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The abundant amount of data to be collected by the ATLAS and CMS collaborations in future
runs of the Large Hadron Collider at CERN opens up a new era of precision physics. Some of the
most prominent precision observables are related to processes with one or more jets in the final
state. In order to fully exploit the potential of the LHC and the HL-LHC, it is imperative to make
theoretical predictions at the level of accuracy that matches or even exceeds that of the upcoming
measurements. In this talk we present a review of the status of theoretical predictions including
NNLO QCD corrections for process with one or more jets in the final state at the LHC.
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Figure 1: Ratios of NNLO pQCD predictions and
√
𝑠=13 TeV LHC measurements from ATLAS [5] (left)

and CMS [6] (right) for inclusive jet production.

1. Introduction

The Large Hadron Collider (LHC) is currently colliding protons at centre of mass energies up
to

√
𝑠 = 13 TeV, with the goal of searching the high energy frontier for signs of physics beyond

the Standard Model. In this presentation we review the status of the NNLO QCD corrections for
processes with one or more jets in the final state at the LHC.

2. Inclusive jet production

The perturbative calculations for the inclusive jet and dĳet cross sections at NNLO in QCD
have recently been completed by two groups [1–4]. In Fig. 1 we show comparisons between
fixed-order NLO and NNLO QCD predictions to ATLAS (left) and CMS (right) 13 TeV inclusive
jet-𝑝𝑇 spectrum data for anti-𝑘𝑇 𝑅 = 0.4 (ATLAS) and 𝑅 = 0.7 (CMS) cone sizes, corrected for
non-perturbative and electroweak effects. We observe a significant improvement in the description
of the jet data when going from NLO to NNLO and a smaller impact of the higher order corrections
for the 𝑅 = 0.7 jet cone size.

A calculation of dĳet production at NNLO in QCD has been presented in [3]. In Fig. 2
we present a comparison of the theory prediction at fixed order corrected for non-perturbative
and electroweak effects, to the CMS dĳet 8 TeV triple differential dataset. We observe that the
NNLO prediction changes both the shape and normalization of the NLO result and has significantly

Figure 2: Ratios of NLO and and NNLO theory predictions and CMS data normalized to the NLO
central value. The shaded bands shown for the NLO (blue) and the NNLO corrected for non-perturbative
and electroweak effects (red) represent the theory uncertainty from variation of the renormalization and
factorization scales in the calculation [3].
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Figure 3: Higgs boson transverse momentum distribution calculations at LO, NLO and NNLO in the
publications [7] (left) [8] (middle), [9] (right) and ATLAS data from ref [11]. Shaded bands in the plots
represent the theoretical scale uncertainty in the calculations.

reduced theory uncertainties. Overall the agreement with the data is excellent at small 𝑦𝑏, but for
events with large dĳet boost kinematics, the data sits below the theory prediction. In this region,
which is sensitive to the scattering of large-𝑥 parton on a low-𝑥 parton, the PDFs suffer from large
uncertainties.

3. Higgs boson plus jet production

The determination of the Higgs boson properties is a central goal at the LHC and HL-LHC,
where it is expected that the predictions of the SM will be tested to the five percent level in several
production and decay modes. For this reason, to improve the modelling of the Higgs kinematics at
the LHC, precise predictions for Higgs production in association with jets are needed. The number
of jets produced in association with a Higgs boson candidate is a very important discriminator
between different production modes, and plays a key role in the background rejection for many
Higgs boson studies.

Fixed-order predictions for 𝐻+jet at NNLO in QCD have been calculated in [7–9], in the
effective theory approximation, obtained by integrating out the top quark. The full top-quark mass
dependence for 𝐻+jet is currently known at NLO only [10]. In Fig. 3 we show results for the Higgs
𝑝𝑇 -spectrum at NNLO. We observe large radiative corrections and a good agreement between the
NNLO prediction reweighted by exact top-mass dependence at LO and the ATLAS (𝐻 → 𝛾𝛾) data
normalized to the total inclusive Higgs cross section.
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Figure 4: Transverse momentum distributions of the Higgs boson and of the leading jet produced in
association with a Higgs boson at LO, NLO and NNLO [12] compared with ATLAS [13, 14] and CMS [15]
data.
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The four-lepton decay mode of the Higgs boson allows for a clean kinematic reconstruction,
thereby enabling precision studies of the Higgs boson properties and of its production dynamics.
In Fig. 4 we show the NNLO QCD corrections to fiducial cross sections relevant to this decay
mode in the gluon-fusion production of a Higgs boson in association with a hadronic jet. In this
calculation [12] we can take into account fiducial cuts on the Higgs boson decay products as well
as on accompanying objects such as hadronic jets. We observe that the NNLO corrections are
sizeable and kinematics dependent. With respect to NLO we observe a substantial reduction of
scale uncertainties of the theory prediction to a level of about 10% in most distributions [12].

4. Beyond 2 → 2 processes

In this section we present recent results on the calculation of NNLO jet cross sections for
processes beyond 2 → 2 scattering. These processes are the current frontier of research, for which
the required two-loop 5-point amplitudes have been only recently derived. In particular, two loop
amplitudes for diphoton+jet production and 3-jet production have been derived in [16] and [17, 18].

The 𝛾𝛾+jet NNLO calculation presented in [19] represents the first NNLO-accurate prediction
for the transverse momentum distribution of the diphoton system. This observable represents the
main background for Higgs production at high-𝑝𝑇 , and is relevant for dedicated measurements
of diphoton production. The results show that NNLO is the first order where the perturbative
expansion converges with overlapping scale uncertainty bands between two consecutive orders.
The scale uncertainty in the observable is at the 1∼2% level across the most part of the distribution.

In Fig.5 we present distributions for three jet production at NNLO in QCD calculated in [20].
This process has been studied in great detail by the experimental collaborations with the aim of
providing a unique testing of perturbative QCD, by comparing theory predictions with collider jet
data.

In Fig.5 (left) we can observe that the NNLO corrections are of the of the order of -15% at
low-𝑝𝑇 and increase steadily at high-𝑝𝑇 for the first and second jet-𝑝𝑇 spectrum. The 3rd jet-𝑝𝑇
distribution is well-behaved: it has a flat NNLO corrections and fairly symmetric uncertainty bands
at both NLO and NNLO. In the same figure on the right it is shown the three-jet to two-jet ratio as

Figure 5: Transverse momentum distribution of the three leading jets for three jet production at LO, NLO
and NNLO (left). The three jet to two jet ratio as a function of the leading jet 𝑝𝑇 (right). The colored bands
in the plots represent the theoretical scale uncertainty in the calculations [20].
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a function of the 𝑝𝑇 of the leading jet. We can observe that the prediction for the ratio is stabilised
at NNLO with scale uncertainties at the 3% level.

5. Conclusions

Calculations of NNLO QCD corrections for many important 2 → 2 and 2 → 3 processes
with jets in the final state at the LHC are now available and were reviewed in this presentation.
The impressive progress in this field has been made possible due to the development of subtraction
methods to treat infrared divergences at this order, and due to many advances in the calculation of
multi-loop integrals and amplitudes. Given the amount of experimental data due to be collected
during the LHC and HL-LHC runs, we anticipate that these results will allow us to perform physics
analyses with LHC data at a new level of precision.
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