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I Abstract

We consider the production of two on-shell massive vector bosons through the “prompt” production process
gg → V V and the production mediated by the exchange of a Higgs boson gg → H → V V . We present an
interpolation method that allows the Monte Carlo (MC) integration of the two-loop massive amplitudes
for gg → V V to be performed with only ∼ 103 points evaluated in the phase space, while maintaining
sufficient numerical control for phenomenological studies at the Large Hadron Collider (LHC). A standard
MC implementation, requiring ∼ 104 points to be evaluated in the phase space, would not be practical
due to the computational intensity required to obtain the two-loop amplitudes. The method is tested at
leading-order (LO) in a variety of cases, and compared against results at LO obtained using an automatic
one-loop provider. Limitations of the method are discussed.

II Introduction

The Higgs mechanism, a central aspect of the Standard Model (SM), is a theoretically consistent descrip-
tion of the origin of elementary particle masses. The Higgs boson, which was found during Run I at the
Large Hadron Collider (LHC) [1, 2], is a physical manifestation of this mechanism. An important task
for Run II and beyond at the LHC is a thorough experimental study of the properties of the Higgs. The
subsequent comparison against the properties predicted from theory provides a critical step in the verifi-
cation of the SM. Any deviation found would be an indication that the electroweak symmetry-breaking
mechanism, as currently described by the SM, is incomplete. A comprehensive exploration of the Higgs
sector is therefore essential for both understanding the SM and for probing potential New Physics effects.

The majority of Higgs bosons studied at the LHC are on-shell, as this is where the majority of events
lie. Despite this, the off-shell region in gluon fusion is well-populated – this was first realised by Kauer
and Passarino [3]. For gg (→ H) → V V , with V = W or Z, about 10% of events come from the region
mV V > 2mV . Studying off-shell Higgs production can give powerful insights into its properties. For
instance, it was proposed by Caola and Melnikov [4] that the ratios of on- and off-shell cross sections
can be used to indirectly constrain the Higgs width. The upper bounds obtained through this method
(ΓH ∼ O(10 MeV)) are far more stringent than direct constraints on the Higgs width (ΓH < 1GeV) which
are limited by detector resolution [5–10]. The proposal assumes that on- and off-shell couplings of the
Higgs boson to SM particles are identical. Even if this assumption is not true, analysing off-shell Higgs
events may still provide vital insights into the nature of the Higgs couplings.

We are considering Higgs production through gluon-gluon fusion and subsequent decay into two on-
shell vector bosons, gg → H → V V . However, the signal amplitude gg → H → V V has identical initial
and final states as the “prompt” production amplitude gg → V V , and hence interference occurs between
the two processes. As is well known, the interference is large and destructive at regions of high invariant
mass, due to the fact that the Higgs mechanism in the SM is responsible for unitarising massive scattering
amplitudes (see e.g. [3]). That brings us to another reason to study off-shell Higgs production: we can
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probe this unitarising mechanism using off-shell events.
We now discuss the current status of theoretical predictions for off-shell Higgs production. In order to

do so, it is useful to split up the total transition amplitude Atot for gg (→ H) → V V into contributions
from the Higgs-mediated amplitude and the background amplitude. This yields:

|Atot|2 = |Asgn +Abkgd|2 = |Asgn|2 + |Abkgd|2 + 2Re
[
A∗

sgnAbkgd

]
. (1)

We can then separate the background amplitudes into contributions that include massive top quarks in
the loop and those that do not1:

Abkgd = Abkgd,0 +Abkgd,m, (2)

and further into one-loop and two-loop contributions, denoted with (1) and (2) respectively:

Abkgd = A(1)
bkgd,0 +A(2)

bkgd,0 + ...+A(1)
bkgd,m +A(2)

bkgd,m + ... (3)

where the ellipsis is used as a placeholder for higher order terms, beyond next-to-leading-order (NLO). The
one-loop amplitudes are the leading-order (LO) contributions, whereas the two-loop amplitudes constitute
the virtual NLO corrections.

