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1 Introduction

A key objective of particle physics research is the experimental confirmation of a theo-

retically consistent description of elementary particle masses and electroweak symmetry

breaking. The prevalent formalism is the Higgs mechanism [1–5], which predicts the exis-

tence of one or more physical Higgs bosons. Recently, a candidate Standard Model (SM)

Higgs boson with MH ≈ 126GeV has been discovered [6, 7]. If physics beyond the SM

(BSM) is realized in nature, additional, heavier Higgs bosons may be discovered at the

Large Hadron Collider (LHC). A comprehensive analysis of Higgs boson searches at the

LHC can be found in refs. [8–10].

At the LHC and Tevatron, Higgs bosons are primarily produced in gluon fusion [11].

Next-to-leading order (NLO) QCD corrections have been calculated in the heavy-top

limit [12] and with finite t and b mass effects [13–15], and were found to be as large as 80–

100% at the LHC. This motivated the calculation of next-to-next-to-leading order (NNLO)

QCD corrections [16–18] enhanced by soft-gluon resummation at next-to-next-to-leading

logarithmic level [19, 20] and beyond [21]. At NNLO QCD, the residual scale uncertainty

is of O(10%) for inclusive observables [8]. In addition to higher-order QCD corrections,

electroweak corrections have been computed and found to be at the 1–5% level [22–26].
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The H → WW → ℓν̄ℓ̄ν decay mode1 in gluon fusion plays an important role in

Higgs searches at the LHC [9, 27], and fully differential NNLO QCD [28–30] and NLO

electroweak [31] corrections have been calculated and studied for this process.2

With inclusive NNLO signal scale uncertainties of O(10%), which can be further re-

duced by experimental selection cuts, it is important to study signal-background inter-

ference effects, because they can be of similar size if invariant Higgs masses above the

weak-boson pair threshold contribute. An accurate estimate of the magnitude of signal-

background interference effects allows experimenters to decide if it has to be taken into

account or may be treated as an additional uncertainty. We note that interference effects

at the few percent level if neglected in SM calculations could be wrongly identified as

anomalous couplings.

Higgs-continuum interference in gg (→ H) → WW and gg (→ H) → ZZ has

been studied for a light and heavy SM Higgs boson in refs. [33–44]. Signal-background

interference for gg (→ H) → WW → ℓν̄ℓ̄′ν ′ (different-flavour final state) and Higgs

masses between 120GeV and 600GeV has been analysed at LO in ref. [38] as well as

refs. [36, 37, 39, 41], and including (N)NLO corrections in soft-collinear approximation in

ref. [43] for MH = 600GeV. Signal-background interference for gg (→ H) → ZZ → ℓℓ̄ν ′ν̄ ′

has been investigated in ref. [41] for MH = 125GeV and MH = 200GeV.

For the same-flavour final state ℓν̄ℓℓ̄νℓ considered here, in addition to Higgs-continuum

interference one also has interference between WW and ZZ intermediate states. The

H → WW/ZZ → ℓν̄ℓℓ̄νℓ decay including interference was calculated at LO and NLO in

ref. [9, 10, 31] and interference-induced deviations of 10% for the shape of distributions

have been found.3 For continuum production, the WW/ZZ interference has been studied

in qq̄ scattering at LO in ref. [46]. No sizeable effects were found. Here, we investigate

both types of interference for the gluon scattering subprocess at loop-induced LO.

The paper is organised as follows: in section 2, calculational details are discussed.

WW/ZZ and signal-background interference is studied for the gluon-induced continuum

background as well as light and heavy Higgs boson signals with minimal and realistic

experimental selection cuts in section 3. Conclusions are given in section 4.

2 Calculational details

We implement the gg (→ H) → WW/ZZ → ℓν̄ℓℓ̄νℓ process (same-flavour final state) in the

publicly available parton-level program and event generator gg2VV [47], thus completing

the implemention of all gg (→ H) → 4 leptons processes at loop-induced leading order

(LO).

1Charged leptons are denoted by ℓ.
2A comprehensive NLO QCD analysis of the irreducible WW+0,1 jet background including squared

quark-loop contributions has been performed in ref. [32].
3We note that substantial interference effects between direct and indirect Higgs boson decays to quarko-

nia have been identified in ref. [45].
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Figure 1. Representative Feynman graphs for the LO amplitude of gg → WW → ℓν̄ℓℓ̄νℓ (Higgs

signal (a) and continuum background (b) contributions) and gg → ZZ → ℓν̄ℓℓ̄νℓ (Higgs signal (c)

and continuum background (d) contributions).

W−

W+

g

g

q
Z, γ∗

ℓ

ν̄ℓ

ℓ̄

νℓ

Z, γ∗

V

g

g

q

Figure 2. Representative triangle graphs that formally contribute to gg → ℓν̄ℓℓ̄νℓ.

2.1 Amplitude

Figure 1 displays representative graphs for the Higgs signal process (a,c) and the gg-

initiated continuum background process (b,d). For the same-flavour final state, WW inter-

mediate states (a,b) and ZZ intermediate states (c,d) contribute. Note that the amplitude

contributions (a), (b), (c) and (d) interfere. γ∗ → ℓℓ̄ contributions are important for Higgs

(invariant) masses below the Z-pair threshold [48] and are therefore included. In addition

to box topologies, in principle also triangle topologies contribute to the gg continuum pro-

cess (see figure 2). But, in the limit of vanishing lepton masses the triangle graphs do not

contribute.4

The implementation of the amplitudes for signal and background processes is generated

with FeynArts/FormCalc [49, 50] and subsequently customised. The Higgs amplitudes are

implemented using the complex-pole scheme described in ref. [51]. The gg continuum am-

plitude receives contributions from box graphs that are affected by numerical instabilities

when Gram determinants approach zero. In these critical phase space regions the ampli-

4Note that the gg → Z∗ triangle graphs do contribute for non-zero lepton masses, which was verified by

explicit calculation.
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tude is evaluated in quadruple precision. Residual instabilities are eliminated by requiring

that pT,W and pT,Z are larger than 1GeV.

