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Figure 1.2: Total production cross sections for Higgs pairs within the SM via gluon fusion,
vector-boson fusion, double Higgs-strahlung and double Higgs bremsstrahlung off top quarks.
PDF4LHC15 parton densities have been used with the scale choices according to Table 1.1. The size
of the bands shows the total uncertainties originating from the scale dependence and the PDF+Æs
uncertainties.

Figure 1.3: Higgs pair invariant mass distribution at leading order for the different contributions to
the gluon fusion production mechanism and their interference.

HH production at the LHC

[di Micco et al. 1910.00012] 
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Figure 1: Sample diagrams for pp → HH.

a sample of the corresponding Feynman diagrams. Note that starting from NLO diagrams
with a quark and a gluon or two quarks in the initial state also contribute to the amplitudes.
We implemented our MiNNLOPS pp → HH generator within the Powheg-Box-Res

framework [1]. The MiNNLOPS method for colour-singlet production has been developed
in [2, 3] and has been applied to several processes by now [4–13]. The method has been
extended to processes involving colour charges in the final state, i.e. heavy-quark pair
production [14–16] and the associated production of a colour-singlet and a heavy-quark pair
[17, 18].
Starting from a Powheg [19–21] NLO+PS calculation for the production of a colour-singlet
F (HH in our case) with an extra jet (FJ), the MiNNLOPS master formula is

dωMiNNLOPS
F = d!FJB̄

MiNNLOPS ↑

{
”pwg(#pwg) + d!rad”pwg(pT,rad)

RFJ

BFJ

}
, (2.2)

where BFJ and RFJ are calculated from the squared tree-level matrix elements for FJ and
FJJ, respectively. !FJ denotes the FJ phase space, ”pwg is the Powheg Sudakov form
factor, and !rad and pT,rad represent the phase space and transverse momentum of the
second radiation. The Powheg B̄ function is modified to achieve NNLO QCD accuracy for
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The NLO and NNLO contributions to gg ↑ HH are then obtained by multiplication by
BHH (in HTL or FT according to the approximation).

B Selection cuts for the 4b final state

We report here details on the selection cuts used by ATLAS for the 4b final state. We
implement the same cuts in our analysis.

• Distinction with VBF signal region. VBF events must have six or more central or
forward jets and we look for possible VBF jets, defined as the two non-b-tagged jets
with the largest invariant mass mjj . If such jets exist, they are required to satisfy
mjj > 1TeV and |!εjj > 3. Finally, the sum of the transverse momenta of the two
VBF jets and of the four jets forming the Higgs boson candidates should be less than
65GeV. Events not respecting any of these requirements are further considered in the
signal region for gg ↑ HH.

• The reconstructed Higgs bosons must have pseudorapidity separation |!εHH | < 1.5.

• A top-veto parameter xWt is introduced to suppress the tt̄ background. We form W

boson candidates with mass mjj from any pair of central jets in the event, and top
quark candidates with mass mjjb by pairing this W with any remaining Higgs boson
candidate jet. xWt is then calculated as

xWt = min




√(

mjj →mW

0.1mjj

)2

+

(
mjjb →mt

0.1mjjb

)2


 , (B.1)

where mW = 80.4GeV, mt = 172.5GeV, and 0.1 approximates the experimental dijet
mass resolution. Events with xWt < 1.5 are discarded.

• An additional test of the compatibility of the events with the HH decay, can be
performed through the parameter XHH

XHH =

√(
mH1 → 124GeV

0.1mH1

)2

+

(
mH2 → 117GeV

0.1mH2

)2

, (B.2)

where mH1,2 are the masses of the leading and subleading reconstructed Higgs bosons.
We accept events with XHH < 1.6.

