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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).
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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).



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

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.

Declaration of competing interest

The authors declare the following financial interests/personal rela-

tionships which may be considered as potential competing interests: 
Federico Coro reports financial support was provided by Institute of 
Corpuscular Physics. Federico Coro reports a relationship with Institute 
of Corpuscular Physics that includes: employment.

Data availability

Data will be made available on request.

Acknowledgements

We would like to thank Stefano Camarda and Stefano Catani for use-

ful comments on the manuscript. This work is supported by the Spanish 
Government (Agencia Estatal de Investigación MCIN/AEI/10.13039/

501100011033) Grant No. PID2020-114473GB-I00, and Generalitat 
5

Valenciana Grants No. PROMETEO/2021/071 and ASFAE/2022/009 
Physics Letters B 848 (2024) 138362

(Planes Complementarios de I+D+i, Next Generation EU). M.B. ac-

knowledges the financial support from the European Union Horizon 
2020 research and innovation programme: High precision multi-jet 
dynamics at the LHC (grant agreement no. 772009). L.C. and F.C. 
are supported by Generalitat Valenciana GenT Excellence Programme 
(CIDEGENT/2020/011) and ILINK22045.

References

[1] G. Aad, et al., Measurement of the production cross section of pairs of isolated 
photons in 𝑝𝑝 collisions at 13 TeV with the ATLAS detector, J. High Energy Phys. 
11 (2021) 169, https://doi .org /10 .1007 /JHEP11(2021 )169, arXiv :2107 .09330.

[2] M. Aaboud, et al., Measurements of integrated and differential cross sections for 
isolated photon pair production in 𝑝𝑝 collisions at √𝑠 = 8 TeV with the ATLAS 
detector, Phys. Rev. D 95 (11) (2017) 112005, https://doi .org /10 .1103 /PhysRevD .
95 .112005, arXiv :1704 .03839.

[3] S. Chatrchyan, et al., Measurement of differential cross sections for the production 
of a pair of isolated photons in pp collisions at √𝑠 = 7 TeV, Eur. Phys. J. C 74 (11) 
(2014) 3129, https://doi .org /10 .1140 /epjc /s10052 -014 -3129 -3, arXiv :1405 .7225.

[4] G. Aad, et al., Measurement of isolated-photon pair production in 𝑝𝑝 collisions at √
𝑠= 7 TeV with the ATLAS detector, J. High Energy Phys. 01 (2013) 086, https://

doi .org /10 .1007 /JHEP01(2013 )086, arXiv :1211 .1913.

[5] G. Aad, et al., Observation of a new particle in the search for the Standard Model 
Higgs boson with the ATLAS detector at the LHC, Phys. Lett. B 716 (2012) 1–29, 
https://doi .org /10 .1016 /j .physletb .2012 .08 .020, arXiv :1207 .7214.

[6] S. Chatrchyan, et al., Observation of a new boson at a mass of 125 GeV with the 
CMS experiment at the LHC, Phys. Lett. B 716 (2012) 30–61, https://doi .org /10 .
1016 /j .physletb .2012 .08 .021, arXiv :1207 .7235.

[7] G. Aad, et al., Measurements of the Higgs boson inclusive and differential fiducial 
cross-sections in the diphoton decay channel with pp collisions at √𝑠 = 13 TeV 
with the ATLAS detector, J. High Energy Phys. 08 (2022) 027, https://doi .org /10 .
1007 /JHEP08(2022 )027, arXiv :2202 .00487.

[8] A. Tumasyan, et al., Measurement of the Higgs boson inclusive and differential fidu-

cial production cross sections in the diphoton decay channel with pp collisions 
at √𝑠 = 13 TeV, J. High Energy Phys. 07 (2023) 091, https://doi .org /10 .1007 /
JHEP07(2023 )091, arXiv :2208 .12279.

[9] A.M. Sirunyan, et al., Measurements of Higgs boson production cross sections and 
couplings in the diphoton decay channel at √s = 13 TeV, J. High Energy Phys. 07 
(2021) 027, https://doi .org /10 .1007 /JHEP07(2021 )027, arXiv :2103 .06956.

