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We compute the cross section and differential distributions for the production of a Standard Model Higgs
boson in association with a hadronic jet to next-to-next-to-leading order in quantum chromodynamics
(QCD). In Higgs boson studies at the LHC, final states containing one jet are a dominant contribution
to the total event rate, and their understanding is crucial for improved determinations of the Higgs
boson properties. We observe substantial higher order corrections to transverse momentum spectra and

rapidity distributions in Higgs-plus-one-jet final states. Their inclusion stabilises the residual theoretical
uncertainty of the predictions around 9%, thereby providing important input to precision studies of the

Higgs boson.
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After the initial observation of a Standard Model-like Higgs bo-
son at the CERN LHC [1,2], precision studies of the properties of
the new particle is one of the primary objectives of the upcom-
ing run at the LHC. Careful measurements of production and de-
cay modes will enable searches for possible small deviations from
the Standard Model formulation of the Higgs mechanism of elec-
troweak symmetry breaking. The interpretation of these precision
data relies on a close interplay between experimental measure-
ments and theoretical calculations for Higgs boson signal and back-
ground processes.

To obtain reliable theoretical predictions for hadron collider ob-
servables, corrections from higher order processes in QCD need to
be accounted for. For the most important Higgs boson production
processes, impressive progress has been made in recent years, such
that gluon fusion [3] and associated production [4] are described
fully exclusively to next-to-next-to-leading order (NNLO) in QCD,
and vector-boson-fusion [5] and associated production with top
quarks [6] to next-to-leading order (NLO). For the gluon fusion
process, which is the largest contribution to Higgs production at
the LHC, NLO corrections have also been derived for Higgs boson
production in association with up to three jets [7-9]. Recently, the
first steps towards the fourth-order QCD corrections (N3LO) have
been taken [10].

The number of jets produced in association with a Higgs bo-
son candidate is a very important discriminator between different
production modes, and is utilised in the optimization of signal-to-
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background ratios, for example through the application of jet ve-
toes [11]. For many Higgs boson studies, final states with H +0 jets
and H + 1 jet contribute roughly equal amounts to the total cross
section. A comparable theoretical precision for both processes in
the dominant gluon fusion production mode is therefore manda-
tory for precision studies and to resolve potential correlations be-
tween both samples [12,13]. While the H + O jets process is de-
scribed to NNLO [3] accuracy, H + 1 jet production is known fully
differentially only to NLO [7]. A first step towards the NNLO cor-
rections for this process has been taken in [14] with the purely
gluonic contribution to the total H + 1 jet cross section. This work
has highlighted that NNLO contributions to H + 1 jet final states
are of substantial numerical magnitude [14] and clearly called for
a more differential description. In this letter, we report on a new
calculation of the gluonic NNLO contributions to H + 1 jet pro-
duction in gluon fusion, carried out in the form of a parton-level
event generator that provides the corrections in a fully differen-
tial form, including the Higgs decay to two photons. An extension
to different Higgs boson decay modes is feasible. As pointed out
in Ref. [14], the gluonic process dominates over the other sub-
processes including the potentially large quark-gluon channel. We
note that the techniques employed here can be applied to these
other contributions.

The NNLO corrections to Higgs + jet production in hadronic col-
lisions receive contributions from the three types of parton-level
processes: (a) the two-loop corrections to Higgs-plus-three-parton
processes [15], (b) the one-loop corrections to Higgs-plus-four-
parton processes [16] and (c) the tree-level Higgs-plus-five-parton
processes [17]. Fig. 1 shows representative Feynman diagrams for
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Fig. 1. Representative Feynman diagrams in the effective theory for (a) two-loop
Higgs-plus-three-gluon amplitudes, (b) one-loop Higgs-plus-four-gluon amplitudes,
and (c) tree-level Higgs-plus-five-gluon amplitudes.

