. In section 3 we review the details of our calculation and specify the

used input parameters and settings. In section 4, we present cross sections and distributions

2A calculation including full interference effects in a Higgs portal model has been carried out in ref. [57].

For Higgs production in vector boson fusion, heavy-light interference in a 2-Higgs model was studied in

ref. [58] for an e+e− collider and in more detail including heavy-continuum interference in ref. [59] for

the LHC.
3See also ref. [63].
4Loop corrections to the background are not considered in ref. [64].
5In ref. [65], the interference is calculated at leading order (LO) and rescaled with the geometric average

of inclusive K-factors for the signal and QCD background in an attempt to approximate higher-order

corrections. This approach was also used in ref. [62] to obtain approximate next-to-leading order (NLO)

results for heavy scalar (h2) production in gg → tt̄+jet with Mh2 = 500 GeV. In ref. [61], for the 2HDM

approximate NLO corrections were calculated using the effective gg(g)H vertices obtained in the heavy top

quark limit.
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for the Higgs signal and its interference in the 1HSM and, for comparison, in the SM for

gg → Higgs → WW and tt̄ with fully leptonic WW decay taking into account tree- and

one-loop backgrounds. In section 5, we discuss our findings. We conclude in section 6.

2 Model

As a minimal theoretically consistent model with two physical Higgs bosons, we consider

the 1HSM, i.e. the SM with an added real singlet field which is neutral under all SM

gauge groups.6 In the following, we give a brief summary of the model. A more detailed

description can be found in refs. [29, 71].

The SM Higgs sector is extended by the addition of a new real scalar field, which is

a singlet under all the gauge groups of the SM and which also gets a vacuum expectation

value (VEV) under electroweak symmetry breaking. The most general gauge-invariant

potential can be written as [9, 11]

V = λ

(
Φ†Φ− v2

2

)2

+
1

2
M2s2+λ1s

4+λ2s
2

(
Φ†Φ− v2

2

)
+µ1s

3+µ2s

(
Φ†Φ− v2

2

)
, (2.1)

where s is the real singlet scalar which is allowed to mix with the SM SU(2) Higgs doublet,

which in the unitary gauge can be written as

Φ =

(
0

(φ+ v)/
√

2

)
(2.2)

with VEV v ' 246 GeV. Here it has already been exploited that (without the Z2 symmetry)

shifting the singlet field simply corresponds to a redefinition of the parameter coefficients

and due to this freedom one can take the VEV of the singlet field to zero, which implies

M2 > 0. To avoid vacuum instability the quartic couplings must satisfy

λ > 0, λ1 > 0, λ2 > −2
√
λλ1 . (2.3)

The trilinear couplings µ1 and µ2 can have positive or negative sign. Substituting eq. (2.2)

into eq. (2.1), one obtains the potential

V =
λ

4
φ4 +λv2φ2 +λvφ3 +

1

2
M2s2 +λ1s

4 +
λ2

2
φ2s2 +λ2vφs

2 +µ1s
3 +

µ2

2
φ2s+µ2vφs . (2.4)

The mass eigenstates can be parametrised in terms of a mixing angle θ as

h1 = φ cos θ − s sin θ , (2.5)

h2 = φ sin θ + s cos θ , (2.6)

where h1 is assumed to be the lighter Higgs boson with a mass of 125 GeV, and

tan 2θ =
−µ2v

λv2 − 1
2M

2
(2.7)

6Higgs singlet models with an additional Z2 symmetry have generated some interest recently because of

the possibility of the additional Higgs boson being a dark matter candidate, but here we consider the most

general extension.
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Mh2 [GeV] 700 1000 1500 3000

θ1 π/15 π/15 π/22 π/45

≈ 0.21 ≈ 0.21 ≈ 0.14 ≈ 0.07

θ2 π/8 π/8 π/12 π/24

≈ 0.39 ≈ 0.39 ≈ 0.26 ≈ 0.13

Table 1. Mixing angles θ1 and θ2 are given for all considered benchmark points, which are also

characterised by Mh1 = 125 GeV and µ1 = λ1 = λ2 = 0.

with

− π

4
< θ <

π

4
(2.8)

under the condition M2 > 2λv2. The model has six independent parameters, which we

choose to be Mh1 ,Mh2 , θ, µ1, λ1 and λ2. The dependent model parameters are:

λ =
cos (2θ)

(
M2
h1
−M2

h2

)
+M2

h1
+M2

h2

4v2
, (2.9)

M2 =
M2
h2
−M2

h1
+ sec (2θ)

(
M2
h1

+M2
h2

)
2 sec (2θ)

, (2.10)

µ2 = − tan (2θ)
λv2 − 1

2M
2

v
. (2.11)

We set Mh1 to 125 GeV in accordance with the mass of the observed resonance and

study four values for the mass of the heavy Higgs resonance: Mh2 = 700 GeV, Mh2 = 1 TeV,

Mh2 = 1.5 TeV and Mh2 = 3 TeV. We consider the mixing angles specified in table 1. The

lower values are consistent with current experimental limits [41, 42].7 For each value of

Mh2 , two angles, θ1 and θ2, have been chosen to illustrate how the studied interference

effects change with the mixing angle. Furthermore, we consider model benchmark points

with vanishing coupling parameters µ1, λ1 and λ2. (λ1 > 0 is treated as approximately

zero.) We emphasise that this does not imply that the h2 → h1h1 and h2 → h1h1h1

decay widths are zero (if kinematically allowed). This is a consequence of the φ -s mixing.

Inverting eqs. (2.5) and (2.6), one finds

φ = h1 cos θ + h2 sin θ , (2.12)

s = −h1 sin θ + h2 cos θ . (2.13)

Substituting eqs. (2.12) and (2.13) into the potential V , see eq. (2.4), more specifically into

λ

4
φ4, λvφ3,

µ2

2
φ2s , (2.14)

7The perturbativity condition λ < 4π imposes via eq. (2.9) the constraint |θ| < θ0, which is satisfied

for our benchmark points, since θ0 ≥ 0.42 for Mh1 = 125 GeV and 200 GeV . Mh2 ≤ 3 TeV. We do not

quantitatively consider the RG running of λ to high scales, but note that the chosen mixing angles decrease

with increasing Mh2 ≥ 1 TeV. Our θ values are compatible with the perturbativity constraints shown in

refs. [41, 42].
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gives nonvanishing h2h1h1h1 and h2h1h1 interactions, since λ and µ2 are non-zero.8 The

numerical values of Γ(h2 → h1h1), Γ(h2 → h1h1h1) and Γ(h2 → h1h1h1h1) for our bench-

mark points are given in appendix A.

3 Calculational details

We carry out calculations in the 1HSM (signal hypothesis) and the SM (null hypothesis). As

input parameters, we adopt the recommendation of the LHC Higgs Cross Section Working

Group in chapter I.1 of ref. [72] with Mpole
V and Γpole

V as given by eq. (I.1.7).9 We employ

the Gµ scheme, where

cos θW =
MW

MZ
, α =

√
2

π
GFM

2
W sin2 θW . (3.1)

More specifically, we use GF = 1.1663787 × 10−5 GeV−2, MW = 80.35797 GeV, MZ =

91.15348 GeV, ΓW = 2.08430 GeV, ΓZ = 2.49427 GeV, mt = 173.2 GeV, Γt = 1.369 GeV

and mb = 4.92 GeV. Via eq. (3.1), we have 1/α ≈ 132.36 and sin2 θW ≈ 0.222838.