[10] A.M. Sirunyan, et al., A measurement of the Higgs boson mass in the diphoton decay 
channel, Phys. Lett. B 805 (2020) 135425, https://doi .org /10 .1016 /j .physletb .2020 .
135425, arXiv :2002 .06398.

[11] M. Aaboud, et al., Measurements of Higgs boson properties in the diphoton decay 
channel with 36 fb−1 of 𝑝𝑝 collision data at √𝑠 = 13 TeV with the ATLAS detec-

tor, Phys. Rev. D 98 (2018) 052005, https://doi .org /10 .1103 /PhysRevD .98 .052005, 
arXiv :1802 .04146.

[12] V. Khachatryan, et al., Observation of the diphoton decay of the Higgs boson and 
measurement of its properties, Eur. Phys. J. C 74 (10) (2014) 3076, https://doi .org /
10 .1140 /epjc /s10052 -014 -3076 -z, arXiv :1407 .0558.

[13] G. Aad, et al., Measurement of Higgs boson production in the diphoton decay chan-

nel in pp collisions at center-of-mass energies of 7 and 8 TeV with the ATLAS 
detector, Phys. Rev. D 90 (11) (2014) 112015, https://doi .org /10 .1103 /PhysRevD .
90 .112015, arXiv :1408 .7084.

[14] G. Aad, et al., Measurements of fiducial and differential cross sections for Higgs 
boson production in the diphoton decay channel at √𝑠 = 8 TeV with ATLAS, 
J. High Energy Phys. 09 (2014) 112, https://doi .org /10 .1007 /JHEP09(2014 )112, 
arXiv :1407 .4222.

[15] G. Aad, et al., Search for periodic signals in the dielectron and diphoton invari-

ant mass spectra using 139 fb−1 of 𝑝𝑝 collisions at √𝑠 = 13 TeV with the ATLAS 
detector, arXiv :2305 .10894, 5 2023.

[16] G. Aad, et al., Search in diphoton and dielectron final states for displaced production 
of Higgs or Z bosons with the ATLAS detector in s=13 TeV pp collisions, Phys. Rev. 
D 108 (1) (2023) 012012, https://doi .org /10 .1103 /PhysRevD .108 .012012, arXiv :
2304 .12885.

[17] G. Aad, et al., Search for boosted diphoton resonances in the 10 to 70 GeV 
mass range using 138 fb−1 of 13 TeV pp collisions with the ATLAS detector, 
J. High Energy Phys. 07 (2023) 155, https://doi .org /10 .1007 /JHEP07(2023 )155, 
arXiv :2211 .04172.

[18] A.M. Sirunyan, et al., Search for supersymmetry using Higgs boson to diphoton 
decays at √𝑠 = 13 TeV, J. High Energy Phys. 11 (2019) 109, https://doi .org /10 .
1007 /JHEP11(2019 )109, arXiv :1908 .08500.

[19] V. Khachatryan, et al., Search for high-mass diphoton resonances in proton–proton 
collisions at 13 TeV and combination with 8 TeV search, Phys. Lett. B 767 (2017) 
147–170, https://doi .org /10 .1016 /j .physletb .2017 .01 .027, arXiv :1609 .02507.

[20] M. Aaboud, et al., Search for new phenomena in high-mass diphoton final states us-

ing 37 fb−1 of proton–proton collisions collected at √𝑠 = 13 TeV with the ATLAS 
detector, Phys. Lett. B 775 (2017) 105–125, https://doi .org /10 .1016 /j .physletb .