We can do the same for the signal amplitude. In this case, to very good approximation, only the
contributions from top quark loops need to be considered:

Asgn = A(1)
sgn +A(2)

sgn + ... (4)

Representative Feynman diagrams for the one-loop (LO) amplitudes of both the signal and background
process are shown in figures 1a and 1b respectively. Similarly, figure 2 shows a representative Feynman
diagram for the two-loop amplitudes of gg → V V prompt production.
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g V
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Figure 1: Representative Feynman diagrams for (a) the signal amplitude (gg → H → V V ) and (b) the
background amplitude (gg → V V ) at LO.

g V

g V

Figure 2: Representative Feynman diagram for two-loop corrections to the prompt production background
amplitude (gg → V V ).

1In the case of WW production, contributions with top quarks in the loop also include bottom quarks, which can be
treated as either massive or massless.
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Taking the modulus squared of equation 3 yields:

|Abkgd|2 = |A(1)
bkgd,0|

2 + |A(1)
bkgd,m|

2 + 2Re
[
A(1)∗

bkgd,0A
(1)
bkgd,m

]
︸ ︷︷ ︸

LO

+ 2Re
[
A(1)∗

bkgd,0A
(2)
bkgd,0 +A(1)∗

bkgd,mA
(2)
bkgd,m +A(1)∗

bkgd,0A
(2)
bkgd,m +A(2)∗

bkgd,0A
(1)
bkgd,m

]
︸ ︷︷ ︸

NLO (virtual)

+ ...

(5)

Similarly, for equation 4 this results in:

|Asgn|2 = |A(1)
sgn|2︸ ︷︷ ︸
LO

+2Re
[
A(1)∗

sgn A(2)
sgn

]
︸ ︷︷ ︸

NLO (virtual)

+ ... (6)

And, finally, using equations 3 and 4, we can write the interference term as:

2Re
[
A∗

sgnAbkgd

]
= 2Re

[
A(1)∗

sgn A(1)
bkgd,0 +A(1)∗

sgn A(1)
bkgd,m

]
︸ ︷︷ ︸

LO

+ 2Re
[
A(1)∗

sgn A(2)
bkgd,0 +A(1)∗

sgn A(2)
bkgd,m +A(2)∗

sgn A(1)
bkgd,0 +A(2)∗

sgn A(1)
bkgd,m

]
︸ ︷︷ ︸

NLO (virtual)

+ ...

(7)

The sum of equations 5, 6, and 7 recovers the total transition amplitude in equation 1 up to LO, including
two-loop virtual NLO corrections. For the full NLO QCD correction, one also needs to consider the real
radiative contributions gg (→ H + g) → V V + g at one-loop. These can be split into the signal and the
massive/massless background contributions along the lines described above.

The current status of the calculation of these amplitudes can be summarised as follows. The one-loop
(LO) Higgs-mediated amplitude (A(1)

sgn) has been known for a long time, including full dependence on quark
masses. The background amplitude, including both massive and massless contributions (A(1)

bkgd,0+A(1)
bkgd,m),

has also been calculated at LO [11–13]. The LO computations for gg (→ H) → V V are available in the
public codes gg2VV [14] and MCFM [15–17], and can also be obtained from standard one-loop generators
such as OpenLoops [18].

The two-loop contributions to the Higgs-mediated amplitude (A(2)
sgn) are known [19–21], and the two-

loop massless contributions to the background amplitude (A(2)
bkgd,0) were first computed in [22, 23]. How-

ever, the two-loop massive contributions to the background amplitude (A(2)
bkgd,m) were considerably more

challenging to compute, due to the additional scale provided by the mass. This problem was previously
circumvented by performing an expansion in 1/mt in the heavy top limit [24–26]. The expansion in 1/mt

was only done for gg → ZZ; for gg → WW , only the massless contributions at NLO were considered.
The real corrections to the Higgs-mediated signal amplitude (gg → H+g → V V +g) have been known

for many years [27], and the real corrections to the background amplitude (gg → V V +g) can be obtained
from automatic one-loop providers such as OpenLoops [18]. Additionally, one needs a means of combining
the infrared divergences, arising separately in the virtual and the real corrections, to obtain a finite result.
Since we consider NLO corrections, subtraction schemes for this purpose have been known for over two
decades [28–30].

