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We calculate the fully differential next-to-next-to-leading order (NNLO) QCD corrections to vector-
boson fusion (VBF) Higgs pair production. This calculation is achieved in the limit in which there is
no colored cross-talk between the colliding protons, using the projection-to-Born method. We present
differential cross sections of key observables, showing corrections of up to 3%–4% at this order after
typical VBF cuts, with the total cross section receiving contributions of about 2%. In contrast to single
Higgs VBF production, we find that the NNLO corrections are for the most part within the next-to-leading
order scale uncertainty bands.
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I. INTRODUCTION

Since the 2012 discovery of the Higgs boson [1,2], one
of the focuses of the experimental program of the Large
Hadron Collider (LHC) has been the measurement of its
couplings to fermions, to other bosons, and to itself. The
self-coupling of the Higgs boson is of particular interest to
understand the electroweak symmetry breaking mecha-
nism, and to constrain new physics beyond the standard
model (SM). In that context, Higgs pair production plays a
key role at the LHC [3–15], its high luminosity upgrade
(HL-LHC), and at future hadron colliders in improving our
understanding of the Higgs sector.
In this article, we focus on double Higgs production via

VBF, shown in Fig. 1, which is the second largest channel
at the LHC after gluon-gluon fusion [16]. The VBF
production mode is of particular interest in di-Higgs
production: due to the presence of two tagging jets, one
can significantly reduce the large backgrounds through an
appropriate choice of cuts; it also provides a unique
sensitivity to deviations from the SM in the trilinear
Higgs coupling [17], and is the most promising channel
for measurements of the hhVV quartic coupling at the
LHC [18].
Because of the important role that double Higgs pro-

duction via VBF plays at the LHC and beyond, it is crucial
that precise predictions for its production rate can be

achieved. So far the differential cross section has been
calculated up to next-to-leading order (NLO) [17,19,20],
and up to next-to-next-to-next-to-leading order (N3LO) in
the structure function approach [21] where all hadronic
radiation is integrated over [22,23].
Since cuts on the tagging jets are critical in reducing the

large experimental backgrounds, having access to the jet
kinematics is necessary to produce realistic predictions. In
particular, higher order calculations of single-Higgs VBF
production found that while corrections to the inclusive
cross section were small [24,25], VBF cuts can substan-
tially impact the structure of these contributions [26,27].
We present for the first time the calculation of di-Higgs

production to next-to-next-to-leading order (NNLO) in
perturbative QCD for differential cross sections, which
is also the first of this type for a 2 → 4 process. This
brings the VBF Higgs pair production channel to the
same accuracy as double Higgs gluon-gluon fusion
production [28,29].
These results are achieved using the deep inelastic

scattering (DIS) approximation, which corresponds to
the limit in which there is no colored cross-talk between
the two colliding protons. This approximation is exact at
NLO, where the gluon exchange between the protons is
null for color reasons, and has been shown to be accurate to
more than 1% at NNLO [30–32] for single Higgs VBF
production. Because the presence of an additional Higgs
boson does not impact the color flow between the hadrons,
this limit is expected to be just as accurate for Higgs pair
production. The approximation also corresponds to the
exact calculation for two sectors with different copies of
QCD which interact purely through the weak force, shown
in different colors in Fig. 1.
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II. CALCULATION SETUP

The VBF Higgs pair production cross section is calcu-
lated as a double DIS process, and can be expressed as [21]

dσ ¼
X

V

2G4
Fm

8
V

s
Δ2

VðQ2
1ÞΔ2

VðQ2
2ÞdΩVBF

×WV
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Here V ¼ W�, Z is the mediating boson, GF is Fermi’s
constant, mV is the mass of the vector boson,

ffiffiffi
s

p
is the

collider center-of-mass energy, Δ2
V is the squared boson

propagator,Q2
i ¼ −q2i and xi ¼ Q2
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μν is the hadronic tensor and dΩVBF is the
four particle VBF phase space. The matrix element of the
vector-boson fusion subprocess is given by [33]
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where k1 and k2 are the Higgs momenta such that
q1 þ q2 ¼ k1 þ k2, λ is the SM trilinear Higgs self-
coupling, ν is the vacuum expectation value of the Higgs
field, and we have absorbed a factor

ffiffiffi
2

p
GFm2

V from MV

into the overall normalization of the cross section.
To obtain differential results, we use the projection-to-

