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We report on recent progress made towards the calculation of NNLO corrections to Higgs+jet pro-
duction at the LHC. The calculation of the two-loop parton-level amplitudes relevant to this pro-
cess is described. The numerical implementation of this calculation requires a subtraction method
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tended to hadron collider observables, and validated on jet production at NNLO.
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1. Introduction

The LHC experiments ATLAS and CMS have recently reported [1, 2] the observation of a
new boson at a mass of 125 GeV, with properties consistent (within still large error margins) with
the Higgs boson of the Standard Model. The precise determination of the new boson’s properties
will be a major challenge to particle physics in the near future. In this context, numerous produc-
tion processes and decay channels will be investigated in detail, thereby requiring accurate theory
predictions for the interpretation of experimental observations.

Experimental searches for final states containing Higgs boson signatures apply cuts to im-
prove the significance of a potential signal over Standard Model background processes. To im-
plement these cuts in the theoretical description, fully exclusive calculations, which keep track of
the kinematical information of all final state particles (Higgs decay products and QCD radiation)
are mandatory. In the heavy top quark limit, the NNLO corrections to Higgs production via gluon
fusion have been computed fully exclusively, including the Higgs decay to two photons or two
weak gauge bosons by two independent groups [3, 4]. These calculations are in the form of flexible
parton-level event generators, which can properly account for the final state restrictions used in the
experimental studies.

An important final state discriminator is the number of jets observed in addition to the potential
Higgs boson decay products. In many searches, it is expected that the H +0 j and H +1 j samples
contribute roughly equally to the sensitivity. In the above-mentioned NNLO calculations, the H +
1 j final states are included to NLO [5], and the H + 2 j final states to LO. NLO corrections to
H +2 j-production have been derived recently [6].

In the heavy top quark limit, a full NNLO QCD calculation of H +1 j production requires the
computation of the matrix elements of three contributions:

(a) the tree level H→ 5 partons amplitudes,

(b) the one-loop corrections to the H→ 4 partons amplitudes,

(c) the two-loop corrections to the H→ ggg and H→ qq̄g matrix elements.

The tree-level contributions of type (a) can be computed with standard tree-level methods, and
compact expressions can be obtained by using MHV-techniques [7]. The one-loop terms of type
(b) were derived in an analytic form in [8], and form part of the NLO corrections to H + 2 j final
states. The H → ggg and H → gqq̄ matrix elements were previously known to one loop [9], and
we report here on our recently derived two-loop results [10].

The three different contributions must be combined into a parton-level event generator pro-
gram. All three are separately infrared-divergent, and only their sum is finite and physically mean-
ingful. To combine the contributions, an infrared subtraction method is required, for example the
antenna subtraction method discussed below. A resulting parton-level event generator will allow
an NNLO description of both H + 1 j production and of the Higgs boson transverse momentum
distribution. In the following, we describe the NNLO antenna subtraction method, which has been
extended to jet observables at hadron colliders recently.
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2. Helicity amplitudes for H→ 3 partons

The general form of the renormalized helicity amplitude |M λ1λ2λ3
ggg 〉 for the decay, H(p4)→

g1(p1,λ1)+g2(p2,λ2)+g3(p3,λ3) can be written as,

|M λ1λ2λ3
ggg 〉= Sµνρ(g1;g2;g3)ε

µ

1,λ1
(p1)εν

2,λ2
(p2)ε

ρ

3,λ3
(p3) , (2.1)

where the λi = ± denote helicity. Similarly, the amplitude for the decay |M λ1λ2λ3
qq̄g 〉 for the decay,

H(p4)→ q(p1,λ1)+ q̄(p2,λ2)+g(p3,λ3) can be written as,

|M λ1λ2λ3
qq̄g 〉= Tρ(qλ1 ; q̄λ2 ;g)ερ

3,λ3
(p3) . (2.2)

By using parity, charge conjugation and Bose symmetry, one finds that only two independent he-
licity amplitudes for H→ ggg and only one for H→ qq̄g remain. These can be expressed as:

|M +++
ggg 〉 = α

1√
2

M4
H

〈p1 p2〉〈p2 p3〉〈p3 p1〉
,

|M ++−
ggg 〉 = β

1√
2

[p1 p2]3

[p2 p3][p1 p3]
,

|M−++
qq̄g 〉 = γ

1√
2

[p2 p3]2

[p1 p2]
. (2.3)

The helicity coefficients Ω = α,β ,γ can be computed as perturbative series by applying ap-
propriate D-dimensional projections to the Feynman diagrams contributing to the process under
consideration. They are vectors in colour space and have perturbative expansions,

Ω = λ
√

4παsTΩ

[
Ω

(0) +
(

αs

2π

)
Ω

(1) +
(

αs

2π

)2
Ω

(2) +O(α3
s )
]

, (2.4)

for Ω = α,β ,γ . The colour factor is Tα = Tβ = f a1a2a3 and Tγ = T a3
i1 j2 . At leading order,

α
(0) = β

(0) = γ
(0) = 1 . (2.5)

For H→ ggg, there are four diagrams at tree-level, 60 diagrams at one loop and 1306 diagrams
at two loops, while for H → qq̄g, we have one diagram at tree-level, 15 diagrams at one loop
and 228 diagrams at two loops. We computed the two-loop diagrams [10] and reduced the two-
loop integrals appearing in them using integration-by-parts identities [11, 12] with the REDUZE
program [13] to a set of master integrals. The master integrals relevant to this process are two-loop
four-point functions with one off-shell leg, they were derived previously [14] in the context of the
two-loop corrections to γ∗→ qq̄g.

