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1. Introduction

At the Large Hadron Collider (LHC), the production of diphotons (𝑝𝑝 → 𝛾𝛾) provides an
important testing ground for precision studies of perturbative quantum chromodynamics (pQCD)
and serves as a sensitive probe in searches for physics beyond the Standard Model [1, 2]. This
channel, due to its final state consisting of two isolated photons with unique and clean experimental
signature, played an important role during the Higgs boson discovery in 2012. With the continuous
improvement in experimental precision, future colliders aim to explore the diphoton final state with
increasing accuracy. So, in order to fully capture the rich phenomenology of this production channel
and to have a meaningful comparison with experimental data, equally precise theoretical inputs are
essential. This necessitates the systematic computation of higher-order radiative corrections for this
channel within pQCD framework, including increasingly sophisticated calculations of virtual and
real contributions.

At the LHC, the leading order (LO) contribution to diphoton production originates from
the quark-antiquark annihilation process, 𝑞𝑞 → 𝛾𝛾. Although the gluon-fusion contribution,
𝑔𝑔 → 𝛾𝛾, first appears at the one-loop level and is therefore formally suppressed in the perturbative
expansion, its contribution is significantly enhanced by the large gluon-gluon luminosity at the
hadron colliders. Consequently, the gluon-induced channel provides a sizable contribution to the
diphoton cross-section and plays an essential role in precision phenomenological studies.

In the massless approximation, the QCD amplitudes for both the quark and gluon-initiated
channels are known up to three-loop order [3–7]. While this approximation behaves well in the
low-energy regime, but it starts to breakdown at large diphoton invariant masses, particularly
close and above the top pair threshold, where finite top-quark mass effects become significant.
For the 𝑞𝑞 channel, the massive quark contributions first appear at O(𝛼2

𝑠) level. The analytic
two-loop amplitudes with exact top-mass dependence have been presented in ref. [8] and their
phenomenological impact has been investigated in ref. [9] employing semi-analytic solutions of the
relevant master integrals obtained with DiffExp package [29]. In contrast, for the gluon-fusion
channel, previous studies of the two-loop QCD corrections, corresponding to O(𝛼3

𝑠), have relied
on numerical [10] and semi-numerical [11] approaches due to the lack of fully analytic results for
the corresponding amplitudes.

Recently, the two-loop helicity amplitudes for the processes 𝑔𝑔 → 𝛾𝛾 and 𝑞𝑞 → 𝛾𝛾 including
the full top-quark mass dependence was calculated by parts of the authors in ref. [12] and also
independently in ref. [13]. These amplitudes provide the essential double-virtual ingredients
required for a complete NNLO prediction of diphoton production with massive quark effects.

In this work, we focus on the implementation of these massive corrections within an automated
framework for the computation of the NNLO diphoton cross-section. As a first step, the current
implementation concentrates on the quark-initiated channel using the nested soft-collinear subtrac-
tion scheme. Unlike the existing implementation based on the global 𝑞𝑇 -subtraction formalism [9],
our calculation employs a fully local subtraction scheme, providing an independent validation of
the NNLO prediction while offering a flexible framework for future developments. Furthermore,
the implementation is being developed within a publicly available software history [30], thereby
enabling future public access to NNLO predictions including massive top-quark effects. The ex-
tension of the framework to incorporate the gluon-fusion channel, using the recently computed
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massive two-loop amplitudes, constitutes the long-term objective of this work.

2. Theoretical Framework

The NNLO cross-section for diphoton production receives contributions from double-virtual
(VV), real-virtual (RV), and double-real (RR) corrections. The present work focuses on the imple-
mentation of the double-virtual contribution containing the recently computed two-loop amplitudes
with full top-quark mass dependence along with real emission contributions using local subtraction
scheme.