Born method [26], combining an inclusive NNLO calcu-
lation with a calculation at NLO of two Higgs bosons in
association with three jets. The electroweak di-Higgs three

jet process was obtained by modifying the matrix elements
in POWHEG’s corresponding single-Higgs process [34,35].
We cross-checked this implementation by verifying that the
kinematical properties of the third and fourth jets agreed
within statistical uncertainties with predictions obtained
through the MadGraph5_aMC@NLO [36] framework. We
also compared our results at NLO with VBFNLO [37],
finding agreement at the few permille level.
For our predictions, we consider 14 TeV proton-proton

collisions, with the PDF4LHC15_nnlo_mc [38] set
as implemented in LHAPDF version 6.1.6 [39], a Higgs
mass mH ¼ 125 GeV, and electroweak parameters fixed
by mW ¼ 80.379 GeV, mZ ¼ 91.1876 GeV, and GF ¼
1.16637 × 10−5 GeV−2 consistent with the most recent
review of particle physics [40]. For internal propagators
we use ΓZ ¼ 2.4952 GeV, ΓW ¼ 2.141 GeV, and ΓH ¼
4.030 × 10−3 GeV, while the final state Higgs bosons are
considered in the narrow-width approximation. The central
scale is chosen analogously to the one considered in the
single-Higgs NNLO calculation [26]

μ20ðpt;HHÞ ¼
mH

2
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motivated by the fact that it approximates
ffiffiffiffiffiffiffiffiffiffiffiffi
Q2

1Q
2
2

p
rela-

tively well. The uncertainties from missing higher orders
are estimated by simultaneously varying the renormaliza-
tion and factorization scale up and down by a factor of 2.
The events have to pass a set of VBF selection cuts. We

require at least two hard jets with

pt;j > 25 GeV; jyjj < 4.5: ð4Þ

The two hardest jets additionally have to satisfy

mj1;j2 >600GeV; jyj1 −yj2 j>4.5; yj1yj2<0: ð5Þ

We define our jets using the anti-kt algorithm [41] as
implemented in FastJet version 3.3.0 [42]. The jet
radius is set to R ¼ 0.4.

III. RESULTS

The total cross sections before and after VBF cuts are
given in Table I. The errors given correspond to the
envelope of the three-point scale variation, while the
statistical uncertainties are negligible. We can observe here
that the convergence of the inclusive cross section is better
than that of the fiducial cross section, with a second order
correction of only 2‰, while it is of about 1.7% after cuts.
At NNLO, the scale variation uncertainty on the fiducial
cross section is reduced by a factor of 4, to less than 1%.
This stands in contrast to the single-Higgs process, where
there is almost no reduction in scale uncertainties at NNLO,
and where the NLO variation bands do not encompass the

FIG. 1. Diagram of vector-boson fusion (VBF) Higgs pair
production, with the colored objects representing the incoming
protons.
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central value of the NNLO prediction. One reason for
this can likely be found in the different kinematics probed
in di-Higgs VBF production. At leading order the two
tagging jets take the full recoil of the two fusing vector
bosons. Since twice as much energy is required to produce
two Higgs bosons compared to one, we expect the jets in di-
Higgs VBF production to be harder than the jets in single
Higgs VBF production. For that reason more events pass
the VBF cuts even when they radiate outside of the jet cone.
In Fig. 2, we present the differential distributions after

VBF cuts of the Higgs bosons. The Higgs bosons are
ordered in transverse momentum, with the harder one
labeled H1, and the softer boson H2. We show the trans-
verse momentum of both Higgs bosons, pt;H1

and pt;H2
, as

well as the rapidity and invariant mass of the Higgs pair,
yHH and mHH. We see that the NNLO corrections can be
sizeable, at about 4%, in the region where both Higgs
bosons are soft, while for Higgs bosons with large trans-
verse momentum the corrections become quite small, in the
1%–2% range. The invariant mass of the Higgs pair is an
observable of particular interest, as its distribution can be
very sensitive to deviations from the SM in certain models
[18,43,44]. Here we can observe moderate NNLO correc-
tions, up to about 2%, albeit with some kinematical
dependence.
Differential cross sections after VBF cuts for the tagging

jets are shown in Fig. 3. Here it is interesting to see that the
structure of the NNLO corrections is quite different than in
the single-Higgs process. In particular, they are as for the
fiducial cross section smaller and mostly contained within
the scale variation bands of the NLO predictions. The
transverse momentum of the two tagging jets receives
corrections of 2%–4%, with the corrections being more
pronounced at moderate pt values. For the rapidity sepa-
ration between the jets and their invariant mass, the
corrections are of about 2%, with little dependence on
the observable, except at small values of the rapidity
separation, where the corrections become negligible.
As we pointed out earlier, the tagging jets are expected to

be harder than in single-Higgs production, a fact which is
confirmed by comparing the slopes of the two leading jets

TABLE I. Cross sections at LO, NLO and NNLO for VBF
Higgs production, fully inclusively and with VBF cuts. The
uncertainties are obtained from a three-point scale variation. The
statistical uncertainty on the inclusive and fiducial cross sections
are below one permille.

σðno cutsÞ [fb] σðVBF cutsÞ [fb]

LO 2.016 þ0.164
−0.142 0.799 þ0.082

−0.069

NLO 2.049 þ0.007
−0.021 0.726 þ0.005

−0.020

NNLO 2.053 þ0.000
−0.003 0.713 þ0.004

−0.001
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FIG. 2. From left to right, differential cross sections for the transverse momentum distributions for the two Higgs bosons, pt;H1
and

pt;H2
, and the distribution of the rapidity and invariant mass of the Higgs pair, yHH andmHH. The lower panel shows the ratio to the NLO

prediction.
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for both processes. We find that in single-Higgs production
the slope of the transverse momentum of the two hardest
jets falls more steeply. This partly explains the difference in
the structure of the higher order QCD corrections between
single- and di-Higgs production.

