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1 Introduction

With the upcoming High-Luminosity phase of the Large Hadron Collider (LHC), one of the

most urgent tasks is to tighten the constraint of the Higgs boson trilinear coupling. While

most of its properties have been precisely measured and shown to be consistent with Standard

Model predictions [1–3], only loose bounds currently exist on the Higgs boson self-coupling [4].

The most important process entering the study of the Higgs boson trilinear coupling is

the production of a pair of Higgs bosons, where the self-coupling appears already at leading

order [5–7]. Due to its similarity to the single Higgs boson production case, higher order

QCD corrections (NNLO [8, 9] and N3LO [10]) have been computed in the infinite top-quark

mass limit, but NLO QCD corrections including the full top-quark mass dependence are also

available [11, 12]. In addition, electroweak (EW) corrections have been recently presented [13–

18], as well as methods to include approximate top-quark mass corrections in higher order

calculations [19–24]. Finally, NLO QCD corrections with full top-quark mass dependence

have been matched to parton showers [25–27].

In this work, we extend our previous result in Geneva ref. [28], where we presented fully

differential Higgs boson pair events at NNLO accuracy in the strict mt → ∞ limit, matched

to parton showers. The exact inclusion of top-quark mass effects at NNLO is extremely

challenging, as the process features a heavy-quark loop already at leading order. Despite

this, partial three-loops amplitudes, which are part of the full NNLO corrections, are starting

to become available [29–34]. Here, we include full top-quark mass corrections at NLO and

approximate mass corrections at NNLO, achieving what is usually referred to as FTapprox,

as presented at fixed order in refs. [35, 36]. Compared to these results, our implementation

includes the resummation of zero-jettiness, T0, at NNLL′ accuracy, as well as parton shower

matching. It is important to notice, however, that in the FTapprox the inclusion of the

unknown mass corrections in the virtual amplitudes is done via a reweighting procedure which

originates from the case of the production of a single Higgs boson in gluon fusion, where the
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leading order amplitude involves only a single diagram — the top-quark triangle loop. As

such, there is no ambiguity on whether the reweighting of these contributions is performed

at amplitude, or squared amplitude level, as they yield the same results. For di-Higgs

production, this is no longer the case, as the process now comprise a resonant production

channel which resembles that of the single Higgs boson and a non-resonant heavy-quark

box diagram. The relative contributions of these diagrams vary across different regions of

phase space, allowing for multiple, formally equivalent, choices for the reweighting, leading

to different approximations. See refs. [37, 38] and references therein for more details, where

various parts of the amplitudes are reweighted differently. In our case, we chose to reweight

squared matrix elements, as this significantly simplifies the implementation task.

Regardless of the details of the reweighting procedure used for the contributions that

are still unknown, the inclusion of top-quark mass effects plays a crucial role in achieving

realistic and accurate predictions for the production of a pair of Higgs bosons. Indeed, it

is widely accepted that the mt → ∞ approximation only works in a narrow region of phase

space and is thus not suitable for precise phenomenological applications.

In addition to higher-order QCD corrections, recent calculations have also provided higher-

order EW corrections [13, 14, 39], which are essential for reducing theoretical uncertainties.

Since this process is proportional to the top-quark Yukawa coupling, it features a strong mt

scheme dependence [40], resulting in an estimated uncertainty of approximately 20% [41–

43]. This can be reduced by including higher-order top-quark Yukawa corrections, both of

EW [44] and QCD origin [34]. In this work, however, we neglect such effects, as our primary

interest is on the effect of QCD corrections. Nonetheless, future versions of our code will

need to incorporate top-quark Yukawa scheme variations, as well as at least approximate

EW corrections. Another source of theoretical uncertainty arises from the treatment of

bottom-quark mass corrections and of possible interference terms. To our current knowledge,

the only estimates of these effects come from single Higgs boson production, where they

are known to be around 5% [45, 46]. Two-loop corrections, including bottom-quark mass,

which are part of the NLO corrections, have only been recently computed in the planar

limit [33]. We therefore neglect bottom-quark mass effects in our calculation, treating the

bottom quark as massless throughout.

