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Abstract. We present the computation of the NLO QCD corrections to the production of a
Standard Model Higgs boson in association with up to three jets through gluon-gluon fusion.
The computation is performed in the approximation of an infinitely heavy top quark. Before
studying some phenomenologically important observables, we describe some technical detail
about the computation.

1. Introduction

A major step after the discovery of the Higgs particle [1,2] is the precise determination of
its nature. Among the important properties, besides spin and parity, there are its couplings
to fermions and other bosons. In order to discriminate between the electroweak symmetry
breaking mechanism in the Standard Model and possible Beyond Standard Model scenarios,
measurements have to be compared with very precise predictions.

The main Higgs boson production mechanism is given by the gluon fusion channel, where the
Higgs boson is produced out of two initial state gluons via a loop of heavy quarks. The presence
of two gluon in the initial state enhances the tendency of producing further QCD radiation in
this production channel, where also higher order corrections are very large. For this reason they
were recently computed to N3LO [3]. The unavoidable presence of further jets makes the gluon
fusion mechanism an interesting process on its own, in particular to study the Higgs boson in a
very jetty environment. However, it is also an irreducible background to another very important
production channel, namely vector boson fusion (VBF).

During Run II at the LHC, the VBF mechanism will play a leading role. In this production
mode, a Higgs boson is created by annihilation of virtual W or Z bosons, radiated off the initial-
state (anti-)quarks in a ¢-channel scattering process with no color exchange at leading order [4, 5].
This allows to directly probe the couplings between the Higgs boson and the electroweak gauge
bosons providing at the same time a clean signature consisting of two forward jets and only little
hadronic energy between these tagging jets.

In order to discriminate between these two production mechanisms it is crucial to be able to
estimate the contamination of gluon fusion events in the VBF sample, and to devise the best



selection strategies, which allow to keep untertainties under control providing at the same time
the highest signal-to-background ratios.

In this talk we discuss the calculation and the phenomenlogy of the production of a Standard
Model Higgs boson in association up to three jets, as described in detail in the references [6-8].
The calculation takes into account next-to-leading order QCD corrections and is carried out in
the limit of an infinitely heavy top quark. We discuss two different sets of cuts: a set of basic
cuts that are suitable for the gluon fusion contribution and a more restrictive set of cuts, which
mimics the one adopted in VBF analyses. In addition we discuss different schemes for defining
the tagging jets.

2. Computational setup

2.1. The codes

The computation is performed using the automated tools GOSAM [9, 10] and SHERPA [11], linked
via the interface defined in the Binoth Les Houches Accord [12,13].

The one-loop amplitudes are generated with the new version 2.0 of GOSAM, and are based on
an algebraic generation of d-dimensional integrands using a Feynman diagrammatic approach.
The expressions for the amplitudes are generated employing QGRAF [14], FOrRM [15,16] and
SPINNEY [17]. For the reduction of the tensor integrals at running time we used NINJA [18,19],
which is an automated package carrying out the integrand reduction via Laurent expansion [20],
and ONELoOOP [21] for the evaluation of the scalar integrals. Unstable phase space points
are detected automatically and reevaluated with the tensor integral library GOLEM95 [22-24].
Alternatively, one can use other reduction techniques such as the standard OPP method [25-27]
as implemented in SAMURALI [28]. All the reduction programs had to be upgraded in order to
be able to deal with the higher rank loop integrals generated by the presence of the effective
gluon-gluon-Higgs boson vertex.

The calculation of tree-level matrix elements for the Born and the real emission contribution
as well as the subtraction terms in the Catani-Seymour approach [29] have been done within
SHERPA using the matrix element generator Comix [30]. These amplitudes were validated using
a combination of MADGRAPH 4 [31, 32], MADDIPOLE [33, 34] and MADEVENT [35]

2.2. RooT Ntuples

Because of the relatively slow NLO computation and the high statistics needed for such a large
multiplicity final state, the Monte Carlo events are stored in the form of RooT Ntuples. They
are generated by SHERPA and were first used in the context of vector boson production in
association with jets [36].

