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1 Introduction

The production of two Higgs bosons ranks among the most important processes at the Large
Hadron Collider (LHC), in particular in view of its High-Luminosity phase, as well as at
prospective future colliders, because it allows us to shed more light on the trilinear Higgs-
boson self-coupling, and thus on the Higgs potential. While Higgs boson pair production
through gluon fusion has the largest cross section among all di-Higgs production modes at the
LHC, the production of a Higgs boson pair through vector boson fusion (VBF) has several
appealing features: experimentally motivated, as the two jets originating from the VBF
process allow to tag on a distinct signature, and theoretically motivated, as the coupling of
Higgs bosons to vector bosons is intimately linked to unitarity and therefore small deviations
in the couplings can have large effects.

The experimental collaborations already have put combined constraints on Higgs couplings
to vector bosons and to itself, see refs. [1–4] for recent results.

In the Standard Model (SM), QCD corrections to Higgs boson pair production through
VBF have been calculated to very high order. The next-to-leading order (NLO) QCD
corrections were first calculated in refs. [5–7] and are available in the codes VBFNLO [8, 9] and
MadGraph5_aMC@NLO [10]. Differential next-to-next-to-leading order (NNLO) QCD corrections
in the in the so-called structure function approximation, where the process is treated as
two factorising DIS-like topologies, have been calculated in refs. [11, 12], the total cross
section is also available at next-to-next-to-next-to-leading order (N3LO) [13]. In ref. [14],
the NNLO QCD corrections are combined with NLO electroweak (EW) corrections. The
non-factorisable corrections appearing at NNLO, which can reach the 2% level for large jet
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transverse momenta, have been calculated in the eikonal approximation in ref. [15] and have
been implemented in the code proVBFHH [16].

Opportunities to use the distinctive features of VBF Higgs pair production versus gluon
fusion have been studied in refs. [17, 18], a strategy to extract the hhV V quartic coupling
has been proposed in ref. [19].

The importance of the VBF process for di-Higgs production within Effective Field
Theories (EFT) to constrain anomalous Higgs couplings has been pointed out already some
time ago [20–24] and has been studied under the aspect of distinguishing linear from non-linear
realisations of the Higgs sector [25–29]. The latter are also known under the name Electroweak
Chiral Lagrangian or Higgs Effective Field Theory1 (HEFT) [30–38].

The publicly available Monte Carlo programs beyond LO for this process [6, 9, 14, 16, 39]
so far either did not include anomalous couplings within an EFT framework, or did not include
the full NLO QCD corrections without approximations. With this paper we close this gap,
presenting results that include the leading EFT operators within HEFT as well as the full NLO
QCD corrections, including also the diagrams of Higgs-Strahlung type leading to the same hhjj
final state. The code is based on a new version of the one-loop amplitude generator GoSam [40–
42] combined with the Monte Carlo event generator Whizard [43, 44] through the BLHA inter-
face [45, 46], using a model file in Universal Feynman Output (UFO) format [47, 48]. The code
also allows the combination with a parton shower, which is however not studied in this work.

The paper is organised as follows. In section 2, we discuss the process and the contributions
of the leading HEFT operators. In section 3 we describe our implementation, before we
discuss the results for the total and differential cross sections in section 4 and conclude.

2 VBF in Higgs Effective Field Theory

2.1 Effective Lagrangian of Higgs Effective Field Theory

Under the assumption that the energy scale of New Physics resides well above the electroweak
scale of the SM, a parametrisation of beyond SM physics in terms of an EFT is well justified.
Two such theories are commonly used in that context, the Standard Model Effective Field
Theory (SMEFT) [49–52] and the Higgs Effective Field Theory (HEFT) [30–38]. The
former organises the power counting of its effective operators in terms of their canonical mass
dimension and is valid under the assumption that the otherwise unknown UV physics is weakly
coupled [53–55]. HEFT on the other hand is suited also as an EFT description of UV theories
with strong coupling in the Higgs sector, like for example composite Higgs models. As a
consequence the Higgs field is treated independently from the Goldstone bosons of electroweak
symmetry breaking, and the power counting is organised in the chiral dimension dχ, which is
zero for bosons and one for each weak coupling, derivative and fermion bilinear [56]:

dχ (Xµ, S) = 0 , dχ

(
κ, ∂, ψ̄ψ

)
= 1 . (2.1)

1Which is not to be confused with the heavy top-quark limit of the SM, which is also sometimes referred to
as HEFT.
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Here Xµ and S represent generic gauge and scalar fields, respectively, and κ can be any gauge
or Yukawa coupling.2 For any given operator the chiral dimension directly corresponds to
the operator’s loop order L, dχ = 2L+ 2. HEFT is particularly suited when one expects new
physics effects to show dominantly in anomalous Higgs couplings. The leading order (LO)
HEFT Lagrangian collects all terms of chiral dimension dχ = 2 and is given by [38]