Since the production of a pair of Higgs bosons is highly sensitive to the Higgs boson

self-coupling, it offers the possibility to probe eventual differences with the Higgs boson

potential as predicted by the Standard Model. For this purpose, this process has been heavily

studied within the Standard Model Effective Theory (SMEFT) framework, including NLO

QCD corrections and parton shower effects [37, 47–58].

The outline of this paper is the following. In section 2, we highlight the differences of

this new implementation with respect to ref. [28], describing, in particular, the details of the

reweighting procedure used to obtain the FTapprox predictions. In section 3, we describe the

validation of our findings and compare with results from ref. [36]. In section 4, we study the

importance of the inclusion of top-quark mass effects by comparing our parton level results

obtained with different treatments of the top-quark mass corrections. We then proceed to

compare our best FTapprox predictions at different stages of the parton shower procedure

in section 5. Finally, in section 6, we report our conclusions.
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2 Theoretical framework and differences with mt → ∞ approximation

In this work, we extend our previously presented implementation of Higgs boson pair pro-

duction process in Geneva [28] to include top-quark mass corrections exactly up to NLO

and in the FTapprox approximation for the NNLO corrections [22, 23, 36]. We start by briefly

reviewing the main features of the existing implementation, referring the reader to ref. [28]

and references therein for a more comprehensive discussion of the Geneva framework and its

implementation. Here, we limit ourselves to report the main formulae that are either essential

for our discussion of mass effects, or are necessary to describe our modifications. In addition

to our new FTapprox result, we also compare to our previous mt → ∞ approximation as well

as to the leading order reweighted result (referred to as B-proj). These results all share the

same structure. The interested reader can find all the relevant formulae for the differential

cross sections at different multiplicities in eqs. (2.2)–(2.4) of ref. [28].

Calculations in the Geneva framework are done using a resolution variable to split the

phase space into resolved and unresolved QCD emissions. A common choice for this variable

is the zero-jettiness T0 [59], which we employ in this work. In the region where the resolution

variable is smaller than a given T cut
0 ≪ Q, we can exploit the leading power SCET factorisation

theorem for this observable [60]. In particular, this allows us to perform the resummation of

large logarithms of T cut
0 /Q, where Q = mHH is the invariant mass of the Higgs boson pair

system. At leading power in T cut
0 /mHH , we can write the differential cross section as

dσSCET

dΦ0 dT0
= Hgg→HH(Q2, µ)

∫
Bg(ta, xa, µ) Bg(tb, xb, µ) Sgg

(
T0 − ta + tb

Q
, µ

)
dta dtb, (2.1)

where H stands for the hard function, while S and B for the soft and beam functions,

respectively. The resummed formula is then matched to the appropriate fixed order calculation

to yield predictions that are valid across the entire phase space. This is achieved in an additive

approach, by summing the resummed and fixed order contributions and subtracting the

appropriate fixed order expansion of the resummed contribution (resummed-expanded). Note

that eq. (2.1) is identical, in form, to eq. (2.17) of ref. [28], although the exact top-quark

mass dependence of the perturbative ingredients within each term does depend on the specific

approximation. In the following subsections we detail these differences in the three cases

considered in this work.

2.1 The FTapprox approximation

The FTapprox is defined by including the exact mass effects up to NLO and, where possible,

also at NNLO. For NNLO contributions where the exact top-quark mass dependence is not

known, the unknown terms are reweighted using the corresponding Born-level contributions

with exact mass dependence [22, 23, 36].