For this calculation, sets of Ntuples files with Born (B), virtual (V), integrate subtraction
terms (I) and real minus subtraction term (RS) type of events have been generated for H +
1jet, H+ 2 jets and H + 3 jets at the center-of-mass energies of 8, 13, 14 and 100 TeV. The
events were generated such that jets can be clustered using the kp or anti-kp algorithm [37, 38]
as implemented in the FASTJET package [39] and with radii that can vary between R = 0.1
and R = 1. On the jets a minimal generation cut was imposed by requiring pr > 25 GeV,
In| < 4.5, which allow to post-process the events in every analysis with more inclusive cuts.

2.8. Analysis cuts and parameter settings

We present here results for two center of mass energies at 8 and 13 TeV. In both cases we have
applied two sets of cuts: a baseline set with minimal cuts to render the cross section finite,
and a more restrictive set of cuts, which is typically used in the context of VBF searches. In
both cases jets are clustered using the anti-kr algorithm [37, 38] as implemented in the FASTJET
package [39]. If not specified explicitly, the jet radius and PDF set have been set to R = 0.4
and CT10nlo [41], respectively. The baseline set consists of the following cuts: pr > 30 GeV,
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Figure 1: Total cross sections at LO (left side of each column) and NLO (right side of each column) for
H+ 1jet (green), H+ 2jets (blue) and H+ 3 jets (red) production using the three different scale choices
as explained in text. In the lower part of the plots, the ratios r5,; (blue), r3/o (red) and r4/5 (orange)
are shown. Results have been obtained for 8 TeV and 13 TeV (left and right plot respectively).

In] < 4.4. In the VBF case two additional cuts have been imposed, given by m; ;, > 400 GeV,
|Ayj,.5,] > 2.8 . Here the two jets, j1 and ja, denote the tagging jets. Their selection is not
unique and we study two different schemes, one where the two tagging jets are the two jets
with the highest pr (pr-tagging), and one where the most forward and most backward jet (in
rapidity) yield the two tagging jets (y-tagging).

The central scale for the renormalization and the factorization scale is chosen to be

! 1
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However it is not obvious whether this dynamical scale is also a good choice to be used for the
gluon-gluon-Higgs coupling. One might argue that the Higgs mass is the appropriate scale there.
Therefore we consider three different scale choices, defined as

AN AN
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The presence of the factor x indicates that this scale is varied in the range x € [0.5, ..., 2].

3. Numerical results for gluon fusion setup
We start the discussion of the numerical results with the basic gluon fusion cuts. One of the most
important observables is the total cross section. In figure 1 we report the total cross sections
for both leading order and next-to-leading order for the processes H + 1 jet, H + 2 jets and H
+ 3jets at Eoyn = 8 TeV (left plot) and E¢y = 13 TeV (right plot). The results are shown for
the three scale choices described above. On the level of total cross sections one only observes a
mild dependence on the scale choice, in particular for the NLO results. For the fixed scale one
observes an enhancement of the LO ratios. An increase of the center of mass energy from 8 to 13
TeV also only has a small influence on the overall pattern. The situation is different when one
looks at differential distributions. In figure 2 we show the transverse momentum distribution
for the Higgs boson for the H + 3 jets process at a center of mass energy of 8 TeV.

The subplot on the right shows the distribution for scale choice B, while Fig. 2a shows the
results for the different scales normalized to the NLO result of scale A. The advantage of scale B
is the flatness of the K-factor over the entire pr range. This supports our choice to make scale
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Figure 2: On the right: the pp distribution of the Higgs boson in H + 3 jets production at the 8 TeV LHC
presented for scale B. The subplot 2a shows the same central predictions normalized to the NLO result
for scale A. Each ratio plot depicts the respective differential K-factors and their envelopes obtained from
scale variations at LO and NLO.

B the default scale. For the lower pr region up to ~ 250 GeV, scale C seems to be a sensible
choice as well. However, it completely breaks down for higher pr, and the K-factor can even
become negative. Further support for using scale B as the default choice comes from looking at
the pp distribution of the 'wimpiest’ jet for each multiplicity. This means looking at the first jet
for H+ 1jet, at the second jet for H+ 2 jets, and at the third jet for H+ 3jets. This is illustrated
in figure 3. The left hand side shows the pr of the three jets for scale choice B, the right hand
side shows scale choice A. The lower part of the plots shows the ratio of NLO versus LO for each
jet. For better visibility the ratios are multiplied with a prefactor to avoid overlap of the bands
of the different jets. As can be seen from the ratio plots, the purely dynamical scale choice B
leads to flat K-factors, whereas scale choice A shows a decrease of the K-factor with increasing
transverse momentum.