each of the gluonic processes. The effective interaction between
gluons and the Higgs boson is mediated by top quarks and is valid
in the m; — oo limit. The ultraviolet renormalised matrix elements
for these processes are integrated over the final state phase space
appropriate to Higgs + jet final states. All three types of contribu-
tions are infrared-divergent, only their sum is finite. While infrared
divergences from the virtual corrections are explicit in the one-
loop and two-loop matrix elements, divergences from unresolved
real radiation become explicit only after phase space integration.
The divergences are usually regulated dimensionally, and differ-
ent methods have been used for their extraction from the real
radiation contributions. All these methods are based on a subtrac-
tion of divergent configurations, which are then integrated over
the phase space and added to the virtual corrections to yield a
finite result: sector decomposition [18], antenna subtraction [19],
gr-subtraction [20] and sector-improved residue subtraction [21]
have all been applied successfully in the calculation of NNLO cor-
rections to exclusive processes.

In this calculation we apply antenna subtraction, a method
for the construction of real radiation subtraction terms based on
so-called antenna functions, that each describe all infrared sin-
gular limits occurring in between two hard colour-ordered par-
tons. For hadron-collider observables, either hard radiator can be
in the initial or final state, and all unintegrated and integrated
antenna functions were derived previously [22-25]. The gluonic
cross-section is given by,

_ RR s
dogg NNLO = / [dagg,NNLO - dUgg,NNLO]

dos
RV T
+ / [do gy nnio — 40 gg nnio]
4o,
Vv U
+ / [dogg/nnto — 40gg o) (1)
do,

where each of the square brackets is finite and well behaved in the
infrared singular regions. The construction of the subtraction terms
do;éTN}V]LO follows closely the NNLO subtraction terms for purely
gluonic jet production [26].

Using the antenna subtraction method to cancel infrared diver-
gent terms between different channels, we have implemented all
purely gluonic subprocesses to Higgs-plus-jet production through
to NNLO into a parton-level event generator. With this program,
we can compute any infrared safe observable related to H + j final
states to NNLO accuracy. The Higgs decay to two photons is in-
cluded, such that realistic event selection cuts on the photons can
equally be applied once multiple differential distributions become
available. Renormalization and factorization scales can be chosen
on an event-by-event basis.

For our numerical computations, we use the NNPDF2.3 par-
ton distribution functions [27] with the corresponding value of
as(Mz) =0.118 at NNLO, and My = 125 GeV. Default values for
the factorization and renormalization scales are yur = ugr = My,
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Fig. 2. (a) Transverse momentum distribution of the Higgs boson in inclusive H + 1j
production in pp collisions with /s =8 TeV at LO, NLO, NNLO. (b) Ratios of differ-
ent perturbative orders, NLO/LO, NNLO/LO and NNLO/NLO.

with theory errors estimated from the envelope of a variation
to My/2 and 2My. To compare with previously obtained results
for the total cross section for purely gluonic H + j production at
/s =8 TeV, we use the same cuts as in [14]: jets are reconstructed
in the kr algorithm with R = 0.5, and accepted if pr > 30 GeV.
With this, we obtain the total cross section at different perturba-
tive orders as

1.22
o010 =2.727 22 pb,
+0.76

ONLO = 4.38_0_74 pb,
onnio = 6.341025 pb, (2)

in very good agreement with [14].

In our kinematical distributions and ratio plots, the error band
describes the scale variation envelope as described above, where
the denominator in the ratio plots is evaluated at fixed central
scale, such that the band only reflects the variation of the nu-
merator. Error bars on the distributions indicate the numerical
integration errors on individual bins.

The transverse momentum distribution of the Higgs boson is
particularly important for discriminating between different Higgs
production modes. A first measurement has recently been pre-
sented by ATLAS [28], demonstrating the feasibility and future
experimental prospects for this observable. It has been computed
previously to NLO [7], combined with resummation to third log-
arithmic order (NNLL) [29]. In Fig. 2, we observe that the Higgs
boson transverse momentum distribution receives sizable NNLO
corrections throughout the whole range in pr, which enhance the
NLO cross section by a quasi-constant factor of about 1.4, slightly
decreasing towards higher pr. Using the same scale variations pat-
tern as for the inclusive cross section above, we observe that the
pr distribution of the Higgs boson has a residual NNLO theory
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Fig. 3. (a) Transverse momentum distribution of the leading jet in inclusive H +1j
production in pp collisions with /s =8 TeV at LO, NLO, NNLO. (b) Ratios of differ-
ent perturbative orders, NLO/LO, NNLO/LO and NNLO/NLO.