L2 = −1
4G

a
µνG

aµν − 1
2 ⟨WµνW

µν⟩ − 1
4BµνB

µν

+ v2

2 ∂µη ∂
µη − V (η) + v2

4
〈
(DµU)†(DµU)

〉
F (η)

+ ψ̄i /Dψ − ψ̄
(
UM(η)PR +M†(η)U †PL

)
ψ , (2.2)

with the SU(3)C , SU(2)L and U(1)Y field strengths Ga
µν , Wα

µν and Bµν , and η = h/v, with
h being the Higgs singlet field and v the scale of electroweak symmetry breaking. Angled
brackets ⟨. . . ⟩ denote a trace over SU(2)L group indices. For the sake of a compact notation
the fermions are grouped into ψ = (u, d, ν, e)T , where each entry is a Dirac spinor and has to
be understood as a vector in generation space. PR and PL are the usual right and left-handed
projectors, such that PLψ = (uL, dL, νL, eL)T ≡ (QL, LL)T and PRψ = (uR, dR, 0, eR)T ,
with QL, LL and uR, dR, eR the usual SU(2)L doublet and singlet fields, respectively. The
fermions’ covariant derivative is then given by

Dµψ =
(
∂µ + igsGµ + igWµPL + ig′Bµ(YLPL + YRPR)

)
ψ , (2.3)

where Gµ = Ga
µT

a, Wµ = Wα
µ t

α, with T a and tα denoting the generators of SU(3)C and
SU(2)L, respectively. Their normalisation is given by Tr(T aT b) = δab/2 and ⟨tαtβ⟩ = δαβ/2.
The hypercharges are YL = diag(1/6, 1/6,−1/2,−1/2) and YR = diag(2/3,−1/3, 0,−1).

In HEFT the Higgs potential V (η) is a Maclaurin series in η,

V (η) = v4
∞∑

n=2
Vnη

n , (2.4)

generating self-interactions with an arbitrary number of Higgs bosons. The Goldstone sector
of the electroweak symmetry is realised by means of the object U = exp(2iφ/v), where
φ = φαtα are the Goldstone bosons. The covariant derivative of U induces the interaction
between the electroweak gauge bosons and the Goldstones,

DµU = ∂µU + igWµU − ig′BµUt
3 . (2.5)

Here g and g′ are the gauge couplings of SU(2)L and U(1)Y , respectively. The so-called
Flare function

F (η) = 1 +
∞∑

n=1
Fnη

n (2.6)

generates interactions between electroweak gauge and Goldstone bosons and an arbitrary
number of Higgs fields.

2The coefficients appearing in the functions V (η), F (η) and M(η) defined below are assumed to be
radiatively generated and thus contain implicit factors of κ. See [56] for details.
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The kinetic term of quarks and leptons is as in the SM, while the extended Yukawa
sector of HEFT is expressed in terms of the generalised, block diagonal mass matrix M =
diag (Mu,Md,Mν ,Me), where the Mf (η) are functions of the Higgs field, again inducing
interactions with an arbitrary number of Higgs bosons,

Mf (η) = mf +
∞∑

n=1
Mf,nη

n . (2.7)

We note that the LO HEFT Lagrangian (2.2) does not generate anomalous couplings without
at least one Higgs field. In particular, the gauge-fermion interactions remain SM-like, and
there are no purely fermionic operators at this order. The exact SM Lagrangian can be
recovered from (2.2) by setting

V2 = V3 = m2
h/2v2 , V4 = m2

h/8v2 , Vn≥5 = 0 ,
F1 = 2 , F2 = 1 , Fn≥3 = 0 ,

Mf,1 = mf , Mf,n≥2 = 0 .

The LO HEFT Lagrangian (2.2) is not renormalisable in the classical sense, that is, not
all UV divergences appearing in loop amplitudes constructed from L2 can be absorbed by
renormalising its parameters. However, the renormalisation can be carried out order by order
in the loop-, or equivalently chiral-dimension expansion. At the one-loop order, for example,
operators with chiral dimension dχ = 4 are required to cancel all UV-divergences coming
from L2. Those operators are collected in L4 and can be found in [38, 57, 58] . At dχ = 4 we
encounter modified fermion-gauge interactions and pure fermionic operators that were absent
in L2. The complete one-loop renormalisation in HEFT has been studied in [59–61].