2017 .10 .039, arXiv :1707 .04147.

https://doi.org/10.1007/JHEP11(2021)169
https://doi.org/10.1103/PhysRevD.95.112005
https://doi.org/10.1103/PhysRevD.95.112005
https://doi.org/10.1140/epjc/s10052-014-3129-3
https://doi.org/10.1007/JHEP01(2013)086
https://doi.org/10.1007/JHEP01(2013)086
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1007/JHEP08(2022)027
https://doi.org/10.1007/JHEP08(2022)027
https://doi.org/10.1007/JHEP07(2023)091
https://doi.org/10.1007/JHEP07(2023)091
https://doi.org/10.1007/JHEP07(2021)027
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1016/j.physletb.2020.135425
https://doi.org/10.1103/PhysRevD.98.052005
https://doi.org/10.1140/epjc/s10052-014-3076-z
https://doi.org/10.1140/epjc/s10052-014-3076-z
https://doi.org/10.1103/PhysRevD.90.112015
https://doi.org/10.1103/PhysRevD.90.112015
https://doi.org/10.1007/JHEP09(2014)112
http://refhub.elsevier.com/S0370-2693(23)00696-2/bib33E59C98F0A6321AA21C605DA2F54BC7s1
http://refhub.elsevier.com/S0370-2693(23)00696-2/bib33E59C98F0A6321AA21C605DA2F54BC7s1
http://refhub.elsevier.com/S0370-2693(23)00696-2/bib33E59C98F0A6321AA21C605DA2F54BC7s1
https://doi.org/10.1103/PhysRevD.108.012012
https://doi.org/10.1007/JHEP07(2023)155
https://doi.org/10.1007/JHEP11(2019)109
https://doi.org/10.1007/JHEP11(2019)109
https://doi.org/10.1016/j.physletb.2017.01.027
https://doi.org/10.1016/j.physletb.2017.10.039
https://doi.org/10.1016/j.physletb.2017.10.039


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

[21] S. Catani, L. Cieri, D. de Florian, G. Ferrera, M. Grazzini, Diphoton produc-

tion at hadron colliders: a fully-differential QCD calculation at NNLO, Phys. Rev. 
Lett. 108 (2012) 072001, https://doi .org /10 .1103 /PhysRevLett .108 .072001, arXiv :
1110 .2375, Erratum: Phys. Rev. Lett. 117 (2016) 089901.

[22] J.M. Campbell, R.K. Ellis, Y. Li, C. Williams, Predictions for diphoton production 
at the LHC through NNLO in QCD, J. High Energy Phys. 07 (2016) 148, https://

doi .org /10 .1007 /JHEP07(2016 )148, arXiv :1603 .02663.

[23] S. Catani, L. Cieri, D. de Florian, G. Ferrera, M. Grazzini, Diphoton production at 
the LHC: a QCD study up to NNLO, J. High Energy Phys. 04 (2018) 142, https://

doi .org /10 .1007 /JHEP04(2018 )142, arXiv :1802 .02095.

[24] R. Schuermann, X. Chen, T. Gehrmann, E.W.N. Glover, M. Höfer, A. Huss, NNLO 
photon production with realistic photon isolation, PoS LL2022 (2022) 034, https://

doi .org /10 .22323 /1 .416 .0034, arXiv :2208 .02669.

[25] Z. Bern, A. De Freitas, L.J. Dixon, Two loop amplitudes for gluon fusion into two 
photons, J. High Energy Phys. 09 (2001) 037, https://doi .org /10 .1088 /1126 -6708 /
2001 /09 /037, arXiv :hep -ph /0109078.

[26] F. Caola, A. Chakraborty, G. Gambuti, A. von Manteuffel, L. Tancredi, Three-loop 
helicity amplitudes for quark-gluon scattering in QCD, J. High Energy Phys. 12 
(2022) 082, https://doi .org /10 .1007 /JHEP12(2022 )082, arXiv :2207 .03503.

[27] H.A. Chawdhry, M. Czakon, A. Mitov, R. Poncelet, Two-loop leading-color helicity 
amplitudes for three-photon production at the LHC, J. High Energy Phys. 06 (2021) 
150, https://doi .org /10 .1007 /JHEP06(2021 )150, arXiv :2012 .13553.

