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1 Introduction

Precise measurements of the Higgs boson couplings to other particles and itself are among

the main goals for the next phases of LHC and beyond. As the precision of the measure-

ments increases, it is of great importance to have Standard Model predictions well under

control, and to have reliable simulations of the effects of anomalous couplings. In fact,

measurements of Higgs couplings to electroweak bosons and the top quark are already

reaching a level where systematic uncertainties play an increasingly important role [1, 2].

The trilinear Higgs-boson self-coupling chhh still is rather weakly constrained, however the

window of possible chhh-values has been narrowed considerably in Run II [3, 4].

Higgs boson pair production in gluon fusion in the SM has been calculated at leading

order in refs. [5–7]. The NLO QCD corrections with full top quark mass dependence became

available more recently [8–11]. The NLO results of refs. [8, 9] have been combined with

parton shower Monte Carlo programs in refs. [12–14], where ref. [14] allows the trilinear

Higgs coupling to be varied.

Before the full NLO QCD corrections became available, the mt →∞ limit, sometimes

also called “Higgs Effective Field Theory (HEFT)” approximation or “Heavy Top Limit

(HTL)”, has been used. In this limit, the NLO corrections were first calculated in ref. [15]

using the so-called “Born-improved HTL”, which involves rescaling the NLO results in the

mt →∞ limit by a factor BFT/BHTL, where BFT denotes the LO matrix element squared

in the full theory. In ref. [16] an approximation called “FTapprox”, was introduced, which

contains the real radiation matrix elements with full top quark mass dependence, while the

virtual part is calculated in the Born-improved mt →∞ approximation.
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In the mt →∞ limit, the NNLO QCD corrections have been computed in refs. [17–20].

The calculation of ref. [20] has been combined with results including the top quark mass

dependence as far as available in ref. [21], and soft gluon resummation on top of these results

has been presented in ref. [22]. N3LO corrections have become available recently [23, 24],

where in ref. [24] the N3LO results in the heavy top limit have been “NLO-improved” using

the results of refs. [12, 14].

The scale uncertainties at NLO are still at the 10% level, while they are decreased

to about 5% when including the NNLO corrections and to about 3% at N3LO in the

“NLO-improved” variant. The uncertainties due to the chosen top mass scheme have been

assessed in refs. [10, 11].

For a more detailed description of the various developments and phenomenological

studies concerning Higgs boson pair production we refer to recent review articles, e.g.

refs. [25–28].

The main purpose of this paper is to present an update of the public Monte Carlo

event generator POWHEG-BOX-V2/ggHH, where the user can choose the values of five anoma-

lous couplings relevant to Higgs boson pair production as input parameters. It is based

on the implementation of the fixed-order NLO results [8, 9], combined with a non-linear

Effective Field Theory framework [29], in the POWHEG-BOX [30–32]. It builds on the code

described in ref. [14] which allows variations of the trilinear Higgs coupling (and the top

Yukawa coupling) only. We also show results for seven benchmark points, which have been

identified by an mhh shape analysis presented in ref. [33], based on the full NLO calcu-

lation, and compare NLO effects to effects from anomalous couplings. Further, we show

results matched to the PYTHIA-8 [34] and HERWIG-7.2 [35] parton showers to enable the

assessment of parton-shower related uncertainties.

This paper is organised as follows. In section 2 we describe the theoretical framework

and the definition of the anomalous couplings. In section 3 we describe the code and

the usage of the program within the POWHEG-BOX-V2. Section 4 contains the discussion of

phenomenological results, before we conclude in section 5. More detailed usage instructions

are given in an appendix.

2 Anomalous couplings in Higgs boson pair production

The calculation builds on the ones presented in refs. [14, 29] and therefore will be described

only briefly here.

We work in a non-linear EFT framework, sometimes also called Electroweak Chiral

Lagrangian (EWChL) including a light Higgs boson [36, 37]. It relies on counting the

chiral dimension of the terms contributing to the Lagrangian [38], rather than counting

the canonical dimension as in the Standard Model Effective Field Theory (SMEFT). In

this way, the EWChL is also suitable for describing strong dynamics in the Higgs sector.

Applying this framework to Higgs boson pair production in gluon fusion, keeping terms up

to chiral dimension four, we obtain the effective Lagrangian relevant to this process as

L ⊃ −mt

(
ct
h

v
+ ctt

h2

v2

)
t̄ t− chhh

m2
h

2v
h3 +

αs
8π

(
cggh

h

v
+ cgghh

h2

v2

)
GaµνG

a,µν . (2.1)
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Figure 1. Higgs boson pair production in gluon fusion at leading order in the chiral Lagrangian.

The black dots indicate vertices from anomalous couplings present already at leading order in the

Lagrangian, the black squares denote effective interactions from contracted loops.

In the EWChL framework there are a priori no relations between the couplings. In general,

all couplings may have arbitrary values of O(1). The conventions are such that in the SM

ct = chhh = 1 and ctt = cggh = cgghh = 0. The leading-order diagrams are shown in figure 1.