All Born-level processes are computed with our existing OpenLoops [61–63] interface,

which provides the exact top-quark mass dependence. These include the loop-induced leading

order diagram, as well as all real and double-real corrections. Exact virtual corrections

are only known up to NLO and are available through HHgrid [11, 12, 25], which provides

pre-computed amplitudes on a two-dimensional grid for fixed Higgs boson and top-quark

masses. These grids are then interpolated to avoid re-computation of the full two-loop
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integrals at every phase space point, and we have implemented a dedicated interface to access

the value of these grids in Geneva. NNLO double-virtual and real-virtual corrections are

not known with full top-quark mass dependence. These are therefore reweighted by the

corresponding Born matrix elements computed with exact mass dependence. Compared to

the original formulae presented in eqs. (2.2)–(2.4) of ref. [28], we compute the B0, B1, B2 and

V0 terms using exact top-quark mass dependence. We include leading order mass effects

in the real-virtual term V1, through the reweighting

V1 (Φ1) = V1 (Φ1, mt → ∞)
B1 (Φ1, mt)

B1 (Φ1, mt → ∞)
. (2.2)

As explained in eq. (2.27) of ref. [28], we do not need to reweight the double-virtual term W0,

as it does not contribute for T0 > T cut
0 . Instead, two-loop virtual corrections are included in

the two-loop hard function coefficient via eq. (2.1). The only change in the resummation part

of our calculation, compared to the mt → ∞ result, lies in the top-quark mass dependence of

the hard function perturbative coefficients, which encode the hard part of loop corrections.

This is a consequence of the universality of the factorisation theorem: since soft and collinear

modes are insensitive to the details of the hard modes that are integrated out, top-quark

mass effects enter exclusively through the Wilson coefficient of the hard function. In this

case, the Born and the finite part of the one-loop coefficients, which are related to H(0)

and H
(1)
fin , respectively, are known exactly and obtained from OpenLoops [61–63] and

HHgrid [11, 12, 25, 64]. However, to ensure cancellation of the slicing variable dependence,

the fixed order expansion of the resummed expression must be consistent with the fixed order

implementation. In particular, for T0 > T cut
0 , the finite one-loop contribution H

(1)
fin must be

reweighted in the same way as the real-virtual term. Accordingly, the two-loop term, which

appears in the finite part of the second order coefficients, H
(2)
fin , and H

(1)
fin are thus rescaled as

H
(i)
fin (Φ0) = H

(i)
fin (Φ0, mt → ∞)

B0 (Φ0, mt)

B0 (Φ0, mt → ∞)
, i = 1, 2 . (2.3)

We remark that the reweighting of the top-quark mass dependence in H
(1)
fin is only necessary to

ensure the correct expansion of the resummed cross section and its cancellation against the V1

contribution, which is reweighted similarly. This does not mean that the exact top-quark mass

dependence at NLO coming from HHgrid is not used in our calculation, because it is still

present in the fixed order part, where it enters in the virtual correction, V0. Alternatively, one

could have also included the exact H
(1)
fin in the resummed part and the approximated one in

the resummed-expanded. In this way one would get the exact top-quark mass dependence at

NNLL′ but then the cancellation between the resummed and the resummed-expanded at large

values of T0 would need to be enforced by hand. In the current implementation we preferred

the first option, i.e. to include the exact top-quark mass dependence only at fixed order.

The relation between the Born, the finite part of the one-loop amplitudes, and the hard

function coefficients can be found e.g. in refs. [28, 65]. All coefficients are then transformed

to the MS scheme [65, 66] from the IR subtraction scheme in which they were originally

computed. Crucially, all other terms, either in the soft and beam functions or in the evolution

operators needed for the T0 and T1 resummations, remain unchanged from the mt → ∞
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case. This includes our choice of profile scales and the relevant transition points, see ref. [28]

and references therein for more details.

Given that the loop-order of almost all matrix elements is increased by one unit in

the FTapprox, the calculation is significantly more challenging from the numerical point of

view. In particular, the treatment of the one-loop double-real matrix element gg → HHgg

is notably delicate near the double limit T0, T1 → 0, compared to the other approximations.