[28] B. Agarwal, F. Buccioni, A. von Manteuffel, L. Tancredi, Two-loop leading colour 
QCD corrections to 𝑞𝑞 → 𝛾𝛾𝑔 and 𝑞𝑔 → 𝛾𝛾𝑞, J. High Energy Phys. 04 (2021) 201, 
https://doi .org /10 .1007 /JHEP04(2021 )201, arXiv :2102 .01820.

[29] H.A. Chawdhry, M. Czakon, A. Mitov, R. Poncelet, Two-loop leading-colour QCD he-

licity amplitudes for two-photon plus jet production at the LHC, J. High Energy Phys. 
07 (2021) 164, https://doi .org /10 .1007 /JHEP07(2021 )164, arXiv :2103 .04319.

[30] B. Agarwal, F. Buccioni, A. von Manteuffel, L. Tancredi, Two-loop helicity ampli-

tudes for diphoton plus jet production in full color, Phys. Rev. Lett. 127 (26) (2021) 
262001, https://doi .org /10 .1103 /PhysRevLett .127 .262001, arXiv :2105 .04585.

[31] H.A. Chawdhry, M. Czakon, A. Mitov, R. Poncelet, NNLO QCD corrections to dipho-

ton production with an additional jet at the LHC, J. High Energy Phys. 09 (2021) 
093, https://doi .org /10 .1007 /JHEP09(2021 )093, arXiv :2105 .06940.

[32] S. Badger, T. Gehrmann, M. Marcoli, R. Moodie, Next-to-leading order QCD cor-

rections to diphoton-plus-jet production through gluon fusion at the LHC, Phys. 
Lett. B 824 (2022) 136802, https://doi .org /10 .1016 /j .physletb .2021 .136802, arXiv :
2109 .12003.

[33] M. Chiesa, N. Greiner, M. Schönherr, F. Tramontano, Electroweak corrections to 
diphoton plus jets, J. High Energy Phys. 10 (2017) 181, https://doi .org /10 .1007 /
JHEP10(2017 )181, arXiv :1706 .09022.

[34] L. Cieri, G. Sborlini, Exploring QED effects to diphoton production at hadron collid-

ers, Symmetry 13 (6) (2021) 994, https://doi .org /10 .3390 /sym13060994.

[35] T. Binoth, J.P. Guillet, E. Pilon, M. Werlen, A full next-to-leading order study of 
direct photon pair production in hadronic collisions, Eur. Phys. J. C 16 (2000) 
311–330, https://doi .org /10 .1007 /s100520050024, arXiv :hep -ph /9911340.

[36] C. Balazs, E.L. Berger, P.M. Nadolsky, C.P. Yuan, Calculation of prompt diphoton 
production cross-sections at Tevatron and LHC energies, Phys. Rev. D 76 (2007) 
013009, https://doi .org /10 .1103 /PhysRevD .76 .013009, arXiv :0704 .0001.

[37] D.A. Dicus, S.S.D. Willenbrock, Photon pair production and the intermediate mass 
Higgs boson, Phys. Rev. D 37 (1988) 1801, https://doi .org /10 .1103 /PhysRevD .37 .
1801.

[38] Z. Bern, L.J. Dixon, C. Schmidt, Isolating a light Higgs boson from the diphoton 
background at the CERN LHC, Phys. Rev. D 66 (2002) 074018, https://doi .org /10 .
1103 /PhysRevD .66 .074018, arXiv :hep -ph /0206194.

[39] J.M. Campbell, R.K. Ellis, C. Williams, Vector boson pair production at the LHC, 
J. High Energy Phys. 07 (2011) 018, https://doi .org /10 .1007 /JHEP07(2011 )018, 
arXiv :1105 .0020.

[40] L.J. Dixon, M.S. Siu, Resonance continuum interference in the diphoton Higgs 
signal at the LHC, Phys. Rev. Lett. 90 (2003) 252001, https://doi .org /10 .1103 /
PhysRevLett .90 .252001, arXiv :hep -ph /0302233.

[41] S.P. Martin, Shift in the LHC Higgs diphoton mass peak from interference with 
background, Phys. Rev. D 86 (2012) 073016, https://doi .org /10 .1103 /PhysRevD .
86 .073016, arXiv :1208 .1533.

