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In this paper we consider the diphoton production in hadronic collisions at the next-to-next-to-leading order 
(NNLO) in perturbative QCD, taking into account for the first time the full top quark mass dependence up to 
two loops (full NNLO). We show selected numerical distributions, highlighting the kinematic regions where the 
massive corrections are more significant. We make use of the recently computed two-loop massive amplitudes 
for diphoton production in the quark annihilation channel. The remaining massive contributions at NNLO are 
also considered, and we comment on the weight of the different types of contributions to the full and complete 
result.
1. Introduction

The production of two isolated prompt photons (diphotons) remains 
one of the most important processes at the Large Hadron Collider (LHC). 
It is a probe of the Standard Model (SM) of particle physics [1–4] and 
was one of the two most important channels in searches and studies of 
the Higgs boson [5–14].

Several new physics searches [15–20] are still being carried out us-

ing the diphoton channel, due to the clean signature of the photons in 
the LHC electromagnetic calorimeters.

Owing to its phenomenological relevance, precise theoretical re-

sults are required in order to compare with the LHC data. The state 
of the art for diphoton production is the next-to-next-to-leading or-

der (NNLO) accuracy (taking into account five light quark flavours) 
[21–24] in perturbative QCD. Although all the necessary elements of 
the (massless) next-to-next-to-next-to-leading order (N3LO) are already 
known [25–32], they have not yet been included together in order to 
obtain phenomenological results at full N3LO accuracy. First-order elec-

troweak/QED corrections are also known [33,34].

The calculations at NLO include fragmentation contributions at the 
same level of accuracy [35] and transverse momentum resummation 
at the corresponding precision, the next-to-leading order logarithmic 
accuracy (NLL) [36]. At that time, the so-called box (one-loop 𝑔𝑔→ 𝛾𝛾) 
contribution was already known [37]. Due to the large gluon luminosity 
at the LHC, the size of the box contribution is of the order of the Born 
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sub-process (𝑞𝑞 → 𝛾𝛾) and for this reason, although formally of order 
(𝛼2

𝑆
), it was considered in the NLO analyses [38,39].

Regarding the diphoton background in Higgs boson production, it 
is possible to constrain the Higgs boson width from interference effects 
of the continuum 𝑔𝑔→ 𝛾𝛾 spectrum with the signal 𝑔𝑔→𝐻 → 𝛾𝛾 . The 
phenomenology behind this process has therefore been studied in detail 
in the literature, with effective calculations at NLO (and beyond) [37,

40–47].

The small transverse momentum region of the diphoton pair is also 
of interest in SM and Higgs boson studies, in the determination of the 
Higgs boson width, etc. The transverse momentum (𝑞𝑇 ) resummation 
for diphoton production is known at next-to-next-to-leading logarithmic 
accuracy (NNLL) [48] and at N3LL [49] in association with fixed-order 
NNLO results.

The possibility of measuring the top quark mass has been pointed 
out in the literature [50,51], if massive scattering amplitudes in dipho-

ton production are taken into account (via loop corrections). These 
threshold effects of top quark pair production are manifested in the 
diphoton-invariant mass spectrum around two times the value of the 
top quark mass.

Non-trivial QCD corrections, including the dependence on the top 
quark mass, appear for the first time at NNLO. In ref. [22], the one-loop 
𝑔𝑔 → 𝛾𝛾 scattering amplitude was considered taking into account the 
top quark mass dependence (together with partial N3LO contributions).
Available online 30 November 2023
0370-2693/© 2023 The Author(s). Published by Elsevier B.V. This is an open access

federico.ripani@uniroma1.it (F. Ripani).

https://doi.org/10.1016/j.physletb.2023.138362

Received 28 August 2023; Received in revised form 22 November 2023; Accepted 2
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

5 November 2023

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://orcid.org/0009-0005-1994-8277
mailto:matteo.becchetti@unito.it
mailto:roberto.bonciani@roma1.infn.it
mailto:lcieri@ific.uv.es
mailto:fcoro@ific.uv.es
mailto:federico.ripani@uniroma1.it
https://doi.org/10.1016/j.physletb.2023.138362
https://doi.org/10.1016/j.physletb.2023.138362
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2023.138362&domain=pdf
http://creativecommons.org/licenses/by/4.0/