We remark that one can in fact construct another contribution at chiral dimension
dχ = 2, given by the operator

Oβ1 ∼ v2
〈
U †DµUt

3
〉2
(
1 +

∞∑
n=1

Fβ1,nη
n

)
, (2.8)

with O (1) coefficients Fβ1,n. However, this operator violates the custodial symmetry and
generates a tree level contribution to the electroweak T -parameter [62]. In the SM the
custodial symmetry is an approximate symmetry which becomes exact in the limit of vanishing
hypercharge and when the Yukawa couplings of isospin partners are equal, that is, Yu = Yd,
and equivalently in the lepton sector. We then have T = 0. Non-vanishing hypercharge and
differences between Yukawa couplings of isospin partners affect the T -parameter, but only at
the one-loop order and beyond. T = 0 still holds at tree-level and deviations from this result
due to radiative corrections are small. This is in line with the experimental bounds on the
T -parameter [63], which also indicate that the contribution from Oβ1 must be suppressed.
Therefore, it is customary to treat the operator as loop suppressed and assign it to L4.

2.2 Effective Lagrangian for Higgs Pair Production in VBF

In practical applications it is sufficient to consider only a subset of all effective operators
appearing in the HEFT Lagrangian. Focusing on Higgs boson pair production in VBF, and
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assuming that the coupling of the Higgs boson to light quarks is not drastically enhanced
compared to the SM, there are only three potentially anomalous interactions from L2, which
can be parametrised as follows,

Leff ⊃
(
2cV

h

v
+ c2V

h2

v2

)(
m2

WW+
µ W

−µ + 1
2m

2
ZZµZ

µ
)
+ cλ

m2
h

2v h
3 . (2.9)

In terms of the parameters introduced in the previous section we have cV = F1/2, c2V = F2
and cλ = 2v2V3/m

2
h. The normalisation of the ci is chosen such that they all equal to one

in the SM case. The fact that Z and W± share the same coupling is a consequence of the
aforementioned conservation of the custodial symmetry.

We do not include any operators from L4 in our analysis, which we motivate as follows.
In principle it is true that, when performing an NLO calculation, also operators with chiral
dimension dχ = 4, i.e. one-loop order, have to be considered. Tree-level amplitudes with
a single vertex insertion from L4 are of the same order as genuine one-loop amplitudes
constructed from L2 vertices only. Here, however, we explicitly restrict ourselves to NLO
in QCD. It follows that the one-loop corrections we encounter are O

(
g2

s

)
relative to the

Born diagrams, which are O
(
g4

ew

)
for Higgs boson pair production in VBF.3 It is therefore

consistent to include only NLO HEFT operators contributing at the same power in the
QCD coupling. Although the HEFT operators do not exhibit explicit powers in either the
electroweak or strong coupling, one can still make a formal assignment based on the potential
UV-origin of those operators. For example, each gauge field appearing in a given operator
has to couple with the appropriate gauge coupling constant, which also holds for interactions
with particles from the UV theory. Similarly, from power counting arguments it follows
that each Higgs boson introduces a factor of 1/v ∼ gew. One can check that there are no
operators from L4 with which we can construct tree topology diagrams matching the required
configuration of external particles for Higgs pair production in VBF and the correct coupling
powers for NLO QCD (O

(
g4

ewg
2
s

)
) at the same time.

We should comment in particular on the operators from the classes X2Uh and XUhD2

in the nomenclature of [38], which couple a gauge field strength Xµν to the electroweak
Goldstones and an arbitrary number of Higgs bosons. From these operators we can get
additional anomalous couplings between W±, Z and h beyond the ones present in the LO
effective Lagrangian (2.9), but also local interactions between Higgs bosons and photons and
gluons. With the latter we can construct diagrams with ordinary VBF-topology (see figure 1
in the next section) with the electroweak vector bosons replaced by gluons. Those diagrams
are one-loop suppressed because the anomalous gluon-Higgs couplings are loop-generated.
This implies that they are of O

(
g2

ewg
4
s

)
, since we can assign a power of O

(
gewg

2
s

)
(O
(
g2

ewg
2
s

)
)

to the ggh (gghh) couplings, motivated by the reasoning above. This does not match the
coupling order of Higgs boson pair production in VBF and its NLO QCD corrections, so
we do not include effective gluon-Higgs couplings in our analysis. Note that in the SM we
can have a similar situation, with the gluons coupling to the Higgs boson via a top-quark
loop: one-loop diagrams with the same external states as VBF can be constructed, but they
are not considered as NLO QCD corrections to VBF.

3We use gew to count general electroweak couplings, i.e. both genuine gauge interactions and inverse powers
of v appearing in Higgs-vertices.
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q1 q′1

q2 q′2

H

H

V

V

(a)

∈

 , ,


(b)

Figure 1. pp→ hhjj at leading order. The shaded blob in the left diagram ((a)) can represent any
of the sub-diagrams ((b)) on the right. We have massless quarks qi ∈ {d, u, s, c, b} and V ∈ {W±, Z}.
Crossings of s- and u-channel type are also allowed. See text for details.