2.2 Phase space

We use a modified version of the adaptive-importance-sampling-oriented phase space inte-

gration method employed in ref. [46] for the same-flavour ZZ → ℓℓ̄ℓℓ̄ decay mode. Note

that for a given final state, amplitudes with two distinct, potentially resonant interme-

diate states related via permutation contribute to the decay: (Z → ℓ1ℓ̄1, Z → ℓ2ℓ̄2) and

(Z → ℓ1ℓ̄2, Z → ℓ2ℓ̄1). For the different-flavour case, efficient importance sampling can

be achieved by applying a mapping that approximates the Breit-Wigner resonance as well

as the γ∗-induced divergence at zero virtuality when integrating over both (physically dis-

tinct) Z boson virtualities si = p2i , where pi is the 4-momentum of the intermediate Z

boson state and i = 1, 2 is the flavour index. To efficiently sample the same-flavour fi-

nal state, ref. [46] uses an appropriately weighted sum of the two phase space integrals

corresponding to the two lepton permutations (ℓ̄1 ↔ ℓ̄2). The phase-space-configuration-

dependent weight for each channel is chosen such that not efficiently sampled resonant

configurations are suppressed. Proper normalisation is achieved by overall multiplication

with the inverse sum of the weights.5 When adapting the method to (Z → ℓℓ̄, Z → νℓν̄ℓ)

and (W → ℓν̄ℓ,W → ℓ̄νℓ) an asymmetry is introduced, and to preserve efficiency it is

necessary to numerically balance both weight factors. This can be achieved by using

fZZ =
{[
(s12 −M2

W )2 + (MWΓW )2
]
×
[
(s34 −M2

W )2 + (MWΓW )2
]}2

, (2.1)

fWW =
s313
M6

Z

[
(s13 −M2

Z)
2 + (MZΓZ)

2
]2 × s324

M6
Z

[
(s24 −M2

Z)
2 + (MZΓZ)

2
]2

, (2.2)

with 4-momentum indices 1 = ℓ, 2 = ν̄ℓ, 3 = ℓ̄, 4 = νℓ. The integrated cross section is

computed using normalised weight factors:

σ =

∫

WW

fWW

fWW + fZZ
dσ +

∫

ZZ

fZZ

fWW + fZZ
dσ , (2.3)

where the integral subscript indicates which phase space mapping is applied.

Adaptive Monte Carlo integration was carried out using the Dvegas package [52],

which was developed in the context of refs. [53, 54]. The correctness of the program was

checked with cross section and squared amplitude level comparisons with GoSam [55],

MCFM [38, 56, 57] and VBFNLO [58, 59].

3 Results

In this section, we present cross sections and measures for interference and off-shell effects

for the gg → ℓν̄ℓℓ̄νℓ process in pp collisions at
√
s = 8TeV. The complete loop-induced LO

amplitude is included, i.e. Higgs signal and continuum background contributions as well as

5As noted in ref. [46], in the ZZ → ℓℓ̄ℓℓ̄ case it is advisable to randomly permute the identical leptons

if final state criteria (e.g. selection cuts) are applied.
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WW and Z(Z, γ∗) intermediate states (collectively denoted by V V ). All results are given

for a single lepton flavour combination. No flavour summation is carried out for charged

leptons or neutrinos.6 As input parameters, we use the specification of the LHC Higgs

Cross section Working Group in appendix A of ref. [8] with NLO weak boson widths and

Gµ scheme. Finite top and bottom quark mass effects are included. Lepton masses are

neglected. The fixed-width prescription is used for weak boson propagators. The complex-

pole-scheme Higgs widths are calculated with the program HTO (G. Passarino, unpub-

lished). We consider the Higgs masses 126GeV, 200GeV, 400GeV, 600GeV, 800GeV and

1TeV with ΓH = 4.17116MeV, 1.42120GeV, 26.5977GeV, 103.933GeV, 235.571GeV and

416.119GeV, respectively. The PDF set MSTW2008 NNLO [60] with 3-loop running for

αs(µ
2) and αs(M

2
Z) = 0.11707 is used. The CKM matrix is set to the unit matrix, which

causes a negligible error [39]. Unless otherwise noted, the renormalisation and factorisation

scales are fixed at µR = µF = µH = MH/2, which yields a better perturbative conver-

gence for the signal than µR = µF = MH [17]. In section 3.2, the dynamic scale choice

µR = µF = µoffshell = Mℓν̄ℓℓ̄νℓ
/2 is employed for comparison. This choice was proposed in

ref. [44] for the far-off-shell region, Mℓν̄ℓℓ̄νℓ
> 2MZ , which gives a significant contribution

to the total cross section [41]. We note that at Higgs resonance, one has µH ≈ µoffshell.

When a full NLO calculation of the interference becomes available, the optimal scale choice

should be investigated in more detail.7 When considering the continuum background only

(section 3.1), the fixed scale µR = µF = (MW +MZ)/2 is used.