M. Becchetti, R. Bonciani, L. Cieri et al.

Regarding the inclusion of corrections beyond the NNLO ((𝛼3
𝑆
)), 

the simplest approach for the gluon fusion channel is to consider the 
NLO effective QCD corrections to the box contribution (which captures 
some of the largest contributions). These NLO corrections form a gauge 
invariant subset [38] of the whole N3LO gluon fusion channel. In the 
massless case, the NLO corrections to the box contribution have been 
calculated in ref. [38] using the massless two-loop scattering amplitudes 
of ref. [25]. In the context of the massive contributions, two recent 
papers have shown the impact of these massive corrections on the gluon 
fusion channel [52,53], which turned out to be sizable.

Even in the light of previous efforts to calculate the scattering am-

plitudes that capture the most significant contributions to diphoton 
production, the full massive QCD NNLO corrections for this process are 
still missing (mainly due to the previously unknown two-loop scattering 
amplitudes [54]).

In this paper, we consider for the first time diphoton production 
at NNLO, taking into account the full top quark mass dependence. We 
include all NNLO massive scattering amplitudes: i) the box contribution 
in the gluon fusion channel [22], ii) the two-loop scattering amplitudes1

𝑞𝑞→ 𝛾𝛾 [54], and the real radiation contributions (double real and real-

virtual).

The paper is organised as follows. In Section 2 we explain the setup 
of our calculation. In Section 3 we present selected numerical results for 
the LHC phenomenology, and in Section 4 we present our conclusions.

2. Organisation of the calculation

Since the massless (five light quark flavours) NNLO QCD corrections 
to diphoton production are known [21], our approach is to consider all 
the remaining massive scattering amplitudes and combine them in an 
appropriate way.

The first non-trivial massive corrections appear at NNLO. We clas-

sify the scattering amplitudes into four types of contributions. In first 
place, we consider the known massive one-loop box scattering ampli-

tude 𝑔𝑔 → 𝛾𝛾 [22] as depicted in Fig. 1 a). The two-loop (double-

virtual) corrections to the Born sub-process 𝑞𝑞 → 𝛾𝛾 [54] are shown 
with a representative Feynman diagram in Fig. 1 b), where in the 
loop we consider a massive top quark. We also consider massive real-

virtual contributions to diphoton production (see Fig. 1 c)), where the 
diphoton pair is produced in association with real radiation (quarks and 
gluons). This scattering amplitude is interfered with the corresponding 
tree-level matrix element (𝑞𝑞→ 𝛾𝛾𝑔 or 𝑞𝑔→ 𝛾𝛾𝑞 depending on the par-

tonic channel). The partonic contributions to Fig. 1 c) are finite, not 
only in four dimensions, but also after integration over the transverse 
momentum of the diphoton pair (𝑝𝛾𝛾

𝑇
). This amplitude is presented in 

the appendix of ref. [22], but it is considered for its squared modulus 
(effective N3LO contribution). In our case we calculated this contribu-

tion and we checked it numerically with OpenLoops [55–60]. The last 
element that we considered (which completes the NNLO massive cor-

rections) is shown in Fig. 1 d); it is related to diphoton production in 
association to the emission of two on-shell top-quarks (𝑞𝑞 → 𝛾𝛾𝑡𝑡 and 
𝑔𝑔→ 𝛾𝛾𝑡𝑡). We computed these double-real amplitudes and we checked 
them numerically with OpenLoops. Although this sub-process can be 
effectively detected experimentally and (therefore) then subtracted, we 
include it explicitly in our calculation. Indeed, LHC measurements of 
diphoton production take into account any kind of additional radiation 
accompanying the two isolated photons, and therefore this contribution 
must be taken into account in any comparison with LHC data [1–4] that 
claim full NNLO QCD massive corrections.

All our massive corrections are encoded in a new version of the

2𝛾NNLO code [21], which has been cross-checked with the MATRIX [61]

numerical code (version 2.0.0) (which includes the massless NNLO QCD 

1 The two-loop amplitude is UV renormalized in five-flavors decoupling 
2

scheme.
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Fig. 1. Different types of contributions to the massive corrections at NNLO for 
diphoton production in perturbative QCD. The explanation of the different fea-

tures is given in the text.

corrections to diphoton production). The new version of the 2𝛾NNLO
code benefits from the fast integration routines of the DYTurbo frame-

work [62,63].