A similar argument can be made for the dχ = 4 local interactions between the electroweak
gauge bosons, including the photon, and the Higgs boson. They are all at least O

(
g3

ew

)
,

leading to one-loop suppressed diagrams of O
(
g6

ew

)
. Thus those contributions are at the

same level as NLO EW corrections and therefore discarded.
We conclude that the effective Lagrangian (2.9) is indeed sufficient to describe the leading

anomalous EFT effects in Higgs boson pair production in VBF at NLO QCD. Hence there
are no anomalous vertices with non-SM like Lorentz structures or field configurations and our
setting coincides with that of the often used κ-framework [64, 65] with its coupling modifiers.
Note that the situation changes when the NLO EW corrections are considered and additional
operators from L4 become relevant. Those will introduce new vertex structures not present
in the SM, which can not be covered within the κ-framework. See, for example, [66] for a
more detailed comparison of HEFT with the κ-framework.

2.3 Higgs Boson Pair Production in VBF at NLO QCD

In this section we present all the contributions we considered for our calculation of Higgs
boson pair production in VBF. Concretely, we define the process as electroweak Higgs boson
pair production in proton-proton collisions in association with two light jets, i.e. pp→ hhjj

at O
(
α4

ew

)
. We use gew or αew = g2

ew/4π to keep track of any kind of electroweak couplings
in the Feynman diagrams. The NLO QCD corrections then comprise all contributions of
O (αs) relative to the Born level. We take the quarks of the first two generations and the
bottom quark to be massless and neglect any couplings between them and the Higgs boson,
both in the SM case and when including EFT effects. We do not consider top quarks as
external states, and assume a diagonal CKM-matrix. The Born process is then given by the
diagrams in figure 1. Since in our setup the Higgs boson does not couple to light quarks,
it only interacts with the internal vector bosons V =W±, Z. A Higgs boson pair can then
be produced in three ways, depicted in figure 1(b): through a single hV V coupling with
a subsequent splitting h∗ → hh via the trilinear self-coupling, through two separate hV V
couplings, or a single hhV V coupling. As seen in the previous section, all three of the involved
couplings can be anomalous, parametrised by cλ, cV and c2V . In figure 1(b) they have been
marked by green, orange and blue blobs, respectively.
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(a) (b) (c)

Figure 2. One-loop QCD corrections to pp→ hhjj. The shaded blob again represents any of the
sub-diagrams in figure 1(b). s- and u-channel type crossings are allowed, too. See text for details.

We emphasise that, while the diagram in figure 1(a) is what is usually understood as
a VBF topology, our process definition mentioned above allows for any of the two quarks
to be crossed into the initial state. This means that besides the depicted t-channel-like
topology we also include u- and s-channel-like diagrams. The latter, qiq̄j → V ∗ → qkq̄l with
V radiating two Higgs bosons, can be considered as a Higgs-strahlung topology instead.
But since it matches the process definition in external states and coupling order, we will
consider it in the following. Note, however, that diagrams of this kind are usually suppressed
when VBF cuts are applied [14, 67].

At NLO QCD we have to consider both real and virtual (one-loop) corrections. The
former can be constructed by attaching a single external gluon in any possible way to the
quark lines in the Born process. The gluon can also be crossed into the initial state. For
the virtual corrections on the other hand we have to consider all diagrams with an internal
gluon added to the Born process. This gluon can be exchanged between the two separate
quark lines as in figure 2(a), or be attached to a single quark line as in figure 2(b). The
latter represent factorisable QCD corrections to the VBF process. In addition we can have
diagrams as depicted in figure 2(c), where the two quark lines are connected through an
internal gluon only and the two Higgs bosons are radiated from an electroweak-like loop.
While this diagram does not have the usual VBF topology, it still has the correct external
states and coupling order to be considered as part of the process.

Note that no additional anomalous couplings emerge at NLO QCD. Also, all anomalous
couplings only appear in the sub-diagrams shown in figure 1(b), which do not receive any
direct corrections at NLO QCD. The renormalisation of the amplitudes can be carried out as
in the SM, no additional counterterms or modifications of counterterms are required.

3 NLO framework and setup

3.1 Tools

For the computation of cross sections and differential distributions we use an NLO framework
which is composed of the event generator Whizard [43, 44] and the one-loop-provider
GoSam [40, 41] — both operating for generic processes. For the analysis of the events and
the generation of histograms we use Rivet [68, 69].

