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leading order HH + PS
• LO events with full top-mass dependence can be 

showered with either HERWIG or Pythia. 

• MG5_aMC@NLO can generate loop-induced 
processes “out-of-the-box”: get LO HH events with 
full top mass dependence.

• + BSM models implemented: top-anti-top-HH 
coupling, complete two-Higgs doublet model HH 
production. 
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[Hirschi, Mattelaer, 1507.00020]

[see: https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/
HiggsPairProduction, Hespel, Vryonidou, e.g.1407.0281]

http://arxiv.org/abs/arXiv:1507.00020
https://cp3.irmp.ucl.ac.be/projects/madgraph/wiki/HiggsPairProduction
http://arxiv.org/abs/arXiv:1407.0281
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leading order HH + PS
• HERWIG 7 contains hard-coded MEs (based on M. 

Spira’s HPAIR), for D=6 EFT or intermediate heavy 
Higgs resonance. 
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[e.g. Goertz, AP, Yang, Zurita, 1410.3471 + Herwig 7 release: 1512.01178]

• LO+PS should be fine for most initial 
phenomenological studies, but ultimately, we 
would like to improve on it. 
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going beyond LO + PS 
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merging & matching recap
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• we would like higher-order matrix elements+PS. 

• this introduces double-counting, since additional radiation 
is simulated by both MEs and PS. 

• remove double-counting by:  

• merging the PS with “tree-level” MEs: via a veto 
algorithm, e.g. MLM, CKKW.

• matching the PS with full higher-order calculations by 
subtracting the PS contributions, e.g. MC@NLO, 
POWHEG. 
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HH: beyond LO+PS
• HERWIG 7 (+OpenLoops): merging via MLM.

• HH+0 partons and HH+1 parton merged to the parton 
shower via the MLM method.

• cross section is LO and merging scale introduced. 
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[Maierhöfer, AP, 1401.0007]

Monte Carlos with which we merge with. Hence, an intrinsic assumption of the merging
procedure is that these diagrams are sub-dominant with respect to the initial state radiation
in the parton shower-dominated regime.
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Figure 2. Diagram classes which contribute to Higgs boson pair production in association with
one extra parton are shown for a generic fermion f running in the loop.

The OpenLoops process libraries to compute matrix elements have been interfaced with
HERWIG++. These can be used stand-alone, i.e. without the merging, to perform studies of
leading-order hh production, or hh+ j production. In Table 1 we present the cross sections
for the different sub-processes contributing to pp ! hhj +X, where j is an associated par-
ton.2 Here, and throughout this paper, we use the 4-flavour MSTW2008nlo 68% confidence
level parton density functions [41–43]. Obviously, even with the relatively high p? cut of
60 GeV, the real emission sub-processes possess a cross section that is comparable to the
leading order gluon fusion process. This is an indication that they are indeed significant
and have to be considered for an accurate description of the kinematics, even in an inclusive
hh+X analysis.

3 Merging

3.1 Merging methods

In order to obtain a realistic simulation of processes involving associated high-pT jet produc-
tion, e.g. W/Z/Higgs+jets, the parton shower approximation for the generation of soft and
collinear QCD radiation must be supplemented by high multiplicity leading-order matrix el-
ements. Matrix element-parton shower merging schemes, such as the so-called MLM [44–46]
and CKKW [44, 45, 47–50] methods, have been developed for this purpose. These methods

2The HERWIG++ implementation has been crossed-check against the SHERPA event generator [40].

– 4 –

real radiation diagram classes

to observe at the LHC. Interesting phenomenological studies were performed more than 10
years ago [8–13] and more recently, owing to the discovery of the Higgs Boson as well as the
development of boosted jet techniques, the subject has undergone a lively rejuvenation [14–
28].