ϑHH ↓ 35 fb ↓ 10→3
ϑH (13TeV) (B.3)
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The MiNNLOPS method

the colour-singlet production when QCD radiation becomes unresolved

B̄
MiNNLOPS = e

→S̃

{
dω(1)

FJ
d!FJ

(
1 + S̃

(1)
)
+

dω(2)
FJ

d!FJ
+
(
D →D

(1)
→D

(2)
)
↑ F

corr

}
. (2.3)

Here dω(1,2)
FJ are the first- and second-order di!erential FJ cross sections. The remaining

terms come from the transverse-momentum (pT) resummation formula, which defines the
function D

dω
d!FdpT

=
d

dpT

{
e
→S̃

L

}
= e

→S̃

{
→

dS̃
dpT

L+
dL
dpT

}
↓ e

→S̃
D. (2.4)

Here e
→S̃ is the Sudakov form factor, and S̃(1) is the O(εs) term in the expansion of the

Sudakov exponent. The luminosity factor L in Eq. (2.4) includes the convolution of the
parton distribution functions (PDF) with the collinear coe"cient functions and the squared
virtual matrix elements for the hard colour-singlet production process. Renormalisation and
factorisation scales are set to pT , except for the overall powers of εs appearing at the Born
level, whose scale can be chosen arbitrarily. The last term of B̄ in Eq. (2.3), starting at
order ε3

s(pT), adds the (singular) terms needed to achieve NNLO accuracy. Note that rather
than truncating the singular contributions from D at O(ε3

s), i.e.
(
D →D

(1)
→D

(2)
)
=

D
(3) + O(ε4

s) as in the original MiNNLOPS formulation of [2], we follow the extension
introduced in [3] and preserve the total derivative in Eq. (2.4). In this way we keep
subleading logarithmic contributions beyond O(ε3

s), which improves the agreement with
fixed-order NNLO predictions. Finally, the factor F

corr in Eq. (2.3) is an appropriate
functional to spread the D terms, which have Born-like kinematics, over the full FJ phase
space.

3 Approximations of top-quark mass e!ects

Since the full-theory calculation of all the amplitudes needed for pp ↔ HH is not available,
we implemented various approximations for the top quark mass e!ects. In this Section, we
present such approximations, postponing the discussion on their impact on the final results
to Section 4.2.
The first approximation implemented is the heavy top limit (HTL), in which the top quark
is assumed to be infinitely massive and integrated out. In this approach, the top-quark loops
in Figure 1 shrink to points, generating e!ective ggH and ggHH vertices. We compute the
corresponding pp ↔ HHj and pp ↔ HHjj amplitudes using OpenLoops[22–24], while
we implement the analytic formulas of [25, 26] for the gg ↔ HH amplitudes, since the
two-loop result is not available in OpenLoops. See Appendix A for the explicit expressions
of the amplitudes. We also cross-checked the three-level and one-loop amplitudes with
OpenLoops.
We build the other approximations by progressively introducing the amplitudes available
in the full theory (FT). In what follows, we call M(0)

X
the LO amplitude for the process X,

and M
(1)
X

and M
(2)
X

the corresponding virtual and double-virtual corrections. We rescale at
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a sample of the corresponding Feynman diagrams. Note that starting from NLO diagrams
with a quark and a gluon or two quarks in the initial state also contribute to the amplitudes.
We implemented our MiNNLOPS pp → HH generator within the Powheg-Box-Res

framework [1]. The MiNNLOPS method for colour-singlet production has been developed
in [2, 3] and has been applied to several processes by now [4–13]. The method has been
extended to processes involving colour charges in the final state, i.e. heavy-quark pair
production [14–16] and the associated production of a colour-singlet and a heavy-quark pair
[17, 18].
Starting from a Powheg [19–21] NLO+PS calculation for the production of a colour-singlet
F (HH in our case) with an extra jet (FJ), the MiNNLOPS master formula is

dωMiNNLOPS
F = d!FJB̄

MiNNLOPS ↑

{
”pwg(#pwg) + d!rad”pwg(pT,rad)