Thus, the only thing hindering the computation of the complete NLO predictions for off-shell Higgs
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production was the unknown two-loop massive background amplitude A(2)
bkgd,m. This situation changed

recently with the calculation of the top quark contribution to the two-loop amplitude for on-shell Z pair
production in gluon-gluon fusion (gg → ZZ), while exact dependence on the top mass was retained [31,
32]. Similarly, the contribution of b and t loops to the two-loop amplitude for on-shell W pair production
in gluon-gluon fusion (gg → WW ) was calculated, again retaining exact dependence on the top mass –
the bottom quark was treated as massless [33]. We will use the amplitudes of references [31] and [33].

While the computation of these two-loop amplitudes is impressive from a technical point of view, it is
extremely difficult to use them in practice. Indeed, for the case gg → ZZ, the evaluation of the amplitude
at a single phase space point takes approximately 3 hours on a single CPU core. For gg → WW , this
takes approximately 1 CPU hour – though in both cases, the speed strongly depends on fast read/write
access to disk drives [31, 33]. At the time of writing, 1273 points have been evaluated for ZZ, with SM
parameters mt = 173GeV, mZ = 91GeV, and renormalisation scale µR = mZ . For WW , 1156 points
have been computed, with mt = 173GeV, mW = 80GeV, and renormalisation scale µR = 2mW .

In order to obtain cross sections, the relevant amplitude must be integrated over a phase space. This
is normally done numerically using a Monte Carlo (MC) integration method, and studies at LO have
shown that at least ∼ 104 points are needed for reliable calculation of the cross section. The ∼ 103 points
that have currently been computed are therefore insufficient for a standard MC approach. Given the
computational effort required to evaluate the A(2)

bkgd,m amplitudes, we want to develop an interpolation
strategy to perform this integration efficiently, by minimising the number phase-space points needed at
which the amplitude is known exactly. This is especially useful if one wants to investigate how the cross
sections respond to changes to SM parameters or renormalisation scales, requiring numerical re-evaluation
of each point in the phase space, which demands significant computing time.

Although we want to employ the strategy to integrate the two-loop amplitudes, i.e. the terms in
equations 5 and 7 containing A(2)

bkgd,m, here we will focus exclusively on the one-loop (LO) contributions,
which occupy the same phase space. The reason for this is that the LO contributions are well-known2 and
relatively fast to evaluate numerically. This means that the integration of LO amplitudes can be performed
using a more standard MC approach, which, as mentioned, is not suitable for directly integrating the two-
loop amplitudes. We can then evaluate and benchmark the strategy that we develop against this standard
approach. If we succeed in finding an efficient method that replicates the known results at LO using the
same grid of few “exact” phase space points that we have available at NLO, we can have confidence that
the method can be applied to NLO, too.

To facilitate interpolation of the A(2)
bkgd,m amplitudes with only a limited number of points available, it

is imperative that we construct the phase space wisely. That brings us to the next section, in which the
chosen parametrisation of the phase space is presented.

2We take the amplitudes from OpenLoops [18].
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III Parametrisation of the Lorentz-invariant phase space

In order to compute a total cross section for gg (→ H) → V V , we must integrate the transition amplitudes
over a phase space. This accounts for all the possible final state configurations, subject to the conservation
of 4-momentum and on-shell condition of the V V final state. We perform this computation using Monte-
Carlo integration through the VEGAS algorithm. VEGAS is based on importance sampling – this means that
more points are sampled in regions of the phase space where the integrand is important. It constructs
this probability distribution based on multiple passes over the integration region. Given the numerical
difficulty in evaluating the integrand, as it contains the two-loop massive amplitudes, it is vital that we
construct a parametrisation of the phase space (i.e. choose our integration variables) as effectively as
possible. The chosen parametrisation is presented below.