For both the partonic processes under consideration,

𝑔(𝑝1) + 𝑔(𝑝2) + 𝛾(𝑝3) + 𝛾(𝑝4) → 0, (1)

𝑞(𝑝1) + 𝑞(𝑝2) + 𝛾(𝑝3) + 𝛾(𝑝4) → 0, (2)

all external particles are treated as massless, while the internal top quark is kept massive. In order
to compute the two-loop QCD amplitude for these processes, we include all the Feynman diagrams
with at least one-massive top-quark loop. The corresponding scattering amplitudes are conveniently
decomposed into a basis of independent Lorentz tensors T𝑖 ,

A =
∑︁
𝑖

F𝑖T𝑖 , (3)

where the scalar form-factors F𝑖 containing the full loop dynamics are obtained using appropriate
projection operators. The helicity amplitudes are then obtained by evaluating the tensor structures
for definite helicity configurations of the external particles using the spinor-helicity formalism [14].

The two-loop amplitudes have been computed in dimensional regularization using the ’t Hooft–
Veltman scheme [15]. After generating the relevant diagrams using Qgraf [16], the amplitudes
are processed through a combination of in-house codes based on FORM [17] and Mathematica to
obtain the form-factors. These form factors are subsequently expressed as linear combinations of
scalar Feynman integrals.

Using integration-by-parts identities [18, 19], the large set of scalar integrals is reduced to a
finite basis of master integrals distributed, modulo crossings, over two planar (PL1 ,PL2) and two
non-planar (NPL1, NPL2) integral families. For all master integrals except six integrals in the
top and sub-top sectors of the NPL2 family, a canonical basis is constructed through the method
of differential equations. The remaining six NPL2 integrals exhibit elliptic structures, for which
analytic solutions have recently become available [13, 20]. This particular choice of the canonical
basis up to elliptic NPL2 integrals yields compact expression of the amplitudes for both the channels.

The resulting amplitudes for the gluon-fusion channel suffer from both ultraviolet (UV) and
infrared (IR) poles. The ultraviolet singularities are removed through renormalization of the strong
coupling constant, the gluon field, and the top-quark mass, while infrared singularities follow the
universal Catani subtraction formula [21]. In contrast, for the quark-initiated channel, the massive
top-quark contribution first appears at two loops and therefore does not interfere with any massive
tree-level or one-loop amplitudes. Consequently, these amplitudes contain only UV divergences,
whose renormalization involves the strong coupling constant and the massless quark wave-function
renormalization.
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The finite-remainders obtained after UV renormalization and, where applicable, IR subtraction
have been subjected to several non-trivial consistency checks. In addition, the bare amplitudes were
numerically cross-checked against an independent calculation by another group [13]. These finite
remainders, recently published in ref. [12], provide the essential double-virtual building blocks for
achieving numerically stable and precise NNLO diphoton cross-section calculations within different
subtraction frameworks.

3. Implementation in NNLO Framework

The present work focuses on the implementation of an independent NNLO calculation for
diphoton production including massive top-quark effects. As a first step, we consider the quark-
initiated channel, for which the NNLO partonic cross-section can be decomposed as

𝑑𝜎NNLO = 𝑑𝜎VV + 𝑑𝜎RV + 𝑑𝜎RR (4)

where 𝑑𝜎VV denotes the double-virtual contribution, 𝑑𝜎RV refers to the real-virtual contribution
involving one-loop amplitudes with one additional parton in the final state, and 𝑑𝜎RR represents
the double-real contribution consisting of tree-level amplitudes with two additional partons. In
addition, the one-loop massive box contribution to the gluon-fusion channel is included, as it enters
at the same perturbative order in the hadronic cross section.

The principal challenge in an NNLO calculation is the treatment of infrared (IR) singularities
arising from unresolved soft and collinear radiation during the numerical phase-space integration.
To address these singularities, we employ the nested soft-collinear subtraction scheme [22], which
provides a fully local subtraction scheme. Unlike the global 𝑞𝑇 -subtraction method adopted in
existing diphoton calculations [9], the local nature of the subtraction counterterms allows for an
entirely independent implementation of the NNLO calculation and therefore provides an important
cross-check of the existing predictions.