The PDF set PDF4LHC15 nlo mc [73] with default αs is used, and the CKM matrix is

approximated by the identity matrix.10 The renormalisation and factorisation scales are

set to MWW /2 for WW production and Mtt̄/2 for tt̄ production. The pp collision energy

is
√
s = 13 TeV. Finite top and bottom quark mass effects are fully taken into account.

Lepton masses are neglected. As unstable particle states arise in the considered processes,

the prescription of the complex-mass scheme [75, 76] is applied to all scattering amplitudes.

SM Higgs widths have been calculated using HDECAY [77, 78] and

Prophecy4f [79–81]. For the SM Higgs with MH = 125 GeV, one obtains

ΓH = 4.087 × 10−3 GeV. The Higgs boson widths in the 1HSM are calculated as

follows:

Γh1 = cos2 θ ΓH(Mh1), (3.2)

Γh2 = sin2 θ ΓH(Mh2) + Γ(h2 → n× h1), (3.3)

where ΓH(M) denotes the width of a SM Higgs boson with mass M .11 We take into

account decay modes, where h2 decays into up to four h1 bosons, i.e. 2 ≤ n ≤ 4 in

eq. (3.3). A custom implementation of the 1HSM in FeynRules [82, 83] and the UFO [84]

interface with MadGraph5 aMC@NLO [85] was used to calculate Γ(h2 → h1h1), Γ(h2 →
h1h1h1) and Γ(h2 → h1h1h1h1). The resulting partial decay widths are given in table 8 in

appendix A. The results displayed in table 8 demonstrate that the h2 width contributions

from higher h1 multiplicities are suppressed for all considered benchmark points. The

resulting values for Γh1 and Γh2 and the corresponding Γ/M ratios are given in table 2.

8The corresponding Feynman rules are given in eqs. (331) and (334) in ref. [71].
9For mt, we use the world average of mOS

t .
10In this context, the associated error is smaller than 0.01% [74].
11For M = 3 TeV, ΓH(M) cannot be obtained using HDECAY due to numerical problems for decay

modes with b quark loops caused by the tiny value of the running b quark mass. For M = 3 TeV, we

therefore approximate ΓH(M) ≈ Γ(H →WW ) + Γ(H → ZZ).
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θ Mh2
[GeV] 700 1000 1500 3000

θ1

Γh1 [GeV] 3.910(5)× 10−3 3.910(5)× 10−3 4.004(5)× 10−3 4.067(5)× 10−3

Γh1/Mh1 3.1283(4)× 10−5 3.1283(4)× 10−5 3.2034(4)× 10−5 3.2537(4)× 10−5

Γh2
[GeV] 10.780(3) 34.295(3) 79.52(2) 86.70(3)

Γh2
/Mh2

0.015400(4) 0.034295(3) 0.053013(7) 0.028902(9)

θ2

Γh1 [GeV] 3.488(5)× 10−3 3.488(5)× 10−3 3.813(5)× 10−3 4.017(5)× 10−3

Γh1
/Mh1

2.7908(4)× 10−5 2.7908(4)× 10−5 3.0506(4)× 10−5 3.2139(4)× 10−5

Γh2
[GeV] 33.903(8) 116.37(4) 273.6(2) 322.5(2)

Γh2
/Mh2

0.04843(2) 0.11637(4) 0.18240(8) 0.10751(5)

Table 2. Decay widths and Γ/M ratios of the two physical Higgs bosons h1 and h2 in the 1-Higgs-

Singlet extension of the SM for the considered benchmark points. Details as in table 1. The error

due to rounding and numerical integration is given in brackets.

h1, h2

q
g

g

ℓ

ν̄

ℓ̄′

ν ′

W−

W+

(a)

q
g

g

W−

W+

ℓ

ν̄

ℓ̄′

ν ′

(b)

Figure 2. Representative Feynman graphs for gg (→ {h1, h2}) → WW → 4 leptons in the SM

extended with a real scalar singlet field. The light (h1) and heavy Higgs (h2) production graphs

(a) interfere with each other and the gluon-induced continuum background graphs (b).

We study Higgs boson production in gluon fusion at the LHC for the WW and tt̄ decay

modes with subsequent fully-leptonic W boson decays in the 1HSM:

gg (→ {h1, h2})→W−W+→ `ν̄ ¯̀′ν ′, (3.4)

gg (→ {h1, h2})→ tt̄→ bb̄ `ν̄ ¯̀′ν ′. (3.5)

The results presented in section 4 have been calculated at LO unless otherwise noted and

are given for a single combination of different lepton flavours, for instance ` = e−, `′ = µ−.

Representative Feynman graphs for the light and heavy Higgs and interfering con-

tinuum background processes in the 1HSM are shown in figures 2 and 3. All considered

amplitudes are at the one-loop level, except for the gg → tt̄ continuum background at

LO. For the tt̄ process shown in figure 3, we note that continuum background graphs with

s-channel gluon propagator do not interfere with the Higgs graphs, which have a colour

singlet initial and final state. For the depicted continuum background graphs, only the

colour singlet configurations — occurring with probability 1/(N2
c − 1) — contribute to

the signal-background interference. The corresponding SM graphs are obtained by substi-

tuting h1 with H and discarding h2 contributions. The amplitudes are calculated using

customised OpenLoops [86, 87] code, which is interfaced to the Sherpa Monte Carlo
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ν ′

W+
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b
t

t̄

(b)

W−

ℓ

ν̄

ℓ̄′

ν ′

W+

b̄

b
t

t̄
g

g

(c)

W−

ℓ

ν̄

ℓ̄′

ν ′

W+

b̄

b
t

t̄
g

g

(d)

W−

ℓ

ν̄

ℓ̄′

ν ′

W+

b̄

b
t

t̄
g

g

Figure 3. Representative Feynman graphs for gg (→ {h1, h2}) → tt̄ → bb̄ + 4 leptons in the SM

extended with a real scalar singlet field. The light (h1) and heavy Higgs (h2) production graphs (a)

interfere with each other and the gluon-induced LO continuum background graphs (b). Interference

with the gluon-induced continuum background at the one-loop level, for which representative graphs

are shown in (c) and (d), is also considered. The process is calculated in double pole approximation

with a pair of on-shell top quarks (red).

(MC) event generator [88, 89] and LHAPDF [90]. Since Sherpa-2.2.5 does not automat-

ically generate phase space integrators for loop-induced processes, a customised approach

is used. Full spin correlations are taken into account for all considered processes. For the

top pair process, eq. (3.5), since our study focuses on the region with 2mt < Mtt̄ < Mh2 ,

the double pole approximation [91] with a pair of on-shell top quark states — shown in red

in figure 3 — is applied to simplify our calculations. It has been shown that higher-order

corrections to interference can be larger than the interference at LO [66, 67]. In the case

where LO involves tree-level amplitudes, this can be understood as follows: the relative

phase that induces large interference arises primarily through the absorptive part of loop

graphs. We therefore also calculate the interference between the LO Higgs amplitude —

H in the SM and h1 as well as h2 in the 1HSM, see figure figure 3(a) — and the inter-

– 8 –
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fering continuum background amplitude at the one-loop level, see figures 3(c) and 3(d).12

Since the top quark states are treated in narrow-width approximation (NWA), factorising

production and decay, nonfactorisable corrections are neglected.13

The one-loop continuum background amplitudes are affected by ultraviolet (UV) and

infrared (IR) singularities, which are treated with conventional dimensional regularisation.