The double-real and real-virtual sub-processes (see Fig. 1 c) and

d)) are not only finite in four dimensions, but they are also finite after 
integration over the transverse momentum of the diphoton pair. We 
have checked numerically that under 𝑞𝑇 integration these contributions 
are finite and numerically stable in the whole 𝑞𝑇 range.

3. NNLO results with full top-quark mass dependence

In this section, we present our results for the diphoton production 
at NNLO in perturbative QCD, taking into account the full top-quark 
mass dependence. We fix the pole mass 𝑚𝑡 of the top quark to the value 
𝑚𝑡 = 173 GeV. Our computational setup that was explained in Sec. 2, 
has been encoded in a new version of the 2𝛾NNLO code.

We consider isolated diphoton production in 𝑝𝑝 collisions at the 
centre–of–mass energy 

√
𝑠 = 13 TeV. We apply the following kinemat-

ical cuts on photon transverse momenta and rapidities: 𝑝hard
𝑇 𝛾

≥ 40 GeV, 
𝑝sof t
𝑇 𝛾

≥ 30 GeV and the rapidity of both photons is limited in the range 
|𝑦𝛾 | < 2.37, excluding the rapidity interval 1.37 < |𝑦𝛾 | < 1.52. The min-

imum angular separation between the two photons is 𝑅min
𝛾𝛾

= 0.4. These 
are essentially the kinematical cuts used in the ATLAS Collaboration 
study of ref. [1].

In the perturbative calculation, the QED coupling constant 𝛼 is 
fixed at 1∕𝛼 = 137.035999139. We use the central set of the NNPDF3.1 
PDFs [64] as implemented in the LHAPDF framework [65] and the as-

sociated strong coupling with 𝛼𝑆 (𝑀𝑍 ) = 0.118.

The central factorization and renormalization scale is chosen to be 
equal to the invariant mass of the diphoton pair 𝜇 ≡ 𝜇R = 𝜇F =𝑀𝛾𝛾 . The 
theoretical uncertainty is estimated by varying the default scale choice 
for 𝜇R and 𝜇F independently by factors of {1∕2, 2}, while omitting com-

binations with 𝜇R∕𝜇F = 4 or 1∕4, resulting in the usual seven-point 
variation of scale combinations. Our standard choice of the central 
scale, can be replaced with other options, for instance the transverse 
mass of the diphoton pair, 𝑀T

𝛾𝛾
=
√

(𝑀𝛾𝛾 )2 + (𝑝𝛾𝛾
𝑇
)2. Since our aim is 

to show the impact of the new massive corrections, we refer the reader 
to more detailed studies on scale variation (and scale choices) to refs. 
[23,24].

We use the smooth cone isolation criterion [66] (see also refs. [23,

67,68]), which fixes the size 𝑅 of the isolation cone (drawn around the 
direction of the photon) and requires that the hadronic activity 𝐸ℎ𝑎𝑑

𝑇

allowed inside the cone satisfies

𝐸ℎ𝑎𝑑
𝑇

(𝑟) ≤ 𝜖 𝑝𝑇 𝛾 𝜒(𝑟;𝑅) , in all cones with 𝑟 ≤𝑅 , (1)

where the function 𝜒(𝑟; 𝑅) is defined as

𝜒(𝑟;𝑅) =
(
𝑟

𝑅

)2𝑛
. (2)

The specific values of the isolation parameters in our case [1] are: 𝑅 =
0.4, 𝜖 = 0.09 and we take 𝑛 = 1. The choice of the 𝜒(𝑟; 𝑅) function as 
well as the particular value of the exponent 𝑛 is explained in ref. [23]. 
Since our aim is to present the effects of massive corrections, we suggest 

that the interested reader consult the isolation studies in refs. [23,24]. 
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Fig. 2. NNLO invariant mass distribution with full top quark mass dependence. 
In the lower panel we plot the ratio of the NNLO invariant mass distribution 
between the massive result and that with only five light quark flavours. The 
bands are obtained (as explained in the text) using the customary 7-point scale 
variation. The central scale is shown with a black dashed line.

The top quark threshold region (∼ 346 GeV) is not particularly sensitive 
to the effects of the choice of isolation parameters [23].

