PROCEEDINGS

OF SCIENCE

Towards HH at NNLO QCD: the nfl contribution

Marco Vitti®"*
@ Institut fiir Theoretische Teilchenphysik, Karlsruhe Institute of Technology (KIT),
Wolfgang-Gaede Strafse 1, 76128 Karlsruhe, Germany

bInstitut fiir Astroteilchenphysik, Karlsruhe Institute of Technology (KIT),
Hermann-von-Helmholtz-Platz 1, 76344 Eggenstein-Leopoldshafen, Germany, Germany

E-mail: marco.vitti@kit.edu

The virtual corrections for gg — HH at next-to-leading order (NLO) in QCD have been
efficiently approximated using a Taylor expansion in the limit of a forward kinematics. The same
method has been recently applied to the calculation of a subset of the next-to-NLO corrections,
which are desirable given the significant impact, at NLO, of the uncertainty due to the choice
of the top mass renormalization scheme. In these proceedings, we report on the progress in the
calculation of another contribution at NNLO, given by diagrams in which the two Higgs bosons
couple to different top quark loops. For this contribution a naive Taylor expansion cannot be
used, and we discuss an approach based on asymptotic expansions in different kinematic limits.
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1. Introduction

The production of two Higgs bosons via gluon fusion is a key probe of the Higgs trilinear self-
coupling, and measuring this process at the LHC is one of the main goals of the forthcoming High-
Luminosity phase. The inclusion of QCD corrections beyond the leading-order contribution [1, 2]
in the theoretical prediction for gg — HH is very important, first and foremost because these
corrections are known to be large.

The calculation of the next-to-leading-order (NLO) QCD corrections requires the evaluation of
multi-scale two-loop box diagrams with massive lines. These challenging contributions have been
computed after long efforts, using either numerical methods [3—5] or symbolic approximations
based on expansions [6—12]. The inclusion of NNLO QCD corrections is desirable in order to
reduce the residual theoretical uncertainty associated to the choice of renormalization scheme and
scale for the top-quark mass [13-16].

Given the extreme complexity in the evaluation of the three-loop box diagrams in the virtual
NNLO corrections, the only approaches to estimate the latter developed in the literature are based
on expansions. Furthermore, the nature of the mass scheme uncertainty forces one to retain some
dependence on the top-quark mass in the calculation [17-20].

In these proceedings, we are interested in an expansion in the forward kinematics, which has
been applied on a subset of the virtual NNLO corrections in Refs. [21, 22], showing encouraging
results. This method has been developed at NLO QCD in Ref. [12] and it is based on a simple
Taylor expansion. Not all topologies at NNLO, though, can be evaluated with this convenient
approach: diagrams that admit #-channel cuts through massless lines, like the 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%t contribution.
In these proceedings, we discuss the progress in the application of forward expansions to the ni
contribution. We present the results of Ref. [23] for the reducible diagrams in Sect. 2 and we
elaborate on a strategy to compute the irreducible diagrams in Sect. 3, before concluding in Sect. 4.

2. Reducible ”%, contribution

In Ref. [23] we computed the contribution from diagrams like the one on the left of Fig. 1.
Such reducible diagrams can be decomposed as a product of one- and two-loop subamplitudes
with different complexities. 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 t-channel (or u-channel) gluon propagator in the full three-loop diagrams.

In the following, we focus on the calculation of the gg*H subamplitude. We decompose the
latter in terms of Lorentz structures

VP(qs,q2) = Vo (Fa 8P (qs - q2) + Fp q0dh + Fe q3d8 + Fy q2df + F. q5d5 ) QY

where gy and g, are the momenta of the off-shell and on-shell gluon, respectively, and V; is a
normalization factor. The form factors F; are scalar functions of the Higgs mass, my, the top-
quark mass, m, and the virtuality of the off-shell gluon, g2. We perform an integration-by-parts
(IBP) reduction, using KIRA [24], retaining full dependence on these three scales and arriving at
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Figure 1: Representative Feynman diagrams for the three-loop virtual corrections to gg — HH. The
diagrams discussed in this contribution feature the external Higgs bosons coupling to two distinct top-quark
loops, represented with solid black lines.

a decomposition of the two-loop form factors in terms of 46 master integrals (MI). In order to
have a reliable approximation for any value of g2, we carry out two independent expansions in the
following kinematic limits

2 2 2 2 2 2
m2, < ¢2,m? qs < myy,m;. (2)

Both expansions are asymptotic expansions. Following the strategy of the expansion by regions,
each expansion requires the calculation of a “hard” and a “soft” region, which can be identified
using asy.m [25].