Whizard is a multi-purpose Monte Carlo program providing all parts of event genera-
tion for hadron and lepton collider processes; from the theoretical model to showered and
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hadronised events. It comes along with the intrinsic tree-level matrix element generator
O’Mega [43] and the multi-channel phase space integrator Vamp [70], which is superseded
by Vamp2 [71] with parallelisation capabilities based on the Message Passing Interface (MPI);
this allows to run our simulation on multi-core architecture. We apply Whizard’s NLO
automated framework [72, 73] with real phase space construction and infrared subtraction
following the FKS scheme [74, 75]. In principle, parton shower matched NLO event samples
can be produced by the automated powheg matching [76] implementation in Whizard [77],
which however is not considered for this work.

The amplitudes at the tree and one-loop level are computed by GoSam and passed to
Whizard via its interface based on the Binoth Les Houches Accord (BLHA) standard [45, 46].
For their construction GoSam applies algebraic methods to generate analytical expressions
for Feynman diagrams with the help of qgraf [78] and form [79, 80]. Subsequently, integral
reduction is performed using the tool Ninja [81, 82] and the master integrals are evaluated
with OneLoop [83]. The QCD UV renormalisation is done in an automated way in GoSam.
The new version of GoSam [42] comes with improvements in the installation procedure and
in speed; these features were also beneficial for the calculation presented here.

New code developments on the Whizard-GoSam interface allow the computation of
NLO observables for user-defined hadron and lepton collider processes in the SM and beyond.
For a consistent setup of both tools in view of New Physics models or Effective Field Theories,
like HEFT or SMEFT, external model files are a key ingredient. All operators and vertices
resulting from such theories can be summarised in files written in UFO format [47, 48], and
thus are accessible by both tools via their separate UFO interfaces. The Whizard-GoSam
interface has been extended to be able to cope with processes based on large classes of
UFO model files.

Calculations with our setup can be done out-of-the-box providing a Whizard run file
written in Sindarin, the steering language of this event generator, and an UFO model file
in case the application of a theory beyond the SM is desired. We provide a repository4

that contains the UFO model file and an example run file for the process considered here.
Differential distributions at LO and NLO in the form of histograms, ultimately, can be
produced by generating event samples with Whizard which are piped into a Rivet analysis
in the next step.

3.2 Validation

We validated our Whizard-GoSam NLO framework by comparing several processes in the
SM and in an EFT setup to the literature or to existing benchmarks. The setup using UFO
model files has been extensively tested by comparing the results based on a SM UFO file to
the case where the internal, well-validated, SM files have been used. As an example for an
EFT setup, we carried out a comparison to the results of ref. [84] for the process pp→ tt̄H

in SMEFT; the details of this comparison can be found in [85].
For the process considered here, we compared our setup at LO in the SM with

MadGraph5_aMC@NLO and Whizard+OpenLoops, showing very good agreement. We also
compared to VBFNLO and found agreement except in the tail of the ph

⊥ distribution, which
4https://github.com/Jens-Braun/VBF_HH_HEFT.
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we attribute to the fact that VBFNLO uses the structure function approach. At NLO in the
SM, a quantitative comparison at cross section level is difficult because the public tools
that were available make approximations: if not the VBF approximation, then at least
with regards to the treatment of the pentagon- and hexagon-integrals. Therefore we used
OpenLoops [86, 87] to check our setup at amplitude level, and in combination with Whizard
at the cross section level, yielding again good agreement. In particular, comparing GoSam
and OpenLoops at amplitude level, we have evaluated 106 phase-space points for each, the
Born amplitude squared, the real amplitude squared and the one-loop amplitude interfered
with the Born amplitude. We found relative differences of O(10−15) for the Born- and real
radiation amplitudes and of O(10−8) for the finite part of the virtual amplitude. More details
about the validation can be found in ref. [88].

4 Phenomenological results

4.1 Input parameters

For the numerical evaluation of the process, we consider proton-proton collisions at the
LHC with a centre-of-mass energy of

√
s = 13.6TeV. We use the PDF4LHC21_mc parton

distribution function (PDF) set [89] obtained through LHAPDF6 [90] with the associated
αs(µ). As the set of electroweak input parameters we use {α,GF ,mZ}, with the respective
values of α−1(mZ) = 127.9 and GF = 1.166 37× 10−5 GeV−2. The masses and widths of the
contributing particles, including the input parameter mZ , are set to

mZ = 91.1876GeV, ΓZ = 2.4952GeV,
mW (α,mZ , GF ) = 79.8244GeV, ΓW = 2.085GeV,

mh = 125.0GeV, Γh = 4.07MeV.
(4.1)

Notably, in this scheme the above value of mW is not used as input but calculated from the
input parameters by means of SM tree-level relations, which are not altered by any EFT
contribution at the order we are considering. We use a diagonal CKM-matrix and exclude
top quarks from the set of possible external states.