[42] D. de Florian, N. Fidanza, R.J. Hernandez-Pinto, J. Mazzitelli, Y. Rotstein Habarnau, 
G.F.R. Sborlini, A complete 𝑂(𝛼2

𝑆
) calculation of the signal-background interference 

for the Higgs diphoton decay channel, Eur. Phys. J. C 73 (4) (2013) 2387, https://

doi .org /10 .1140 /epjc /s10052 -013 -2387 -9, arXiv :1303 .1397.

[43] S.P. Martin, Interference of Higgs diphoton signal and background in production 
with a jet at the LHC, Phys. Rev. D 88 (1) (2013) 013004, https://doi .org /10 .1103 /
PhysRevD .88 .013004, arXiv :1303 .3342.

[44] L.J. Dixon, Y. Li, Bounding the Higgs boson width through interferometry, Phys. 
Rev. Lett. 111 (2013) 111802, https://doi .org /10 .1103 /PhysRevLett .111 .111802, 
arXiv :1305 .3854.

[45] J. Campbell, M. Carena, R. Harnik, Z. Liu, Interference in the 𝑔𝑔→ ℎ → 𝛾𝛾 on-shell 
rate and the Higgs boson total width, Phys. Rev. Lett. 119 (18) (2017) 181801, 
https://doi .org /10 .1103 /PhysRevLett .119 .181801, arXiv :1704 .08259, Addendum: 
Phys. Rev. Lett. 119 (19) (2017) 199901, https://doi .org /10 .1103 /PhysRevLett .
119 .199901.

[46] L. Cieri, F. Coradeschi, D. de Florian, N. Fidanza, Transverse-momentum resum-
6

mation for the signal-background interference in the 𝐻 → 𝛾𝛾 channel at the LHC, 
Physics Letters B 848 (2024) 138362

Phys. Rev. D 96 (5) (2017) 054003, https://doi .org /10 .1103 /PhysRevD .96 .054003, 
arXiv :1706 .07331.

[47] P. Bargiela, F. Buccioni, F. Caola, F. Devoto, A. von Manteuffel, L. Tancredi, Signal-

background interference effects in Higgs-mediated diphoton production beyond 
NLO, Eur. Phys. J. C 83 (2) (2023) 174, https://doi .org /10 .1140 /epjc /s10052 -023 -
11337 -w, arXiv :2212 .06287.

[48] L. Cieri, F. Coradeschi, D. de Florian, Diphoton production at hadron colliders: 
transverse-momentum resummation at next-to-next-to-leading logarithmic accu-

racy, J. High Energy Phys. 06 (2015) 185, https://doi .org /10 .1007 /JHEP06(2015 )
185, arXiv :1505 .03162.

[49] T. Becher, T. Neumann, Fiducial 𝑞𝑇 resummation of color-singlet processes at 
N3LL+NNLO, J. High Energy Phys. 03 (2021) 199, https://doi .org /10 .1007 /
JHEP03(2021 )199, arXiv :2009 .11437.

[50] S.R. Dugad, P. Jain, S. Mitra, P. Sanyal, R.K. Verma, The top threshold effect in the 
𝛾𝛾 production at the LHC, Eur. Phys. J. C 78 (9) (2018) 715, https://doi .org /10 .
1140 /epjc /s10052 -018 -6188 -z, arXiv :1605 .07360.

[51] S. Kawabata, H. Yokoya, Top-quark mass from the diphoton mass spectrum, Eur. 
Phys. J. C 77 (5) (2017) 323, https://doi .org /10 .1140 /epjc /s10052 -017 -4884 -8, 
arXiv :1607 .00990.

[52] F. Maltoni, M.K. Mandal, X. Zhao, Top-quark effects in diphoton production through 
gluon fusion at next-to-leading order in QCD, Phys. Rev. D 100 (7) (2019) 071501, 
https://doi .org /10 .1103 /PhysRevD .100 .071501, arXiv :1812 .08703.