Since we rely on the 𝑞𝑇 subtraction method [69,70] to perform our 
NNLO calculations, we use the technical parameter2 (a cut on the trans-

verse momentum of the diphoton pair) 𝑟cut = 0.0005 < 𝑝
𝛾𝛾

𝑇
∕𝑀𝛾𝛾 . The 

large diphoton invariant mass tail is not particularly sensitive to 𝑟cut
variations around our chosen value [61]. Studies on the impact of the 
fiducial power corrections and on the size of the 𝑟cut parameter in colour 
singlet processes can be found in refs. [61,71–73].

The rest of this section proceeds as follows: first, we anticipate our 
results for diphoton production at NNLO in perturbative QCD, taking 
into account the full top quark mass dependence. At the end of this 
section, we discuss the relative weight of the different massive contri-

butions involved in the NNLO calculation.

In Fig. 2 we present our results regarding the invariant mass distri-

bution of the photon pair at NNLO using the kinematical cuts described 
at the beginning of this section. In the lower panel, we show the ra-

tio between the fully massive NNLO result and the NNLO prediction 
for five light quark flavours (5lf). Around the region 𝑀𝛾𝛾 ∼ 2𝑚𝑡 (the 
top-quark pair threshold), the invariant mass distribution exhibits its 
negative peak3 due to a superposition of effects coming from the loop 
contributions. In the low-mass region (𝑀𝛾𝛾 < 2𝑚𝑡), the massive result is 
still slightly larger than the massless case since the real corrections can 
resolve the top quark loop because the total centre–of–mass energy can 
be larger than 2𝑚𝑡 [52]. Beyond the negative peak, the massive NNLO 
prediction presents its maximum (positive) deviation from the massless 
result at about 2.3 times of the value of the top quark pair threshold. 
The position (and shape) of this positive peak is the result of a compe-

tition between two opposite behaviours of (mainly) two contributions: 
the box scattering amplitude (𝑔𝑔-channel) and the two-loop form factor 

2 We have also checked that in the extrapolation to 𝑟cut = 0 the associated 
results for the total cross sections and the differential distributions vary less 
than 1% when 𝑟cut = 0.0005 is used.

3 In the ratios, the corrections larger (smaller) than the unity are named posi-
3

tive (negative) since they are larger (smaller) than the five light flavour result.
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Fig. 3. Ratios of diverse massive corrections to the massless case. In the upper 
panel we show the ratio of the two-loop (𝑞𝑞 → 𝛾𝛾) massive form factor to the 
massless one. In the lower panel we show the corresponding ratio but for the 1-

loop box (𝑔𝑔→ 𝛾𝛾) contribution. The central scale is shown with a black dashed 
line.

(𝑞𝑞-channel) (see Fig. 3). We postpone the discussion of the decreasing 
tail in the ratio between the massive and massless result, to the end of 
this section. The effect of the massive corrections (within the fiducial 
cuts discussed above) in the invariant mass from 1 GeV to 2 TeV is a 
deviation from the massless result in the range [-0.4%, 0.8%]. The ef-

fect may be larger if we use different selection cuts and for values of 
𝑀𝛾𝛾 > 2 TeV.

We now comment on the contribution of the two-loop form factor to 
the NNLO invariant mass distribution.4 In Fig. 3 (upper panel) we show 
the ratio between the fully massive two-loop form factor and the mass-

less case. The ratio is performed explicitly using the hard virtual factors 
𝐻 (2) defined in the hard resummation scheme as explained in ref. [70]

and in our upcoming paper of the two-loop massive form factors [54]. 
The bands are computed implementing the usual 7-point scale varia-

tion as described at the beginning of this section. As in any massive 
loop contribution, the ratio exhibits the typical peak around the top 
quark threshold. For invariant masses larger than 2𝑚𝑡 (and after a peak 
around 𝑀𝛾𝛾 ∼ 2.3 × 2𝑚𝑡), the tail decreases (in part) since the two-loop 
massive corrections5 are negative from invariant masses 𝑀𝛾𝛾 ∼ 2𝑚𝑡. At 
this point we observed also, that the massless two-loop form factor ob-

tained with six light quark flavours is smaller (in the whole invariant 
mass range) than the result with five flavours. Moreover, the asymp-

totic behaviour (at large invariant masses) of the ratio between the two 
previous massless results (𝐻 (2)(𝑛𝑓 = 6lf)∕𝐻 (2)(𝑛𝑓 = 5)) is decreasing, 
as the corresponding behaviour with the massive result shown in Fig. 3

top panel.