The stability of double-real matrix elements near the double unresolved limit is an issue that

has been noted also in ref. [36]. Their approach was to use the mt → ∞ matrix element

for gg → HHgg, reweighted by the massive Born matrix element in regions where at least

one scalar product αij = pi · pj/ŝ falls below a technical cut, chosen to be αcut = 10−4.

The mapping used to project the two-parton phase space into the gg → HH kinematics

is done by preserving the momenta of the two Higgs bosons, but significantly affects the

incoming partons, which might no longer be along the beam directions. In our case, such

procedure cannot be used, as it breaks the subtraction mechanism required for the calculation

of the NLO corrections to the one-parton phase space (NLO1). We therefore construct the

approximation of the double-real matrix elements as follows

dσgg→HHgg (Φ2)

∣∣∣∣∣
min(αij)<αcut

= dσgg→HHg

(
Φ̃1

)dσmt→∞

gg→HHgg (Φ2)

dσmt→∞

gg→HHg

(
Φ̃1

) (2.4)

where Φ̃1 is obtained by applying the FKS projection mapping [67] to the original two-parton

phase space point Φ2. Similarly to ref. [36], we adopt αcut = 10−4 as our technical cutoff.

The rationale behind this reweighting choice is that, in the soft-collinear limit, the ratio

dσmt→∞

gg→HHgg (Φ2)/dσmt→∞

gg→HHg

(
Φ̃1

)
tends towards the splitting function used in the subtraction,

thus reproducing the structure of the subtraction term. This ensures that the cancellation

between the reweighted gg → HHgg matrix element and its counterterms, which are always

evaluated with the exact top-quark mass dependence, are always locally finite in each singular

limit when αcut → 0. Note that, however, for any given finite value of αcut, the projected

phase space point Φ̃1 does not exactly match the point Φ1 at which the subtraction term is

evaluated. Their difference, due to IR safety, is suppressed by powers O(αn
cut). Consequently,

in regions where O(αcut) ∼ O(T cut
0 /Q), we expect to observe numerical discrepancies as

well as instabilities in the subtractions procedure. To mitigate this, given that the smallest

possible value of αcut is dictated by the stability of the gg → HHgg matrix element, the

value of T cut
0 must be chosen to be much larger than αcutQ. A more detailed discussion and

validation of this choice is presented in section 3.

2.2 Comparison to other approximations

We compare our FTapprox results with other approximations existing in the literature, namely

the mt → ∞ approximation, corresponding to our previous results of ref. [28], and the B-proj

approximation as described in ref. [36]. Below, we summarize the main features of these two

approximations and refer the reader to the corresponding references for further details.

mt → ∞. This corresponds to the exact infinite top-quark mass limit, as described in ref. [28],

i.e. with no rescaling or mass reweighting applied. In the literature, this approximation is often

referred to as HTL, or HEFT, but in this work we reference it with mt → ∞ to avoid confusion.
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correction to the pp → HH + j process, dubbed NLO1. Schematically

δNNLO0
= ΣO(α4

s)

(
T0 < T cut

0

)
+ δNLO1

(
T0 > T cut

0

)
+ O

(
T cut

0

)
. (3.1)

The residual T cut
0 dependence vanishes up to power corrections, since the contribution below

the cut is accurate only at leading power in T0.