The two incoming gluons have 4-momenta P1 and P2:

P1 =

√
s

2
(x1, 0, 0, x1) , P2 =

√
s

2
(x2, 0, 0, −x2) (8)

where
√
s is the collider energy (13TeV at the LHC), and xi is the fraction of proton momentum carried

by the ith incoming gluon. Denoting the parton distribution function (the probability that the ith gluon
has a momentum fraction between xi and xi+dxi) with fi(xi)dxi, the differential cross section dσ can be
written as

dσ =
1

F
|A|2f1(x1)f2(x2) dx1 dx2 dΦ. (9)

Here A is the total transition amplitude, F accounts for the incoming particle flux, and dΦ denotes the
Lorentz-invariant phase space. We obtain the parton distribution function sets from LHAPDF [34].

For the case gg → V V with on-shell V , dΦ takes the form

dΦ = (2π)4δ4(P1 +P2 −P3 −P4)︸ ︷︷ ︸
Conservation of 4-momentum

d4P3

(2π)32E3

d4P4

(2π)32E4︸ ︷︷ ︸
Density of states

δ
(
P3 ·P3 −m2

V

)
δ
(
P4 ·P4 −m2

V

)︸ ︷︷ ︸
On-shell condition

, (10)

where P3 = (E3, p3) and P4 = (E4, p4) are the 4-momenta of the V V final state, and mV is the rest
mass of V . The flux factor F is given by:

F =
1

4 (P1 ·P2)
=

1

2x1x2s
. (11)

The 4-momenta P3 and P4 can be rewritten in terms of the transverse momentum pT := (px, py),
transverse mass mT :=

√
m2

V + p2T, and rapidities y := 1
2 ln (E + pz) − 1

2 ln (E − pz) of the final state
particles:

P3 = (mT cosh y3, pT, mT sinh y3) , P4 = (mT cosh y4, −pT, mT sinh y4) . (12)

Performing this substitution of variables in equation 10, it becomes:

dΦ =
d2pT dy3 dy4

8π2s
δ(x1 − x1) δ(x2 − x2) , (13)

with
x1 =

mT√
s
(ey3 + ey4) , x2 =

mT√
s

(
e−y3 + e−y4

)
. (14)
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Then, using equations 11 and 13, we can write equation 9 as:

dσ =
1

2x1x2s
|A|2f1 (x1) f2 (x2)

d2pT dy3 dy4
8π2s

. (15)

Finally, we perform another change of variables to ∆y, y, and mV V . The first two are the sum and
difference of the rapidities of the final state particles respectively:

∆y := y3 − y4, y :=
y3 + y4

2
. (16)

The latter is the centre of mass energy of the V V final state:

m2
V V := (P3 +P4)

2 = 2m2
T (1 + cosh∆y) . (17)

Completing this substitution of variables, equation 15 becomes:

dσ = |A|2f1 (x1) f2 (x2)
x1x2

32π (1 + cosh∆y)m4
V V

dm2
V V d∆y dy

dφ

2π
, (18)

where φ is the azimuthal angle around the z axis (such that d2pT = pT dpT dφ), and where

x1 =
2mT√

s
cosh

(
∆y

2

)
ey =

mV V√
s

ey

x2 =
2mT√

s
cosh

(
∆y

2

)
e−y =

mV V√
s

e−y.

