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1. Introduction

The production of a pair of Higgs bosons has long been a primary target for LHC measurements,
due to its importance as a probe of the trilinear Higgs self-coupling. The gluon-fusion process,
g8 — HH, has the largest cross section at the LHC and a significant experimental effort will be
devoted to its observation during the High-Luminosity phase.

The effects of QCD corrections beyond leading order (LO) [1, 2] have been studied extensively,
as they are numerically very important. The calculation of the next-to-leading-order (NLO) QCD
corrections is complicated by the occurrence of multi-scale two-loop box diagrams with massive
lines. After considerable effort, the results for these corrections are available using either numerical
methods [3-5] or symbolic approximations based on expansions [6—12]. Among the residual sources
of theoretical uncertainty at NLO QCD, the uncertainty related to the choice of renormalization
scheme and scale for the top-quark mass [13—-16] requires the evaluation of NNLO QCD effects
with top-quark mass dependence [17-20].

In these proceedings, we discuss an approach to evaluate the virtual NNLO QCD corrections
that is based on an expansion in the forward-scattering limit. This method was originally developed
at NLO QCD in Ref. [12], showing that a simple Taylor expansion is sufficient to provide an
accurate approximation in a large part of the phase space. More recently, in Refs. [21, 22], the
same approach has been leveraged to compute a subset of the virtual NNLO corrections, showing
encouraging results. Not all topologies at NNLO, though, can be evaluated with this convenient
approach: for example, diagrams that admit 7-channel cuts through massless lines, like the first three
ones shown in Fig. 1, require an asymptotic expansion, which is more involved. In these diagrams,
the two Higgs bosons always couple to two independent heavy-fermion loops, and we denote them
as the n%l contribution. In these proceedings, we discuss the progress in the application of forward
expansions to the ”%; contribution.

2. Expansions for the ”%, contribution

Among the virtual three-loop contributions that cannot be evaluated via a Taylor expansion in
the forward limit, the class of one-particle-reducible diagrams was computed in Ref. [23]. The most
complicated part in the calculation are two-loop three-point subamplitudes with one Higgs boson,
one on-shell gluon and one off-shell gluon, with the latter connecting to a ¢-channel (or u-channel)
gluon propagator in the full three-loop diagrams. The two-loop subamplitudes were evaluated in
the full phase space by combining asymptotic expansions in the following limits

m%, < q?m,2 q? < mi,ml2 1)
where mp and m, are the masses of the Higgs boson and the top quark, respectively, and g2 is the
virtuality of the off-shell gluon.

The second, more challenging set of diagrams of the n%l contribution are the irreducible three-
loop diagrams like the ones in Fig. 1. Our goal is to evaluate these diagrams in a forward expansion
defined by the limit

mi, — Amiy,  t—At,  A1—0, 2)
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Figure 1: Representative Feynman diagrams for the subset of three-loop virtual corrections to gg — HH
discussed in these proceedings.

namely we simultaneously rescale the Mandelstam invariant ¢ and m%, by the same small parameter,
A. Also this limit generates an asymptotic expansion, with varying number and nature of the regions
depending on the topologies considered. The amplitude is prepared with the help of qgraf [24]
and manipulated with FORM [25], while tapir [26] and exp [27, 28] allow to express the result
in terms of 37 integral families consisting of 15 propagators, five of which are irreducible scalar
products.

The contributions from the hard region can always be computed with a Taylor expansion
following Refs. [21, 22]. In short, the integrals are expanded according to Eq. (2) at the integrand
level, and the resulting integrals depend only on the ratio s/m?, allowing for an integration-by-
parts (IBP) reduction to master integrals (MIs) using KIRA [29]. The MlIs are then evaluated
semi-analytically with the expand-and-match method [30]. On the other hand, we observe that
the treatment of the remaining asymptotic regions (i.e. soft/ultrasoft and collinear) in momentum-
space representation can be nontrivial. In particular, the expansion of some integral topologies in
the collinear regions requires that different light-cone components of the loop momenta must be
rescaled with different powers of A: this generates non-standard propagators, which cannot be dealt
with using well-known tools for IBP reduction.

We observe that the expansion in the asymptotic regions can be carried out more conveniently if
we use the representation for the integral families as integrals over Schwinger parameters. We rewrite
the full, unexpanded integrals in Schwinger representation and then we expand at the integrand level
in the limit of Eq. (2), where we also rescale the Schwinger parameters by appropriate powers of
A according to the output of asy.m [31]. After the expansion, we rewrite the resulting integrals in
terms of integral families with 10 indices only.