[53] L. Chen, G. Heinrich, S. Jahn, S.P. Jones, M. Kerner, J. Schlenk, H. Yokoya, Photon 
pair production in gluon fusion: top quark effects at NLO with threshold matching, 
J. High Energy Phys. 04 (2020) 115, https://doi .org /10 .1007 /JHEP04(2020 )115, 
arXiv :1911 .09314.

[54] M. Becchetti, R. Bonciani, L. Cieri, F. Coro, F. Ripani, Two-loop form factors for 
diphoton production in quark annihilation channel with heavy quark mass depen-

dence, arXiv :2308 .11412, 8 2023.

[55] F. Buccioni, J.-N. Lang, J.M. Lindert, P. Maierhöfer, S. Pozzorini, H. Zhang, M.F. 
Zoller, OpenLoops 2, Eur. Phys. J. C 79 (10) (2019) 866, https://doi .org /10 .1140 /
epjc /s10052 -019 -7306 -2, arXiv :1907 .13071.

[56] F. Cascioli, P. Maierhofer, S. Pozzorini, Scattering amplitudes with open loops, Phys. 
Rev. Lett. 108 (2012) 111601, https://doi .org /10 .1103 /PhysRevLett .108 .111601, 
arXiv :1111 .5206.

[57] M. Zoller, F. Buccioni, J.-N. Lang, S. Pozzorini, H. Zhang, On-the-fly reduction of 
open loops, PoS LL2018 (2018) 045, https://doi .org /10 .22323 /1 .303 .0045, arXiv :
1807 .10713.

[58] A. van Hameren, C.G. Papadopoulos, R. Pittau, Automated one-loop calculations: 
a proof of concept, J. High Energy Phys. 09 (2009) 106, https://doi .org /10 .1088 /
1126 -6708 /2009 /09 /106, arXiv :0903 .4665.

[59] A. van Hameren, OneLOop: for the evaluation of one-loop scalar functions, Com-

put. Phys. Commun. 182 (2011) 2427–2438, https://doi .org /10 .1016 /j .cpc .2011 .
06 .011, arXiv :1007 .4716.

[60] A. Denner, S. Dittmaier, L. Hofer, Collier: a fortran-based complex one-loop library 
in extended regularizations, Comput. Phys. Commun. 212 (2017) 220–238, https://

doi .org /10 .1016 /j .cpc .2016 .10 .013, arXiv :1604 .06792.

[61] M. Grazzini, S. Kallweit, M. Wiesemann, Fully differential NNLO computations with 
MATRIX, Eur. Phys. J. C 78 (7) (2018) 537, https://doi .org /10 .1140 /epjc /s10052 -
018 -5771 -7, arXiv :1711 .06631.

[62] S. Camarda, et al., DYTurbo: fast predictions for Drell-Yan processes, Eur. Phys. 
J. C 80 (3) (2020) 251, https://doi .org /10 .1140 /epjc /s10052 -020 -7757 -5, arXiv :
1910 .07049, Erratum: Eur. Phys. J. C 80 (2020) 440.

[63] S. Camarda, L. Cieri, G. Ferrera, Drell–Yan lepton-pair production: qT resummation 
at N3LL accuracy and fiducial cross sections at N3LO, Phys. Rev. D 104 (11) (2021) 
L111503, https://doi .org /10 .1103 /PhysRevD .104 .L111503, arXiv :2103 .04974.

[64] R.D. Ball, et al., Parton distributions from high-precision collider data, Eur. Phys. 
J. C 77 (10) (2017) 663, https://doi .org /10 .1140 /epjc /s10052 -017 -5199 -5, arXiv :
1706 .00428.

[65] A. Buckley, J. Ferrando, S. Lloyd, K. Nordström, B. Page, M. Rüfenacht, M. Schön-

herr, G. Watt, LHAPDF6: parton density access in the LHC precision era, Eur. 
Phys. J. C 75 (2015) 132, https://doi .org /10 .1140 /epjc /s10052 -015 -3318 -8, arXiv :
1412 .7420.