The resonant process gg → H → ℓν̄ℓℓ̄νℓ (amplitude MH) and continuum process

gg → ℓν̄ℓℓ̄νℓ (amplitude Mcont) have the same initial and final states. The amplitudes

therefore interfere. Furthermore, amplitude contributions with W−W+ and ZZ interme-

diate states interfere. By choosing suitable lepton flavour combinations, the W−W+ and

ZZ contributions can be separated. Both are therefore gauge invariant. We denote the

amplitudes corresponding to the graph sets (a), (b), (c) and (d) of figure 1 with MH,WW ,

Mcont,WW , MH,ZZ and Mcont,ZZ , respectively. The interference is given by

Iij = 2Re(MiM∗
j ) = |Mi +Mj |2 − ρi − ρj , (3.1)

where ρi,j = |Mi,j |2. As suggestive relative, symmetric, non-negative interference measure,

we consider

R(i, j) =
σ(ρi + ρj + Iij)

σ(ρi + ρj)
, (3.2)

and apply it to Higgs signal and continuum background contributions (i = H, j = cont)

as well as contributions from WW and ZZ intermediate states (i = WW , j = ZZ):

R1 = R(H, cont) , (3.3)

R3 = R(WW,ZZ) . (3.4)

6Since our study focuses on interference effects, we do not include final states with different neutrino

flavours, which cannot be distinguished experimentally. Results for the corresponding different-flavour final

states have been presented in ref. [41] and can be computed with gg2VV.
7(N)NLO corrections to signal-background interference in gg (→ H) → WW → ℓν̄ℓ̄′ν′ have been

calculated in soft-collinear approximation in ref. [43].
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The contributions are described in section 2.1. When two interfering amplitude contri-

butions are not viewed on an equal footing, the interference as relative correction to the

primary contribution is a suggestive asymmetric measure:

R̃(i, j) =
σ(ρi + Iij)

σ(ρi)
. (3.5)

Employing this definition, a Higgs-boson-search-inspired alternative to R1 is given by

R2 = R̃(H, cont) . (3.6)

It measures the relative signal modification due to signal-background interference, because

the null hypothesis, i.e. the SM without Higgs, is not sensitive to the interference. In

addition to R3 given in eq. (3.4), we also compute the WW/ZZ interference as relative

correction to the cross section of the dominant intermediate weak boson state, either WW

or ZZ depending on the applied (search) selection cuts:

R4 = R̃(WW,ZZ) and R5 = R̃(ZZ,WW ) , (3.7)

respectively. Finally, for comparison the relative correction of the gluon-induced cross sec-

tion due to the subdominant intermediate weak boson state is given when interference is

neglected:

R6 = σ(ρZZ)/σ(ρWW ) and R7 = σ(ρWW )/σ(ρZZ) , (3.8)

respectively.8

3.1 Gluon-induced continuum background

First, we consider WW/ZZ interference in the SM without Higgs boson. Continuum weak-

boson pair production in gluon scattering [33, 34, 36, 38, 48, 57, 61–64] formally contributes

to pp → ℓν̄ℓℓ̄νℓ at NNLO,9 but is enhanced by the large gluon-gluon flux at the LHC (and

is further enhanced by Higgs search selection cuts [63]).10 We note that WW/ZZ inter-

ference in continuum production in quark-antiquark scattering was calculated at LO in

ref. [46] and found to be negligible. Here, results for the gluon-induced continuum process

gg → ℓν̄ℓℓ̄νℓ are presented in table 1. In addition to a minimal Mℓℓ̄ > 4GeV cut, we also

consider LHC standard cuts for WW production (pTℓ > 20GeV, |ηℓ| < 2.5, p/T > 45GeV,

Mℓℓ̄ > 12GeV, |Mℓℓ̄ − MZ | > 15GeV) and ZZ production (pTℓ > 20GeV, |ηℓ| < 2.5,

|Mℓℓ̄ − MZ | < 15GeV) [72, 73]. The renormalisation and factorisation scales are set to

(MW +MZ)/2. The results demonstrate that WW/ZZ interference effects in gluon-fusion

continuum production are negligible. Table 1 also demonstrates that the ZZ correction to

WW production is of O(10%) with minimal selection cuts, but becomes negligible when

standardWW selection cuts are applied. In contrast, theWW correction to ZZ production

is of O(1) when standard ZZ selection cuts are applied.

8Note that due to additional contributions from undetectable non-interfering neutrino flavour combina-

tions the phenomenological corrections are 3R6 and R7/3.
9We note that electroweak corrections to pp → V V have been computed in refs. [65–67] and threshold-

resummed and approximate NNLO results for pp → WW in ref. [68].
10We further note that cross sections for gluon-induced V V+jet production have been calculated in

refs. [42, 69–71].
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gg → WW/ZZ → ℓν̄ℓℓ̄νℓ,

σ [fb], pp,
√
s = 8TeV interference correction

cuts WW ZZ WW/ZZ R3 R4/5 R6/7

minimal 18.780(5) 2.4581(6) 21.241(4) 1.0001(3) 1.0002(4) 0.13089(5)

standard WW 6.243(2) 0.03914(2) 6.285(2) 1.0003(4) 1.0003(4) 0.006270(3)

standard ZZ 2.3815(7) 1.5267(4) 3.9116(8) 1.0009(3) 1.0023(8) 1.5599(6)

Table 1. Cross sections for gg → WW/ZZ → ℓν̄ℓℓ̄νℓ in pp collisions at
√
s = 8TeV for three

sets of selection cuts calculated at loop-induced leading order. The interference measures R3 =

σ(|MWW +MZZ |2)/σ(|MWW |2 + |MZZ |2), R4 = σ(|MWW |2 + 2Re(MWWM∗

ZZ))/σ(|MWW |2)
and R5 = σ(|MZZ |2 + 2Re(MWWM∗

ZZ))/σ(|MZZ |2) as well as the correction measures

R6 = σ(|MZZ |2)/σ(|MWW |2) and R7 = σ(|MWW |2)/σ(|MZZ |2) are also displayed.

R4/5 = R4 (R5) and R6/7 = R6 (R7) for minimal and standard WW cuts (standard ZZ

cuts). Minimal cuts: Mℓℓ̄ > 4GeV. WW standard cuts: pTℓ > 20GeV, |ηℓ| < 2.5, p/T > 45GeV,

Mℓℓ̄ > 12GeV and |Mℓℓ̄ − MZ | > 15GeV. ZZ standard cuts: pTℓ > 20GeV, |ηℓ| < 2.5,

|Mℓℓ̄ −MZ | < 15GeV. γ∗ contributions are included in ZZ. Cross sections are given for a single

lepton flavour combination. The integration error is displayed in brackets.