uncertainty ranging between 5% and 16%. At high values of pr, the
effective theory approximation used for the coupling of the Higgs
boson to gluons breaks down, since the large momentum transfer
in the process starts resolving the top quark loop. Consequently,
one expects top quark mass effects for pr = m; to be more impor-
tant than the higher order corrections in the effective theory. We
extend the ratio plots, Figs. 2(b) and 3(b), to values well beyond
pr 2 m; to illustrate the smooth behaviour and the qualitative ten-
dency of the NNLO corrections in the effective theory.

We note that at leading order pr y is kinematically forced to
be equal to the transverse momentum of the jet, and is conse-
quently larger than the transverse momentum cut on the jet. At
higher orders, higher multiplicity final states are allowed and this
kinematical restriction no longer applies. These kinematical situa-
tions often lead to instabilities in the perturbative expansion, with
large corrections at each order. We observe that this is not the case
here: NNLO corrections to the Higgs boson pr distribution in H + j
events turn out to be moderate below the jet cut of pr =30 GeV.
A similar pattern to the Higgs pr distribution, is also observed for
the leading jet, Fig. 3, which displays a slightly smaller scale uncer-
tainty amounting up to 12%, and displays rising NNLO corrections
for very large values of pr, again likely beyond the applicability of
the effective theory approximation.

The rapidity distribution of the Higgs boson and the leading jet
are displayed in Figs. 4 and 5 respectively. In both cases, we ob-
serve that the NLO corrections are largest at central rapidity, while
becoming moderate at larger rapidities, while the ratio NNLO/NLO
remains rather constant throughout the rapidity range. The resid-
ual theory uncertainty at NNLO is quasi-constant for both distribu-
tions, and amounts to 9%. Both the transverse momentum and ra-
pidity distributions highlight the fact that the NNLO corrections to
H + 1j production in the gluon-only channel substantially enhance
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Fig. 4. (a) Rapidity distribution of the Higgs boson in inclusive H + 1 production in
pp collisions with /s =8 TeV at LO, NLO, NNLO. (b) Ratios of different perturbative
orders, NLO/LO, NNLO/LO and NNLO/NLO.
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Fig. 5. (a) Rapidity distribution of the leading jet in inclusive H + 1j production in
pp collisions with /s =8 TeV at LO, NLO, NNLO. (b) Ratios of different perturbative
orders, NLO/LO, NNLO/LO and NNLO/NLO.
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the normalization of NLO predictions, while not modifying the NLO
shape, except around the production threshold.

In conclusion, we have described the first calculation of the
fully differential H + 1 cross sections at hadron colliders at NNLO
in the strong coupling constant using a new parton-level event
generator. We have considered the NNLO QCD corrections from
the purely gluonic channel. Using the antenna subtraction scheme
the explicit e-poles in the dimension regularization parameter of
one- and two-loop matrix elements entering this calculation are
cancelled in analytic and local form against the e-poles of the
integrated antenna subtraction terms thereby enabling the com-
putation of Higgs plus jet cross sections at hadron colliders at
NNLO accuracy. The gluonic process yields the numerically largest
contribution to H + j final states, followed by the quark-gluon ini-
tiated and other subprocesses. However, the techniques employed
here can be readily applied to the quark contributions. We ob-
served that the transverse momentum and rapidity distributions of
the Higgs boson and the leading jet receive substantial NNLO cor-
rections. However, the shapes of the distributions do not change
dramatically from NLO to NNLO, except around the production
threshold in pr.

For all of the observables considered here, we observed a reduc-
tion of the respective uncertainties in the theory prediction due to
variations of the factorization and renormalization scales, result-
ing in a residual uncertainty of around 9% on the normalization
of the distributions. We expect similar conclusions when includ-
ing the processes involving quarks. Our calculation brings gluonic
H + j production to the same level of theory accuracy as inclusive
H production, and will thus provide a crucial tool for precision
studies of the Higgs boson in the upcoming data taking periods at
the CERN LHC.
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