* In the small-my expansion (denoted as m%XP

implemented as a Taylor expansion in m%l; a subsequent IBP reduction leads to single-scale

— 0), the expansion in the hard region is

MIs that are a subset of the topologies of Ref. [12] and can be evaluated semi-analytically
using the “expand-and-match” method [26]. The expansion in the soft region is carried out
in the large-mass-expansion [27, 28].

* In the small-¢2 expansion (denoted as g2 — 0), the expansion in the hard region is again a
Taylor expansion, with MIs well known from the gg — H amplitude at NLO in QCD. The
expansion in the soft region is obtained by direct integration of the relevant integrals using
Mellin-Barnes techniques, with the help of the packages HarmonicSums [29-40], Sigma
[41, 42] and EvaluateMultiSums [43, 44].

The results for one of the form factors are shown in Fig. 2. One can see that the combination of
the small-g2 expansion and the small-my expansion accurately reproduces the results of an exact
numerical evaluation using AMFLow [45] for almost any value of ¢2. The region —¢2 ~ 10* GeV
is covered by a different version of the small-my expansion, denoted as my — 0 in Fig. 2, in
which only the master integrals are expanded while their coefficients are exact. The results for the
two-loop gg*H subamplitude can then be combined with other one-loop subamplitudes, such that
we obtain results for the reducible contribution for the two form factors for gg — HH that are
reliable and accurate over the complete phase space.
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Figure 2: Results for one of the form factors contributing to the gg*H subamplitude. Different expansions
are plotted against the exact evaluation using AMFLow. The inset shows the region in the gluon virtuality
where the my — 0 expansion is needed.

3. Irreducible nfl contribution

Diagrams like the ones in the middle and right of Fig. 1 are genuinely three-loop, and we
evaluate them in the forward limit, defined as

2 2
my,t < s,m;. (3)

Also this limit implies an asymptotic expansion, with varying number and nature of the regions
depending on the topologies considered. The contributions from the hard region can always be
computed with a Taylor expansion following Refs. [21, 22]. On the other hand, we observe that
the treatment of the non-hard regions in momentum-space representation is rather complicated,
and we found that the evaluation of the relevant integrals using Mellin-Barnes techniques showed
promising results for planar topologies.

4. Conclusion

We have discussed how the nfl contribution represents a new challenging class of diagrams that
appears in the calculation of the virtual NNLO QCD corrections to gg — HH. We have shown that
expansion methods offer a promising way to obtain accurate results for this contribution. Contrary
to what observed so far in the application of forward expansions, these new topologies require
asymptotic expansions, which makes the calculation more complicated.

5. Acknowledgments

The work presented at this conference has been done in collaboration with Joshua Davies, Kay
Schonwald and Matthias Steinhauser. This research was supported by the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) under grant 396021762 — TRR 257 “Particle
Physics Phenomenology after the Higgs Discovery”. The diagrams in this paper have been drawn
using JaxoDraw [46].



Towards HH at NNLO QCD: the n%l contribution Marco Vitti

References

[1]

(2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

E.W.N. Glover and J.J. van der Bij, Higgs boson pair production via gluon fusion, Nucl.
Phys. B 309 (1988) 282.

T. Plehn, M. Spira and P.M. Zerwas, Pair production of neutral Higgs particles in
gluon-gluon collisions, Nucl. Phys. B 479 (1996) 46 [hep-ph/9603205].

S. Borowka, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, J. Schlenk et al., Higgs Boson
Pair Production in Gluon Fusion at Next-to-Leading Order with Full Top-Quark Mass
Dependence, Phys. Rev. Lett. 117 (2016) 012001 [1604.06447].

S. Borowka, N. Greiner, G. Heinrich, S.P. Jones, M. Kerner, J. Schlenk et al., Full top quark
mass dependence in Higgs boson pair production at NLO, JHEP 10 (2016) 107
[1608.04798].

J. Baglio, F. Campanario, S. Glaus, M. Miihlleitner, M. Spira and J. Streicher, Gluon fusion
into Higgs pairs at NLO QCD and the top mass scheme, Eur. Phys. J. C 79 (2019) 459
[1811.05692].

J. Grigo, J. Hoff, K. Melnikov and M. Steinhauser, On the Higgs boson pair production at
the LHC, Nucl. Phys. B 875 (2013) 1 [1305.7340].

J. Davies, G. Mishima, M. Steinhauser and D. Wellmann, Double-Higgs boson production in
the high-energy limit: planar master integrals, JHEP 03 (2018) 048 [1801.09696].