3.2 Light Higgs boson signal

We now study signal-background and WW/ZZ interference effects in the Standard Model

with a 126GeV Higgs boson motivated by the recent discovery [6, 7]. Results for minimal,

standard and Higgs search cuts are shown in tables 2, 4 and 5, respectively. As above,

a minimal Mℓℓ̄ > 4GeV cut is applied to exclude the on-shell photon singularity. In this

section, we apply the following cuts as standard cuts for the WW → ℓν̄ℓℓ̄νℓ process at the

LHC:11 pTℓ,1st > 25GeV, pTℓ,2nd > 15GeV, |ηℓ| < 2.5, p/T > 45GeV, Mℓℓ̄ > 12GeV and

|Mℓℓ̄ − MZ | > 15GeV. As H → WW search cuts, we apply these standard cuts and in

addition Mℓℓ̄ < 50GeV, ∆φℓℓ̄ < 1.8 and 0.75MH < MT < MH [72].12 The cut on the

transverse mass

MT1 =
√

(MT,ℓℓ̄ + p/T )
2 − (pT,ℓℓ̄ + p/T )

2 with MT,ℓℓ̄ =
√
p2
T,ℓℓ̄

+M2

ℓℓ̄
(3.9)

strongly reduces the contribution from Mℓν̄ℓℓ̄νℓ
> MH [38].13 The renormalisation and

factorisation scales are set to µR = µF = MH/2, except in table 3.

For the Higgs signal cross section, we find negative WW/ZZ interference of approx-

imately 5%, whereas no significant WW/ZZ interference occurs for the continuum back-

ground in agreement with our findings in section 3.1. This difference can be traced back

to the fact that for H → V V with MV < MH < 2MV the most likely configuration fea-

tures one weak boson (W as well as Z) that is (far) off-shell, whereas for the continuum

background no such kinematic constraint exists.

11The staggered pTℓ cut accomodates the off-shell W boson decay for MWW ≈ 126GeV. Leptons are

ordered by decreasing pT .
12Very similar selection cuts are employed in ref. [73].
13In the absence of additional final state particles, the expression for MT1 simplifies due to p/

T
= −pT,ℓℓ.
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gg (→ H) → V V → ℓν̄ℓℓ̄νℓ,

σ [fb], pp,
√
s = 8TeV,

MH = 126GeV, min. cuts interference

V V H cont |H+cont|2 R1 R2

WW 17.593(4) 20.978(5) 36.480(8) 0.9458(3) 0.8811(6)

ZZ 0.9308(3) 2.7543(7) 3.436(2) 0.9324(5) 0.732(2)

WW/ZZ 17.729(3) 23.742(5) 39.125(8) 0.9434(3) 0.8677(6)

R3 0.9571(3) 1.0004(3) 0.9802(3)

R4 0.9548(3) 1.0004(4) 0.9783(3)

R6 0.05291(2) 0.13129(5) 0.09419(5)

Table 2. Cross sections and interference measures for gg (→ H) → WW/ZZ → ℓν̄ℓℓ̄νℓ
in pp collisions at

√
s = 8TeV. The off-shell Higgs cross section at MH = 126GeV, the

gluon-induced continuum cross section and the sum including interference are given. The

signal-background interference measures R1 = σ(|MH + Mcont|2)/σ(|MH |2 + |Mcont|2) and

R2 = σ(|MH |2 + 2Re(MHM∗

cont))/σ(|MH |2) as well as several WW/ZZ-related interference

and correction measures (see table 1) are also displayed. A minimal Mℓℓ̄ > 4GeV cut is applied.

Other details as in table 1.

gg (→ H) → V V → ℓν̄ℓℓ̄νℓ,

σ [fb], pp,
√
s = 8TeV,

MH = 126GeV, min. cuts,

µR = µF = Mℓν̄ℓℓ̄νℓ
/2 interference

V V H cont |H+cont|2 R1 R2

WW 17.318(4) 16.925(4) 32.803(8) 0.9580(3) 0.9169(6)

ZZ 0.8822(2) 2.1553(6) 2.872(1) 0.9455(4) 0.813(2)

WW/ZZ 17.402(3) 19.084(4) 34.884(7) 0.9561(3) 0.9079(5)

R3 0.9562(3) 1.0002(3) 0.9778(3)

R4 0.9540(3) 1.0002(4) 0.9759(4)

R6 0.05094(2) 0.12735(5) 0.08756(4)

Table 3. Cross sections and interference measures for gg (→ H) → WW/ZZ → ℓν̄ℓℓ̄νℓ in pp

collisions at
√
s = 8TeV and MH = 126GeV. The dynamic scale µR = µF = Mℓν̄ℓℓ̄νℓ

/2 is employed.

Details as in table 2.

Signal-background interference effects for minimal, standard and Higgs search cuts are

compatible with what would be expected on the basis of different-flavour final state re-

sults [38, 41]. With minimal and standard cuts, the signal-background interference of the

subdominant ZZ contribution when measured with R2 is significantly larger than for the

dominant WW contribution. Due to the suppression of the ZZ contribution (high with
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gg (→ H) → V V → ℓν̄ℓℓ̄νℓ,

σ [fb], pp,
√
s = 8TeV,

MH = 126GeV, std. cuts interference

V V H cont |H+cont|2 R1 R2

WW 3.606(2) 8.084(3) 10.442(3) 0.8932(3) 0.654(1)

ZZ 0.009752(6) 0.05099(3) 0.05387(3) 0.8868(7) 0.295(5)

WW/ZZ 3.545(3) 8.17(2) 10.46(2) 0.893(3) 0.646(8)

R3 0.9804(8) 1.004(3) 0.996(2)

R4 0.9803(8) 1.004(3) 0.996(2)

R6 0.002704(2) 0.006308(5) 0.005159(4)

Table 4. Cross sections and interference measures for gg (→ H) → WW/ZZ → ℓν̄ℓℓ̄νℓ in pp

collisions at
√
s = 8TeV and MH = 126GeV. WW standard cuts for MWW ≈ 126GeV are applied:

pTℓ,1st > 25GeV, pTℓ,2nd > 15GeV, |ηℓ| < 2.5, p/T > 45GeV, Mℓℓ̄ > 12GeV and |Mℓℓ̄ − MZ | >
15GeV. Other details as in table 2.

standard and search cuts), the induced change of the overall signal-background interference

is, however, at most at the one-percentage-point level. As seen in table 5, the application of

a MT1 < MH cut suppresses the interference effects even stronger for the ZZ contribution

than for the WW contribution.