[66] S. Frixione, Isolated photons in perturbative QCD, Phys. Lett. B 429 (1998) 369–374, 
https://doi .org /10 .1016 /S0370 -2693(98 )00454 -7, arXiv :hep -ph /9801442.

[67] S. Frixione, W. Vogelsang, Isolated photon production in polarized 𝑝𝑝 collisions, 
Nucl. Phys. B 568 (2000) 60–92, https://doi .org /10 .1016 /S0550 -3213(99 )00575 -1, 
arXiv :hep -ph /9908387.

[68] S. Catani, et al., QCD, in: Workshop on Standard Model Physics (and more) at the 
LHC (First Plenary Meeting), 2000, arXiv :hep -ph /0005025.

[69] S. Catani, M. Grazzini, An NNLO subtraction formalism in hadron collisions and 
its application to Higgs boson production at the LHC, Phys. Rev. Lett. 98 (2007) 
222002, https://doi .org /10 .1103 /PhysRevLett .98 .222002, arXiv :hep -ph /0703012.

[70] S. Catani, L. Cieri, D. de Florian, G. Ferrera, M. Grazzini, Universality of transverse-

momentum resummation and hard factors at the NNLO, Nucl. Phys. B 881 (2014) 
414–443, https://doi .org /10 .1016 /j .nuclphysb .2014 .02 .011, arXiv :1311 .1654.

[71] M.A. Ebert, F.J. Tackmann, Impact of isolation and fiducial cuts on q𝑇 and N-

jettiness subtractions, J. High Energy Phys. 03 (2020) 158, https://doi .org /10 .

1007 /JHEP03(2020 )158, arXiv :1911 .08486.