OpenLoops uses the on-shell scheme to renormalise all masses. For all sufficiently inclu-

sive transition probabilities (“IR-safe” observables), the IR poles cancel when the virtual

corrections, represented by figures 3(c) and 3(d), are combined with the real emission

corrections [94, 95] and the collinear counterterms, which, taken together, constitute the

full next-to-leading order (NLO) corrections to the continuum background subprocess in

eq. (3.5).14 In our calculations, we do not take into account the real emission corrections

to the LO continuum background amplitude, i.e. to figure 3(b), because they do not in-

terfere with the LO signal amplitude, see figure 3(a). We note that they would have to

be included in a full NLO calculation of the signal-background interference, together with

the real emission corrections to the LO signal amplitude.15 A full NLO calculation of the

signal-background interference is beyond the scope of this work.

We note that our 1HSM and SM implementation in Sherpa+OpenLoops is included

in the arXiv submission as ancillary file sherpa_openloops_code.tar.bz2.

4 Results

To take into account the fiducial selection at the LHC, we employ a simplified version of the

experimental leptonic cuts used in ref. [98] and standard jet selection criteria [99]. More

precisely, we apply:16

pT`1 > 22 GeV, pT`2 > 15 GeV, |η`| < 2.5, M`¯̀′ > 10 GeV, p/T > 20 GeV,

pTj > 30 GeV, |ηj | < 4.7, ∆Rj` > 0.4 .
(4.1)

Integrated results for the SM and all considered 1HSM benchmark points (see table 1)

are shown in tables 4–7. Mod-squared amplitude contributions are specified using the

abbreviations defined in table 3. For reference, a nonredundant complete set of integrated

results is given in appendix B.

12The NLO contribution from interference of 2-loop virtual corrections to the loop-induced Higgs am-

plitude with the tree-level continuum background amplitude is not taken into account. We note that this

contribution includes multiscale 2-loop diagrams of the non-factorisable type shown in the centre of figure

9 in ref. [62], for which results are not yet available. We believe this tree-2-loop contribution is small com-

pared to the 1-loop-1-loop contribution we compute, because tree-1-loop interference was found to be small

compared to 1-loop-1-loop interference in similar processes [67, 92], but the non-factorisable contribution

may be enhanced due to the lifted colour singlet final state restriction.
13In the inclusive case, nonfactorisable corrections are suppressed by Γt/mt, i.e. ∼ 1% [93].
14A description of the structure of NLO calculations can be found in ref. [96]. In OpenLoops, the

coefficient defined in eq. (2.6) of ref. [96] is chosen according to eq. (2.7) therein.
15At full NLO, also gq and qq̄ subprocesses [97], which are quark-PDF suppressed at the LHC, formally

contribute to the signal-background and h1-h2 interference, as illustrated for 0 → gqq̄ZZ in figure 2 of

ref. [92].
16The b and b̄ quark in the final state are not jet-clustered in our LO study.
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To explore the differential dependence, various distributions have been calculated. In

addition to the Higgs invariant mass distribution (MWW , Mtt̄), we have also studied the

transverse mass distribution of the WW system (MT,WW ), the dilepton invariant mass

(M`¯̀′) and the angular observables ∆η`¯̀′ , ∆φ`¯̀′ and ∆R`¯̀′ .
17

Differential cross section distributions in the 1HSM for WW production and the bench-

mark point with Mh2 = 1500 GeV and mixing angle θ1 are displayed in figures 4–9 and for

tt̄ production and the benchmark point with Mh2 = 700 GeV and mixing angle θ1 in fig-

ures 10–15. For reference, differential distributions in the SM are displayed in appendix C.

For WW and tt̄ production, invariant mass distributions of the relative deviation

δ = R − 1 of the Higgs cross section including its interference with the background in the

1HSM with Mh2 = {700, 1000, 1500, 3000}GeV and mixing angles θ1 and θ2 compared to

the SM are shown in figures 16–21. More specifically, R is the ratio of σ(h1+2+I(C)) to

σ(H+I(C)) or for tt̄ production also σ(h1+2+I(C+	)) to σ(H+I(C+	)), i.e. including the

virtual corrections to the continuum background.

Furthermore, Mtt̄, M`¯̀′ , ∆η`¯̀′ and ∆φ`¯̀′ distributions of the relative deviation δ = R−1

of the Higgs interference with the background without and with the virtual corrections

(Mcont,loop) in the SM and 1HSM with Mh2 = {700, 1000}GeV and mixing angles {θ1, θ2}
for gg (→ {h1, h2, H})→ tt̄→ bb̄ `ν̄ ¯̀′ν ′ are displayed in figures 22–25. Here, R is the ratio

of σ(I(H,C+	)) to σ(I(H,C)) and σ(I(h1+2,C+	)) to σ(I(h1+2,C)) in the SM and 1HSM,

respectively.

Supplementary figures with distributions for all studied quantities, models and bench-

mark points are available at this URL:

http://users.hepforge.org/∼nkauer/arXiv/plots 08May2019.pdf [100].

17MT,WW is defined as in eq. (3.6) in ref. [52].
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Figure 4. MWW distributions for the signal process gg (→ {h1, h2}) → W−W+ → �ν̄ �̄′ν′ in

the 1-Higgs-Singlet Extension of the SM (1HSM) with Mh2 = 1500GeV and mixing angle θ1 (see

table 1) including its interference with the background in pp collisions at
√
s = 13TeV. Vertical lines

indicate the position of the WW and tt̄ thresholds (grey) and of the Higgs resonances (green). The

selection cuts in (4.1) are applied. Cross sections are given for a single lepton flavour combination.

The bands show the MC integration error estimate (90% confidence interval).
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Figure 5. MT,WW distributions for the signal process gg (→ {h1, h2}) → W−W+ → �ν̄ �̄′ν′ in

the 1HSM (Mh2 = 1500GeV, θ1) including its interference with the background in pp collisions at√
s = 13TeV. Other details as in figure 4.
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Figure 6. M��̄′ distributions for the signal process gg (→ {h1, h2}) → W−W+ → �ν̄ �̄′ν′ in

the 1HSM (Mh2
= 1500GeV, θ1) including its interference with the background in pp collisions at√

s = 13TeV. Other details as in figure 4.
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Figure 7. ∆η��̄′ distributions for the signal process gg (→ {h1, h2}) → W−W+ → �ν̄ �̄′ν′ in

the 1HSM (Mh2
= 1500GeV, θ1) including its interference with the background in pp collisions at√

s = 13TeV. Other details as in figure 4.
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Figure 8. ∆φ��̄′ distributions for the signal process gg (→ {h1, h2}) → W−W+ → �ν̄ �̄′ν′ in

the 1HSM (Mh2
= 1500GeV, θ1) including its interference with the background in pp collisions at√

s = 13TeV. Other details as in figure 4.
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Figure 9. ∆R��̄′ distributions for the signal process gg (→ {h1, h2}) → W−W+ → �ν̄ �̄′ν′ in

the 1HSM (Mh2 = 1500GeV, θ1) including its interference with the background in pp collisions at√
s = 13TeV. Other details as in figure 4.
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Figure 10. Mtt̄ distributions for the signal process gg (→ {h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in the 1HSM

(Mh2
= 700GeV, θ1) including its interference with the background in pp collisions at

√
s = 13TeV.