RFJ

BFJ

}
, (2.2)

where BFJ and RFJ are calculated from the squared tree-level matrix elements for FJ and
FJJ, respectively. !FJ denotes the FJ phase space, ”pwg is the Powheg Sudakov form
factor, and !rad and pT,rad represent the phase space and transverse momentum of the
second radiation. The Powheg B̄ function is modified to achieve NNLO QCD accuracy for
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The MiNNLOPS method

the colour-singlet production when QCD radiation becomes unresolved
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We implemented our MiNNLOPS pp → HH generator within the Powheg-Box-Res

framework [1]. The MiNNLOPS method for colour-singlet production has been developed
in [2, 3] and has been applied to several processes by now [4–13]. The method has been
extended to processes involving colour charges in the final state, i.e. heavy-quark pair
production [14–16] and the associated production of a colour-singlet and a heavy-quark pair
[17, 18].
Starting from a Powheg [19–21] NLO+PS calculation for the production of a colour-singlet
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All one-loop amplitudes taken from OpenLoops [Buccioni et al. 1907.13071].

NNLO+PS Higgs-pair production in MiNNLOPS

Exact VHH from HHgrid [1604.06447, 1608.04798, 1703.09252, 1907.06408] and ggxy [Davis et al. 2506.04323].

[Monni et al. 
1908.06987, 2006.04133] 

Francesco Garosi, QCD@LHC, 01/10/2026

See talk by K. Schönwald (Tue)

See talk by C. Savoini (Thu)

https://arxiv.org/abs/1907.13071
https://arxiv.org/abs/1604.06447
https://arxiv.org/abs/1608.04798
https://arxiv.org/abs/1703.09252
https://arxiv.org/abs/1907.06408
https://arxiv.org/abs/2506.04323
https://arxiv.org/abs/1908.06987
https://arxiv.org/abs/2006.04133
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Top-quark mass approximations

Heavy Top Limit (HTL): all amplitudes computed in the effective theory with the top integrated out
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Analytical HH amplitudes in HTL 

[de Florian, Mazzitelli 1305.5206] 

NNLO+PS Higgs-pair production in MiNNLOPSFrancesco Garosi, QCD@LHC, 01/10/2026

https://arxiv.org/abs/1305.5206
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Top-quark mass approximations

Heavy Top Limit (HTL): all amplitudes computed in the effective theory with the top integrated out.
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NLO Improved (NLO-I): rescale NLO distributions with the higher-order corrections in HTL: 

Not well suited for event generation: better something point-by-point in phase space.

NNLO+PS Higgs-pair production in MiNNLOPSFrancesco Garosi, QCD@LHC, 01/10/2026

Analytical HH amplitudes in HTL 

[de Florian, Mazzitelli 1305.5206] 
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The tower of approximations
Born Improved (Born-I): everything rescaled with the exact BHH at squared matrix level.

the level of squared matrix elements, i.e. we consider the following objects in the di!erent
approximations

BHH(j) = |M
(0)
HH(j)|

2
, (3.1)

ωs

2ε
VHH(j) = 2Re

(
M

(0)→
HH(j)M

(1)
HH(j)

)
, (3.2)

RHHj = |M
(0)
HHjj

|
2
, (3.3)

(
ωs

2ε

)2
V VHH = 2Re

(
M

(0)→
HH

M
(2)
HH

)
+ |M

(1)
HH

|
2
. (3.4)

Note that B and R are obtained from one-loop amplitudes in FT, while they are tree-level
in HTL. Analogously, V and V V correspond to two- and three-loop diagrams, respectively,
in FT, and to one- and two-loop diagrams in HTL.
We start including top-quark mass e!ects in the Born-Improved (BI) approximation: we
take the exact one-loop Born BHH , computed through OpenLoops, and we use it to rescale
all the other squared matrix elements

XBI = XHTL
B

FT
HH

B
HTL
HH

, (3.5)

where X = {BHHj , RHHj , VHHj , VHH , V VHH}. In the cases of HHj and HHjj, the HH
kinematics is obtained projecting the momenta onto the underlying phase space. Note that
this approximation a!ects only the normalisation, so di!erential observables sensitive to a
final-state jet, like the transverse momentum of the Higgs pair, will still be described by the
HTL.
Then we introduce three other di!erent approximations that we call FT-approx. In all three
cases, we include exact Born and real contributions for pp → HHj, again computed with
OpenLoops, and we rescale the virtual by the corresponding Born squared matrix element