J. Davies, G. Mishima, M. Steinhauser and D. Wellmann, Double Higgs boson production at
NLO in the high-energy limit: complete analytic results, JHEP 01 (2019) 176 [1811.05489].

R. Bonciani, G. Degrassi, P.P. Giardino and R. Grober, Analytical Method for
Next-to-Leading-Order QCD Corrections to Double-Higgs Production, Phys. Rev. Lett. 121
(2018) 162003 [1806.11564].

G. Wang, Y. Wang, X. Xu, Y. Xu and L.L. Yang, Efficient computation of two-loop
amplitudes for Higgs boson pair production, Phys. Rev. D 104 (2021) L051901
[2010.15649].

L. Bellafronte, G. Degrassi, P.P. Giardino, R. Grober and M. Vitti, Gluon fusion production
at NLO: merging the transverse momentum and the high-energy expansions, JHEP 07
(2022) 069 [2202.12157].

J. Davies, G. Mishima, K. Schonwald and M. Steinhauser, Analytic approximations of 2 — 2
processes with massive internal particles, JHEP 06 (2023) 063 [2302.01356].

J. Baglio, F. Campanario, S. Glaus, M. Miihlleitner, J. Ronca and M. Spira, gg — HH :
Combined uncertainties, Phys. Rev. D 103 (2021) 056002 [2008.11626].


https://doi.org/10.1016/0550-3213(88)90083-1
https://doi.org/10.1016/0550-3213(88)90083-1
https://doi.org/10.1016/0550-3213(96)00418-X
https://arxiv.org/abs/hep-ph/9603205
https://doi.org/10.1103/PhysRevLett.117.079901
https://arxiv.org/abs/1604.06447
https://doi.org/10.1007/JHEP10(2016)107
https://arxiv.org/abs/1608.04798
https://doi.org/10.1140/epjc/s10052-019-6973-3
https://arxiv.org/abs/1811.05692
https://doi.org/10.1016/j.nuclphysb.2013.06.024
https://arxiv.org/abs/1305.7340
https://doi.org/10.1007/JHEP03(2018)048
https://arxiv.org/abs/1801.09696
https://doi.org/10.1007/JHEP01(2019)176
https://arxiv.org/abs/1811.05489
https://doi.org/10.1103/PhysRevLett.121.162003
https://doi.org/10.1103/PhysRevLett.121.162003
https://arxiv.org/abs/1806.11564
https://doi.org/10.1103/PhysRevD.104.L051901
https://arxiv.org/abs/2010.15649
https://doi.org/10.1007/JHEP07(2022)069
https://doi.org/10.1007/JHEP07(2022)069
https://arxiv.org/abs/2202.12157
https://doi.org/10.1007/JHEP06(2023)063
https://arxiv.org/abs/2302.01356
https://doi.org/10.1103/PhysRevD.103.056002
https://arxiv.org/abs/2008.11626

Towards HH at NNLO QCD: the n%l contribution Marco Vitti

[14] E. Bagnaschi, G. Degrassi and R. Grober, Higgs boson pair production at NLO in the
POWHEG approach and the top quark mass uncertainties, Eur. Phys. J. C 83 (2023) 1054
[2309.10525].

[15] J. Davies, K. Schonwald, M. Steinhauser and D. Stremmer, ggxy: A flexible library to
compute gluon-induced cross sections, Comput. Phys. Commun. 320 (2026) 109933
[2506.04323].

[16] S. Jaskiewicz, S. Jones, R. Szafron and Y. Ulrich, The structure of quark mass corrections in
the gg — HH amplitude at high-energy, JHEP 09 (2025) 015 [2501.00587].

[17] J. Grigo, J. Hoff and M. Steinhauser, Higgs boson pair production: top quark mass effects at
NLO and NNLO, Nucl. Phys. B 900 (2015) 412 [1508.00909].

[18] M. Grazzini, G. Heinrich, S. Jones, S. Kallweit, M. Kerner, J.M. Lindert et al., Higgs boson
pair production at NNLO with top quark mass effects, JHEP 05 (2018) 059 [1803.02463].

[19] J. Davies and M. Steinhauser, Three-loop form factors for Higgs boson pair production in the
large top mass limit, JHEP 10 (2019) 166 [1909.01361].

[20] J. Davies, F. Herren, G. Mishima and M. Steinhauser, Real corrections to Higgs boson pair
production at NNLO in the large top quark mass limit, JHEP 01 (2022) 049 [2110.03697].