Results for µR = µF = Mℓν̄ℓℓ̄νℓ
/2 and minimal cut are displayed in table 3. Signal-

background interference effects are smaller compared to µR = µF = MH/2, because the

dynamic scale reduces the contribution of the region with strong interference, due to the

smaller strong coupling at higher V V invariant mass. R2 decreases by 3–8 percentage

points relative to table 2. Changes in the WW/ZZ interference measures are at the sub-

percentage point level.

3.3 Heavy Higgs boson signal

We now study the signal-background and WW/ZZ interference in the same-flavour decay

mode for a SM-like Higgs boson with mass between 200GeV and 1TeV. A priori, the

search for a SM Higgs boson in the intermediate and heavy mass range is a crucial task.

It continues without premature conclusion about the exact nature of the discovered boson

at 126GeV. More specifically, one can search for a heavier SM Higgs boson with the

advantage that assumptions about the realized SM extension are not required. Given that

the discovered 126GeV boson appears to have all characteristics of the SM Higgs boson,

an alternative, slightly better motivated approach is to search for a second, heavier Higgs

boson. A first proposal for a framework for the interpretation of the continuing LHC Higgs

searches at masses other than 126GeV has been set out in ref. [10]. These searches are

being conducted in a model-independent way by suitably rescaling SM predictions in order

to preserve unitarity cancellations at high energies as well as by considering specific BSM

benchmark models. It is straightforward to apply the rescaling procedure described in
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gg (→ H) → V V → ℓν̄ℓℓ̄νℓ,

σ [fb], pp,
√
s = 8TeV,

MH = 126GeV,

Higgs search cuts interference

V V H cont |H+cont|2 R1 R2

WW 2.9303(7) 0.7836(4) 3.6649(8) 0.9868(4) 0.9833(4)

ZZ 0.004658(3) 0.002851(2) 0.007494(3) 0.9979(6) 0.9966(9)

WW/ZZ 2.8758(7) 0.7864(4) 3.6131(8) 0.9866(3) 0.9829(4)

R3 0.9799(4) 0.9999(8) 0.9839(3)

R4 0.9798(4) 0.9999(8) 0.9838(3)

R6 0.0015898(9) 0.003638(3) 0.002045(1)

Table 5. Cross sections and interference measures for gg (→ H) → WW/ZZ → ℓν̄ℓℓ̄νℓ in pp

collisions at
√
s = 8TeV and MH = 126GeV. Higgs search cuts are applied, i.e. WW standard cuts

(as in table 4) and Mℓℓ̄ < 50GeV, ∆φℓℓ̄ < 1.8 and 0.75MH < MT1 < MH . The transverse mass

MT1 is defined in eq. (3.9) in the main text. Other details as in table 2.

ref. [10] to the results presented in this section. We note that the program gg2VV can be

used to study Higgs-continuum interference and off-shell effects for BSM scenarios with a

SM-like Higgs boson with rescaled Hgg, HWW and HZZ couplings. The analysis of BSM

benchmark models is beyond the scope of this paper.

In this context, the question arises if Higgs-Higgs interference effects are small. The

SM-like Higgs boson at 126GeV appears to have the expected tiny width of approx.

4MeV.14 The overlap of the extremely narrow Breit-Wigner lineshape with the lineshape of

a heavier Higgs boson with experimentally discriminable mass is insignificant. Higgs-Higgs

interference effects are thus expected to be negligible provided that off-shell effects [41, 83]

are suppressed by the search selection cuts.15

Both approaches, a heavy SM or BSM Higgs boson search at the LHC (denoted by

“SM” and “BSM” below), have been pursued by ATLAS and CMS for Higgs masses up to

1TeV. In the following, we quote the experimental exclusion limits for a heavy Higgs boson

with SM properties. The H → ZZ → ℓℓ̄ℓℓ̄ (same or different flavour) and H → ZZ → ℓℓ̄νν̄

channels yield the strongest limits.16 The four-charged-lepton channel has been studied

by ATLAS (SM) [85] and CMS (SM) [86]. An exclusion region of 130–827GeV is given in

the latter work. Secondly, the H → ZZ → ℓℓ̄νν̄ channel has been studied by CMS (SM

and BSM) [87] and ATLAS (SM, MH < 600GeV, 7TeV data) [88]. CMS and ATLAS ex-

clude a mass in the ranges 248–930GeV and 319–558GeV, respectively. Furthermore, the

H → WW → ℓν̄ℓ̄ν channel has been analysed by ATLAS (SM) [89] and CMS (SM) [90],

14Bounding ΓH at MH ≈ 126GeV with LHC and Tevatron data has been studied in refs. [44, 74–82].
15We note that the role of interference effects in analysing the tensor structure of the HZZ coupling has

been studied in ref. [84].
16All exclusion limits are given at 95% confidence level.
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excluding the mass ranges 260–642GeV and 128-600GeV, respectively. The semileptonic

decay modes H → WW → ℓνjj [91, 92] and H → ZZ → ℓℓ̄jj [93] have also been stud-

ied by ATLAS (SM) and CMS (SM and BSM). A combined analysis of H → ZZ and

H → WW channels in the mass range 145GeV to 1TeV has been carried out by CMS [94]

and an update is in preparation [95].