(19)

We choose to generate around fixed mV V . For a given mV V , the maximum value of ∆y occurs when
mT = mV (i.e. pT = 0). This means:

m2
V V = 2m2

V (1 + cosh∆ymax) =⇒ ∆ymax = arccosh

(
m2

V V

2m2
V

− 1

)
. (20)

It follows that the integration domains for mV V and ∆y are given by:

m2
V V ∈

[
4m2

V , s
]

∆y ∈ [−∆ymax, ∆ymax] .
(21)

The azimuthal angle is integrated over a full period:

φ ∈ [0, 2π] . (22)

For y we use the fact that the momentum of an incoming gluon cannot exceed that of the proton:

x1 ≤ 1 =⇒ mV V√
s

ey ≤ 1

x2 ≤ 1 =⇒ mV V√
s

e−y ≤ 1,
(23)

which tells us that
y ∈ [−ymax, ymax] , ymax =

1

2
ln

(
1

τ

)
(24)
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where
τ := x1x2 =

m2
V V

s
. (25)

Finally, using the fact that dx1 = x1dy, we can rewrite part of the integral as follows:∫ ymax

−ymax

f1 (x1) f2 (x2)x1x2 dy = τ

∫ 1

τ
f1(x1)f2

(
τ

x1

)
dx1
x1

, (26)

where the bounds of integration are justified by:

xmax
1 =

mV V√
s

eymax = 1

xmin
1 =

mV V√
s

e−ymax = τ.
(27)

So, after integrating out the azimuthal angle φ, the differential cross section can be written in the
following form:

dσ = |A|2 1

32π (1 + cosh∆y)m4
V V

[
τ

∫ 1

τ
f1 (x1) f2

(
τ

x1

)
dx1
x1

]
dm2

V V d∆y, (28)

where the bounds of integration are given by equation 21. This form is useful because the term in the
square brackets is returned by the public code HOPPET [35]. What remains is a two dimensional integral
over mV V and ∆y.

Despite this efficient formulation of the phase space, ∼ 103 phase space points are still not sufficient to
reliably compute the integral, even if sampling grids are used. Therefore, we will formulate an interpolation
strategy for the amplitudes – this is done in the next section.

7



CERN Summer Student Program 2021

IV Interpolation method for the top quark contribution to the two-
loop amplitudes

The end goal is to be able to integrate components of the amplitudes containing A(2)
bkgd,m terms (see

equations 5, 6, and 7) over the entire phase space. The difficulty is that the A(2)
bkgd,m components of the

amplitude have only been computed at a limited set of points in the phase space, and, as described in
section II, obtaining more points is computationally intensive. This motivates the development of an
interpolation method for the A(2)

bkgd,m amplitudes, such that these integrals can be computed efficiently.
We begin with the aforementioned grid of 1273 points in the phase space at which the top quark

contribution to the two-loop amplitude for gg → ZZ has already been computed [31]. The strategy is
to populate this grid with the known exact LO amplitudes A(1)

bkgd,m; since the LO amplitudes can be
evaluated quickly, this allows us to compare how well the interpolation performs against a standard MC
implementation.

(a) (b)

Figure 3: Points in (mZZ ,∆y) at which the top quark contribution to the two-loop amplitude for gg → ZZ
prompt production is known, in (a) the original and (b) the rectangular integration domain.

Figure 4: The grid from figure 3 populated with the LO total integration weights

The points are laid out in a grid of Mandelstam variables (s, t), which we can convert to a grid in
(mZZ ,∆y) using:

mZZ =
√
s, ∆y = ln

[
m2

ZZ

m2
V − t

− 1

]
. (29)

The grid-points are shown in the two dimensional scatterplot in figure 3a, where the red line indicates the
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domain of integration. To facilitate our interpolation, it is convenient to map this domain to a rectangle.
Doing so produces the scatterplot in figure 3b. Next, we populate the grid in (mZZ ,∆y/∆ymax) with the
total integration weight at each point:

|A(1)
bkgd,m|

2 1

32π (1 + cosh∆y)m4
V V

[
τ

∫ 1

τ
f1 (x1) f2

(
τ

x1

)
dx1
x1

]
. (30)

This results in the three dimensional scatterplot in figure 4.

(a) (b)

Figure 5: One dimensional interpolation of lines in constant mZZ .