Other details as in figure 4.
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Figure 11. MT,WW distributions for the signal process gg (→ {h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in

the 1HSM (Mh2 = 700GeV, θ1) including its interference with the background in pp collisions at√
s = 13TeV. Other details as in figure 4.
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Figure 12. M��̄′ distributions for the signal process gg (→ {h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in the 1HSM

(Mh2
= 700GeV, θ1) including its interference with the background in pp collisions at

√
s = 13TeV.

Other details as in figure 10.
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Figure 13. ∆η��̄′ distributions for the signal process gg (→ {h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in

the 1HSM (Mh2
= 700GeV, θ1) including its interference with the background in pp collisions at√

s = 13TeV. Other details as in figure 10.
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Figure 14. ∆φ��̄′ distributions for the signal process gg (→ {h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in

the 1HSM (Mh2
= 700GeV, θ1) including its interference with the background in pp collisions at√

s = 13TeV. Other details as in figure 10.
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Figure 15. ∆R��̄′ distributions for the signal process gg (→ {h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in

the 1HSM (Mh2 = 700GeV, θ1) including its interference with the background in pp collisions at√
s = 13TeV. Other details as in figure 10.
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Label |M|2

Sq(C) |Mcont|2

Sq(H) |MH |2

I(H,C) 2Re(M∗HMcont)

H+I(C) |MH |2 + 2Re(M∗HMcont)

I(H,C	) 2Re(M∗HMcont,loop)

I(H,C+	) 2Re(M∗H(Mcont +Mcont,loop))

H+I(C+	) |MH |2 + 2Re(M∗H(Mcont +Mcont,loop))

Sq(h1) |Mh1
|2

Sq(h2) |Mh2
|2

I(h1,h2) 2Re(M∗h1
Mh2)

h2+I(h1) |Mh2 |2 + 2Re(M∗h1
Mh2)

I(h1,C) 2Re(M∗h1
Mcont)

I(h2,C) 2Re(M∗h2
Mcont)

Sq(h1+2) |Mh1
+Mh2

|2

I(h1+2,C) 2Re((M∗h1
+M∗h2

)Mcont)

h1+2+I(C) |Mh1 +Mh2 |2 + 2Re((M∗h1
+M∗h2

)Mcont)

I(h2,C+h1) 2Re(M∗h2
(Mcont +Mh1))

h2+I(C+h1) |Mh2
|2 + 2Re(M∗h2

(Mcont +Mh1
))

I(h1,C+h2) 2Re(M∗h1
(Mcont +Mh2

))

I(h1,C	) 2Re(M∗h1
Mcont,loop)

I(h2,C	) 2Re(M∗h2
Mcont,loop)

h1+2+I(C+	) |Mh1 +Mh2 |2 + 2Re((M∗h1
+M∗h2

)(Mcont +Mcont,loop))

I(h2,C+	+h1) 2Re(M∗h2
(Mcont +Mcont,loop +Mh1))

h2+I(C+	+h1) |Mh2
|2 + 2Re(M∗h2

(Mcont +Mcont,loop +Mh1
))

I(h1,C+	+h2) 2Re(M∗h1
(Mcont +Mcont,loop +Mh2

))

Table 3. Abbreviations used in tables with integrated cross sections and the corresponding

mod-squared amplitude expressions.
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gg (→ {H,h1, h2})→W−W+→ `ν̄ ¯̀′ν ′

σ [fb], pp,
√
s = 13 TeV

SM and 1HSM (see tables 1 and 3)

SM
|M|2

Sq(H) H+I(C)

σ 13.689(4) 10.420(5)

ratio 1 0.7612(5)

1HSM |M|2

Mh2 [GeV] Sq(h1+2) h1+2+I(C)

θ1

700 13.090(4) 10.012(5)

ratio 1 0.7649(5)

1000 13.032(4) 9.934(5)

ratio 1 0.7623(5)

1500 13.387(4) 10.189(5)

ratio 1 0.7611(5)

3000 13.619(4) 10.368(5)

ratio 1 0.7613(5)

θ2

700 11.715(4) 9.095(5)

ratio 1 0.7763(5)

1000 11.503(4) 8.813(5)

ratio 1 0.7662(5)

1500 12.681(4) 9.651(4)

ratio 1 0.7611(4)

3000 13.435(4) 10.215(5)

ratio 1 0.7603(5)

Table 4. Cross sections for gg (→ {H,h1, h2})→W−W+→ `ν̄ ¯̀′ν′ in pp collisions at
√
s = 13 TeV

in the Standard Model with MH = 125 GeV and its 1-Higgs-Singlet Extension with Mh1
= 125 GeV,

Mh2 = 700, 1000, 1500, 3000 GeV and mixing angles θ1 and θ2 (see table 1). Mod-squared amplitude

contributions are specified using the abbreviations defined in table 3. The ratio σ/σ(Sq(h1+2)) is

also given. The selection cuts in (4.1) are applied. Cross sections are given for a single lepton

flavour combination. The integration error is displayed in brackets.
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gg (→ {h1, h2})→W−W+→ `ν̄ ¯̀′ν ′

σ [fb], pp,
√
s = 13 TeV

1HSM (see tables 1 and 3)

Mh2 |M|2

[GeV] Sq(h2) h2+I(h1) h2+I(C+h1)

θ1

700 0.07810(2) 0.04113(4) 0.09591(7)

ratio 1 0.5266(6) 1.2280(9)

1000 0.010824(2) −0.01621(2) 0.01780(3)

ratio 1 −1.498(2) 1.644(2)

1500 0.00027818(5) −0.005749(2) 0.001214(3)

ratio 1 −20.668(8) 4.36(1)

3000 5.3026(9)× 10−7 −0.00032008(7) 3.46(2)× 10−5

ratio 1 −603.6(2) 65.2(2)

θ2

700 0.27776(5) 0.1737(2) 0.3502(2)

ratio 1 0.6252(4) 1.2606(7)

1000 0.035182(6) −0.03845(3) 0.06833(5)

ratio 1 −1.0928(9) 1.942(2)

1500 0.0008885(2) −0.016227(5) 0.005293(7)

ratio 1 −18.262(6) 5.957(8)

3000 2.3605(4)× 10−6 −0.0010870(3) 0.0001561(4)

ratio 1 −460.5(2) 66.1(2)

Table 5. Cross sections for gg (→ {h1, h2})→ W−W+→ `ν̄ ¯̀′ν′ in pp collisions at
√
s = 13 TeV

in the 1HSM with focus on heavy Higgs (h2) production. The ratio σ/σ(Sq(h2)) is also given.