3. Reduction of Schwinger-parametric integrals with CALICO

The number of parametric integrals after the expansion can become very large, of the order of
107 integrals per topology. An approach for the reduction of the expanded integrals in terms of MIs
that is analogous to the well-known method for integrals in momentum-space representation would
be very desirable. We find that such a reduction can be obtained with the package CALICO [32]. Fol-
lowing the notation of Ref. [32], the Schwinger-parametric representation for a family of Feynman

integrals I (a1, ..., a,), with indices a; can be written as
n aj_l
© Z; 7(z)
Iay,...,a,) = / d"z J e U ‘L[(z)_d/z, 3)
" 0 17[ ['(a;)
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Figure 2: (Left) Example of a three-loop non-planar integral topology: thick lines correspond to massive
internal particles, thin lines to massless internal (and external) particles, while dashed lines to massive
external particles. (Right) Real part of the O(&°) contribution of the top-level integral for the topology on the
left, using the forward expansion, the large mass expansion and the evaluation with FIESTA 5. The bottom
part shows the relative difference, A, of the expansions w.r.t. the numerical result.

where U (z) and F (z) are the Symanzik polynomials, and d is the number of space-time dimensions.

A _J@) .
We can then define an annihilator, A, of the integration kernel u(z) = e~ @@ U (z)~%/* as a linear
combination of derivative operators with respect to the z; variables, such that Au(z) = 0.

With the help of CALICO, we can compute annihilators for the integral families generated after
the expansion in the Schwinger representation, and use the annihilators to derive integration-by-parts
relations, defined as template identities connecting integrals of the same family with generic indices.
We then use the template identities on a set of seed integrals to generate an IBP system that we solve
using FiniteFlow [33]. The expansion of the integrals can produce integrals with high powers of
the propagators and we are able to partially absorb these by collecting powers of the polynomial
U (z) in the integrand, and interpreting the resulting objects as shifted integrals, i.e. integrals over a
higher number of space-time dimensions. Nevertheless, we can use CALICO to construct dimension-
lowering operators for the MlIs, such that we obtain a final result in terms of MIs in d = 4 — 2¢
only. We perform an independent reduction for each region of a given topology, with the bases of
MIs consisting of O(10) integrals. We also use CALICO to derive differential equations for the Mls,
enabling their evaluation with the method of differential equations. Alternatively, we can employ
Mellin-Barnes techniques to compute the MIs, where we use the packages HarmonicSums [34-45],
Sigma [46, 47] and EvaluateMultiSums [48, 49] to arrive at a result in terms of iterated integrals.

We briefly discuss an example of our approach by considering the top-level integral of a non-
planar family (shown on the left of Fig. 2 ), with a massive pentagon loop connected to a massive
triangle one by two massless lines. The forward expansion for this integral receives contributions
from a hard region and a collinear region. The hard region is computed as a Taylor expansion
in momentum space, while the collinear region is obtained from the reduction of the Schwinger-
parametric integrals as a combination of 7 MIs expressed in terms of Harmonic Polylogarithms. The
plot on the right of Fig. 2 shows the results for the real part of the integral using different methods
of evaluation, for a fixed value of s = 4.5m? and over different values of #/m?. The results for the
first three orders in the forward expansion are represented by lines with different shades of blue, and
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are compared with the numerical evaluation with FIESTA 5 [50]: one can see that including three
orders in the expansion can lead to an agreement at the level of 10% for t < —2m?, corresponding
to a transverse momentum pr < 150 GeV. The agreement can be extended to a larger range of ¢
values if a [1/1] Padé approximant is constructed from the three expansion orders. For this integral
family, the results of the forward expansion can be further expanded in the limit s/m? — 0 and
matched at the analytic level with the result of the large mass expansion. However, the latter is not
expected to be reliable in the region s > 4m?, and this is confirmed by the plot of Fig. 2, where
the line corresponding to the large mass expansion is shown in magenta. This suggests that using
the forward expansion to calculate the n%l contribution can provide an accurate approximation in a
wider region of the phase space.

4. Summary

We have presented an analysis of the virtual NNLO QCD corrections to gg — HH in the
forward-scattering limit, focusing on a challenging contribution from three-loop diagrams in which
the two Higgs bosons couple to different top-quark loops. Unlike previous applications of forward
expansions, these topologies can be tackled only via asymptotic expansions. We have discussed an
implementation of such expansions that relies on different approaches to calculate the contributions
of the asymptotic regions. In particular, we discussed how the calculation of the soft and collinear
regions can be effectively systematized by deriving the IBP relations for integrals in the Schwinger
representation, using the package CALICO. We are optimistic that the methods discussed here will
improve the evaluation of the ni contribution, providing one of the missing ingredients for the
virtual QCD corrections.
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