The grid is organised in lines of constant mZZ , allowing us to perform a one dimensional interpolation
on each line – for this, the CubicSpline function from the scipy.interpolate library was used [36]. In
brief, cubic splines are functions defined piecewise by third-order polynomials passing through a set of
control points. The polynomials are fit between each two adjacent points such that the the first and second
derivatives are continuous at the boundary, meaning the one dimensional interpolation is guaranteed to be
smooth. The plot in figure 5a shows the interpolated lines in constant mZZ . Figure 5b shows an example
of the one dimensional interpolation, performed for the line of grid-points with mZZ = 182.009GeV.

Figure 6: One dimensional interpolation of some lines in constant ∆y/∆ymax.

Next, we pick a line of constant ∆y/∆ymax. Along this line, we find the points of intersection with
each of the lines in constant mZZ . These points can then also be interpolated using cubic splines. Figure
6 shows interpolated lines at five values of constant ∆y/∆ymax. For added clarity, figure 7 shows a two
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dimensional projection of the interpolation lines, in both the original integration domain (7a) and the
rectangular integration domain (7b). We are slowly building a ’web’ of one dimensional interpolated lines.
Note that the intersections of the lines do not necessarily correspond to one of the 1273 phase space points
at which the amplitude is known.

(a) (b)

Figure 7: Two dimensional projections of the interpolated lines in figure 6, shown in both (a) the original and (b)
the rectangular integration domain.

This procedure can be repeated until a smooth surface can be constructed. For the A(1)
bkgd,m amplitudes

used in our example, this results in the surfaces shown in figure 8. We can directly integrate over this
surface to obtain a cross section.

(a) (b)

Figure 8: Smooth interpolated surface of the total integration weight at each point in the phase space, for the
LO top quark contributions to the gg → ZZ background amplitude. Shown in both (a) the original and (b) the

rectangular integration domain.

The method was tested for two more scenarios, whose integrands show very different behaviour in the
phase space. Specifically, the interference between b and t and the interference between udsc and bt for
gg → ZZ prompt production. In other words, we consider equation 30 with the replacements:

|A(1)
bkgd,m|

2 → Re
[
A(1)

bkgd,tA
(1)∗
bkgd,b

]
and |A(1)

bkgd,m|
2 → Re

[
A(1)

bkgd,btA
(1)∗
bkgd,udsc

]
. (31)

The surfaces obtained from interpolating the integrands in each case are shown in figures 9 and 10 respec-
tively. This illustrates that our interpolation method works for a range of different behaviours.
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(a) (b)

Figure 9: Smooth interpolated surface of the total integration weight at each point in the phase space, for the
LO contribution from interference between b and t to the gg → ZZ background amplitude. Shown in both (a) the

original and (b) the rectangular integration domain.

(a) (b)

Figure 10: Smooth interpolated surface of the total integration weight at each point in the phase space, for the
LO contribution from interference between udsc and bt to the gg → ZZ background amplitude. Shown in both (a)

the original and (b) the rectangular integration domain.
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V Results and discussion

We now report results for various contributions to the LO cross sections for gg → ZZ production at the
√
s = 13TeV LHC, obtained using a standard MC implementation and using the interpolation method

discussed in the previous section.
We employ the following parameters in our computation:

mt = 173GeV,

mZ = 91GeV,

mW = 80GeV,

GF = 1.16639× 10−5GeV−2,

g2w = 4
√
2m2

WGF ,

cos θW = mW /mZ .

(32)

The masses of Z, W , and t are set to integers, in line with [31], and we use NNPDF3.1 [37] parton
distribution functions to obtain the LO results. The renormalisation and factorisation scales are set at
a dynamical value µR = µF = mV V /2. No phase space cuts are made. We use αs(mZ) = 0.118 for the
strong coupling constant.

Integration over the one-loop (LO) massive contributions only (A(1)
bkgd,m) using the interpolation method

yields:
σLO, interpolated

bkgd, top only (gg → ZZ) = (4.12540± 0.00047)× 10−2 fb, (33)

which is ∼ 0.04% off the result obtained using a standard MC implementation:

σLO
bkgd, top only(gg → ZZ) = (4.127586± 0.000083)× 10−2 fb. (34)

The agreement is very close – numerical control at this level is perfectly sufficient for phenomenological
studies at the LHC. Note that the uncertainties are numerical errors resulting from the integration.