In ref. [29] the NLO QCD corrections were calculated within this framework, and NLO

results were presented for the twelve benchmark points defined in ref. [39].

In ref. [33], shapes of the Higgs boson pair invariant mass distribution mhh were anal-

ysed in the 5-dimensional space of anomalous couplings using machine learning techniques

to classify mhh-shapes, starting from NLO predictions. In more detail, 105 NLO distri-

butions were produced to train a neural network based on an autoencoder which extracts

common shape features, like an enhanced tail or a double peak, in the mhh distribution.

Then a KMeans clustering algorithm from scikit-learn [40] was used to identify distinct

shape clusters. The aim was to produce clusters that distinguish characteristic shape fea-

tures without picking on minor details. The cluster centres in the coupling parameter space

resulting from this procedure were then associated with candidate benchmark points. How-

ever, if the corresponding total cross section exceeded the limit of 6.9× σSM [4], which is

currently the most stringent bound on the total cross section, we proceeded to the parame-

ter point corresponding to the curve next-closest to the cluster center. This method led to

seven new benchmark points being identified, which we use here to discuss our phenomeno-

logical results. For convenience we repeat the benchmark points in table 1, together with

the corresponding values for the cross section at
√
s = 14 TeV.

There are different normalisation conventions for the anomalous couplings in the lit-

erature. In table 2 we summarise the conventions commonly used.

We also give the relation to the corresponding parameters in the SMEFT, using the

following Lagrangian based on the counting of canonical dimensions:

∆L6 =
c̄H
2v2

∂µ(φ†φ)∂µ(φ†φ) +
c̄u
v2
yt(φ

†φ q̄Lφ̃tR + h.c.)− c̄6
2v2

m2
h

v2
(φ†φ)3

+
c̄ug
v2
gs(q̄Lσ

µνGµν φ̃tR + h.c.) +
4c̄g
v2
g2sφ

†φGaµνG
aµν , (2.2)
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benchmark ct chhh ctt cggh cgghh σNLO [fb] K-factor ratio to SM

SM 1 1 0 0 0 32.90 ± 0.03 1.66 1.00

1 0.94 3.94 − 1
3 0.5 1

3 222.63 ± 0.12 1.90 6.77

2 0.61 6.84 1
3 0.0 − 1

3 168.13 ± 0.07 2.14 5.11

3 1.05 2.21 − 1
3 0.5 0.5 151.94 ± 0.09 1.83 4.62

4 0.61 2.79 1
3 −0.5 1

6 63.14 ± 0.03 2.15 1.92

5 1.17 3.95 − 1
3

1
6 −0.5 154.77 ± 0.23 1.63 4.70

6 0.83 5.68 1
3 −0.5 1

3 179.35 ± 0.18 2.16 5.45

7 0.94 −0.10 1 1
6 − 1

6 131.06 ± 0.08 2.28 3.98

Table 1. NLO benchmark points derived in ref. [33]. The values for the cross section are given at√
s = 14 TeV.

Eq. (2.1), i.e. L of ref. [29] Ref. [39] Ref. [41]

chhh κλ c3

ct κt ct

ctt c2 ctt/2

cggh
2
3cg 8cg

cgghh − 1
3c2g 4cgg

Table 2. Translation between the conventions for the definition of the anomalous couplings.

where we follow the conventions used in [41, 42], except for c̄g which differs by inclusion of

the weak coupling g2: c̄g
∣∣
Ref. [41]

= g2 c̄g
∣∣
Eq.(2.2)

. The term proportional to c̄ug denotes the

chromomagnetic operator, which does not contribute at the order in the chiral counting

we are considering here (dχ ≤ 4), because it gets an additional loop suppression factor

1/16π2 due to the fact that dimension-6 operators involving field strength tensors (such as

σµνGµν) can only be generated through loop diagrams [29, 43]. The remaining coefficients

c̄i in eq. (2.2) can be related to the couplings of the physical Higgs field h and compared

with the corresponding parameters of the chiral Lagrangian (2.1). After a field redefinition

of h to eliminate c̄H from the kinetic term one finds [41, 44]

ct = 1− c̄H
2
− c̄u , ctt = − c̄H + 3c̄u

4
, chhh = 1− 3

2
c̄H + c̄6 , (2.3)

cggh = 2cgghh = (16π2)× 8c̄g . (2.4)

3 Description of the code

3.1 Structure of the code

The code is an extension of the one presented in ref. [14] to include the possibility of varying

all five anomalous couplings rather than only the trilinear Higgs coupling. For the virtual
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two-loop corrections, we have built on the results of the calculations presented in refs. [8, 9].

These results were obtained by performing a (partial) reduction of the two-loop amplitude

to master integrals based on Reduze [45, 46] and a subsequent numerical evaluation of

the master integrals using the program SecDec [47, 48]. This has been done with the top

quark- and Higgs masses fixed to a numerical value. Therefore these mass values should

not be changed in the ggHH code.