3.3.1 Minimal cuts

As in section 3.2, the renormalisation and factorisation scales are set to µR = µF = MH/2.

Again, we first give results for a minimal Mℓℓ̄ > 4GeV cut. To cover the heavy Higgs

mass range of interest, results are shown in table 6 for a Higgs mass of 200GeV, 400GeV,

600GeV, 800GeV and 1TeV.

In contrast to the light Higgs case, we find that WW/ZZ interference for the Higgs

signal is negligible for all considered heavy Higgs masses. This further supports our con-

clusion in section 3.2, which is that non-negligible WW/ZZ interference effects occur only

if at least one weak boson of the pair is dominantly off-shell due to kinematic constraints.

This assertion is also confirmed by the results given in sections 3.3.2 and 3.3.3, where heavy

Higgs search selection cuts are applied. With minimal cut the ZZ correction is of O(10–

20%) and effects a change of the signal-background interference at the few percentage-point

level. For Higgs masses beyond 700GeV, signal-over-background ratios are at the percent

and per mil level, and signal-background interference (R2 − 1) is of O(1).

3.3.2 H → ZZ search cuts

While the four-charged-lepton channel has the highest sensitivity in the H → ZZ search

for masses below 500GeV, the H → ZZ → ℓℓ̄νν̄ channel considered here dominates above

500GeV [95]. As above, we consider the Higgs mass range 200GeV–1TeV and note that

for the lower end of this range the H → WW → ℓℓ̄νν̄ process can contribute as much

as 70% to the signal after selection cuts [88]. For our calculations, we adopt the analysis

strategy of the recent study presented in ref. [87]. In more detail, as H → ZZ search cuts

we apply the basic selection cuts pTℓ > 20GeV, |ηℓ| < 2.5 and |Mℓℓ̄ −MZ | < 15GeV. In

addition, to select the signal contribution with MZZ ≈ MH Higgs-mass-dependent bounds

are imposed on the transverse mass MT2 and p/T .
17 MT2 is given by

MT2 =

√(
MT,ℓℓ̄ +M/ T

)2 − (pT,ℓℓ̄ + p/T )
2 with M/ T =

√
p/2T +M2

ℓℓ̄
. (3.10)

MT,ℓℓ̄ is defined in eq. (3.9).18 The employed MT2 and p/T bounds are given in table 7.

Note that an upper bound is imposed on MT2 for all Higgs masses in order to suppress

increasingly large interference effects at high invariant masses.

Applying these H → ZZ search cuts, we obtain the results shown in table 8, which

demonstrate the absence of WW/ZZ interference for the Higgs signal and continuum back-

ground. Signal-background interference (R2 − 1) ranges from −2% to +60% and is not

affected by the WW correction for MH & 400GeV.

17In our calculation, pT,ℓℓ̄ is constrained by the p/
T
cut.

18In the absence of additional final state particles: MT2 = 2MT,ℓℓ̄ = 2M/
T
.
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gg (→ H) → V V → ℓν̄ℓℓ̄νℓ,

σ [fb], pp,
√
s = 8TeV,

minimal cut interference

MH [GeV] V V H cont |H+cont|2 R1 R2 H/cont

200

WW 23.662(7) 17.781(5) 41.677(9) 1.0057(3) 1.0099(5) 1.3307(6)

ZZ 3.125(1) 2.327(2) 5.565(2) 1.0208(4) 1.0363(7) 1.3431(8)

WW/ZZ 26.781(7) 20.114(5) 47.242(9) 1.0074(3) 1.0129(5) 1.3315(5)

R3 0.9998(4) 1.0003(4) 1.0000(3)

R4 0.9998(4) 1.0003(4) 1.0000(3)

R6 0.13208(6) 0.13086(8) 0.13354(5)

400

WW 8.548(3) 14.078(4) 22.405(5) 0.9902(3) 0.9742(8) 0.6072(3)

ZZ 1.5053(7) 1.8298(7) 3.318(1) 0.9948(4) 0.9886(9) 0.8226(5)

WW/ZZ 10.053(3) 15.912(4) 25.727(5) 0.9908(3) 0.9764(7) 0.6318(3)

R3 1.0000(5) 1.0002(4) 1.0002(3)

R4 1.0000(5) 1.0003(4) 1.0002(3)

R6 0.1761(1) 0.12998(6) 0.14809(5)

600

WW 1.430(3) 12.354(4) 14.142(5) 1.0260(5) 1.250(5) 0.1157(2)

ZZ 0.2600(4) 1.6014(7) 1.9016(8) 1.0216(6) 1.154(5) 0.1624(3)

WW/ZZ 1.690(3) 13.959(4) 16.047(5) 1.0255(4) 1.236(4) 0.1211(2)

R3 1.000(2) 1.0003(4) 1.0002(4)

R4 1.000(3) 1.0003(5) 1.0003(5)

R6 0.1819(4) 0.12963(7) 0.13447(7)

800

WW 0.2857(7) 11.286(3) 11.806(3) 1.0202(4) 1.82(2) 0.02531(6)

ZZ 0.0527(2) 1.4602(6) 1.5425(6) 1.0195(6) 1.56(2) 0.03611(8)

WW/ZZ 0.3384(7) 12.750(3) 13.352(3) 1.0201(4) 1.78(2) 0.02654(6)

R3 1.000(3) 1.0003(4) 1.0003(4)

R4 1.000(4) 1.0003(4) 1.0003(4)

R6 0.1845(6) 0.12938(6) 0.13065(6)

1000

WW 0.0759(4) 10.547(3) 10.760(3) 1.0129(4) 2.81(6) 0.00720(3)

ZZ 0.01409(4) 1.3616(6) 1.3939(6) 1.0132(6) 2.29(6) 0.01034(3)

WW/ZZ 0.0900(4) 11.911(3) 12.157(3) 1.0129(4) 2.73(5) 0.00755(3)

R3 1.000(5) 1.0003(4) 1.0003(4)

R4 1.000(6) 1.0003(4) 1.0003(4)

R6 0.1856(9) 0.12910(7) 0.12955(7)

Table 6. Cross sections and interference measures for gg (→ H) → WW/ZZ → ℓν̄ℓℓ̄νℓ in pp

collisions at
√
s = 8TeV with a Higgs boson mass in the range 200GeV to 1TeV. A minimal

Mℓℓ̄ > 4GeV cut is applied. Other details as in table 2.