Scale uncertainties are included by means of a three-point scale variation of the renor-
malisation and factorisation scales, µR = µF = ξµ0 with ξ ∈ {1/2, 1, 2} and the central
scale being chosen as in [12],

µ0 =

√√√√mh

2

√
m2

h

4 + p2
⊥,hh . (4.2)

In [12] it is argued that this scale approximates well the square root of the product of the
virtualities of the two vector bosons.

Jets are clustered with the anti-kT algorithm [91] implemented in the FastJet package [92]
with a radius parameter of R = 0.4. We require the presence of at least two jets satisfying

p⊥,j > 20GeV and |yj | < 4.5. (4.3)

We apply some additional cuts on the invariant mass and pseudo-rapidity separation of the
two hardest jets j1 and j2, referred to as tagging jets,

mj1j2 > 600GeV and |ηj1 − ηj2 | > 4.0. (4.4)
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No. cλ cV c2V σNLO in fb σLO in fb σNLO/σLO σNLO/σ
SM
NLO

SM 1.0 1.0 1.0 0.752+0.000
−0.012 ± 0.005 0.832+0.079

−0.074 ± 0.002 0.904(6) 1.00(1)
1 -1.0 0.9 1.5 2.11+0.00

−0.07 ± 0.01 2.321+0.297
−0.250 ± 0.003 0.910(4) 2.81(2)

2 -1.0 1.05 1.3 3.40+0.03
−0.10 ± 0.02 3.753+0.310

−0.286 ± 0.007 0.905(5) 4.51(4)
3 0.0 1.0 1.0 1.94+0.01

−0.06 ± 0.01 2.139+0.189
−0.173 ± 0.004 0.907(7) 2.58(3)

4 1.0 0.9 1.0 0.380+0.000
−0.014 ± 0.003 0.412+0.051

−0.038 ± 0.002 0.920(7) 0.505(5)
5 1.0 1.0 0.5 4.38+0.03

−0.07 ± 0.02 4.850+0.549
−0.445 ± 0.007 0.902(4) 5.82(5)

6 1.0 1.0 1.5 1.52+0.00
−0.06 ± 0.01 1.675+0.215

−0.177 ± 0.002 0.910(4) 2.03(2)
7 2.0 0.9 1.4 3.86+0.02

−0.09 ± 0.01 4.276+0.497
−0.402 ± 0.004 0.902(3) 5.13(4)

8 2.0 1.0 1.0 0.627+0.000
−0.035 ± 0.005 0.690+0.069

−0.063 ± 0.002 0.908(8) 0.833(8)
9 3.0 1.1 0.5 4.40+0.00

−0.13 ± 0.02 4.793+0.608
−0.488 ± 0.006 0.918(4) 5.85(5)

10 4.0 0.95 0.5 2.41+0.01
−0.05 ± 0.01 2.653+0.269

−0.227 ± 0.005 0.907(5) 3.12(3)
11 6.0 1.1 1.0 9.82+0.00

−0.25 ± 0.07 10.95+1.03
−0.74 ± 0.02 0.896(7) 13.1(1)

Table 1. LO and NLO cross sections at a centre-of-mass energy of
√
s = 13.6TeV for various values

of the anomalous couplings. The asymmetrical errors are calculated with a three-point scale variation,
the symmetrical error is the MC integration error. For the ratios in the last two columns, only the
MC error is given.

4.2 Total cross section

First, in table 1, we present the total cross sections at LO and at NLO for several selected
benchmark points in (cλ, cV , c2V )-space. The ranges in which the anomalous couplings are
varied are oriented at the constraints from refs. [1, 2]. Concretely, we use

cλ ∈ [−1, 6] , cV ∈ [0.9, 1.1] , c2V ∈ [0.5, 1.5] . (4.5)

We can immediately observe a significant dependence of the total cross section on the
anomalous couplings, reaching an enhancement of more than an order of magnitude for
benchmark point 11 or a decrease to less than half for benchmark point 4. In contrast to
this, the K-factor depends only very mildly on the coupling values, varying by at most a few
per cent. For the scale uncertainties, we can observe a clear reduction from LO to NLO.

To achieve a continuous description of the total cross section with respect to the anomalous
couplings, we parametrise it as a polynomial in all possible combinations of anomalous
couplings that can occur in the squared matrix element,

σ

σSM = A0 c
2
λc

2
V +A1 c

4
V +A2 c

2
2V +A3 cλc

3
V +A4 cλcV c2V +A5 c

2
V c2V . (4.6)

Note that, since anomalous couplings only appear in the sub-diagrams shown in figure 1(b),
the functional form of this parametrisation is the same at LO and NLO. We obtain values for
the coefficients Ai by fitting the parametrisation (4.6) to the cross sections of the benchmark
points in table 1 using the Python package iminuit [93, 94]. We repeat this procedure for
µR = µF = µ0/2 and µR = µF = 2µ0, resulting in the coefficients shown in table 2.