Other details as in table 4.
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gg (→ {H,h1, h2})→ tt̄→ bb̄ `ν̄ ¯̀′ν ′

σ [fb], pp,
√
s = 13 TeV

SM and 1HSM (see tables 1 and 3)

SM
|M|2

Sq(H) H+I(C) H+I(C+	)

σ 0.13367(4) −4.984(2) 10.984(5)

ratio 1 −37.28(2) 82.17(5)

1HSM |M|2

Mh2 [GeV] Sq(h1+2) h1+2+I(C) h1+2+I(C+	)

θ1

700 0.12834(4) −4.779(2) 11.203(5)

ratio 1 −37.23(2) 87.29(5)

1000 0.11820(4) −4.739(2) 10.605(5)

ratio 1 −40.10(2) 89.72(5)

1500 0.12735(4) −4.874(2) 10.759(5)

ratio 1 −38.27(2) 84.48(5)

3000 0.13228(4) −4.957(2) 10.932(5)

ratio 1 −37.47(2) 82.64(5)

θ2

700 0.12576(4) −4.317(2) 11.797(5)

ratio 1 −34.33(2) 93.80(5)

1000 0.08696(3) −4.195(2) 9.846(5)

ratio 1 −48.24(2) 113.23(6)

1500 0.11365(3) −4.635(2) 10.278(5)

ratio 1 −40.78(2) 90.44(5)

3000 0.12895(4) −4.896(2) 10.796(5)

ratio 1 −37.97(2) 83.72(5)

Table 6. Cross sections for gg (→ {H,h1, h2}) → tt̄ → bb̄ `ν̄ ¯̀′ν′ in pp collisions at
√
s = 13 TeV

in the SM and 1HSM. Virtual corrections (	) to the continuum background are taken into account

(see main text). Other details as in table 4.
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gg (→ {h1, h2})→ tt̄→ bb̄ `ν̄ ¯̀′ν ′

σ [fb], pp,
√
s = 13 TeV

1HSM (see tables 1 and 3)

Mh2 |M|2

[GeV] Sq(h2) h2+I(h1) h2+I(C+h1) h2+I(C+	+h1)

θ1

700 0.015207(4) 0.00607(1) −0.00744(2) 0.6966(6)

ratio 1 0.3990(7) −0.489(2) 45.80(4)

1000 0.0012148(4) −0.004079(3) 0.03194(3) 0.09891(8)

ratio 1 −3.358(2) 26.30(3) 81.42(7)

1500 1.2910(4)× 10−5 −0.0009172(3) 0.009049(4) −0.00278(2)

ratio 1 −71.05(3) 700.9(4) −2.15(1)× 102

3000 7.858(3)× 10−9 −4.655(2)× 10−5 0.0005783(2) −0.0007648(7)

ratio 1 −5.923(3)× 103 7.359(3)× 104 −9.733(9)× 104

θ2

700 0.05395(2) 0.02842(3) −0.04930(9) 2.436(2)

ratio 1 0.5268(5) −0.914(2) 45.16(4)

1000 0.004151(2) −0.010379(6) 0.07329(9) 0.4855(4)

ratio 1 −2.501(2) 17.66(3) 117.0(1)

1500 5.566(2)× 10−5 −0.0026682(8) 0.02068(1) 0.03554(2)

ratio 1 −47.94(2) 371.6(3) 638.6(4)

3000 8.503(3)× 10−8 −0.00015896(5) 0.0017632(6) −0.001246(3)

ratio 1 −1869.5(7) 2.0736(9)× 104 −1.465(3)× 104

Table 7. Cross sections for gg (→ {h1, h2}) → tt̄ → bb̄ `ν̄ ¯̀′ν′ in pp collisions at
√
s = 13 TeV in

the 1HSM with focus on heavy Higgs production. Other details as in table 5.
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Higgs+Higgs-cont interference
Higgs = h1 + h2, H
δ = 1HSM/SM− 1

gg (→ {h1, h2}) → W−W+→ �ν̄ �̄′ν ′

gg (→ H) → W−W+→ �ν̄ �̄′ν ′

pp,
√
s = 13 TeV

Sherpa+OpenLoops

1HSM (Mh2 = 700 GeV, θ1)

1HSM (Mh2 = 1 TeV, θ1)

1HSM (Mh2 = 700 GeV, θ2)

1HSM (Mh2 = 1 TeV, θ2)

Figure 16. MWW distributions of the relative deviation δ = R − 1 of the Higgs cross section

including its interference with the background in the 1HSM (Mh2
= {700, 1000}GeV, {θ1, θ2})

compared to the SM for gg (→ {h1, h2, H}) → W−W+→ �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV.

R is the ratio of σ(h1+2+I(C)) to σ(H+I(C)). Other details as in figure 4.
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Higgs = h1 + h2, H
δ = 1HSM/SM− 1

gg (→ {h1, h2}) → W−W+→ �ν̄ �̄′ν ′

gg (→ H) → W−W+→ �ν̄ �̄′ν ′
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√
s = 13 TeV
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1HSM (Mh2 = 1.5 TeV, θ1)

1HSM (Mh2 = 3 TeV, θ1)

1HSM (Mh2 = 1.5 TeV, θ2)

1HSM (Mh2 = 3 TeV, θ2)

Figure 17. MWW distributions of the relative deviation δ = R − 1 of the Higgs cross section

including its interference with the background in the 1HSM (Mh2 = {1.5, 3}TeV, {θ1, θ2}) compared

to the SM for gg (→ {h1, h2, H}) → W−W+ → �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV. R is the

ratio of σ(h1+2+I(C)) to σ(H+I(C)). Other details as in figure 4.
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δ = 1HSM/SM− 1
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gg (→ H) → tt̄ → bb̄ �ν̄ �̄′ν ′

pp,
√
s = 13 TeV

Sherpa+OpenLoops

1HSM (Mh2 = 700 GeV, θ1)

1HSM (Mh2 = 1 TeV, θ1)

1HSM (Mh2 = 700 GeV, θ2)

1HSM (Mh2 = 1 TeV, θ2)

Figure 18. Mtt̄ distributions of the relative deviation δ = R−1 of the Higgs cross section including

its interference with the background in the 1HSM (Mh2
= {700, 1000}GeV, {θ1, θ2}) compared to

the SM for gg (→ {h1, h2, H}) → tt̄ → bb̄ �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV. R is the ratio of

σ(h1+2+I(C)) to σ(H+I(C)). Other details as in figure 4.
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including Mcont,loop
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Figure 19. Mtt̄ distributions of the relative deviation δ = R−1 of the Higgs cross section including

its interference with the background in the 1HSM (Mh2 = {700, 1000}GeV, {θ1, θ2}) compared to

the SM for gg (→ {h1, h2, H}) → tt̄ → bb̄ �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV. R is the ratio of

σ(h1+2+I(C+�)) to σ(H+I(C+�)). Other details as in figure 4.
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gg (→ H) → tt̄ → bb̄ �ν̄ �̄′ν ′

pp,
√
s = 13 TeV

Sherpa+OpenLoops

1HSM (Mh2 = 1.5 TeV, θ1)

1HSM (Mh2 = 3 TeV, θ1)