3.3.3 H → WW search cuts

We adopt the H → WW search cuts of ref. [90].19 To simulate detector coverage, select

WW → ℓν̄ℓ̄ν and suppress reducible backgrounds the following cuts are applied: |ηℓ| < 2.5,

19In ref. [89] the same-lepton-flavour final states have not been included.
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MH [GeV] 200 400 600 800 1000

MT2 lower bound [GeV] 180 300 420 500 550

MT2 upper bound [GeV] 220 450 700 900 1100

p/T lower bound [GeV] 20 90 110 150 170

Table 7. Higgs-mass-dependent H → ZZ search cuts. Bounding cuts are applied to the transverse

mass MT2 defined in eq. (3.10) in the main text and the missing transverse momentum p/T .

p/T > 20GeV, Mℓℓ̄ > 12GeV, |Mℓℓ̄ − MZ | > 15GeV and pT,ℓℓ̄ > 45GeV. To select the

H → WW signal, following ref. [90], we define the transverse mass

MT3 =
√
2 pT,ℓℓ̄ p/T (1− cos∆φℓℓ̄,miss) , (3.11)

where ∆φℓℓ̄,miss is the angle between pT,ℓℓ̄ and p/T , and impose the cuts pTℓ,max > 0.2MH ,

pTℓ,min > 25GeV, Mℓℓ̄ < 90GeV for MH = 200GeV and Mℓℓ̄ < MH − 100GeV for

MH ≥ 400GeV, ∆φℓℓ̄ < 100◦ for MH = 200GeV and ∆φℓℓ̄ < 175◦ for MH ≥ 400GeV,

and 120GeV < MT3 < MH .20

With these H → WW search cuts, we obtain the results shown in table 9. The cuts

reduce the ZZ correction to the one-percent level, and the signal-background interference

is dominated by the WW contribution.

4 Conclusions

We studied WW/ZZ interference for Higgs signal and continuum background as well as

signal-background interference for same-flavour ℓν̄ℓℓ̄νℓ final states produced in gluon-gluon

scattering at the LHC for light and heavy Higgs masses with minimal and realistic exper-

imental selection cuts. For the signal cross section, we find WW/ZZ interference effects

of O(5%) at MH = 126GeV. For MH ≥ 200GeV, we find that WW/ZZ interference is

negligible. For the gg continuum background, we also find that WW/ZZ interference is

negligible. As general rule, we conclude that non-negligible WW/ZZ interference effects

occur only if at least one weak boson of the pair is dominantly off-shell due to kinematic

constraints. Our results demonstrate that in cases where WW/ZZ interference can be

neglected it is nevertheless important to take into account the subdominant weak boson

pair as its contribution is of O(10–20%) before search selection cuts are applied. Con-

sidering WW intermediate states in H → ZZ searches is crucial due to the intrinsically

larger continuum cross section. The subdominant weak boson pair contribution induces a

correction to the signal-background interference, which is at the few percentage point level

except when selection cuts strongly suppress the subdominant contribution. To mitigate

the signal reduction in heavy Higgs searches due to increasingly large negative signal-

background interference for invariant masses above the Higgs mass, we employed an upper

bound cut on the transverse mass also for MH & 600GeV. The kinematical dependence

of signal-background and WW/ZZ interference for gg → H → WW/ZZ → ℓν̄ℓℓ̄νℓ can be

calculated and simulated with the public parton-level event generator gg2VV.

20In the absence of additional final state particles: MT3 = 2 pT,ℓℓ̄ = 2 p/
T
.
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gg (→ H) → V V → ℓℓ̄νℓν̄ℓ,

σ [fb], pp,
√
s = 8TeV,

H → ZZ cuts interference

MH [GeV] V V H cont |H+cont|2 R1 R2 H/cont

200

ZZ 1.7507(5) 0.6224(3) 2.5153(6) 1.0600(4) 1.0813(5) 2.813(2)

WW 2.2529(9) 1.0064(6) 3.338(2) 1.0243(5) 1.0351(7) 2.239(2)

ZZ/WW 3.997(1) 1.6302(6) 5.848(2) 1.0392(3) 1.0552(5) 2.452(2)

R3 0.9983(4) 1.0009(6) 0.9990(3)

R5 0.9961(8) 1.002(2) 0.9976(7)

R7 1.2869(6) 1.617(2) 1.3272(6)

400

ZZ 0.8919(3) 0.07674(7) 0.9508(3) 0.9816(5) 0.9800(5) 11.62(1)

WW 0.02340(2) 0.01400(3) 0.03909(4) 1.045(2) 1.073(2) 1.672(4)

ZZ/WW 0.9154(3) 0.09074(7) 0.9901(3) 0.9840(4) 0.9824(5) 10.088(9)

R3 1.0001(5) 1.000(2) 1.0001(5)

R5 1.0001(5) 1.000(2) 1.0001(5)

R7 0.02623(2) 0.1824(4) 0.04111(4)

600

ZZ 0.15889(9) 0.02187(1) 0.18949(9) 1.0483(7) 1.0549(8) 7.263(5)

WW/10−4 0.232(2) 1.57(3) 1.98(4) 1.10(3) 1.8(2) 0.148(3)

ZZ/WW 0.15891(9) 0.02204(1) 0.18970(9) 1.0484(7) 1.0551(8) 7.211(5)

R3 1.0000(8) 1.0002(7) 1.0001(7)

R5 1.0000(8) 1.0002(7) 1.0001(7)