Figure 1 shows the reconstructed δNNLO0
using the FTapprox approximation at

√
S =

13 TeV and µ = mHH/2, with the PDF4LHC15_nnlo_100 PDF set [69]. Red dots represent

the result of eq. (3.1), compared to the reference dashed black line at 3.27 fb, obtained by

subtracting the NNLOFTapprox
and the NLO Matrix results from table 1 in ref. [36]. The

light blue band around that line corresponds to the scale variation values quoted in the

same reference. We find good agreement between our predictions and those obtained by

Matrix for small (O(1) GeV)1 values of T cut
0 , where power corrections are suppressed. As

the slicing parameter increases, deviations become visible as expected due to the growing

importance of neglected higher-order terms. This reinforces the choice of a small T cut
0 for

reliable and efficient resummed predictions. Note that for smaller values of T cut
0 we see

deviations and even numerical instabilities, as discussed in section 2. To show the impact of

this approximation, in figure 1 we additionally include, with blue dots, the effect of keeping

the full top-quark mass dependence without doing any type of approximation. Due to the

matrix elements instability problems mentioned earlier, however, the only way of producing

any meaningful result when using the exact gg → HHgg matrix element with full top-quark

mass dependence is by using a cut on the FKS variables ξ and y of the extra radiation

phase space. This cut is chosen to be 10−3, which is the lowest possible value we can get to

before the matrix elements become completely unstable. We dub this result “FTapprox with

ΦFKS
2,cut = 10−3”. Notice that the result obtained in this case is only stable up to T cut

0 ∼ 10 GeV,

which would imply having the result afflicted by larger fiducial power corrections. This

further validates our choice of approximating the top-quark mass dependence of gg → HHgg

below the αcut value instead of keeping the exact mass dependence but be forced to raise

the technical cutoff: in this way we are lowering the power correction in zero-jettiness at the

expense of including some power corrections to the exact top-quark mass.

Having validated the NNLO accuracy of our implementation, we can now move to the

study of the Geneva predictions. In figure 2 we compare with Matrix our NNLL′+ NNLO

prediction for a set of differential observables at NNLO accuracy. In particular we show

the invariant mass of the Higgs boson pair (mHH), their rapidity (yHH) and the transverse

momentum of the hardest Higgs boson (pH1

T ). Statistical uncertainties for the Matrix

predictions were not provided, which is why they are not displayed in the main panels. Since

the available results for Matrix were obtained at
√

S = 14 TeV, the Geneva results presented

in the remainder of this section are obtained with the same setup. We observe excellent

agreement between the Geneva and Matrix results, with any discrepancies coming from

the effects of the inclusion of higher order effects in Geneva. These can play a particularly

important role in the pH1

T distribution, as thoroughly discussed in ref. [28]. In addition, we

1This is in agreement with what explained in section 2 since the average value of Q, which in our case

corresponds to the invariant mass of the Higgs boson pair system, is around 500 GeV, so we expect to see

numerical effects, due to a finite value of αcut, until around T
cut

0 . 0.5 GeV.
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cross sections [fb]
√

S = 13 TeV
√

S = 13.6 TeV
√

S = 27 TeV

NNLOFTapprox
(31.19 ± 0.38)+2.8%

−5.7% (35.17 ± 0.41)+2.7%
−5.5% (134.44 ± 3.47)+0.0%

−2.41%

Table 1. Geneva FTapprox inclusive cross sections for Higgs boson pair production at
√

S = 13, 13.6

and 27 TeV, computed at µ = mHH/2 The first uncertainty is statistical; the subscript/superscript
indicate the 3-point inclusive scale variations. The PDF set used is PDF4LHC15_nnlo_100.

cross sections [fb]
√

S = 13 TeV
√

S = 13.6 TeV
√

S = 27 TeV

NNLOmt→∞ (26.99 ± 0.02)+7.2%
−8.6% (30.69 ± 0.02)+7.1%

−8.5% (197.5 ± 0.14)+6.8%
−7.7%

NNLOB−proj (33.79 ± 0.03)+7.2%
−8.4% (37.65 ± 0.03)+7.3%

−8.4% (166.8 ± 0.12)+6.7%
−7.4%

NNLOFTapprox
(29.11 ± 0.20)+6.8%

−5.2% (32.34 ± 0.21)+6.8%
−5.3% (132.9 ± 1.20)+4.9%

−3.4%

Table 2. Geneva inclusive cross sections for Higgs boson pair production at
√

S = 13, 13.6 and
27 TeV, computed at µ = mHH . Results are presented for the three approximations: mt → ∞,
B-proj and FTapprox. The first uncertainty is statistical; the subscript/superscript indicate the 3-point
inclusive scale variations. The PDF set used is PDF4LHC21_nnlo.