Despite the fact that several interesting and in-depth phenomenological studies of in-
clusive Higgs Boson pair production at the LHC (pp ! hh + X) have been performed,
the Monte Carlo event simulation of the process has relied so far only on leading-order
matrix elements with the addition of parton showers to simulate the extra QCD radiation.1

Exceptions to this are two recent studies which examined the exclusive one- and two-jet
channels in the full theory, with the full top mass dependence, (i.e. pp ! hhj + X and
pp ! hhjj + X) and contrasted these to results obtained in the effective theory [16, 30].
It is important to stress, however, that the kinematical properties of inclusive final states
can be substantially altered by the inclusion of higher-order matrix elements. This is espe-
cially true in the inclusive hh + X process, which is predominantly gluon-gluon initiated,
and hence is inevitably accompanied by a copious amount of QCD radiation. Thus, the
accuracy, and hence reliability, of the kinematics of inclusive di-Higgs searches will certainly
benefit from the inclusion of the exact real-emission higher-order matrix elements.

1.2 Di-Higgs production at higher orders

The pp ! hh+X process at hadron colliders is loop-induced at leading order, proceeding
via a heavy quark loop. The leading-order gluon fusion diagrams are shown in Fig. 1.
Evidently, a next-to-leading order calculation would involve, among others, diagrams with
two loops that involve heavy fermions, and hence two mass scales (the fermion mass and
the Higgs Boson mass). Such diagrams currently lie at the frontier of higher-order loop
calculations. Consequently, this impedes the implementation of a matched next-to-leading
order (NLO) plus shower simulation.
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Figure 1. The Higgs pair production diagrams contributing to the gluon fusion process at LO are
shown for a generic fermion f .

The effective theory approximation in the heavy top mass limit that has been employed
in single Higgs boson production has been shown to be insufficient to describe the kinematics
of the hh process, both at leading order [22, 31], and at higher orders [16, 30]. Nevertheless,
inclusive NLO [9, 32] and NNLO cross section calculations [20, 21] have been performed

1During the final stages of preparation of this article, a similar study has appeared in Ref. [29]. Here
we provide a completely independent implementation, both in terms of the merging and the production
frameworks employed.
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HH: beyond LO+PS
• using the MC@NLO method in MG5_aMC@NLO.

• LO + real emission with full top mass dependence + 
Higgs Effective Theory (HEFT) virtual corrections. 
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[Frederix, Frixione, Hirschi, Maltoni, Mattelaer, Torrielli, Vryonidou, Zaro,1401.7340, Maltoni, Vryonidou, Zaro, 1408.6542]
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Figure 3: Typical effective diagrams contributing to the (a) virtual and (b) real corrections
to neutral Higgs-boson pair production.

corrections the infrared singularities cancel. However, collinear initial-state singularities
are left over in the partonic cross sections. Those divergences have been absorbed into
the NLO parton densities, defined in the MS scheme with five light-quark flavours. We
end up with finite results, which can be cast into the form

σNLO(pp → φ1φ2 + X) = σLO + ∆σvirt + ∆σgg + ∆σgq + ∆σqq̄, (20)

with the individual contributions
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+(as previous slide)

• also gives an estimate of the NLO cross section.

• PS through HERWIG or Pythia.
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importance of exact real corrections

• define Monte Carlo samples α, β, γ, δ (merged), κ, λ (LO+PS), with 
different scale choices.

• consider ratio of obtained efficiencies: ε(i)/ε(j), at LHC 14 TeV.

9
Figure 10. The variation of the ratio of efficiencies with different values of the cuts p?,max

(left)
and �R

min

(h, h) (right) between two different samples for merged and un-merged samples. The
sample parameters are: un-merged: : µ = mh, �: µ = 2mh. merged with ✏clus = 30 GeV: ↵:
(µ = mh + p

hh
? , ETclus = 50 GeV), �: (µ = 2(mh + p

hh
? ), ETclus = 50 GeV), �: (µ = mh + p

hh
? ,

ETclus = 70 GeV), �: (µ = 2(mh + p

hh
? ), ETclus = 70 GeV), all with ✏clus = 30 GeV.