https://doi.org/10.1103/PhysRevLett.108.072001
https://doi.org/10.1007/JHEP07(2016)148
https://doi.org/10.1007/JHEP07(2016)148
https://doi.org/10.1007/JHEP04(2018)142
https://doi.org/10.1007/JHEP04(2018)142
https://doi.org/10.22323/1.416.0034
https://doi.org/10.22323/1.416.0034
https://doi.org/10.1088/1126-6708/2001/09/037
https://doi.org/10.1088/1126-6708/2001/09/037
https://doi.org/10.1007/JHEP12(2022)082
https://doi.org/10.1007/JHEP06(2021)150
https://doi.org/10.1007/JHEP04(2021)201
https://doi.org/10.1007/JHEP07(2021)164
https://doi.org/10.1103/PhysRevLett.127.262001
https://doi.org/10.1007/JHEP09(2021)093
https://doi.org/10.1016/j.physletb.2021.136802
https://doi.org/10.1007/JHEP10(2017)181
https://doi.org/10.1007/JHEP10(2017)181
https://doi.org/10.3390/sym13060994
https://doi.org/10.1007/s100520050024
https://doi.org/10.1103/PhysRevD.76.013009
https://doi.org/10.1103/PhysRevD.37.1801
https://doi.org/10.1103/PhysRevD.37.1801
https://doi.org/10.1103/PhysRevD.66.074018
https://doi.org/10.1103/PhysRevD.66.074018
https://doi.org/10.1007/JHEP07(2011)018
https://doi.org/10.1103/PhysRevLett.90.252001
https://doi.org/10.1103/PhysRevLett.90.252001
https://doi.org/10.1103/PhysRevD.86.073016
https://doi.org/10.1103/PhysRevD.86.073016
https://doi.org/10.1140/epjc/s10052-013-2387-9
https://doi.org/10.1140/epjc/s10052-013-2387-9
https://doi.org/10.1103/PhysRevD.88.013004
https://doi.org/10.1103/PhysRevD.88.013004
https://doi.org/10.1103/PhysRevLett.111.111802
https://doi.org/10.1103/PhysRevLett.119.181801
https://doi.org/10.1103/PhysRevLett.119.199901
https://doi.org/10.1103/PhysRevLett.119.199901
https://doi.org/10.1103/PhysRevD.96.054003
https://doi.org/10.1140/epjc/s10052-023-11337-w
https://doi.org/10.1140/epjc/s10052-023-11337-w
https://doi.org/10.1007/JHEP06(2015)185
https://doi.org/10.1007/JHEP06(2015)185
https://doi.org/10.1007/JHEP03(2021)199
https://doi.org/10.1007/JHEP03(2021)199
https://doi.org/10.1140/epjc/s10052-018-6188-z
https://doi.org/10.1140/epjc/s10052-018-6188-z
https://doi.org/10.1140/epjc/s10052-017-4884-8
https://doi.org/10.1103/PhysRevD.100.071501
https://doi.org/10.1007/JHEP04(2020)115
http://refhub.elsevier.com/S0370-2693(23)00696-2/bibBF74D6BC4AF615DD9FAEF7414F472D47s1
http://refhub.elsevier.com/S0370-2693(23)00696-2/bibBF74D6BC4AF615DD9FAEF7414F472D47s1
http://refhub.elsevier.com/S0370-2693(23)00696-2/bibBF74D6BC4AF615DD9FAEF7414F472D47s1
https://doi.org/10.1140/epjc/s10052-019-7306-2
https://doi.org/10.1140/epjc/s10052-019-7306-2
https://doi.org/10.1103/PhysRevLett.108.111601
https://doi.org/10.22323/1.303.0045
https://doi.org/10.1088/1126-6708/2009/09/106
https://doi.org/10.1088/1126-6708/2009/09/106
https://doi.org/10.1016/j.cpc.2011.06.011
https://doi.org/10.1016/j.cpc.2011.06.011
https://doi.org/10.1016/j.cpc.2016.10.013
https://doi.org/10.1016/j.cpc.2016.10.013
https://doi.org/10.1140/epjc/s10052-018-5771-7
https://doi.org/10.1140/epjc/s10052-018-5771-7
https://doi.org/10.1140/epjc/s10052-020-7757-5
https://doi.org/10.1103/PhysRevD.104.L111503
https://doi.org/10.1140/epjc/s10052-017-5199-5
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://doi.org/10.1016/S0370-2693(98)00454-7
https://doi.org/10.1016/S0550-3213(99)00575-1
http://refhub.elsevier.com/S0370-2693(23)00696-2/bibE79C39DBFFA3E93E83C1A70350B03B84s1
http://refhub.elsevier.com/S0370-2693(23)00696-2/bibE79C39DBFFA3E93E83C1A70350B03B84s1
https://doi.org/10.1103/PhysRevLett.98.222002
https://doi.org/10.1016/j.nuclphysb.2014.02.011
https://doi.org/10.1007/JHEP03(2020)158
https://doi.org/10.1007/JHEP03(2020)158


Physics Letters B 848 (2024) 138362M. Becchetti, R. Bonciani, L. Cieri et al.

[72] S. Camarda, L. Cieri, G. Ferrera, Fiducial perturbative power corrections within the 
𝐪𝑇 subtraction formalism, Eur. Phys. J. C 82 (6) (2022) 575, https://doi .org /10 .
1140 /epjc /s10052 -022 -10510 -x, arXiv :2111 .14509.

[73] L. Buonocore, S. Kallweit, L. Rottoli, M. Wiesemann, Linear power corrections for 
two-body kinematics in the qT subtraction formalism, Phys. Lett. B 829 (2022) 
137118, https://doi .org /10 .1016 /j .physletb .2022 .137118, arXiv :2111 .13661.
7

https://doi.org/10.1140/epjc/s10052-022-10510-x
https://doi.org/10.1140/epjc/s10052-022-10510-x
https://doi.org/10.1016/j.physletb.2022.137118

	Full top-quark mass dependence in diphoton production at NNLO in QCD
	1 Introduction
	2 Organisation of the calculation
	3 NNLO results with full top-quark mass dependence
	4 Conclusions
	Declaration of competing interest
	Data availability
	Acknowledgements
	References