1HSM (Mh2 = 1.5 TeV, θ2)

1HSM (Mh2 = 3 TeV, θ2)

Figure 20. Mtt̄ distributions of the relative deviation δ = R−1 of the Higgs cross section including

its interference with the background in the 1HSM (Mh2
= {1.5, 3}TeV, {θ1, θ2}) compared to the

SM for gg (→ {h1, h2, H}) → tt̄ → bb̄ �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV. R is the ratio of

σ(h1+2+I(C)) to σ(H+I(C)). Other details as in figure 4.
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Figure 21. Mtt̄ distributions of the relative deviation δ = R−1 of the Higgs cross section including

its interference with the background in the 1HSM (Mh2 = {1.5, 3}TeV, {θ1, θ2}) compared to the

SM for gg (→ {h1, h2, H}) → tt̄ → bb̄ �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV. R is the ratio of

σ(h1+2+I(C+�)) to σ(H+I(C+�)). Other details as in figure 4.
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Figure 22. Mtt̄ distributions of the relative deviation δ = R − 1 of the Higgs interference

with the background without and with the virtual corrections (Mcont,loop) in the SM and 1HSM

(Mh2
= {700, 1000}GeV, {θ1, θ2}) for gg (→ {h1, h2, H}) → tt̄ → bb̄ �ν̄ �̄′ν′ in pp collisions at√

s = 13TeV. R is the ratio of σ(I(H,C+�)) to σ(I(H,C)) and σ(I(h1+2,C+�)) to σ(I(h1+2,C)) in

the SM and 1HSM, respectively. Other details as in figure 4.
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Figure 23. M��̄′ distributions of the relative deviation δ = R−1 of the Higgs interference with the

background without and with the virtual corrections in the SM and 1HSM (Mh2
= {700, 1000}GeV,

{θ1, θ2}) for gg (→ {H,h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV. Other details as

in figure 22.
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Figure 24. ∆η��̄′ distributions of the relative deviation δ = R−1 of the Higgs interference with the

background without and with the virtual corrections in the SM and 1HSM (Mh2
= {700, 1000}GeV,

{θ1, θ2}) for gg (→ {H,h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV. Other details as

in figure 22.
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Figure 25. ∆φ��̄′ distributions of the relative deviation δ = R−1 of the Higgs interference with the

background without and with the virtual corrections in the SM and 1HSM (Mh2
= {700, 1000}GeV,

{θ1, θ2}) for gg (→ {H,h1, h2}) → tt̄ → bb̄ �ν̄ �̄′ν′ in pp collisions at
√
s = 13TeV. Other details as

in figure 22.
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5 Discussion

The Sq(h1+2) integrated cross sections displayed in table 4 for WW production in the

1HSM exhibit a relatively small deviation from the SM cross section Sq(H), which ranges

from −5% to −0.05% for Mh2 = 1 TeV and Mh2 = 3 TeV, respectively, and the mixing

angle θ1 (θ1 . 0.2, see table 1). Increasing, for illustration,18 the mixing angle to θ2 . 0.4,

the cross section deviation range increases to −16% to −2% with corresponding heavy

Higgs masses. When adding the continuum background interference, in the 1HSM and

SM the cross section is reduced uniformly by a factor close to 0.76. Since in table 4 the

|Mh1 +Mh2 |2 and |MH |2 Higgs cross sections are compared, due to unitarity constraints

it is not surprising that cross section deviations are small and the impact of the interference

is uniform.

In table 5, we show for WW production how interference affects the integrated heavy

Higgs resonance cross section Sq(h2). Due to the falling gluon PDF and the decreasing

value of θ1,2 for Mh2 = {1.5, 3}TeV (see table 1), Sq(h2) decreases rapidly with increasing

Mh2 and, as expected, is roughly a factor 3–5 higher for the mixing angle θ2 < π/4, which is

larger than θ1 > 0. The heavy Higgs cross section Sq(h2) is drastically altered when taking

into account the interference with the light Higgs I(h1,h2), because the light Higgs cross

section Sq(h1) is significantly larger than Sq(h2) throughout (see table 10 in appendix B).

As seen in table 5, the cross section ratio (h2+I(h1))/Sq(h2) ranges from 0.527 (0.625) to

−604 (−461) when Mh2 increases from 700 GeV to 3 TeV with mixing angle θ1 (θ2). When

comparing the integrated cross sections Sq(h2), h2+I(h1) and h2+I(C+h1), where the heavy

Higgs-continuum background interference has also been added in the third quantity, it is

apparent that the heavy Higgs-light Higgs interference I(h1,h2) and I(h1,C) always have

opposite signs (see also table 10 in appendix B), which results in a substantial reduction

of the interference impact on the heavy resonance in WW production. This can be seen in

table 5: the cross section ratio (h2+I(C+h1))/Sq(h2) only ranges from 1.228 (1.261) to 65

(66) when Mh2 increases from 700 GeV to 3 TeV with mixing angle θ1 (θ2).

Analogous results, but for tt̄ production extended with the one-loop (	) continuum

background amplitude, are presented in tables 6 and 7. The Sq(h1+2) integrated cross

sections in the 1HSM displayed in table 6 exhibit a deviation from the SM cross section

Sq(H) ranging from −12% (−35%) to −1% (−4%) for Mh2 = 1 TeV and Mh2 = 3 TeV,

respectively, and the mixing angle θ1 (θ2). We note that the extreme deviations occur for

the same values of Mh2 for tt̄ and WW production and that the deviations are larger in

tt̄ than in WW production. When adding the interference with the tree-level continuum

background, in the 1HSM and SM the cross section changes by a factor of approximately

−40, i.e. the interference at tree level is negative and about 40 times larger than the heavy

resonance cross section. When the interference with the one-loop continuum background

is included, the result changes sign and is at least twice as large. This implies that the

interference with the one-loop continuum background is at least three times larger than

the tree-level interference, with opposite sign. Already at the integrated cross section level,

18Note that θ2 is no longer compatible with experimental bounds.
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it is therefore important to include all one-loop contributions to obtain reliable signal plus

interference results.

In table 7, we show for tt̄ production how interference affects the heavy Higgs cross

section Sq(h2). As before, Sq(h2) decreases rapidly with increasing Mh2 and, as expected,

is roughly a factor 3–10 higher for θ2 than for θ1. The heavy Higgs cross section Sq(h2)

is substantially or even drastically altered when taking into account the interference with

the light Higgs I(h1,h2), because the tt̄ light Higgs cross section Sq(h1) is much larger than

Sq(h2) (see table 12 in appendix B). The cross section ratio (h2+I(h1))/Sq(h2) ranges

from 0.400 (0.527) to −5.92 × 103 (−1870) when Mh2 increases from 700 GeV to 3 TeV

with mixing angle θ1 (θ2), where the ratio is negative for Mh2 & 1 TeV. When comparing

the integrated cross sections Sq(h2), h2+I(h1) and h2+I(C+h1), where the heavy Higgs-

(tree-level-)continuum background interference has been added in the third quantity, it is

apparent that the heavy Higgs-light Higgs interference I(h1,h2) and I(h2,C) typically have

opposite signs (see also table 12 in appendix B). In contrast to WW production, despite

the opposite sign, the result is a strong increase of the interference impact on the heavy

resonance for Mh2 & 1 TeV. As seen in table 7, the cross section ratio (h2+I(C+h1))/Sq(h2)

ranges from 26.3 (17.6) to 7.36×104 (2.07×104) when Mh2 increases from 1 to 3 TeV with

mixing angle θ1 (θ2). Furthermore, the rightmost column of table 7 demonstrates that it

is essential to take into account the interference with the one-loop continuum background.