The real radiation matrix elements were implemented using the interface between

GoSam [49, 50] and the POWHEG-BOX [32, 51]. The extra matrix elements occurring in the

EFT framework have been generated by GoSam via a model file in UFO format [52] which

has been developed in ref. [29], derived from the effective Lagrangian in eq. (2.1) using

FeynRules [53].

The framework presented in ref. [14] to interface the two-loop virtual contribution in

POWHEG is generalised in the following way: instead of a second-order polynomial (as for

variations of chhh only), at NLO we can write the squared matrix element for variations of

all five anomalous couplings as in eq. (3.1), following refs. [29, 39, 44].

|MBSM|2 = a1 c
4
t + a2 c

2
tt + a3 c

2
t c

2
hhh + a4 c

2
gghc

2
hhh + a5 c

2
gghh + a6 cttc

2
t + a7 c

3
t chhh

+ a8 cttct chhh + a9 cttcgghchhh + a10 cttcgghh + a11 c
2
t cgghchhh + a12 c

2
t cgghh

+ a13 ctc
2
hhhcggh + a14 ctchhhcgghh + a15 cgghchhhcgghh + a16 c

3
t cggh

+ a17 ctcttcggh + a18 ctc
2
gghchhh + a19 ctcgghcgghh + a20 c

2
t c

2
ggh

+ a21 cttc
2
ggh + a22 c

3
gghchhh + a23 c

2
gghcgghh . (3.1)

For the Born-virtual interference term, we produce grids using 6715 points (5194 points

at
√
s = 14 TeV and 1521 points at 100 TeV) for 23 linearly independent sets of couplings.

This enables us to derive, for each phase-space point, the coefficients a1, . . . , a23 by inter-

polation. Once the user has chosen a set of anomalous couplings, the 23 grids are combined

into one using eq. (3.1). This step is performed only once, in the first POWHEG parallel stage.

The Born and real contributions are evaluated exactly for the chosen anomalous couplings

without relying on a grid or interpolation. Note that the ai coefficients of eq. (3.1) are not

equal to the Ai coefficients of ref. [29], which are derived for the (normalised) cross-section

and not for the Born-virtual interference term.

The original phase space points were produced with SM couplings, therefore some

regions, for example the low mhh-region, are less populated than the peak of the mhh-

distribution in the SM. The statistical uncertainty on the input data induces a systematic

uncertainty on the 23 grids. We have checked the relative size of the uncertainties of the

virtual corrections in each bin of the mhh distributions for all seven benchmark points.

This uncertainty is below 2% throughout the whole mhh range, except for the first bin.

This bin is poorly populated in the SM and therefore the uncertainties in this bin are larger

for coupling configurations where the low-mhh region is very different from the SM case or

where the relative size of the virtual contribution is large. Hence we find uncertainties in

the first mhh bin of about 6% for all benchmarks except for benchmark 5, which has a 12%

uncertainty in this bin.
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3.2 Usage of the code

The code can be found at the web page

http://powhegbox.mib.infn.it

under User-Processes-V2 in the ggHH process directory. An example input card

(powheg.input-save) and a run script (run.sh) are provided in the testrun folder ac-

companying the code.

In the following we only describe the input parameters that are specific to the pro-

cess gg → HH including five anomalous couplings. The parameters that are common

to all POWHEG-BOX processes can be found in the POWHEG manual V2-paper.pdf in the

POWHEG-BOX-V2/Docs directory.

Running modes. The code contains the SM NLO QCD amplitudes with full top quark

mass dependence. A detailed description of the different approximations can be found

in ref. [9]. For the Standard Model case as well as for BSM-values of the trilinear Higgs

coupling chhh, the code can be run in four different modes, either by changing the flag

mtdep in the POWHEG-BOX run card powheg.input-save, or by using the script run.sh

[mtdep mode]. If all five anomalous couplings are varied, there is only the possibility of

either calculating at

• NLO with full top quark mass dependence, or

• LO (setting bornonly=1) in either the full theory or in the mt →∞ limit.

In more detail, the following choices are available:

mtdep=0: all amplitudes are computed in the mt → ∞ limit (HTL). This option is only

available at NLO in the SM case or if only chhh is varied, or at LO.

mtdep=1: computation using Born-improved HTL. In this approximation the fixed-order

part is computed at NLO in the heavy top limit and reweighted pointwise in the

phase-space by the LO matrix element with full mass dependence divided by the LO

matrix element in the HTL. This option is only available at NLO in the SM case or

if only chhh is varied, or at LO.

mtdep=2: computation in the approximation FTapprox. In this approximation the matrix

elements for the Born and the real radiation contributions are computed with full

top quark mass dependence, whereas the virtual part is computed as in the Born-

improved HTL. This option is only available at NLO in the SM case or if only chhh
is varied, or at LO.

mtdep=3: NLO computation with full top quark mass dependence.