Process  � ↵ � tt̄ S/B() S/B(�) S/B(↵) S/B(�)

� [fb] 40.20 40.20 40.20 40.20 9⇥ 105 .00004 .00004 .00004 .00004
BRs 2.97 2.97 2.97 2.97 11000 .00027 .00027 .00027 .00027
⌧ cuts 0.78 0.82 0.79 0.80 296.4 .00263 .00277 .00266 .00270

fat jet cuts 0.106 0.104 0.11 0.11 0.93 0.11 0.11 0.12 0.12
�R(h, h) 0.106 0.100 0.099 0.101 0.310 0.34 0.32 0.32 0.33

p

hh
? 0.103 0.089 0.095 0.093 0.207 0.50 0.43 0.46 0.45

Table 2. Cross sections for the hh signal and tt̄ aMC@NLO background after series of cuts. The
un-merged samples  and � have µ = mh and µ = 2mh respectively and the merged signal samples
‘↵’ and ‘�’ have µ = mh + p

hh
? and µ = 2(mh + p

hh
? ) respectively, as well as ETclus = 50 GeV and

✏clus = 30 GeV. The final two cuts were chosen to be �R(h, h) > 2.8 and p

hh
? < 80 GeV.

certainties in the predictions of the efficiencies of experimental cuts. The uncertainty will
inexorably propagate to measurements of the Higgs boson self-coupling. The merged sam-
ples demonstrate theoretical uncertainties on the efficiencies that are 10% or better for the
examined observables. We expect such conclusions to remain valid for a future NLO simula-
tion matched to the parton shower. We thus recommend the use of samples that include the
merged exact one-jet matrix elements in all future phenomenological or experimental anal-
yses of the process. The Monte Carlo event generator developed for this project is available
as an add-on to the HERWIG++ event generator at http://www.itp.uzh.ch/~andreasp/hh.
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✏(i)/✏(j)

[Maierhöfer, AP, 1401.0007]

pHH
T,max

�R(H,H)min
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~20% 
difference

✏(i)/✏(j)

[Maierhöfer, AP, 1401.0007]

pHH
T,max

�R(H,H)min
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merging vs matching in HH
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[AP, Vryonidou, see upcoming YR4]

• set central renorm./fact. scale in both μ0 = MHH/2.

• in merging calculation: vary between 2 x μ0 and μ0/2.

• also vary MLM merging scale in [40, 90] GeV and “smoothing” function 
between [10, 30] GeV.

• run through a Rivet analysis, normalize all distributions to unity. 

• PS for all samples HERWIG angular-ordered (“q-tilde” shower).

• in what follows (and in YR4), for a 14 TeV LHC:

• “mc@nlo” (blue): MG5_aMC@NLO samples,

• “mlm” (red): MLM-merged HERWIG samples,

• “shower” (green): LO+HERWIG parton shower samples. 
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merging vs matching in HH
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206 I.7.3. Differential distributions

Figure 118: pT,h distribution for various approximations, taken from [433]. The red curves include the complete
mt dependent NLO calculation. The uncertainty is computed by varying the scales by a factor 2 around Mhh/2.
The Higgs mass is chosen to be mh = 125 GeV and mt = 173 GeV, the center of mass energy is

p
s = 14 TeV.

Figure 119: Comparisons of distributions of ob-
servables in di-Higgs boson production. We show
the transverse momentum of (any) Higgs boson,
pT,h, in the top left figure, the rapidity of (any)
Higgs boson, yh, in the top right figure and the
transverse momentum of the hardest jet pT (jet1), in
the figure at the bottom. The uncertainty band cor-
responds to the scale uncertainties described above.

are normalised to unity. The di-Higgs invariant mass and separation between the Higgs bosons, as
well as the single Higgs observables, are in good agreement within the uncertainties of the merged
calculation indicated by the band. There exists a discrepancy in the di-Higgs transverse momentum
and the transverse momentum of the hardest jet. One of the reasons that could explain this effect is the
difference in the choice of the dynamical starting scale of the shower Q. Fig. 121 provides the differential
distribution of the hh production cross section as function of Q. We can clearly see that the choice of
the scale in the MC@NLO sample differs from MLM sample. This observation suggests that further
assessment of the systematics owing to the parton shower should be performed, a task left to future
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206 I.7.3. Differential distributions

Figure 118: pT,h distribution for various approximations, taken from [433]. The red curves include the complete
mt dependent NLO calculation. The uncertainty is computed by varying the scales by a factor 2 around Mhh/2.
The Higgs mass is chosen to be mh = 125 GeV and mt = 173 GeV, the center of mass energy is

p
s = 14 TeV.