The cross section ratio (h2+I(C+	+h1))/Sq(h2) ranges from 45.80 (45.2) to −9.7 × 104

(−1.47 × 104) when Mh2 increases from 1 to 3 TeV with mixing angle θ1 (θ2). In all

studied cases, the inclusion of the one-loop continuum background changes the cross section

substantially or even drastically.

Additional insight is gained by studying differential distributions. For WW production,

the MWW distribution shown in figure 4 illustrates several characteristics. First, as ex-

pected, dσ(|Mh1 |2) resembles dσ(|MH |2) (see figure 26). Comparing the same figures, one

also finds that, as expected, dσ(2Re(M∗h1Mcont)) and dσ(2Re(M∗HMcont)) have the same

shape. Secondly, figure 4 illustrates that dσ(2Re(M∗h2Mcont)) and dσ(2Re(M∗h2Mh1))

have opposite sign behaviour with respect to MWW = Mh2 . Furthermore, the sign be-

haviour of dσ(2Re(M∗h1/2Mcont)) at MWW = Mh1/2 is identical to the sign behaviour of

dσ(2Re(M∗HMcont)) at MWW = MH , which is dictated by unitarity cancellations at high

energy. dσ(2Re(M∗h2(Mcont +Mh1))) illustrates the compensation between the two types

of interference for the heavy resonance, which was discussed for table 5 above, at the dif-

ferential level. We note the strong interference reduction in the vicinity of the h2 peak.

But, the mitigating effect of the heavy Higgs-light Higgs interference decreases steadily

down to the WW threshold. The MT,WW distribution shown in figure 5 is related to the

MWW distribution discussed above by the fact that MT,WW ≤ MWW is guaranteed for

the MT,WW definition used here. The M`¯̀′ distribution displayed in figure 6 demonstrates

that the interference impact for the heavy Higgs signal is largest for M`¯̀′ . 150 GeV and

decreases continuously for higher dilepton invariant masses. The ∆η`¯̀′ , ∆φ`¯̀′ and ∆R`¯̀′

distributions displayed in figures 7, 8 and 9, respectively, illustrate that the interference

impact for the heavy Higgs signal is large except for approximately back-to-back dilepton

configurations. As small dilepton opening angles are typically selected in Higgs → WW
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searches [101], this implies that the angular dependence of interference effects is important

and should be taken into account in such studies.

For tt̄ production, the Mtt̄ and MT,WW distributions are shown in figures 10 and 11,

respectively. Comparing the Mtt̄ distributions in the 1HSM (figure 10) and the SM (fig-

ure 28, see also figure 29) yields: first, in analogy to WW production, shape agreement

is found when h1-dependent 1HSM cross sections are compared with the corresponding

H-dependent SM cross sections. Secondly, the same pattern for the sign behaviour of

dσ(2Re(M∗h2Mcont)) and dσ(2Re(M∗h2Mh1)) is found as in WW production. As new

feature, the typically dominant impact of the one-loop continuum background amplitude

on the Mcont-dependent distributions is clearly demonstrated in figures 10 and 11. (In

figures 28 and 29, the same is demonstrated for the corresponding SM distributions.) In

these figures and all other tt̄ distributions, it is apparent that interference is the leading

cross section contribution and the Higgs resonance cross section is subleading. The M`¯̀′ ,

∆η`¯̀′ , ∆φ`¯̀′ and ∆R`¯̀′ distributions displayed in figures 12, 13, 14 and 15, respectively,

confirm both statements for the dilepton invariant mass and angular observables.

Employing the Higgs invariant mass distribution and considering all benchmark points,

for WW production in figures 16 and 17 and for tt̄ production without and with one-loop

continuum background amplitude in figures 18 and 20 and figures 19 and 21, respectively,

the relative deviation of the Higgs cross section in the 1HSM and SM (|Mh1 +Mh2 |2,

|MH |2) including interference with the continuum background is shown. Near the heavy

Higgs resonance and in extended neighbouring regions the deviation can be O(100%) or

even significantly larger. Elsewhere, the deviation is O(10%).

Similarly, for tt̄ production in the SM and 1HSM various distributions shown in fig-

ures 22, 23, 24 and 25 illustrate the relative deviation of the interference cross section

without and with one-loop continuum background amplitude at the differential level. For

Mtt̄ and M`¯̀′ the deviation significantly exceeds 100% in large invariant mass regions. For

∆η`¯̀′ and ∆φ`¯̀′ the deviation is O(2–4) and its differential variation is non-negligible, but

less pronounced.

6 Conclusions

A detailed study of Higgs interference effects at the one-loop level in the 1HSM was pre-

sented for the WW and tt̄ decay modes with fully leptonic WW decay. We calculated with

massive top and bottom quarks and explored interference effects for benchmark points with

a heavy Higgs mass that significantly exceeds 2mt. More specifically, the Mh2 range 700–

3000 GeV was studied with corresponding mixing angles compatible with current limits as

well as a second set of mixing angles, roughly twice as large, to illustrate the dependence

on the mixing angle. In the WW channel, the Higgs signal and the interfering continuum

background are loop induced. In the tt̄ channel, which features a tree-level background,

we also calculated the interference with the one-loop background (applying the NWA to

t and t̄), which, due to the appearance of the absorptive part, was found to dominate

the studied distributions. More generally, our results indicate that NLO interference con-

tributions substantially change the normalisation and shape of BSM and SM differential
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Higgs cross section distributions in invariant-mass as well as angular kinematic variables.

This can be understood via the appearance of a non-trivial phase that is caused by loop

corrections to the continuum background. Full NLO corrections are therefore essential

and, when available, should be taken into account in all interference-affected experimental

searches for heavy Higgs resonances. We conjecture that the same applies to searches for

other heavy resonances. As corollary, we find that the commonly used geometric average

K-factor approximation Kinterference ≈ (KHiggsKbackground)1/2 is not appropriate.