For the case of b and t interference at LO (Re
[
A(1)

bkgd,tA
(1)∗
bkgd,b

]
), agreement is within ∼ 0.3%:

σLO, interpolated
bkgd, b and t interf.(gg → ZZ) = (8.6909± 0.0029)× 10−3 fb,

σLO
bkgd, b and t interf.(gg → ZZ) = (8.66391± 0.00030)× 10−3 fb.

(35)

The agreement with the standard MC result, while still sufficient, is slightly less good. This can be
explained as follows. Cubic splines are well-suited for interpolation, but not ideal for extrapolation – the
polynomial used to interpolate the last two adjacent grid-points is extended to the edge of the phase space.
This means that if the regions near the edge of the phase space are not very important to the integral, the
interpolation will work extremely well. This is the case for the top quark contributions only, as clearly
the peak region in figure 8 is well away from boundary of the integration domain. For the case of b and
t interference, there is a steep region at low invariant mass – see figure 9. The extrapolation that occurs
in this region towards the edges of the phase space contributes significantly to the integral. This leads to
a slightly larger deviation of the cross section from the value obtained by standard MC integration. A
straightforward way to overcome this would be to simply remove the need to extrapolate – this can be
done by constructing a grid that goes right to the edges of the phase space. This would require to the
order of ∼ 100 additional points to be computed, which is feasible.

For the same reasons described above, in the case of udsc and bt interference at LO (Re
[
A(1)

bkgd,udscA
(1)∗
bkgd,bt

]
)
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the interpolated amplitude is ∼ 3% off the result obtained from a standard MC implementation:

σLO, interpolated
bkgd, udsc and tb interf.(gg → ZZ) = 0.9235± 0.0011 fb,

σLO
bkgd, udsc and tb interf.(gg → ZZ) = 0.949804± 0.000024 fb.

(36)

Here the main contributions to the integral are concentrated in regions of low invariant mass, with almost
asymptotic behaviour – see figure 10. Again, any extrapolation in this extremely steep region leads to
(occasionally large) deviations from the exact result. This can be solved by, as mentioned, computing
additional points near the boundary of the phase space. However, for quite extreme behaviour such as
this, it could also be beneficial to construct a different parametrisation to distribute the contributions to
the integral more evenly over the phase space – this is left for future work. Cubic splines have the potential
to behave erratically when faced with asymptotic behaviour such as in this example. In general, it is best
to proceed with caution, and use the three dimensional plots to maintain control of the behaviour of the
interpolation.

VI Conclusions

In this report we presented an interpolation method that can be used to integrate the two-loop massive
amplitudes of gg → V V prompt production – this is the last remaining hurdle towards the calculation
of the full NLO corrections to gg (→ H) → V V . We tested the method at LO, where amplitudes can
be evaluated efficiently, so that the results can be compared to those obtained through a standard MC
implementation. We observe agreement at the level of a few per mille for integrands with reasonable
behaviour in the phase space. Numerical control at this level is more than satisfactory. Indeed, other
sources of uncertainty, e.g. the scale uncertainty, are at the level of 10% at NLO and will dominate the
theoretical uncertainties [24]. We pointed out that the agreement could be improved further by computing
additional points near boundaries of the phase space, which would remove the need to extrapolate. For
cases where the integrand exhibits more extreme behaviour, if these are encountered, a reparametrisation
of the phase space should be considered – a task that is left for future work.

The next step is to apply this interpolation method to calculate the full NLO corrections to gg (→
H) → V V , and to include final states with leptonic decays. Given the promising performance of the
interpolation method at one-loop, and the fact that it can be directly applied at two-loop, there is now a
direct path to computing the full NLO corrections to off-shell Higgs production at the LHC.
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