This parametrisation can now be used to investigate the dependence of the total cross
sections on the anomalous couplings in the considered parameter space. Figure 3 (left) shows
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Parameter µF = µr = µ0/2 µF = µr = µ0 µF = µr = 2µ0

A0 0.687(7) 0.693(5) 0.699(5)
A1 21.8(2) 21.9(2) 22.0(2)
A2 11.6(1) 11.7(1) 11.7(1)
A3 −6.04(6) −6.07(4) −6.13(5)
A4 3.80(4) 3.82(3) 3.86(3)
A5 −30.9(3) −31.0(2) −31.2(2)

Table 2. Fit results for the coefficients of equation (4.6) with the central scale given by equation (4.2).
The uncertainties are those obtained in the fitting procedure.

−1 −0.8 −0.6 −0.4 −0.2 0 0.2 0.4 0.6 0.8 1
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c2V = 1 + ξ/2

Figure 3. Ratio of the total cross section to the SM cross section at NLO (left) and to the LO cross
section (right) for variations of a single coupling. The bands show the uncertainties resulting from the
uncertainties of the fit coefficients, the dashed lines show the change due to the scale variation.

the dependence of the cross section on a single anomalous coupling, where all other couplings
are kept at the SM value. The impact of the different parameters varies strongly, with
cλ having the largest impact, while cV has the smallest impact. However, this is mostly
a result of the size of the respective parameter ranges. The vector boson couplings are
much tighter constrained than the triple-Higgs coupling, allowing the latter to deviate much
more from the SM value. Nonetheless, all couplings can significantly alter the cross section.
Maximising the function over the allowed parameter range leads to a value of about 27
times the SM cross section.5

The right-hand side of figure 3 shows the ratio of the total NLO cross section to the
respective LO value, σNLO/σLO. We see that varying a single parameter over its whole
parameter space impacts the ratio by less than 3%. We can also observe the impact of the
scale variation to be only relatively small, with the uncertainty due to the scale variation
being of similar size as the uncertainties from the fit.

So far, only variations of a single coupling were considered. In figure 4, the simultaneous
variation of two couplings is depicted. The left column contains the total NLO cross section

5To the best of our knowledge, the currently best experimental bound on the total cross section is 44 times
the SM cross section [95].
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relative to the SM, the right column again contains the ratio to the LO cross section,
σNLO/σLO. For the slices shown in the coupling parameter space, the third (not shown)
coupling is set to its SM value. Variations in the ratio to LO still do not exceed the 3% range,
in agreement with the observations above. However, the left column shows that there is a
quite strong dependence of the total cross section on the values of the anomalous couplings.
For large values of cλ and c2V , the cross section can exceed the SM cross section by a factor
of about 20, while for small values of cV , the cross section can decrease.

4.3 Differential distributions

Finally, we show differential results for four different observables: the transverse momentum
distribution ph

⊥ of the Higgs bosons, the Higgs boson pair invariant mass mhh, the pseudo-
rapidity separation between the Higgs bosons, ∆η(h, h), and the R-separation between the
Higgs bosons, ∆R(h, h) =

√
∆ϕ2 +∆η2. As the K-factor due to the NLO QCD corrections

is mostly flat, we refrain from showing the SM LO and NLO curves and instead focus on the
effects of the anomalous couplings on the NLO QCD results. In particular, we show those
benchmark points where a certain combination of anomalous couplings has a more pronounced
effect on the shape of the distribution than varying any of these couplings individually.

In figure 5 we show the ph
⊥ distribution for benchmark points 1, 4, 6 and 8 (left) and

the mhh distribution for benchmark points 1, 3, 4, and 6 (right). The ph
⊥ distribution clearly

exhibits that variations of cλ alone do not have a dramatic effect, while changes in cV

and c2V affect the delicate cancellations in the SM that guarantee unitarity and therefore
have a large effect at high ph

⊥. Unitarity constraints for the process V V → hh have been
discussed in detail in ref. [23]. Purely theoretical constraints can be useful to complement
experimental constraints, see e.g. [96, 97] for recent studies.This subject is beyond the scope
of this paper, however.

The invariant mass of the di-Higgs system can show dramatic shape changes compared
to the SM, both at low and high mhh-values, where the changes at low mhh are induced by cλ

being different from the SM value. For benchmark point 1, destructive interference between
different contributions leads to a characteristic peak-dip structure. It is interesting to note
that such a peak-dip structure is not present if cλ is only varied individually.