[21] J. Davies, K. Schonwald and M. Steinhauser, Towards gg — HH at next-to-next-to-leading
order: Light-fermionic three-loop corrections, Phys. Lett. B 845 (2023) 138146
[2307.04796].

[22] J. Davies, K. Schonwald and M. Steinhauser, Three-loop large-N. virtual corrections to gg
— HH in the forward limit, JHEP 08 (2025) 192 [2503.17449].

[23] J. Davies, K. Schonwald, M. Steinhauser and M. Vitti, Three-loop corrections to Higgs
boson pair production: reducible contribution, JHEP 08 (2024) 096 [2405.20372].

[24] J. Klappert, F. Lange, P. Maierhofer and J. Usovitsch, Integral reduction with Kira 2.0 and
finite field methods, Comput. Phys. Commun. 266 (2021) 108024 [2008.06494].

[25] B. Jantzen, A.V. Smirnov and V.A. Smirnov, Expansion by regions: revealing potential and
Glauber regions automatically, Eur. Phys. J. C 72 (2012) 2139 [1206.0546].

[26] M. Fael, F. Lange, K. Schonwald and M. Steinhauser, A semi-analytic method to compute
Feynman integrals applied to four-loop corrections to the MS-pole quark mass relation,
JHEP 09 (2021) 152 [2106.05296].

[27] T. Seidensticker, Automatic application of successive asymptotic expansions of Feynman
diagrams, in 6th International Workshop on New Computing Techniques in Physics
Research: Software Engineering, Artificial Intelligence Neural Nets, Genetic Algorithms,
Symbolic Algebra, Automatic Calculation, 5, 1999 [hep-ph/9905298].


https://doi.org/10.1140/epjc/s10052-023-12238-8
https://arxiv.org/abs/2309.10525
https://doi.org/10.1016/j.cpc.2025.109933
https://arxiv.org/abs/2506.04323
https://doi.org/10.1007/JHEP09(2025)015
https://arxiv.org/abs/2501.00587
https://doi.org/10.1016/j.nuclphysb.2015.09.012
https://arxiv.org/abs/1508.00909
https://doi.org/10.1007/JHEP05(2018)059
https://arxiv.org/abs/1803.02463
https://doi.org/10.1007/JHEP10(2019)166
https://arxiv.org/abs/1909.01361
https://doi.org/10.1007/JHEP01(2022)049
https://arxiv.org/abs/2110.03697
https://doi.org/10.1016/j.physletb.2023.138146
https://arxiv.org/abs/2307.04796
https://doi.org/10.1007/JHEP08(2025)192
https://arxiv.org/abs/2503.17449
https://doi.org/10.1007/JHEP08(2024)096
https://arxiv.org/abs/2405.20372
https://doi.org/10.1016/j.cpc.2021.108024
https://arxiv.org/abs/2008.06494
https://doi.org/10.1140/epjc/s10052-012-2139-2
https://arxiv.org/abs/1206.0546
https://doi.org/10.1007/JHEP09(2021)152
https://arxiv.org/abs/2106.05296
https://arxiv.org/abs/hep-ph/9905298

Towards HH at NNLO QCD: the n%l contribution Marco Vitti

[28] R. Harlander, T. Seidensticker and M. Steinhauser, Complete corrections of Order alpha
alpha-s to the decay of the Z boson into bottom quarks, Phys. Lett. B 426 (1998) 125
[hep-ph/9712228].

[29] Bliimlein, Johannes and Kurth, Stefan, Harmonic sums and Mellin transforms up to two loop
order, Phys. Rev. D 60 (1999) 014018 [hep-ph/9810241].

[30] J.A.M. Vermaseren, Harmonic sums, Mellin transforms and integrals, Int. J. Mod. Phys. A
14 (1999) 2037 [hep-ph/9806280].

[31] Bliimlein, Johannes, Structural Relations of Harmonic Sums and Mellin Transforms up to
Weight w = 5, Comput. Phys. Commun. 180 (2009) 2218 [0901.3106].

[32] J. Ablinger, A Computer Algebra Toolbox for Harmonic Sums Related to Particle Physics,
Master’s thesis, Linz U., 2009, [1011.1176].

[33] Ablinger, Jakob and Bliimlein, Johannes and Schneider, Carsten, Harmonic Sums and
Polylogarithms Generated by Cyclotomic Polynomials, J. Math. Phys. 52 (2011) 102301
[1105.6063].

[34] J. Ablinger, Computer Algebra Algorithms for Special Functions in Particle Physics, Ph.D.
thesis, Linz U., 4, 2012. 1305.0687.