IV. OTHER CONTRIBUTIONS

We note that there are theoretical effects beyond the
perturbative QCD corrections considered in this article.
We have estimated the contribution of the s-channel,
which is not included in the DIS approximation using
MadGraph5_aMC@NLO version 2.6.2. While it has a
substantial effect on the inclusive cross section, of about
27%, it is reduced to one permille after our VBF cuts are
applied and can thus be neglected. There are also non-
factorizable contributions to VBF which first appear at
NNLO and are neglected in the DIS approximation. These
should, as in the case of single-Higgs production, contrib-
ute to less than one percent of the cross section [30–32].
There are also corrections due to higher order electroweak

effects. They are currently unknown, but can be estimated
from dominant light quark induced channels using Recola
(Collier)+MoCaNLO [45–48] for the di-Higgs and
single-Higgs VBF process, comparing the latter to HAWK
[49]. For di-Higgs VBF production the electroweak (EW)
corrections lie between −5% and −7% for both the inclusive

and fiducial cross sections. Compared to the fiducial single-
Higgs VBF prediction of roughly −8.5% (using the same
setup, i.e., excluding photonic and b-quark channels) the di-
Higgs VBF process thus does not seem to receive large
VBS-like corrections [50,51]. The full electroweak correc-
tions should therefore contribute at about the same level as
the NNLO QCD corrections reported here.
Cross sections after cuts are also affected by nonpertur-

bative effects. Using Pythia version 8.219 [52] with the
default 4C tune, we evaluate the correction to the fiducial
cross section due to hadronization to about −1%, while the
underlying event leads to a change of þ4% to the cross
section after cuts.
Finally, there are uncertainties associated with the

determination of parton distribution functions and the
strong coupling constant. Using the PDF4LHC_nnlo_
mc_pdfas set, we find these to be of 2.1% on the
inclusive cross section.

V. CONCLUSIONS

In this paper we presented the first differential calculation
of NNLO QCD corrections to VBF Higgs pair production.
The calculation is fully differential in the kinematics of the
tagging jets, allowing for precise predictions of fiducial cross
sections. This was achieved by using the projection-to-Born
method, combining an inclusive NNLO calculation with a
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FIG. 3. From left to right, differential cross sections for the transverse momentum distributions for the two leading jets, pt;j1 and pt;j2 ,
and the distribution for the rapidity and azimuth separation between the two leading jets, Δyj1;j2 and mj1;j2 . The lower panel shows the
ratio to the NLO prediction.
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differential NLO calculation with an additional final state jet.
We showed that after typical VBF cuts, the NNLO correc-
tions are moderate, with corrections of 1.7% to the total cross
section and up to 4% in some differential observables. The
corrections can have a nontrivial kinematic dependence, and
are notably different from the single-Higgs production mode.
The full code used for this calculation is available as part

of proVBFHH v1.0.0 [53], along with a lightweight
program, proVBFH-incl v2.0.0, which allows for the
calculation of inclusive cross sections up to N3LO for both
single and double Higgs production.
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FRÉDÉRIC A. DREYER and ALEXANDER KARLBERG PHYS. REV. D 99, 074028 (2019)

074028-6

https://doi.org/10.1007/JHEP07(2014)079
http://arXiv.org/abs/1107.4038
https://doi.org/10.1088/0954-3899/43/2/023001
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://doi.org/10.1140/epjc/s10052-015-3318-8
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1016/0370-2693(84)91177-8
https://doi.org/10.1007/JHEP05(2010)089
https://doi.org/10.1016/j.cpc.2017.01.004
https://doi.org/10.1016/j.cpc.2016.10.013
https://doi.org/10.1016/j.cpc.2016.10.013
http://lss.fnal.gov/archive/2018/conf/fermilab-conf-18-122-cd-t.pdf
http://lss.fnal.gov/archive/2018/conf/fermilab-conf-18-122-cd-t.pdf
http://lss.fnal.gov/archive/2018/conf/fermilab-conf-18-122-cd-t.pdf
http://lss.fnal.gov/archive/2018/conf/fermilab-conf-18-122-cd-t.pdf
http://lss.fnal.gov/archive/2018/conf/fermilab-conf-18-122-cd-t.pdf
https://doi.org/10.1016/j.cpc.2015.04.021
https://doi.org/10.1016/j.cpc.2015.04.021
https://doi.org/10.1103/PhysRevLett.118.261801
https://doi.org/10.1103/PhysRevLett.118.261801
https://doi.org/10.1007/JHEP10(2017)124
https://doi.org/10.1007/JHEP10(2017)124
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
http://provbfh.hepforge.org/
http://provbfh.hepforge.org/
http://provbfh.hepforge.org/