V
FT-approx
HHj

= V
HTL
HHj

B
FT
HHj

B
HTL
HHj

. (3.6)

The three approximations di!er in how we treat the virtual contributions to gg → HH. In
FT-approx-1 (FT1) we rescale both of them exactly as in the BI case

V
FT1
HH = V

HTL
HH

B
FT
HH

B
HTL
HH

, V V
FT1
HH = V V

HTL
HH

B
FT
HH

B
HTL
HH

. (3.7)

Then in FT-approx-2 (FT2) we keep the same rescaling for the three-loop contribution, but
we add the exact two-loop VHH , computed in FT through the library ggxy1 [31]. Finally, in
FT-approx-3 (FT3) we use the exact two-loop result to rescale the three-loop

V V
FT3
HH = V V

HTL
HH

V
FT
HH

V
HTL
HH

. (3.8)

1
ggxy uses semi-analytic expansions in the computation of virtual corrections. An exact numerical

evaluation of the two-loop gg → HH amplitude, interfered with the one-loop one, is also available through

grids via HHgrid [27–30]. In our code we implemented both calculations but, likely due to interpolation

e!ects, the results obtained with HHgrid show huge fluctuations in some bins at low pT . Therefore we

report here only the results obtained using ggxy.

– 4 –
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Full theory approximations (FT-approx): add exact Born and real amplitudes for HHJ, rescale the virtual by the Born.

Three possibilities for the virtual corrections:
• FT-approx-0: same as in Born-I; 
• FT-approx: add exact VHH, VVHH as in Born-I; 
• FT-approx-2: rescale VVHH by VHH.

NNLO+PS Higgs-pair production in MiNNLOPS

Change mt-approx in the input card to run in the different approximations.

Francesco Garosi, QCD@LHC, 01/10/2026
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Total cross sections
Inputs:

PDF set: PDF4LHC21_40 (93100)

Sizeable positive mass effects not captured by HTL.

The three FT-approx are close to each other and to NLO-I.

Born-I overestimates mass effects in the inclusive cross section.

NNLO+PS Higgs-pair production in MiNNLOPSFrancesco Garosi, QCD@LHC, 01/10/2026
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Mass effects for inclusive observables
dσ/dmHH [fb/GeV] pp->HH@LHC 13 TeV
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Mass effects for radiation-sensitive observables
dσ/dpT,Hh
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Comparison of the three FT-approx
dσ/dmHH [fb/GeV] pp->HH@LHC 13 TeV

parton level (PYTHIA8)
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Comparison of the three FT-approx
dσ/dpT,Hh
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Comparison with GENEVA [Alioli, Marinelli, Napolitano 2507.08558] 

dσ/dmHH [fb/GeV] pp->HH@LHC 13.6 TeV
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Good agreement for the total cross 
section and inclusive observables.

Large discrepancies for pT, 
possibly due to the different 
resummation (pT vs zero-jettiness) 
and different treatment of some 
matrix elements (needs future work).

NNLO+PS Higgs-pair production in MiNNLOPSFrancesco Garosi, QCD@LHC, 01/10/2026

https://arxiv.org/abs/2507.08558
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Variation of the trilinear Higgs coupling

Allow for deviations from the SM: 

Bounds from [ATLAS Collaboration 2507.03495]:

pp->HH@LHC 13 TeVσ [fb]
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NNLO+PS Higgs-pair production in MiNNLOPSFrancesco Garosi, QCD@LHC, 01/10/2026

Change kl in the input card.

https://arxiv.org/abs/2507.03495
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Variation of the trilinear Higgs coupling
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Expected HL-LHC sensitivity  
[ATLAS and CMS collaborations 2504.00672]  
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Reconstructed di-Higgs invariant mass in 4b final state
Inspired by [ATLAS Collaboration 2301.03212] 
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Di-jet invariant mass in 2b2γ final state

dσ/dmbb [fb/GeV] pp->HH->bbγγ@LHC 13 TeV
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Inspired by [ATLAS Collaboration 2507.03495]
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Summary

NNLO+PS Higgs-pair production in MiNNLOPS

• We provided a NNLO+PS event generator for Higgs pair production in the MiNNLOPS framework.    