[35] J. Ablinger, J. Bliimlein and C. Schneider, Generalized Harmonic, Cyclotomic, and Binomial
Sums, their Polylogarithms and Special Numbers, J. Phys. Conf. Ser. 523 (2014) 012060
[1310.5645].

[36] J. Ablinger, J. Bliimlein and C. Schneider, Analytic and Algorithmic Aspects of Generalized
Harmonic Sums and Polylogarithms, J. Math. Phys. 54 (2013) 082301 [1302.0378].

[37] J. Ablinger, J. Bliimlein, C.G. Raab and C. Schneider, Iterated Binomial Sums and their
Associated Iterated Integrals, J. Math. Phys. 55 (2014) 112301 [1407.1822].

[38] J. Ablinger, The package HarmonicSums: Computer Algebra and Analytic aspects of Nested
Sums, PoS 1.L1.2014 (2014) 019 [1407.6180].

[39] J. Ablinger, Discovering and Proving Infinite Binomial Sums Identities, Exper. Math. 26
(2016) 62 [1507.01703].

[40] J. Ablinger, Computing the Inverse Mellin Transform of Holonomic Sequences using
Kovacic’s Algorithm, PoS RADCOR2017 (2018) 001 [1801.01039].

[41] C. Schneider, Symbolic summation assists combinatorics, Seminaire Lotharingien de
Combinatoire 56 (2007) 1.

[42] C. Schneider, Term algebras, canonical representations and difference ring theory for
symbolic summation, CoRR abs/2102.01471 (2021) [2102.01471].


https://doi.org/10.1016/S0370-2693(98)00220-2
https://arxiv.org/abs/hep-ph/9712228
https://doi.org/10.1103/PhysRevD.60.014018
https://arxiv.org/abs/hep-ph/9810241
https://doi.org/10.1142/S0217751X99001032
https://doi.org/10.1142/S0217751X99001032
https://arxiv.org/abs/hep-ph/9806280
https://doi.org/10.1016/j.cpc.2009.07.004
https://arxiv.org/abs/0901.3106
https://arxiv.org/abs/1011.1176
https://doi.org/10.1063/1.3629472
https://arxiv.org/abs/1105.6063
https://arxiv.org/abs/1305.0687
https://doi.org/10.1088/1742-6596/523/1/012060
https://arxiv.org/abs/1310.5645
https://doi.org/10.1063/1.4811117
https://arxiv.org/abs/1302.0378
https://doi.org/10.1063/1.4900836
https://arxiv.org/abs/1407.1822
https://doi.org/10.22323/1.211.0019
https://arxiv.org/abs/1407.6180
https://doi.org/10.1080/10586458.2015.1116028
https://doi.org/10.1080/10586458.2015.1116028
https://arxiv.org/abs/1507.01703
https://doi.org/10.22323/1.290.0001
https://arxiv.org/abs/1801.01039
https://arxiv.org/abs/2102.01471

Towards HH at NNLO QCD: the n%l contribution Marco Vitti

[43] C. Schneider, Simplifying Multiple Sums in Difference Fields, in Computer Algebra in
Quantum Field Theory: Integration, Summation and Special Functions, C. Schneider and
J. Bluemlein, eds., Texts and Monographs in Symbolic Computation, pp. 325-360, Springer
(2013), https://www.doi.org/10.1007/978-3-7091-1616-64.

[44] J. Ablinger, J. Bliimlein, P. Marquard, N. Rana and C. Schneider, Three loop QCD
corrections to heavy quark form factors, in Proc. ACAT 2019, vol. 1525 of J. Phys.: Conf.
Ser., pp. 1-10, 2020, https://www.doi.org/10.1088/1742-6596/1525/1/012018.

[45] X. Liu and Y.-Q. Ma, AMFlow: A Mathematica package for Feynman integrals computation
via auxiliary mass flow, Comput. Phys. Commun. 283 (2023) 108565 [2201.11669].

[46] D. Binosi and L. Theussl, JaxoDraw: A Graphical user interface for drawing Feynman
diagrams, Comput. Phys. Commun. 161 (2004) 76 [hep-ph/0309015].


https://www.doi.org/10.1007/978-3-7091-1616-6_14
https://www.doi.org/10.1088/1742-6596/1525/1/012018
https://doi.org/10.1016/j.cpc.2022.108565
https://arxiv.org/abs/2201.11669
https://doi.org/10.1016/j.cpc.2004.05.001
https://arxiv.org/abs/hep-ph/0309015

	Introduction
	Reducible nh2 contribution
	Irreducible nh2 contribution
	Conclusion
	Acknowledgments