Input parameters. The bottom quark is considered massless in all four mtdep modes.

The Higgs bosons are generated on-shell with zero width. A decay can be attached through

the parton shower in the narrow-width approximation. However, the decay is by default

– 6 –
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switched off (see the hdecaymode flag in the example powheg.input-save input card in

testrun).

The masses of the Higgs boson and the top quark are set by default to mh = 125 GeV,

mt = 173 GeV, respectively, and their widths have been set to zero. The full SM two-loop

virtual contribution has been computed with these mass values hardcoded, therefore they

should not be changed when running with mtdep = 3, otherwise the two-loop virtual part

would contain a different top or Higgs mass from the rest of the calculation. It is no

problem to change the values of mh and mt via the powheg.input-save input card when

running with mtdep set to 0, 1 or 2.

The Higgs couplings as defined in the context of the Electroweak Chiral Lagrangian

(see [29] and references within), can be varied directly in the powheg.input card. These

are, with their SM values as default:

chhh=1.0: the ratio of the Higgs trilinear coupling to its SM value,

ct=1.0: the ratio of the Higgs Yukawa coupling to the top quark to its SM value,

ctt=0.0: the effective coupling of two Higgs bosons to a top quark pair,

cggh=0.0: the effective coupling of two gluons to the Higgs boson,

cgghh=0.0: the effective coupling of two gluons to two Higgs bosons.

The possibility of varying all Higgs couplings (rather than chhh only) is only available

in the mode mtdep=3 (full NLO). More details about the mtdep=3 running mode are given

in appendix A.

The runtimes are dominated by the evaluation of the real radiation part. When run

in the full NLO mode, the runtimes we observed for POWHEG stages 1 and 2 were in the

ballpark of 100 CPU hrs for an uncertainty of about 0.1% on the total cross section.

4 Phenomenological results

We present results calculated at a centre-of-mass energy of
√
s = 14 TeV using the

PDF4LHC15 nlo 30 pdfas [54–57] parton distribution functions interfaced to our code via

LHAPDF [58], along with the corresponding value for αs. The masses of the Higgs boson

and the top quark have been fixed to mh = 125 GeV, mt = 173 GeV and their widths have

been set to zero. The top quark mass is renormalised in the on-shell scheme. Jets are clus-

tered with the anti-kT algorithm [59] as implemented in the FastJet package [60, 61], with

jet radius R = 0.4 and a minimum transverse momentum pjetT,min = 20 GeV. The scale un-

certainties are estimated by varying the factorisation/renormalisation scales µF , µR, where

the bands represent 3-point scale variations around the central scale µ0 = mhh/2, with

µR = µF = c µ0, where c ∈ {0.5, 1, 2}. For the case chhh = cSMhhh = 1 we checked that

the bands obtained from these variations coincide with the bands resulting from 7-point

scale variations.

In figure 2(a) we show the Higgs boson pair invariant mass distributions for benchmark

points 1, 2 and 3 compared to the SM case. The magnitudes of the cross sections are similar,

– 7 –
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Figure 2. Normalised Higgs boson pair invariant mass distributions, (a) for benchmark points 1,

2 and 3 compared to the SM, (b) for benchmark points 5, 6 and 7 compared to the SM. All curves

are at full NLO. The uncertainties shown are statistical only.

due to the fact that the benchmark points were defined with the constraint that the total

cross section should not exceed 6.9 × σSM at 13 TeV [33]. Nonetheless, the curves are

normalised to the SM cross section, such that only shape differences appear in the figure.

Benchmark point 3 has a value of chhh where the destructive interference between box-

and triangle-type contributions is large, which leads to the dip in the mhh spectrum, while

the tail is enhanced due to non-zero cggh and cgghh values. Benchmark point 1 shows the

largest enhancement of the very low mhh region, even though its value for chhh is smaller

than the one for benchmark point 2. This behaviour can be attributed to the interplay

with the nonzero value of ctt, as can be concluded from the analysis in ref. [33].

In figure 2(b) themhh distribution for benchmark points 5, 6 and 7 is shown, normalised

to the SM cross section. Benchmark point 5 shows a narrow dip below mhh = 2mt, which

would not be present for chhh = 3.95 if all other couplings were SM-like. In fact, from the

analysis in ref. [33] it can be inferred that the negative cgghh value in combination with

chhh = 3.95 is causing this dip in the shape.

In figure 3(a) we consider benchmark point 4 compared to the full NLO SM as well as

in the Born-improved mt →∞ limit, matched to PYTHIA-8 in all cases. The curves for the

Born-improved HTL SM case and for benchmark point 4 are normalised to the SM cross

section. Even though the mt →∞ approximation shows an enhanced tail compared to the

full SM, the enhancement of the tail in the case of benchmark 4 is much more pronounced.

The situation is different for the phhT distribution, shown in figure 3(b). For this observable,

the results for benchmark 4 and the Born-improved mt →∞ approximation are very close.