After ultraviolet renormalization, the amplitudes contain infrared singularities that will be an-
alytically canceled by those occurring in radiative processes of the same order. Catani [15] has
shown how to organize the infrared pole structure of the one- and two-loop contributions renormal-
ized in the MS scheme in terms of the tree and renormalized one-loop amplitudes. The finite two-
loop remainder is then obtained by subtracting the predicted infrared structure (expanded through
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to O(ε0)) from the renormalized helicity coefficient. We further decompose the finite remainder
according to the colour casimirs as follows,

Ω
(2), f inite =

(
N2A(2)

Ω
+N0B(2)

Ω
+

1
N2C(2)

Ω
+

NF

N
D(2)

Ω
+NNFE(2)

Ω
+N2

FF(2)
Ω

)
.

(2.6)

Analytic expressions for all one- and two-loop coefficients are given in [10] in terms of one- and
two-dimensional harmonic polylogarithms [16].

Shortly after the release of our results, Brandhuber, Travaglini and Yang validated the leading
transcendentality contribution to the H → ggg amplitude from a calculation in N = 4 SYM the-
ory [17]. By applying the calculus of symbols to our results, Duhr could re-express the H → ggg
amplitude in terms of ordinary polylogarithms, thereby obtaining a very compact and elegant ex-
pression for them [18].

3. Antenna subtraction formalism for hadronic collisions

The H + 2-parton and H + 3-parton matrix elements contribute to H + 1-jet observables at
NNLO if the extra partons are unresolved or are clustered to form an H + 1-jet final state. Conse-
quently, these extra partons are unconstrained in the soft and collinear regions, and yield infrared
divergences. To determine the contribution to NNLO jet observables from these configurations,
one has to find subtraction terms which coincide with the full matrix element in the unresolved
limits and are still sufficiently simple to be integrated analytically in order to cancel their infrared
pole structure with the virtual contributions.

A systematic method to derive these subtraction terms to NNLO is provided by the antenna
subtraction technique. This method was initially derived for e+e− annihilation [19] in the con-
text of the calculation of NNLO corrections to three-jet production and related event shapes [20].
The antenna subtraction formalism constructs the subtraction terms from antenna functions. Each
antenna function encapsulates all singular limits due to the emission of one or two unresolved par-
tons between two colour-connected hard radiator partons. This construction exploits the universal
factorisation of matrix elements and phase space in all unresolved limits.

While both radiator partons are in the final state for e+e−-initiated processes, one encounters
two new types of antenna functions [21] in hadronic collisions: initial-final antenna functions with
one radiator parton in the initial state, and initial-initial antenna functions with both radiator partons
in the initial state. The initial-final and initial-initial antenna functions appearing in the NNLO
subtraction terms are obtained from crossing the final-final antennae. Their integration has to be
performed over the appropriate phase space. In the case of the initial-final antennae, this has been
accomplished in [22]. The initial-initial one-loop antenna functions were integrated in [23], and
the integration of the initial-intial tree-level double real antenna functions has been completed most
recently in [24, 25].

A first application of antenna subtraction for hadron collider processes is the calculation of
two-jet production at NNLO, where the unintegrated subtraction terms for purely gluonic pro-
cesses have already been derived and tested for the double real radiation at tree-level [26] and the
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single real radiation at one-loop [27]. In these, the all-gluon NNLO antenna functions appear in all
configurations, and their integrated forms constitute the integrated subtraction terms for the two-jet
production process. They contribute to the cancellation of all infrared poles when combined with
mass factorization terms and with the virtual two-loop matrix elements [28]. This pole cancellation
has been verified [28, 29] and can be regarded as a strong check on integrated antenna functions,
and on the applicability of the antenna subtraction method to hadron collider processes.

4. Conclusions and outlook

In this talk, we reported on recent progress towards the calculation of NNLO corrections to
Higgs+jet production at the LHC. We described the analytical calculation of the two-loop helic-
ity amplitudes contributing to this process, based on a reduction to known master integrals. The
implementation of all subprocesses contributing at this order into a parton-level event generator
requires a subtraction method to handle infrared singular radiation. We described the extension
of the NNLO antenna subtraction method to hadron collider observables by introducing antenna
functions for initial state radiation.

These new analytical results and technical developments will allow the construction of an
NNLO parton-level event generator for Higgs+jet production, as well as for other jet final states at
hadron colliders. Work on these is currently ongoing.
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