4 NNLO partonic results

In this section, we study the effects of the inclusion of top-quark mass corrections at the

partonic level. In the Geneva framework, this corresponds to a NNLL′
T0

+ NNLO calculation,

before the inclusion of parton shower effects. We always consider the process pp → HH + X,

where the leading order contribution comes solely from the gluon fusion production channel,

and we require two on-shell Higgs bosons in the final state. We set the centre-of-mass energy

to
√

S = 13.6 TeV to be compatible with the Run 3 of the LHC. Both the factorization and

renormalization scales are dynamically chosen and set equal to the invariant mass of the Higgs

boson pair, µF = µR = mHH . We use the PDF4LHC21_nnlo parton distribution function

set [72], accessed via LHAPDF6 [73], including the corresponding value of the strong coupling

constant αs(mZ). The running of such coupling is performed at three-loop order by default.

We compare the three approximations presented in section 2, namely the FTapprox, B-proj

and mt → ∞ calculations. We set the following input parameters

mH = 125 GeV, GF = 1.1663787e−5 GeV−2, mt = 173 GeV (4.1)

to ensure consistency with the grids provided by HHgrid for the calculation of virtual

corrections in FTapprox.2 We evaluate the beam functions, needed for the resummed part

of our calculation, through the beamfunc module of SCETlib [75, 76]. Finally, we set our

resolution cutoff as T cut
0 = T cut

1 = 1 GeV.

Results for the three approximations are presented in figure 4, where we show predictions

for the invariant mass of the Higgs boson pair mHH , the rapidity of the pair yHH , the

transverse momentum of the hardest Higgs boson, pH1

T and the distribution χ, defined as

χ = tanh

( |yH1
− yH2

|
2

)
, (4.2)

2During the preparation of this manuscript we were made aware of the release of the ggxy library [74],

which allows to vary those parameters. We plan to investigate its inclusion in Geneva in the future.
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where yH1,H2
are the rapidities of the individual Higgs boson. For high energy Higgs bosons,

this variable is directly related to the cosine of the scattering angle of the two bosons. Overall,

we see that in most cases the B-proj prediction provides a good approximation of the full

mass effects of FTapprox, whereas the mt → ∞ approximation fails to predict either the

shape or the normalisation. This is in agreement to what is known in the literature (see for

example ref. [23]). This is particularly evident for the invariant mass distribution, where

the B-proj approximation reproduces a shape similar to that predicted by FTapprox, which

serves as our best prediction. However, we observe a difference in normalization between the

two, which decreases at high mHH but increases at low mHH , reaching roughly 20% near

the production threshold. In contrast, the mt → ∞ approximation fails to capture both

the normalization and the shape of the distribution, and is known to provide an unreliable

description for this observable.

For the rapidity distribution yHH , the differences between the B-proj and the FTapprox

predictions are less pronounced. The mt → ∞ result, instead, deviates significantly in shape,

especially at large rapidities. Overall, the impact of top-quark mass effects on this observable

is modest, especially in regions where the cross section is the largest, i.e. at central rapidities.

This is consistent with expectations, as this observable is mostly driven by the PDFs, which

are identical in the three approaches, and is less sensitive to the actual matrix elements.