Figure 119: Comparisons of distributions of ob-
servables in di-Higgs boson production. We show
the transverse momentum of (any) Higgs boson,
pT,h, in the top left figure, the rapidity of (any)
Higgs boson, yh, in the top right figure and the
transverse momentum of the hardest jet pT (jet1), in
the figure at the bottom. The uncertainty band cor-
responds to the scale uncertainties described above.

are normalised to unity. The di-Higgs invariant mass and separation between the Higgs bosons, as
well as the single Higgs observables, are in good agreement within the uncertainties of the merged
calculation indicated by the band. There exists a discrepancy in the di-Higgs transverse momentum
and the transverse momentum of the hardest jet. One of the reasons that could explain this effect is the
difference in the choice of the dynamical starting scale of the shower Q. Fig. 121 provides the differential
distribution of the hh production cross section as function of Q. We can clearly see that the choice of
the scale in the MC@NLO sample differs from MLM sample. This observation suggests that further
assessment of the systematics owing to the parton shower should be performed, a task left to future
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206 I.7.3. Differential distributions

Figure 118: pT,h distribution for various approximations, taken from [433]. The red curves include the complete
mt dependent NLO calculation. The uncertainty is computed by varying the scales by a factor 2 around Mhh/2.
The Higgs mass is chosen to be mh = 125 GeV and mt = 173 GeV, the center of mass energy is

p
s = 14 TeV.

Figure 119: Comparisons of distributions of ob-
servables in di-Higgs boson production. We show
the transverse momentum of (any) Higgs boson,
pT,h, in the top left figure, the rapidity of (any)
Higgs boson, yh, in the top right figure and the
transverse momentum of the hardest jet pT (jet1), in
the figure at the bottom. The uncertainty band cor-
responds to the scale uncertainties described above.

are normalised to unity. The di-Higgs invariant mass and separation between the Higgs bosons, as
well as the single Higgs observables, are in good agreement within the uncertainties of the merged
calculation indicated by the band. There exists a discrepancy in the di-Higgs transverse momentum
and the transverse momentum of the hardest jet. One of the reasons that could explain this effect is the
difference in the choice of the dynamical starting scale of the shower Q. Fig. 121 provides the differential
distribution of the hh production cross section as function of Q. We can clearly see that the choice of
the scale in the MC@NLO sample differs from MLM sample. This observation suggests that further
assessment of the systematics owing to the parton shower should be performed, a task left to future
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merging vs matching in HH
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Chapter I.7. Higgs Pair Production 207

Figure 120: Comparisons of distributions of di-
Higgs observables. We show the invariant mass
of the di-Higgs system, Mhh, in the top left fig-
ure, the separation between the two Higgs bosons,
�R(h, h), in the top right figure and the transverse
momentum of the di-Higgs system, pT (hh) in the
lower figure. The uncertainty band corresponds to
the scale uncertainties described above.
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Figure 121: The dynamical starting scale for the HERWIG++ shower used in each of the calculations.

I.7.4 Benchmark BSM scenarios
In this section we propose BSM models recommended for study in di-Higgs production, assuming the
two final state Higgses are SM-like. We do not consider the production of two different Higgs particles,
such as AH , since these cross sections are highly model-dependent [456–458] and typically suppressed
compared to the production of the SM-like Higgs, making generic predictions difficult.

The benchmarks have been chosen based on the following criteria:
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starting scale for the shower
• discrepancies can be attributed to the different starting 

scales for the shower (i.e. the so-called “SCALUP”):
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• current state-of-the art of HH Monte Carlo 
simulations relies on full LO + full hard radiation + 
virtual corrections from HEFT. 

• LO+PS vs. PS+full real radiation efficiencies can vary 
up to 20% in an LHC analysis. 

• merged vs. matched samples display some 
differences due to uncertainties related to the shower 
starting scale. 
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outlook
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• full fixed-order NLO calculation now available, 
i.e. with top mass dependence fully included @ 
two loops.

• can it be exploited in an MC@NLO calculation? 
(i.e. instead of using the HEFT virtuals).

• e.g. by tabulation/parametrization of the 
virtuals?

• + can we include QCD corrections to D=6 EFT 
operator effects?

[Borowka, Greiner, Heinrich, Jones, Kerner, Schlenk, Zirke, Schubert, 1604.06447]
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Thanks for your attention!
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