This fact again shows the importance of the full NLO corrections in order to clearly identify

new physics effects.

In both figure 3(a) and figure 3(b), in order to obtain the scale uncertainty bands, the

variation curves were normalised by the ratio of the central-scale prediction to the SM cross

section. Thus the bands have the same relative size as in an unnormalised plot. We also

investigated a different option to produce the scale bands for the normalised cross section,

where the scale uncertainties are not normalised by the ratio σSM/σ(µ0), but rather by

σSM/σ(c µ0), c ∈ {0.5, 1, 2}, i.e. by their own cross section at the considered scale. For

– 8 –
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Figure 3. Normalised distributions for the SM compared to benchmark point 4, both at NLO

matched to PYTHIA-8 (PP8). For the SM case, results with the full mt-dependence and in the

Born-improved (B.-i.) mt → ∞ approximation are shown. (a) Higgs boson pair invariant mass

distribution, (b) transverse momentum of the Higgs boson pair.

the mhh distribution this type of normalisation makes the scale bands disappear within

the statistical uncertainties. This is because for central scale choice µ0 = mhh/2 the scale

variations do not introduce significant shape changes for this observable. For the phhT
distribution the situation is different, firstly because the central scale choice is not aligned

with the observable, and secondly because the tail of the phhT distribution is dominated

by HH+jet events, which are the leading order in this channel and therefore show larger

scale uncertainties. Indeed we observe that when normalised to their own cross-section

prediction, the scale uncertainty bands differ from the central prediction by ±(3-4)% for

phhT . 200 GeV, and up to ∓18% at phhT = 600 GeV. This is to be compared to an overall

scale uncertainty of 30-40% at phhT = 600 GeV with the default normalisation method. To

confirm this interpretation, we also investigated scale-varied differential cross sections for

the distribution of the transverse momentum of one (any) of the Higgs bosons phT , which

is an observable that is not aligned with the choice of scale µ = mhh/2, but which does

get contributions from genuine radiative corrections at NLO. When normalised to their

own cross section, the scale-varied predictions differ by ±1% from the central prediction at

low-to-moderate phT , and grow up to ∓(8-10)% in the tail at phT = 600 GeV. As expected,

the scale uncertainties are non-vanishing but still smaller than for the phhT distribution.

In comparison, the full (unnormalised) scale uncertainties are of the order of ±(20-25)%

across the phT range.

In figure 4 we compare NLO predictions matched to different parton showers, namely

PYTHIA-8 and two HERWIG-7.2 parton showers (the angular-ordered q̃ and the dipole

shower), to the fixed-order case, (a) for benchmark point 4, and (b) for the SM case.

We observe that the enhancement of the tail with POWHEG+PYTHIA-8 present in the SM

case is much less pronounced for benchmark 4, where the POWHEG+PYTHIA-8 result also

touches onto the fixed-order result at large phhT . This behaviour is most likely due to the

non-zero values for cggh and cgghh for benchmark 4, which cause the tail of the distribution

already to be harder than in the SM, such that additional hard radiation created by the

shower has a lower relative impact.
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Figure 4. (a) Transverse momentum of the Higgs boson pair for benchmark point 4, at NLO

matched to PYTHIA-8 (PP8) and two different HERWIG-7.2 parton showers (PH7-q̃ and PH7-dipole),

compared to the fixed-order result (NLO); (b) same as in (a) but for the SM case.

5 Conclusions

We have presented a publicly available implementation of Higgs boson pair production in

gluon fusion within an Effective Field Theory framework, calculated at full NLO QCD,

in the POWHEG-BOX-V2. The code allows five anomalous couplings relevant for di-Higgs

production to be varied and offers the possibility to produce fully differential final states.

We have also investigated the behaviour of the shape of the invariant mass distribution

of the Higgs boson pair, mhh, for seven benchmark points representing characteristic mhh-

shapes based on an NLO analysis [33]. In addition, for one of the benchmark points

(benchmark 4), characterised by an enhanced tail in the mhh distribution, we carried out a

comparison to the full NLO SM result as well as to the mt →∞ approximation, including

scale uncertainties, for both the mhh and the phhT distributions. We found that the two

distributions show different characteristics concerning the distinction of the BSM curve

from the SM (and approximate SM) curves: while in the mhh distribution the enhanced

tail of benchmark 4 is clearly outside the uncertainty bands of the SM predictions, in the

phhT distribution the bands for benchmark 4 and the SM in the mt → ∞ approximation

overlap. This again demonstrates the importance of using full NLO predictions, particularly

in trying to resolve partly degenerate directions in the space of anomalous couplings.

We further produced results for the phhT distribution matched to three different parton

showers: PYTHIA-8 and two different HERWIG-7.2 parton showers. The two HERWIG-7.2

parton showers show very similar results. From previous SM results, it is known that loop-

induced processes like gg → HH in POWHEG matched to PYTHIA-8 can show a harder tail

than with other parton showers. However, in the case of benchmark point 4, PYTHIA-8

produces less additional hard radiation than in the SM case, such that the PYTHIA-8 and

HERWIG-7.2 results are much more similar.