We observed the largest shape changes in the ∆η(h, h) distribution, shown in figure 6
(left), as well as some interesting features in the ∆R(h, h) distribution (figure 6 right). The
former distribution is shown for the benchmark points 4, 5 and 10, the latter for 4, 6 and 10.
In the SM, most Higgs boson pairs are produced with a pseudorapidity separation of about
2.5 and a clear local minimum at ∆η(h, h) = 0. However, this dip becomes a local maximum
for the shown benchmark points, for example forming a distinct peak for benchmark point
10, which is (cλ, cV , c2V ) = (4, 0.95, 0.5). This behaviour can be understood by considering
the diagrams in figure 1(b). The contribution of the leftmost diagram is enhanced for large
self-couplings, leading to an excess in less well separated Higgs bosons, since they originate
from the same triple Higgs three-point vertex.

The changes in the pseudo-rapidity separation also influence the R-separation ∆R of the
Higgs bosons. This distribution is also skewed towards smaller ∆R values for large values
of cλ, due to the dominance of the contribution from diagrams with an s-channel Higgs
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Figure 5. Transverse momentum distribution of (any of) the Higgs bosons (left) and invariant-mass
distribution of the di-Higgs system (right) for selected benchmark points in (cλ, cV , c2V )-space of
table 1 at NLO.
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Figure 6. Pseudorapidity separation distribution (left) and ∆R-separation distribution (right) of the
Higgs pair for selected benchmark points in (cλ, cV , c2V )-space (see table 1) at NLO.

propagator. However, due to a simultaneous increase in ∆ϕ for anomalous values of the
Higgs-vector boson couplings, another interesting feature can be observed: increasing the
Higgs boson self-coupling only increases the abundance of low ∆R events, while for variations
of the other two couplings, a peak develops around ∆R ∼ π. The large-∆R region is much
less affected by changes in the couplings.

– 14 –



J
H
E
P
0
7
(
2
0
2
5
)
2
0
9

5 Conclusions

We have calculated the NLO QCD corrections to Higgs boson pair production in vector boson
fusion and included the leading anomalous couplings within non-linear Effective Field Theory
(HEFT). We explained in detail the derivation of the HEFT Lagrangian for this process and
the contributing diagrams. We did not use the structure function approximation; diagrams
of u- and s-channel type (“Higgs-Strahlung topologies”) are also included.

Our results are based on an automated Whizard-GoSam interface that can be used for
user-defined NLO calculations for both hadronic or leptonic collisions, including the option
to use UFO model files and flexible setups for calculations beyond the SM. The new releases
of both tools are close to completion. This setup also allows for parton showering, however
we did not add a shower in the present work.

As is well known, the NLO QCD corrections in the SM reduce the cross section by about
7% with a relatively flat K-factor. The K-factors relative to the SM K-factors also do not vary
by more then about 3% when introducing anomalous couplings, which can be understood
from the fact that the QCD corrections of “structure function type” are dominating, while
the anomalous couplings affect the electroweak part of the amplitude. We have parametrised
the total cross section as a polynomial in the anomalous couplings and fitted the coefficients
based on our NLO calculation. This offers a flexible representation of the cross section that
allows fast evaluation for arbitrary values of the couplings. Based on this parametrisation,
we have shown heat maps for slices of the (cλ, cV , c2V )-parameter space illustrating the ratio
to the SM cross section and the respective LO cross section.

In the anomalous coupling parameter space, we defined 11 benchmark points, oriented
at the current experimental constraints, which lead to characteristic shapes in the ph

⊥, mhh,
∆η(h, h) or ∆R(h, h) distributions. It is not surprising that modifications of cV or c2V can
have large effects in the high-energy tails of the distributions, as the SM-type unitarity
cancellations are spoiled and may only set in later through a particular UV completion. A
feature that is noteworthy is the fact that combinations of anomalous couplings can lead to
characteristic shapes that would not occur if any of the couplings was varied in isolation.
This feature also can be observed in phase space regions that are experimentally more
accessible than the tails of distributions, such as the central region of the pseudo-rapidity
difference ∆η(h, h). Such characteristic shapes could signpost physics beyond the SM even
with moderate experimental statistics.

Note added. During completion of this paper, we became aware of similar work [98], where
an NLO+PS calculation of this process is presented in the Powheg-Box-V2 framework, also
accounting for anomalous couplings, together with an upgrade of the program proVBFHH [16].
However, the two calculations are in large parts complementary: the work of [98] focuses on
the comparison between the NNLO results and the NLO+PS results and uses the structure
function approximation. Our calculation does not use this approximation and focuses on
the derivation of the leading operators in HEFT and how the corresponding anomalous
couplings affect the shape of distributions if varied simultaneously. We leave a more detailed
comparison for future work.
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