In the bottom panel of Fig. 3 we show the known behaviour of the 
ratio between the fully massive one-loop box contribution and the cor-

responding contribution with five light quark flavours. In this case, for 

4 The representative Feynman diagram of this two-loop contribution is shown 
in Fig. 1 b).

5 More clearly, the separate contribution of the massive scattering amplitudes 

is negative (without considering the additional massless part).
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Fig. 4. Invariant mass distribution of the double-real (𝑝𝑝 → 𝛾𝛾𝑡𝑡) contribution 
to the NNLO fully massive result. In the lower panel we show the relative size of 
each one of the partonic channels that form the total double-real contribution. 
Only central scale results are shown.

large values of 𝑀𝛾𝛾 ≫ 𝑚𝑡, the ratio asymptotically6 approaches the 
value (

∑
𝑛𝑓=6 𝑒

2
𝑞
)2∕(

∑
𝑛𝑓=5 𝑒

2
𝑞
)2 = 225∕121, implying that the massive 

contribution behaves as if it were composed of 6 light quark flavours 
[22]. The size of both ratios around the negative peak is quantitatively 
similar and amounts to roughly −15%. These are the two most sizable 
massive contributions at NNLO accuracy. The distinctive and opposite 
behaviour of these two contributions at large values of 𝑀𝛾𝛾 (taking into 
account also the vanishing luminosity of the gluon) determines the po-

sition of the positive peak in the ratio of Fig. 2.

We now consider the massive double real corrections (𝑝𝑝 → 𝛾𝛾𝑡𝑡). 
In Fig. 4 we show the invariant mass distribution obtained from this 
partonic sub-process. Since we produce two on-shell top quarks, and 
since we are dealing with tree-level scattering amplitudes, there is no 
top quark threshold in the distribution (it has a continuously decreas-

ing (logarithmic) tail as in the massless case). The only peak in this 
invariant mass distribution is due to kinematic effects (it peaks at about 
2 × 𝑝hard cut

𝑇 𝛾
= 80 GeV, as in the massless case). This kinematic effect 

is explained in detail in ref. [23] for the massless result. In the bot-

tom panel of Fig. 4 we show the relative size of the different channels 
(the 𝑞𝑞 and 𝑔𝑔 channels) with respect to the total. For large values of 
𝑀𝛾𝛾 the luminosity of the gluon decreases and the total contribution 
is (mainly) due to the 𝑞𝑞 channel. The vanishing luminosity (at large 
invariant masses) of the gluon explains why the 𝑞𝑞 channel dominates 
at large values of 𝑀𝛾𝛾 in the total NNLO invariant mass distribution. 
The prevalence of the 𝑞𝑞 channel in the tail, explains why the ratio in 
Fig. 2 decreases at large values of 𝑀𝛾𝛾 , even though the fully massive 
box contribution (𝑔𝑔 channel) is almost twice the massless result in the 
tail (see Fig. 3 bottom panel). In absence of the two-loop massive cor-

rection, the ratio in Fig. 2 would asymptotically approach its limit (at 
large invariant masses) from above, since the partonic channels con-

taining at least one gluon vanish and the massive real corrections are 
almost negligible in that region. In the full result, the negative correc-

tions coming from the 𝑞𝑞 channel (massive two-loop contribution) are 

6 For the kinematical cuts considered here, the asymptotic regime is reached 
4

at (roughly) 3 TeV, which is not shown in these plots.
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Fig. 5. Invariant mass distribution of the one-loop real emission massive con-

tribution at NNLO. Only the massive top quark circulates in the loop. The light 
quark flavours are already considered in the massless part of the calculation. 
We show the different partonic channels and a comparison with the size of the 
double real correction shown in Fig. 4.

Fig. 6. Ratios of each one of the massive contributions with respect to the NNLO 
massless cross section as a function of the invariant mass.

still present at large invariant masses, and the ratio turns out to be neg-

ative in this kinematic region (see the ratio in Fig. 3 around 𝑀𝛾𝛾 ∼ 2
TeV).