For the transverse momentum of the hardest Higgs boson, pH1

T , the mt → ∞ approxima-

tion again significantly deviates in both shape and normalization. The B-proj approximation

also exhibits visible discrepancies at high pH1

T . The low pH1

T region is particularly sensitive

to resummation effects, see section 3 of ref. [28]. In this case, the differences between the

approximations are mostly driven by the different treatment of the H(1) and H(2) terms in

the resummation formula eq. (2.1). At large pH1

T , discrepancies arise from configurations

where one Higgs boson is very hard and recoils against a hard jet, forcing the other Higgs

boson to be soft or collinear to the beam. In this situation, the projection mapping used

in the B-proj approach in eq. (2.5) evaluates mass corrections with a 2 → 2 kinematics

with back-to-back Higgs bosons, which differs significantly from the actual 2 → 3 or 2 → 4

kinematics employed by the FTapprox. This happens in a region where mass corrections are

large, as shown by the difference between the FTapprox and the mt → ∞ approximations,

thus leading to relatively large effects.

In the case of the χ distribution, the differences between FTapprox and mt → ∞ are

less significant, indicating that top-quark mass corrections for this observables are small.

However, in the region of small χ which is dominated by the recoil of the Higgs boson pair

system with a hard jet, B-proj predicts consistently larger values. This discrepancy reduces

only as χ → 1. The reason for the large effect at small χ is again tied to the same reasoning

described for pH1

T . Indeed, in this region the correct kinematic configurations, which would

yield small mass corrections in this observable, are those with 1 or 2 partons in the final

state. However, B-proj only accounts for mass corrections in the Born-projected kinematics,

thus leading to an overestimate of the mass effects.

In conclusion, the B-proj approximation better accounts for top-quark mass effects than

the mt → ∞ limit, in agreement with previous studies. Nonetheless, while the reweighting

procedure applied in B-proj improves the shape of some distributions, it distorts others and
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5 Showered results

In this section, we present fully showered results, studying the impact of mass corrections

and their interplay with the parton shower (PS). We begin by noting that the parton shower

performs the evolution of high-energy states down to low energy through soft and collinear

emissions, which are independent of the treatment of the mass of the top-quark in the hard

interactions. Consequently, we expect the effect of the parton shower to be independent of the

approximation chosen for top-quark mass corrections. For this reason, while Geneva can be

interfaced to other parton showers — such as Dire [77] and Sherpa [78], as shown in ref. [28]

— we restrict our comparison to the default shower Pythia8 [79]. In addition, since the

shower performs a leading-logarithmic (LL) resummation via its evolution, our matching

procedure needs to preserve both our higher-order accuracy in the resolution variable T0 and

the leading logarithmic one of any other variable performed by the shower. The details of

how Geneva interfaces to parton showers have been described extensively in previous works,

such as ref. [80] and ref. [28], and remain unchanged from our earlier study in the mt → ∞
limit [28]. The computational setup used here is identical to that described in section 4.

We present our results in figure 5 for the three top-quark mass approximations, across

four differential distributions: the invariant mass of the Higgs boson pair mHH , their

transverse momentum pHH
T , the transverse momentum of the hardest Higgs boson, pH1

T

and finally the zero-jettiness T0. The structure of the results is the following. The main

panel displays predictions after the full shower procedure, including hadronisation and

multi-parton interaction (MPI) effects, but excluding hadron decays. The first ratio panel

shows the relative difference of each approximation with respect to the FTapprox result. The

second ratio panel highlights the impact of the parton shower at parton level (i.e. without

hadronisation and MPI effects), by displaying the relative difference with respect to the

partonic results discussed in section 4. Finally, the third ratio panel illustrates the impact

of hadronisation and MPI effects, shown relative to the parton shower results without the

inclusion of hadronisation and MPI effects.

We start by noting that in the case of the Higgs boson pair mass and the pT of the hardest

Higgs boson, the inclusion of top-quark mass effects produces corrections of similar size at

hadron level as at parton level, as presented in section 4. This can be seen by comparing

the first ratio panel of figure 5 with the ratio panel of figure 4 for these observables. This

further validates our assumption that the shower behaves independently of the treatment of

top-quark mass effects in the hard interaction. Since the invariant mass of the Higgs boson

pair system is an inclusive observable, for which NNLO accuracy is achieved, the parton

shower has no effect due to the unitarity of the shower matching. This also holds true, in

particular, for hadronisation and MPI effects, as seen in the third panel.