R7 0.000146(2) 0.0072(2) 0.00105(2)

800

ZZ 0.03191(2) 0.010964(4) 0.05113(2) 1.1928(6) 1.2590(8) 2.910(2)

WW/10−5 0.069(3) 2.91(9) 3.1(1) 1.04(5) 3(2) 0.024(2)

ZZ/WW 0.03191(2) 0.010994(4) 0.05117(2) 1.1927(6) 1.2591(8) 2.902(2)

R3 1.0000(7) 1.0001(6) 1.0000(5)

R5 1.0000(7) 1.0001(6) 1.0000(5)

R7 2.2(1)·10−5 0.00265(9) 0.00061(2)

1000

ZZ 0.008415(3) 0.007268(2) 0.020719(6) 1.3211(5) 1.5984(9) 1.1578(5)

WW/10−5 0.0086(4) 1.22(5) 1.25(5) 1.02(6) 4(8) 0.0071(5)

ZZ/WW 0.008416(3) 0.007281(2) 0.020733(6) 1.3208(5) 1.5984(9) 1.1558(5)

R3 1.0000(5) 1.0001(4) 1.0000(4)

R5 1.0000(5) 1.0001(4) 1.0000(4)

R7 0.00001(1) 0.00168(7) 0.00060(3)

Table 8. Cross sections and interference measures for gg (→ H) → ZZ/WW → ℓℓ̄νℓν̄ℓ in pp

collisions at
√
s = 8TeV with a Higgs boson mass in the range 200GeV to 1TeV. H → ZZ search

cuts are applied: pTℓ > 20GeV, |ηℓ| < 2.5, |Mℓℓ̄ − MZ | < 15GeV and the MH -dependent cuts

displayed in table 7. Other details as in table 2.
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gg (→ H) → V V → ℓν̄ℓℓ̄νℓ,

σ [fb], pp,
√
s = 8TeV,

H → WW cuts interference

MH [GeV] V V H cont |H+cont|2 R1 R2 H/cont

200

WW 3.686(2) 1.5060(8) 5.614(2) 1.0812(4) 1.1144(6) 2.448(2)

ZZ 0.008678(7) 0.003983(3) 0.012141(8) 0.9589(8) 0.940(2) 2.179(3)

WW/ZZ 3.701(2) 1.5100(8) 5.633(2) 1.0809(4) 1.1139(6) 2.451(2)

R3 1.0017(5) 1.0000(7) 1.0012(4)

R4 1.0017(5) 1.0000(7) 1.0012(4)

R6 0.002354(2) 0.002645(3) 0.002163(2)

400

WW 2.5009(9) 0.6197(3) 2.9806(9) 0.9551(4) 0.9440(5) 4.036(3)

ZZ 0.03929(3) 0.00983(2) 0.04896(4) 0.997(1) 0.996(2) 3.995(9)

WW/ZZ 2.5401(9) 0.6298(4) 3.0297(9) 0.9558(4) 0.9448(5) 4.033(3)

R3 1.0000(5) 1.0004(7) 1.0000(5)

R4 1.0000(5) 1.0004(7) 1.0000(5)

R6 0.01571(2) 0.01587(4) 0.01643(2)

600

WW 0.5260(3) 0.2659(2) 0.8386(4) 1.0590(6) 1.0888(9) 1.978(2)

ZZ 0.006632(5) 0.00347(2) 0.01099(2) 1.087(3) 1.133(4) 1.909(8)

WW/ZZ 0.5326(3) 0.2694(2) 0.8496(4) 1.0593(6) 1.0893(9) 1.977(2)

R3 1.0000(7) 1.0002(7) 1.0000(6)

R4 1.0000(7) 1.0002(7) 1.0000(6)

R6 0.01261(2) 0.01306(6) 0.01310(3)

800

WW 0.10346(5) 0.10562(5) 0.23894(9) 1.1428(6) 1.289(2) 0.9795(7)

ZZ 0.0012318(8) 0.001252(9) 0.00291(1) 1.173(6) 1.35(2) 0.984(7)

WW/ZZ 0.10469(5) 0.10689(5) 0.24185(9) 1.1431(6) 1.289(2) 0.9794(7)

R3 1.0000(7) 1.0001(7) 1.0000(6)

R4 1.0000(7) 1.0001(7) 1.0000(6)

R6 0.01191(1) 0.01186(9) 0.01219(4)

1000

WW 0.02426(2) 0.04357(2) 0.08049(3) 1.1867(6) 1.522(2) 0.5568(4)

ZZ 0.0002958(2) 0.000512(4) 0.000986(4) 1.220(7) 1.60(2) 0.577(4)

WW/ZZ 0.02455(2) 0.04408(2) 0.08148(3) 1.1871(6) 1.523(2) 0.5570(4)

R3 1.0000(7) 1.0001(7) 1.0000(6)

R4 1.0000(7) 1.0001(7) 1.0000(6)

R6 0.01219(1) 0.01176(8) 0.01225(5)

Table 9. Cross sections and interference measures for gg (→ H) → WW/ZZ → ℓν̄ℓℓ̄νℓ in pp

collisions at
√
s = 8TeV with a Higgs boson mass in the range 200GeV to 1TeV. H → WW search

cuts are applied: pTℓ,max > 0.2MH , pTℓ,min > 25GeV, |ηℓ| < 2.5, p/T > 20GeV, pT,ℓℓ̄ > 45GeV,

Mℓℓ̄ > 12GeV, |Mℓℓ̄−MZ | > 15GeV, Mℓℓ̄ < 90GeV for MH = 200GeV and Mℓℓ̄ < MH −100GeV

for MH ≥ 400GeV, ∆φℓℓ̄ < 100◦ for MH = 200GeV and ∆φℓℓ̄ < 175◦ for MH ≥ 400GeV, 120GeV

< MT3 < MH . The transverse mass MT3 is defined in eq. (3.11) in the main text. Other details

as in table 2.
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