Another interesting question is how observables that are defined independently of a certain
jet multiplicity, like the transverse momentum of the Higgs, change under the presence of addi-
tional QCD radiation. This is shown in figure 4. The upper plots show the NLO distributions
for one, two and three jets (which we have obtained from the one-jet, two-jet and three-jet NLO
calculations, respectively). Unless stated otherwise, the jet multiplicity is exclusive, labelled by
‘excl’, i.e. a veto on any additional jet activity is in place. The 1-jet and the 3-jet processes
are shown twice, once for the exclusive case, and once for the inclusive case, labelled by ’incl’.
The lower subpanels show each contribution normalized to the inclusive prediction of the core
process, i.e. the most inclusive one, here given by the H+ 1 jet process. The plots in the middle
and lower panel are constructed following the same principle but using the NLO core process
of increased jet multiplicity, namely H + 2 jets and H + 3 jets, respectively. The middle row of
figure 4 hence depicts the same situation but without accounting for the H + 1 jet process; and,
for the lower row, there are only two distributions left to show, the one for the exclusive and
the one for the inclusive H+ 3 jets process. One can see that the low energy region is dominated
by the exclusive H + 1 jet contribution. The H + 2 jets contribution is negligible in that region,
however starts to dominate already in a region above approx. 200 GeV. Going further up in
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Figure 3: Transverse momentum distribution of the ‘wimpiest’ jet in H + n jets production at the LHC.

Using pr ordering the first, second and third leading jet are shown

in H+41jet, H+ 2jets and H + 3 jets

at 13 TeV, respectively; on the left with the default scale choice B, on the right with the scale choice A.
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Figure 4: Transverse momentum distribution of the Higgs for the different jet multiplicities. L.h.s. shows

the result for 8 TeV, r.h.s. shows the distribution for 13 TeV.

the spectrum increases the H+ 3 jets contribution which will eventually dominate the spectrum.
In other words, at high enough energies it is more and more likely to produce further jets. This
has to be kept in mind when comparing an inclusive measurement with a fixed order calculation
for a given number of jets. For low multiplicities the description becomes inaccurate already at
relatively low energies of around 200 GeV. A theoretical prediction that is based on a merged
result of different multiplicities will yield a better description of the data.
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Figure 5: Total cross sections at LO and NLO for H + 2 jets (blue) and H + 3 jets (red) using VBF
kinematical cuts and two different tagging jet definitions. Results are shown for the two scale choices A
and B, as well as the two energies of 8 TeV (left plot) and 13 TeV (right plot). The lower part of each
plot depicts the inclusive cross section ratios 3,5 for the different scales and tag jet approaches.

4. Phenomenology with vector boson fusion cuts

As already mentioned, gluon fusion is an irreducible background to the VBF channel. A
challenging task is therefore to provide a precise prediction of its rate compared to the signal.
In this section we discuss the results obtained from the gluon fusion contribution under the
presence of the additional VBF cuts described in section 2.3. Again we start the discussion
with the total cross section, for the VBF selection we now also consider the differences between
the two tagging schemes described above, pr-tagging and y-tagging. The total cross section
for the different energies, scales and tagging schemes is shown in figure 5. Having ruled out
the fixed scale as a sensible choice we only show the result for the two scales A and B. Also in
the case of the VBF selection, the differences between the scale choices are rather small. The
tagging scheme has a much bigger impact. The y-tagging increases the ratios which means that
it increases the fraction of the processes with higher multiplicity. This stresses the importance
of the inclusion of NLO results with higher multiplicities into the theoretical prediction.

5. Conclusions

In this talk we presented the computation and some phenomenological results for the production
of a Standard Model Higgs boson via the gluon fusion mechanism in the heavy top mass limit
in association with up to three jets. We investigated the role of the scale choice as well as the
effects of different sets of cuts, also allowing to assess the role of the gluon fusion contribution
in VBF searches. Furthermore we discussed a variety of important observables allowing for a
better discrimination between the gluon fusion and vector boson fusion contribution. Further
improvements could certainly be achieved by providing a merged NLO result of the different jet
multiplicities, but also through the inclusion of top-quark mass effects as well as the matching
of the H+ 3 jets NLO result with a parton shower.
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