• The HHJ code is publicly available at https://gitlab.com/POWHEG-BOX/RES/POWHEG-BOX-RES. 

• It allows for different implementations of the top-quark mass effects, with the three FT-approx 
    representing the best we can achieve at the moment. 
    The code is written to directly accomodate the missing matrix elements. 

• We found unexpected discrepancies with GENEVA when introducing mass effects. 
    Their understanding is still work in progress. 

• The code allows for the variation of the trilinear Higgs coupling. 
     
• We implemented analysis inspired by the ones by ATLAS. 
    

THANK YOU FOR YOUR ATTENTION!

Francesco Garosi, QCD@LHC, 01/10/2026

https://gitlab.com/POWHEG-BOX/RES/POWHEG-BOX-RES
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Figure 1: Sample Feynman diagrams contributing to the real radiation. Contributions
such as those shown in (c) lead to n

3

h
contributions which have already been computed in

Ref. [25]. The n
3

h
contributions of (d) contain a top quark loop without a Higgs coupling

and have not been computed in Ref. [25]; they are considered here.
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Figure 2: Sample Feynman diagrams in the forward-scattering kinematics. Three- and
four-particle cuts are shown by blue and green dashed lines, respectively. The n
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contri-

butions as shown in (b) have already been considered in [25] but those in (c) have not;
they are considered here.

butions which have a closed loop with only gluon couplings (as shown in Fig. 1(c)). Such
terms are not included in Ref. [25], but are computed in this paper.

The remainder of the paper is organized as follows: in the next section we discuss the
individual parts of our calculation. This concerns in particular the setup used for the
computation of the real-radiation corrections including the asymptotic expansion and the
reduction to phase-space master integrals. Furthermore, we discuss the ultraviolet and
collinear counterterms to subtract the divergences from initial-state radiation. Section 3
is dedicated to the phase-space master integrals. We provide details on the transformation
of the system of di↵erential equations to ✏ form and on the computation of the boundary
conditions in the soft limit. We discuss our analytic and numerical results in Section 4 and
summarize our findings in Section 5. In the appendix we provide useful additional mate-
rial such as explicit formulae used for the computation of the collinear counterterms, the
integrands of the phase-space master integrals, NNLO virtual corrections to the channel
qq̄ ! HH and NNLO virtual corrections involving four closed top quark loops. Further-
more, we describe in detail our approach to obtain the leading 1/mt term for double Higgs
production from the analytic expressions of the single-Higgs production cross section.
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MiNNLO vs GENEVA (2)
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ATLAS analysis in the 4b final state
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Figure 3: A flowchart summarizing the nine selection criteria used for the VBF and ggF analysis selections. Events
must satisfy selection criteria 1–3 in order to be considered for either analysis signal region. Events failing to satisfy
any of the selection criteria 4–6 are considered for inclusion in the ggF signal region, while those satisfying selection
criteria 4–6 are considered for the VBF signal region.

Table 3: The yields of data and various example ggF and VBF HH signal models at each step of the analysis selection.
The “Preselection” entry denotes an initial selection requiring at least four jets with 𝐿T > 40 GeV, at least two of
which are 𝑀-tagged. Events which satisfy the “VBF selection” requirements are considered as part of the VBF
signal region of the analysis, while the rest are considered for the ggF signal region. The signal yields are taken
from simulation and are normalized by their theoretical cross-sections and the integrated luminosity of 126 fb−1.
Corrections for di!erences in the 𝑀-tagging e"ciency and trigger acceptance between data and simulation are applied
starting from the “Trigger class” requirement.