Our studies show that the behaviour of higher-order effects known from the SM does

not necessarily carry over to the BSM case, such that precise predictions for both cases are

necessary to clearly identify new physics effects. With our code, fully exclusive studies of

anomalous couplings in Higgs boson pair production at NLO QCD are possible.
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A Running with full top quark mass dependence (mtdep=3)

In this appendix we give some further details about the running mode with full top quark

mass dependence.

The two-loop virtual amplitudes in the NLO calculation with full top quark mass

dependence are computed via a grid which encodes the dependence of the virtual two-loop

amplitude on the kinematic invariants ŝ and t̂ [12]. We emphasize that the numerical

values mH = 125 GeV and mt = 173 GeV are hardcoded in this grid and therefore should

not be changed in powheg.input-save when running in the mtdep=3 mode. The grid is

generated using python code and is directly interfaced to the POWHEG-BOX fortran code via

a python/C API. In order for the grid to be found by the code, the files (events.cdf,

createdgrid.py, Virt full *E*.grid) from the folder Virtual need to be copied into

the local folder where the code is run. Instead of copying the files, we suggest to create

a symbolic link to the needed files. All this is done automatically if you use the script

run.sh.

To do this manually: assuming the code is run from a subfolder (e.g. testrun) of the

process folder, the link can be created in this subfolder as follows:

ln -s ../Virtual/events.cdf events.cdf

ln -s ../Virtual/creategrid.py creategrid.py

for grid in ../Virtual/Virt full *E*.grid; do ln -s $grid; done

Once the links are in place, the code can be run with mtdep=3 as usual. The python code

creategrid.py will then combine the virtual grids generated with the 23 combinations of

coupling values to produce a new file Virt full *E*.grid corresponding to the values of

chhh, ct, ctt, cggh, cgghh defined by the user in the powheg.input-save file.

The python code for the grid relies on the numpy and sympy packages, which the

user should install separately. When building the ggHH process the Makefile will find the

embedded python 3 library via a call to python3-config, which the user should ensure

is configured correctly and points to the correct library. Note that on some systems the
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python/C API does not search for packages (such as numpy and sympy) in the same paths as

the python executable would, the user should ensure that these packages can be found also

by an embedded python program. To ensure that the linked files are found, we recommend

to add the run subfolder to PYTHONPATH.

B Powheg input and run scripts

The run.sh script in the testrun folder allows the different stages of POWHEG to be run

easily. By typing ./run.sh without any argument a menu with the 4 mtdep running modes

described above is shown. For all mtdep running modes, run.sh will make the code go

through the various steps (parallel stages) of the calculation:

parallelstage=1: generation of the importance sampling grid for the Monte Carlo inte-

gration;

parallelstage=2: calculation of the integral for the inclusive cross section and an upper

bounding function of the integrand;

parallelstage=3: upper bounding factors for the generation of radiation are computed;

parallelstage=4: event generation, i.e. production of pwgevents-*.lhe files.

Please note: if you use the script run.sh [mtdep], the value for mtdep given as an

argument to run.sh will be used, even if you specified a different value for mtdep in

powheg.input-save.

After running parallelstage=4, the LHE files produced by POWHEG can be directly

showered by either PYTHIA-8 or HERWIG-7.2. We provide a minimal setup for producing

parton-shower matched distributions in test-pythia8, respectively test-herwig7. Both

the angular-ordered and the dipole-shower implemented in HERWIG-7.2 can be used by

changing the showeralg flag to either default or dipole in HerwigRun.sh.

Further, we should point out that POWHEG offers the possibility to use a damping factor

h = hdamp of the form [62, 63]

F =
h2

(phhT )2 + h2
, (B.1)

where phhT is the transverse momentum of the Higgs boson pair, to limit the amount of

hard radiation which is exponentiated in the Sudakov form factor. The setting F ≡ 1,

corresponding to hdamp= ∞, results in quite hard tails for observables like phhT [12, 14].

Changing the damping factor F by setting the flag hdamp to some finite value in the

input card softens the high transverse momentum tails. Varying hdamp allows shower

uncertainties to be assessed within the POWHEG matching scheme. However, hdamp should

not be so low that it starts to cut into the Sudakov regime. In fact, a too low value for

hdamp could spoil the logarithmic accuracy of the prediction. For this reason we suggest

not to choose values for hdamp below ∼ 200. Our default value is hdamp=250.
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[10] J. Baglio, F. Campanario, S. Glaus, M. Mühlleitner, M. Spira and J. Streicher, Gluon fusion

into Higgs pairs at NLO QCD and the top mass scheme, Eur. Phys. J. C 79 (2019) 459

[arXiv:1811.05692] [INSPIRE].

[11] J. Baglio et al., Higgs-pair production via gluon fusion at hadron colliders: NLO QCD

corrections, JHEP 04 (2020) 181 [arXiv:2003.03227] [INSPIRE].