The implementation is organised by separating the massless and massive contributions. For
the massless sector, the Born and one-loop matrix elements are implemented independently using
analytic expressions, while the two-loop amplitudes are taken from the literature [4]. The real-
radiation matrix elements are generated using OpenLoops [23]. For the massive sector, the required
two-loop virtual corrections are provided by the recently computed helicity amplitudes with full
top-quark mass dependence [12, 13].

4. Current Status and Validation

The implementation of the massless NNLO diphoton calculation within the nested soft-collinear
subtraction framework has been completed and validated through detailed comparisons with existing
public programs, including MCFM [24] and 2𝛾NNLO [25], showing an excellent numerical agreement.
This provides a solid foundation for the incorporation of the massive top-quark contributions.

The incorporation of the massive contributions is currently in progress. The required two-loop
finite remainders are taken from the recently computed helicity amplitudes with full top-quark mass
dependence [12]. Their numerical evaluation over the full phase space will be performed using a
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grid-based interpolation framework, allowing an efficient incorporation of the virtual corrections
into the NNLO calculation.

The generation of the interpolation grid requires the numerical evaluation of the master integrals
entering the finite remainders. An alternative strategy based on expansions in the high-energy region
and around the forward-scattering limit has recently been proposed in ref. [26], where the authors
demonstrated that these expansions provide an excellent approximation to the exact results over a
large fraction of the phase space. In contrast, the present implementation is based on the exact
analytic representation of the master integrals. The planar and polylogarithmic non-planar sectors
are expressed in terms of logarithms, polylogarithms up to O(𝜖2), where 𝜖 is the dimensional
regularization parameter, while the higher-order coefficients for masters required for the finite
remainders are expressed as one-fold integral representations inspired from ref. [27]. These chosen
representations enable a robust and high-precision numerical evaluation across the full phase-space.

The remaining challenge is the efficient numerical evaluation of the six elliptic master integrals
belonging to the NPL2 family. While analytic representations of these integrals in terms of iterated
integrals over transcendental functions are now available [13, 20], they are not directly suitable
for repeated numerical evaluation within a Monte Carlo integration. To facilitate their use in
phenomenological applications, we employ DiffExp [29] to solve the corresponding system of
differential equations numerically. For this purpose, we develop a rational basis inspired by the
algebraic structure of the underlying elliptic curve, following the ideas introduced in ref. [28]. This
basis is designed to provide a stable and efficient numerical evaluation of the elliptic master integrals
and will be used in the construction of the interpolation grid. A detailed discussion of the basis
construction and its implementation lies beyond the scope of this proceeding and will be presented
in a dedicated publication.

The implementation is being developed within the publicly available framework history [30],
making the automated calculation of NNLO diphoton production with massive top-quark effects
publicly accessible. Besides providing an independent validation of existing NNLO predictions
through the use of a fully local nested soft-collinear subtraction scheme, the framework is designed
to be readily extendable to the gluon-fusion channel using the recently computed massive two-loop
amplitudes.

5. Summary and Outlook

The inclusion of finite top-quark mass effects is an important step towards achieving the level of
theoretical precision required by current and future measurements of diphoton production at hadron
colliders. In this contribution, we presented the current status of an independent implementation of
these massive corrections within an automated NNLO framework based on the nested soft-collinear
subtraction scheme. The implementation builds upon the recently computed analytic two-loop
amplitudes and currently focuses on the quark-initiated channel, with future extensions planned for
the gluon-fusion channel.

The framework is being developed within the publicly available history package and, to
the best of our knowledge, will constitute the first public implementation of NNLO diphoton
production including massive top-quark effects. Besides providing an independent validation of
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existing calculations based on a different subtraction formalism, it establishes a flexible platform
for future phenomenological studies.
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