In the following, we discuss the real-virtual contribution of the one-

loop NNLO massive corrections to diphoton production (𝑝𝑝 → 𝛾𝛾𝑗). In 
Fig. 5 we compare the invariant mass distribution of the different chan-

nels with respect to the total correction. The 𝑞𝑞 and 𝑞𝑔 channels show 
very different behaviour (being the 𝑞𝑔 initiated sub process the channel 
that dominates the contribution around the top quark threshold). The 
positive peak behaviour around the top quark threshold is also found 
in the box contribution when only a massive top quark is circulating in 
the loop [52]. As the remaining five light flavours are also included in 
the loop, the destructive interference between these two types of terms 
dominates the box contribution, producing the typical negative peak (as 
it is shown in Fig. 3 bottom panel).

Here (in the real-virtual case), since the one-loop scattering ampli-

tudes (see Fig. 1 c)) are interfered with the corresponding tree-level 
matrix elements, there is no such mixing between massive and massless 
quarks circulating through the loop. For large values of the invariant 
mass (𝑀𝛾𝛾 > 500 GeV) the contribution of the real-virtual term is nega-

tive, slightly enhancing the decreasing behaviour in the tail of the ratio 
in Fig. 2.

In Fig. 5 we also show the contribution of the whole 𝑝𝑝 → 𝛾𝛾𝑡𝑡 sub-

process. The sizes of the real-virtual and the double-real contributions 
are roughly of the same order, and they are subdominant with respect 
to the one-loop box and two-loop form factors.

Finally, in Fig. 6 we show the ratios of each of the massive contribu-
tions (schematically drawn in Fig. 1) with respect to the massless NNLO 
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differential prediction. As expected from the previous paragraphs, the 
two-loop 𝑞𝑞 (dot-dashed black line) and the one-loop box corrections 
(solid red line) dominate throughout the invariant mass range. The ef-

fect of the real-virtual contribution (dashed green line) is subdominant 
and reduces the size of the negative peak at the top quark threshold. 
The effect of the massive double real corrections (emission of two on-

shell top quarks) is tiny and not relevant for the phenomenology (dotted 
blue line). The correction introduced by the two-loop massive contribu-

tion at large values of the invariant mass is negative and reduces the 
cross section. For 𝑀𝛾𝛾 > 2 TeV it is the dominant massive effect.

4. Conclusions

In this paper we presented for the first time the complete NNLO 
QCD diphoton production taking into account the full top quark mass 
dependence. We presented a detailed study of the impact of the mas-

sive corrections in the invariant mass distribution around the top quark 
threshold. We have shown the different components of the total NNLO 
QCD massive result. The two most significant contributions are the one-

loop (𝑔𝑔 → 𝛾𝛾) box term [22] and the recently calculated two-loop 
(𝑞𝑞 → 𝛾𝛾) massive form factor [54]. The negative peak around the top 
quark threshold is, therefore, the result of (mainly) these two contri-

butions showing the same (negative peak) behaviour. The moderated 
size of the positive peak introduced by the real-virtual contribution (see 
Fig. 5) only slightly modifies the size of the negative peak. The posi-

tion of the positive peak in the ratio of Fig. 2 is the result of the two 
competing opposite behaviours of the two dominant contributions (see 
Fig. 3).

The precedent discussion suggests that the massive corrections pre-

sented in this paper are relevant not only for the invariant mass region 
around the top mass threshold but also for larger values (𝑀𝛾𝛾 > 2𝑚𝑡). 
This kinematic region (𝑀𝛾𝛾 ≥ 500 GeV) is of interest for BSM searches.

Recent studies of the partial N3LO massive QCD results [52,53] in-

dicate that the NLO massive corrections to the box contribution are 
sizable and could be relevant to the position (and size) of the positive 
and negative peaks in Fig. 2. As far as subdominant contributions are 
concerned, the inclusion of the modulus squared of the scattering am-

plitudes shown in Fig. 1 c) (formally of (𝛼3
𝑆
)) could partially reverse 

the effect introduced by the scattering amplitudes shown in Fig. 1 c)
interfered with the corresponding tree-level amplitudes (as shown in 
Fig. 5). This is because the modulus squared of the scattering ampli-

tudes shown in Fig. 1 c) will contain massive and massless flavours 
circulating in the loop. It is, therefore, expected that these two terms 
will interfere destructively (as in the case of the box), producing a neg-

ative peak behaviour around the top quark threshold. We have left the 
inclusion of these partial N3LO massive effects to further studies.
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