[12] G. Heinrich, S.P. Jones, M. Kerner, G. Luisoni and E. Vryonidou, NLO predictions for Higgs

boson pair production with full top quark mass dependence matched to parton showers, JHEP

08 (2017) 088 [arXiv:1703.09252] [INSPIRE].

[13] S. Jones and S. Kuttimalai, Parton shower and NLO-matching uncertainties in Higgs boson

pair production, JHEP 02 (2018) 176 [arXiv:1711.03319] [INSPIRE].

[14] G. Heinrich, S.P. Jones, M. Kerner, G. Luisoni and L. Scyboz, Probing the trilinear Higgs

boson coupling in di-Higgs production at NLO QCD including parton shower effects, JHEP

06 (2019) 066 [arXiv:1903.08137] [INSPIRE].

– 13 –

https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1103/PhysRevD.101.012002
https://arxiv.org/abs/1909.02845
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.02845
https://doi.org/10.1016/j.physletb.2019.03.059
https://arxiv.org/abs/1812.06504
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1812.06504
https://doi.org/10.1103/PhysRevLett.122.121803
https://arxiv.org/abs/1811.09689
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.09689
https://doi.org/10.1016/j.physletb.2019.135103
https://arxiv.org/abs/1906.02025
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1906.02025
https://doi.org/10.1016/0370-2693(87)90381-9
https://inspirehep.net/search?p=find+J%20%22Phys.Lett.%2CB197%2C269%22
https://doi.org/10.1016/0550-3213(88)90083-1
https://doi.org/10.1016/0550-3213(88)90083-1
https://inspirehep.net/search?p=find+J%20%22Nucl.Phys.%2CB309%2C282%22
https://doi.org/10.1016/0550-3213(96)00418-X
https://arxiv.org/abs/hep-ph/9603205
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9603205
https://doi.org/10.1103/PhysRevLett.117.012001
https://arxiv.org/abs/1604.06447
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1604.06447
https://doi.org/10.1007/JHEP10(2016)107
https://arxiv.org/abs/1608.04798
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1608.04798
https://doi.org/10.1140/epjc/s10052-019-6973-3
https://arxiv.org/abs/1811.05692
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1811.05692
https://doi.org/10.1007/JHEP04(2020)181
https://arxiv.org/abs/2003.03227
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.03227
https://doi.org/10.1007/JHEP08(2017)088
https://doi.org/10.1007/JHEP08(2017)088
https://arxiv.org/abs/1703.09252
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1703.09252
https://doi.org/10.1007/JHEP02(2018)176
https://arxiv.org/abs/1711.03319
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1711.03319
https://doi.org/10.1007/JHEP06(2019)066
https://doi.org/10.1007/JHEP06(2019)066
https://arxiv.org/abs/1903.08137
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1903.08137


J
H
E
P
1
0
(
2
0
2
0
)
0
2
1

[15] S. Dawson, S. Dittmaier and M. Spira, Neutral Higgs boson pair production at hadron

colliders: QCD corrections, Phys. Rev. D 58 (1998) 115012 [hep-ph/9805244] [INSPIRE].

[16] F. Maltoni, E. Vryonidou and M. Zaro, Top-quark mass effects in double and triple Higgs

production in gluon-gluon fusion at NLO, JHEP 11 (2014) 079 [arXiv:1408.6542] [INSPIRE].

[17] D. de Florian and J. Mazzitelli, Two-loop virtual corrections to Higgs pair production, Phys.

Lett. B 724 (2013) 306 [arXiv:1305.5206] [INSPIRE].

[18] D. de Florian and J. Mazzitelli, Higgs boson pair production at next-to-next-to-leading order

in QCD, Phys. Rev. Lett. 111 (2013) 201801 [arXiv:1309.6594] [INSPIRE].

[19] J. Grigo, K. Melnikov and M. Steinhauser, Virtual corrections to Higgs boson pair production

in the large top quark mass limit, Nucl. Phys. B 888 (2014) 17 [arXiv:1408.2422] [INSPIRE].

[20] D. de Florian et al., Differential Higgs boson pair production at next-to-next-to-leading order

in QCD, JHEP 09 (2016) 151 [arXiv:1606.09519] [INSPIRE].

[21] M. Grazzini et al., Higgs boson pair production at NNLO with top quark mass effects, JHEP

05 (2018) 059 [arXiv:1803.02463] [INSPIRE].

[22] D. De Florian and J. Mazzitelli, Soft gluon resummation for Higgs boson pair production

including finite Mt effects, JHEP 08 (2018) 156 [arXiv:1807.03704] [INSPIRE].

[23] L.-B. Chen, H.T. Li, H.-S. Shao and J. Wang, Higgs boson pair production via gluon fusion

at N3LO in QCD, Phys. Lett. B 803 (2020) 135292 [arXiv:1909.06808] [INSPIRE].