Data ggF Signal VBF Signal
SM 𝜴𝜴 = 10 SM 𝜴2𝜶 = 0

Common preselection
Preselection 5.70 × 108 530 7300 22 630
Trigger class 2.49 × 108 380 5300 16 410

ggF selection
Fail VBF selection 2.46 × 108 380 5200 14 330
At least 4 b-tagged central jets 1.89 × 106 86 1000 1.9 65
|ω𝑁HH | < 1.5 1.03 × 106 72 850 0.94 46
𝑂Wt > 1.5 7.51 × 105 60 570 0.74 43
𝑂HH < 1.6 (ggF signal region) 1.62 × 104 29 180 0.24 23

VBF selection
Pass VBF selection 3.30 × 106 5.2 81 2.2 71
At least 4 b-tagged central jets 2.71 × 104 1.1 15 0.74 28
𝑂Wt > 1.5 2.18 × 104 1.0 11 0.67 26
𝑂HH < 1.6 5.02 × 102 0.48 3.1 0.33 17
𝑃HH > 400 GeV (VBF signal region) 3.57 × 102 0.43 1.8 0.30 16

it suitable for the background estimation. The jets selected to form the two Higgs boson candidates in the
2b events are the two b-tagged jets and the two untagged central jets with the highest 𝐿T (excluding the

12

Higgs bosons reconstructed 
from the 4 hardest b-jets.  
Pair them so that the hardest pair 
has the smallest R separation.

ω (fb) HTL BI FT-approx

MiNNLOPS 31.32+9.2%
→9.4% 37.92+9.3%

→9.2% 32.72+7.7%
→8.5%

Geneva 30.69+7.1%
→8.5% 37.65+7.3%

→8.4% 32.34+6.8%
→5.3%

Table 2: Total cross sections (in fb) in MiNNLOPS in the HTL, BI and FT approximations
at 13.6TeV centre-of-mass energy, compared with the results from Geneva [34]. We use
FT2 as reference for MiNNLOPS.

final states, following the analysis performed by the ATLAS experiment.

5.1 2b2ε final state

In this case, we follow the analysis in [35] and [36]. We turn o! possible QED showers, so
we have only two photons in the final states, which are used to reconstruct one of the two
Higgs bosons. We require that the two photons pass the following selection criteria

pT(ε1) > 35GeV, pT(ε2) > 25GeV, 105GeV < mωω < 160GeV,

|ϑ(ε1,2)| < 2.37,
pT(ε1)

mωω

> 0.35,
pT(ε2)

mωω

> 0.25.
(5.1)

To reconstruct the other Higgs boson, we require at least two b→tagged anti-kT jets [37–39]
with radius R = 0.4. Candidate jets are required to satisfy

pT(j) > 25GeV, |ϑ(j)| < 2.5, 80GeV < mjj < 140GeV. (5.2)

In the case of more than two jet candidates, we select the two with the highest transverse
momenta. Events with six or more jet candidates are rejected. As an example result, in (add
the figure when ready) we show the distribution of the mass of the Higgs reconstructed from
the b-jets in FT2. The other Higgs is perfectly reconstructed via the di-photon invariant
mass, and its decay is used only to reproduce the selection cuts as in the experimental
analysis.

5.2 4b final state

We again follow the ATLAS strategy, as reported in [40]. Jets are again reconstructed
via the anti-kT algorithm with R = 0.4 and are distinguished in central and forward jets
according to the following criteria

central jets: |ϑ| < 2.5, pT > 40GeV;

forward jets: 2.5 < |ϑ| < 4.5, pT > 30GeV.
(5.3)

We require at least four b-tagged central jets, and we choose the four with highest pT to
reconstruct the two Higgs bosons. Of the three possible pairings, we select the one in which
the jet pair with the highest pT has the smallest !R separation. We then add the selection
criteria used by the experiments to distinguish from other production modes, reduce the
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ATLAS analysis in the 2b2γ final state

Cuts on the photons:

Cuts on the b-jets (anti-kT):

Cut on the reconstructed Higgs invariant mass:
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