For the transverse momentum distributions, pHH
T and pH1

T , the parton shower modifies

only the first few bins, with effects of approximately 5% relative to the Geneva partonic

predictions. These effects are consistent across the three approximations and are concentrated

in the low-pT region, where resummation effects dominate and are captured by the shower.

Hadronisation and MPI effects, shown in the third panel, are of similar size to the pure

shower effects seen in the second panel. As a consequence, they are of moderate size and

concentrated in the low-pT region. Turning to the T0 distribution, in the Geneva framework
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the matching between the partonic events and the parton shower ensures that the accuracy

of each observable is, at least, as accurate as the parton shower is, which in this case is LL

accurate. At the same time, we enforce that the accuracy of the resolution variable for which

we perform the resummation is also not spoiled by the parton shower. The result is that any

numerical modifications introduced by the shower in the small T0 region should not exceed

the typical size of higher-order resummation effects (see e.g. figure 11 of ref. [28]). Indeed, as

seen in the second panel plot, the shower does not significantly alter the distribution within

statistical uncertainties. This stability is partly due to the relatively wide binning used for

this observable. Lastly, we see that the impact of hadronisation and MPI for T0 are instead

large, as shown in the third panel. This agrees with previous studies which showed the

sensitivity of the zero-jettiness to such effects [81]. In particular, we see that their influence

is mostly visible at low values of T0, where it significantly distorts the spectrum, gradually

diminishing toward the tail of the distribution.

In conclusion, the qualitative impact of the default parton shower remains consistent

with the results of our previous study using the mt → ∞ limit. Similar patterns are observed

across all top-quark mass approximations considered in this work.

6 Conclusions

The process gg → HH plays a central role in the exploration of the Higgs sector, particularly

in probing the Higgs boson self-interaction via the trilinear coupling λHHH . Given its small

cross section and the complexity of the final state, precise and reliable theoretical predictions

are essential not only for improving signal sensitivity, but also for disentangling potential

deviations from Standard Model expectations. In this work, we have extended our previous

implementation of double Higgs boson production via gluon fusion in the Geneva framework,

which was originally performed in the mt → ∞ limit, by including different approximations

that account for finite top-quark mass effects. Specifically, we have added support for the

so-called Born-improved (B-proj) and the FTapprox approximations. The former approach

reweights each event by the ratio of the full-theory (massive) to mt → ∞ Born-level squared

amplitudes, requiring a projection onto Born-like kinematics. The FTapprox method instead

incorporates the exact top-quark mass dependence at one-loop and also in the two-loops

single virtual corrections, with the correct kinematics. The remaining unknown components

— namely the three-loops double-virtual and the two-loops real-virtual corrections — are

rescaled using Born-level matrix elements computed with exact top-quark mass dependence.

By leveraging the Geneva framework, we are able to produce fully differential NNLO

predictions matched to a T0 resummation at NNLL′ accuracy within the SCET formalism, and

further matched to a parton shower including hadronisation and multi-parton interactions

(MPI). We have validated our partonic predictions against standard fixed-order results

obtained with Matrix, and we have studied the impact of the parton shower, hadronisation,

and MPI on key differential observables.

This constitutes the first NNLO+PS implementation of double Higgs boson production

via gluon fusion that includes top-quark mass corrections in the FTapprox, resulting in a

realistic and flexible event generator ready to be used in experimental analyses at the LHC and

future hadron colliders. To provide a framework capable of estimating all sources of theoretical
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uncertainties, we plan to include in future versions of our code various improvements. These

will comprise top-quark mass variations, EW corrections, at least in approximate form, as

well as bottom-quark mass effects, as soon as they become available.
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