[24] L.-B. Chen, H.T. Li, H.-S. Shao and J. Wang, The gluon-fusion production of Higgs boson

pair: N3LO QCD corrections and top-quark mass effects, JHEP 03 (2020) 072

[arXiv:1912.13001] [INSPIRE].

[25] S. Amoroso et al., Les Houches 2019: physics at TeV colliders: standard model working

group Report, in the proceedings of the 11th Les Houches Workshop on Physics at TeV

Colliders: PhysTeV Les Houches, June 10–28, Les Houches, France (2019),

arXiv:2003.01700 [INSPIRE].

[26] M. Cepeda et al., Report from working group 2: Higgs physics at the HL-LHC and HE-LHC,

CERN Yellow Rep. Monogr. 7 (2019) 221 [arXiv:1902.00134] [INSPIRE].

[27] J. Alison et al., Higgs boson pair production at colliders: status and perspectives, in the

proceedings of the Double Higgs production at colliders workshop, September 4–9, Fermilab,

U.S.A. (2019) [arXiv:1910.00012] [INSPIRE].

[28] S. Dawson, C. Englert and T. Plehn, Higgs physics: it ain’t over till it’s over, Phys. Rept.

816 (2019) 1 [arXiv:1808.01324] [INSPIRE].

[29] G. Buchalla, M. Capozi, A. Celis, G. Heinrich and L. Scyboz, Higgs boson pair production in

non-linear effective field theory with full mt-dependence at NLO QCD, JHEP 09 (2018) 057

[arXiv:1806.05162] [INSPIRE].

[30] P. Nason, A new method for combining NLO QCD with shower Monte Carlo algorithms,

JHEP 11 (2004) 040 [hep-ph/0409146] [INSPIRE].

[31] S. Frixione, P. Nason and C. Oleari, Matching NLO QCD computations with parton shower

simulations: the POWHEG method, JHEP 11 (2007) 070 [arXiv:0709.2092] [INSPIRE].

[32] S. Alioli, P. Nason, C. Oleari and E. Re, A general framework for implementing NLO

calculations in shower Monte Carlo programs: the POWHEG BOX, JHEP 06 (2010) 043

[arXiv:1002.2581] [INSPIRE].

– 14 –

https://doi.org/10.1103/PhysRevD.58.115012
https://arxiv.org/abs/hep-ph/9805244
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F9805244
https://doi.org/10.1007/JHEP11(2014)079
https://arxiv.org/abs/1408.6542
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.6542
https://doi.org/10.1016/j.physletb.2013.06.046
https://doi.org/10.1016/j.physletb.2013.06.046
https://arxiv.org/abs/1305.5206
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1305.5206
https://doi.org/10.1103/PhysRevLett.111.201801
https://arxiv.org/abs/1309.6594
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1309.6594
https://doi.org/10.1016/j.nuclphysb.2014.09.003
https://arxiv.org/abs/1408.2422
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1408.2422
https://doi.org/10.1007/JHEP09(2016)151
https://arxiv.org/abs/1606.09519
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1606.09519
https://doi.org/10.1007/JHEP05(2018)059
https://doi.org/10.1007/JHEP05(2018)059
https://arxiv.org/abs/1803.02463
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1803.02463
https://doi.org/10.1007/JHEP08(2018)156
https://arxiv.org/abs/1807.03704
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1807.03704
https://doi.org/10.1016/j.physletb.2020.135292
https://arxiv.org/abs/1909.06808
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1909.06808
https://doi.org/10.1007/JHEP03(2020)072
https://arxiv.org/abs/1912.13001
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1912.13001
https://arxiv.org/abs/2003.01700
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A2003.01700
https://doi.org/10.23731/CYRM-2019-007.221
https://arxiv.org/abs/1902.00134
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1902.00134
https://arxiv.org/abs/1910.00012
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1910.00012
https://doi.org/10.1016/j.physrep.2019.05.001
https://doi.org/10.1016/j.physrep.2019.05.001
https://arxiv.org/abs/1808.01324
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1808.01324
https://doi.org/10.1007/JHEP09(2018)057
https://arxiv.org/abs/1806.05162
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1806.05162
https://doi.org/10.1088/1126-6708/2004/11/040
https://arxiv.org/abs/hep-ph/0409146
https://inspirehep.net/search?p=find+EPRINT%2Bhep-ph%2F0409146
https://doi.org/10.1088/1126-6708/2007/11/070
https://arxiv.org/abs/0709.2092
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A0709.2092
https://doi.org/10.1007/JHEP06(2010)043
https://arxiv.org/abs/1002.2581
https://inspirehep.net/search?p=find+EPRINT%2BarXiv%3A1002.2581


J
H
E
P
1
0
(
2
0
2
0
)
0
2
1

[33] M. Capozi and G. Heinrich, Exploring anomalous couplings in Higgs boson pair production

through shape analysis, JHEP 03 (2020) 091 [arXiv:1908.08923] [INSPIRE].
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