Finally, we note that our 1HSM and SM implementation in Sherpa+OpenLoops,

which can be used as parton-level integrator or event generator, is included in the arXiv

submission as ancillary file. Supplementary figures with distributions for all studied quan-

tities, models and benchmark points are available as Web download.
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A Partial decay widths for h2 → h1h1, h1h1h1, h1h1h1h1

The partial decay widths for h2 → h1h1, h2 → h1h1h1 and h2 → h1h1h1h1 for the consid-

ered benchmark points are given in table 8.19

19The absorptive part of the occurring h2 propagators, which due to the kinematic constraints cannot be

on-shell, was neglected. We checked, by iterating once with the obtained values for Γh2 , that the resulting

uncertainty ranges from 0.05% to 5%, depending on the benchmark point, and is hence generally small.
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θ = θ1

Mh2 [GeV] Γ(h2 → h1h1) [GeV] Γ(h2 → h1h1h1) [GeV] Γ(h2 → h1h1h1h1) [GeV]

700 2.1556(1) 0.00468(2) 6.24(4)× 10−7

1000 6.0953(1) 0.1692(7) 0.001718(9)

1500 9.8911(1) 0.218(2) 0.001632(8)

3000 20.658(1) 0.306(2) 0.001060(7)

θ = θ2

Mh2 [GeV] Γ(h2 → h1h1) [GeV] Γ(h2 → h1h1h1) [GeV] Γ(h2 → h1h1h1h1) [GeV]

700 4.1798(1) 0.507(2) 0.01451(8)

1000 11.604(1) 7.34(4) 2.46(2)

1500 27.26(1) 12.9(2) 3.91(2)

3000 66.8(1) 21.4(2) 4.17(2)

Table 8. Partial decay widths for h2 → h1h1, h2 → h1h1h1 and h2 → h1h1h1h1. Other details as

in tables 1 and 2.

B Nonredundant complete set of integrated results

In tables 9–12, a nonredundant complete set of integrated results is given.

gg (→ H)→W−W+→ `ν̄ ¯̀′ν ′

SM, pp,
√
s = 13 TeV

|M|2 σ [fb]

Sq(C) 27.616(7)

Sq(H) 13.689(4)

I(H,C) −3.269(4)

Table 9. Cross sections for gg (→ H) → W−W+→ `ν̄ ¯̀′ν′ in pp collisions at
√
s = 13 TeV in

the Standard Model. Mod-squared amplitude contributions are specified using the abbreviations

defined in table 3. The selection cuts in (4.1) are applied. Cross sections are given for a single

lepton flavour combination. The integration error is displayed in brackets.
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gg (→ {h1, h2})→W−W+→ `ν̄ ¯̀′ν ′

σ [fb], pp,
√
s = 13 TeV

1HSM (see tables 1 and 3)

|M|2 θ
Mh2 [GeV]

700 1000 1500 3000

Sq(C)
θ1 27.616(7) 27.616(7) 27.616(7) 27.616(7)

θ2 27.616(7) 27.616(7) 27.616(7) 27.616(7)

Sq(h1)
θ1 13.048(4) 13.048(4) 13.393(4) 13.619(4)

θ2 11.541(4) 11.541(4) 12.697(4) 13.436(4)

Sq(h2)
θ1 0.07810(2) 0.010824(2) 0.00027818(5) 5.3026(9)× 10−7

θ2 0.27776(5) 0.035182(6) 0.0008885(2) 2.3605(4)× 10−6

I(h1,h2)
θ1 −0.03697(4) −0.02704(2) −0.006028(2) −0.00032061(7)

θ2 −0.1041(1) −0.07363(3) −0.017115(5) −0.0010893(3)

I(h1,C)
θ1 −3.132(3) −3.132(3) −3.205(4) −3.251(4)

θ2 −2.796(3) −2.796(3) −3.051(2) −3.221(4)

I(h2,C)
θ1 0.05478(5) 0.03401(2) 0.006963(3) 0.00035468(8)

θ2 0.1765(2) 0.10678(4) 0.021519(6) 0.0012430(3)

Table 10. Cross sections for gg (→ {h1, h2})→W−W+→ `ν̄ ¯̀′ν′ in pp collisions at
√
s = 13 TeV

in the 1-Higgs-Singlet Extension of the SM with Mh1 = 125 GeV, Mh2 = 700, 1000, 1500, 3000 GeV

and mixing angles θ1 and θ2 (see table 1). Other details as in table 9.

gg (→ H)→ tt̄→ bb̄ `ν̄ ¯̀′ν ′

SM, pp,
√
s = 13 TeV

|M|2 σ [fb]

Sq(C) 2535.5(6)

Sq(H) 0.13367(4)

I(H,C) −5.117(2)

I(H,C	) 15.967(5)

Table 11. Cross sections for gg (→ H) → tt̄ → bb̄ `ν̄ ¯̀′ν′ in pp collisions at
√
s = 13 TeV in the

Standard Model. Other details as in table 9.
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gg (→ {h1, h2})→ tt̄→ bb̄ `ν̄ ¯̀′ν ′

σ [fb], pp,
√
s = 13 TeV

1HSM (see tables 1 and 3)

|M|2 θ
Mh2 [GeV]

700 1000 1500 3000

Sq(C)
θ1 2535.2(6) 2535.2(6) 2535.2(6) 2535.2(6)

θ2 2535.2(6) 2535.2(6) 2535.2(6) 2535.2(6)

Sq(h1)
θ1 0.12228(4) 0.12228(4) 0.12827(4) 0.13233(4)

θ2 0.09734(3) 0.09734(3) 0.11631(3) 0.12911(4)

Sq(h2)
θ1 0.015207(4) 0.0012148(4) 1.2910(4)× 10−5 7.858(3)× 10−9

θ2 0.05395(2) 0.004151(2) 5.566(2)× 10−5 8.503(3)× 10−8

I(h1,h2)
θ1 −0.009140(9) −0.005293(3) −0.0009301(3) −4.656(2)× 10−5

θ2 −0.02553(2) −0.014530(5) −0.0027239(8) −0.00015904(5)

I(h1,C)
θ1 −4.893(2) −4.893(2) −5.011(2) −5.090(2)

θ2 −4.365(2) −4.365(2) −4.772(2) −5.027(2)

I(h2,C)
θ1 −0.01350(2) 0.03602(3) 0.009967(4) 0.0006248(2)

θ2 −0.07772(8) 0.08367(9) 0.02335(1) 0.0019221(6)

I(h1,C	)
θ1 15.277(5) 15.277(5) 15.644(5) 15.890(5)

θ2 13.629(4) 13.629(4) 14.898(5) 15.695(5)

I(h2,C	)
θ1 0.7040(6) 0.06697(7) −0.01183(2) −0.0013431(7)

θ2 2.485(2) 0.4122(4) 0.01486(2) −0.003009(3)

Table 12. Cross sections for gg (→ {h1, h2})→ tt̄→ bb̄ `ν̄ ¯̀′ν′ in pp collisions at
√
s = 13 TeV in

the 1HSM. Other details as in tables 9 and 10.

C Standard Model distributions

Invariant mass and transverse invariant mass distributions for WW and tt̄ production in

the SM are displayed in figures 26–29.
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Figure 26. MWW distributions for the process gg (→ H) → W−W+ → �ν̄ �̄′ν′ in the SM

including its interference with the background in pp collisions at
√
s = 13TeV. Other details as in

figure 4.
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Figure 27. MT,WW distributions for the process gg (→ H) → W−W+ → �ν̄ �̄′ν′ in the SM

including its interference with the background in pp collisions at
√
s = 13TeV. Other details as in

figure 4.
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Figure 28. Mtt̄ distributions for the process gg (→ H) → tt̄ → bb̄ �ν̄ �̄′ν′ in the SM including its

interference with the background in pp collisions at
√
s = 13TeV. Other details as in figure 4.
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Figure 29. MT,WW distributions for the process gg (→ H) → tt̄ → bb̄ �ν̄ �̄′ν′ in the SM including

its interference with the background in pp collisions at
√
s = 13TeV. Other details as in figure 4.
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