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During the last years, the improvement in predictions for LHC processes has been enormous. In
this talk the following two topics are covered. First, using the FxFx merging prescription, the
prediction and data comparison for a vector boson in association with multiple jets are considered
at NLO accuracy. Second, we show some results for the newly developed extension of the MINLO
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µQ = 15 GeV µQ = 25 GeV µQ = 45 GeV inclusive

Z+jets
2.055(−0.9%) 2.074 2.085(+0.5%) 2.012(−3.0%) HW++
2.168(+0.8%) 2.150 2.117(−1.5%) 2.011(−6.5%) PY8

W+jets
20.60(−0.9%) 20.78 20.87(+0.4%) 19.96(−3.9%) HW++
21.71(+1.0%) 21.50 21.18(−1.5%) 19.97(−7.1%) PY8

Table 1: Total rates (in nb) for the three different choices of the FxFx merging scale, as well as those
for the inclusive (i.e. non-merged) samples, obtained with HERWIG++ (upper rows) and PYTHIA8 (lower
rows). Relative differences w.r.t. the FxFx results obtained with the central merging scale are also reported
in brackets.

1. Introduction

During the last 15 years, the accuracy of the predictions for fully exclusive observables has
been greatly improved. While even leading order (LO) multi-jet merging [3, 4, 5, 6, 7, 8, 9, 10, 11,
12] was rarely used and needed at the Tevatron, due to the much more precise data and higher QCD
activity at the LHC, for many analyses next-to-leading order (NLO) multi-jet merging [13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24] has become the new standard. These improved predictions are
much more accurate and precise than their predecessors, allowing for a much higher scrutiny of the
experimental data.

In this talk, two recent developments will be discussed in more detail: the data comparison for
FxFx predictions for NLO vector boson plus multiple jets production and Minlo results for Higgs
boson production with up to two jets at NLO accuracy.

2. FxFx predictions for vector boson plus multi jets

The FxFx merging method [19, 25] is a way for combining NLO predictions matched to the
parton shower for various jet multiplicities. That is, it allows one to combine NLO matrix elements
for S+0 j,1 j,2 j, . . . consistently over the whole phase-space. Here, S is a system of particles that
does not contain light partons (or b quarks). In the original publication, predictions for vector
bosons, Higgs bosons and top pairs in association with up to two jets at NLO accuracy have been
considered, matched to the HERWIG6 parton shower. A carefull assessment of the predictions in
comparison to data is still missing.

Following Ref. [1], we will present a comparison to LHC 7 TeV vector boson plus jets data [26,
27, 28], as well as the validation of the extension of the method to more modern parton showers,
i.e. PYTHIA8 [29] and HERWIG++ [30]. The FxFx merged results include NLO matrix elements
up to two jets at NLO accuracy (and therefore the third jet at LO accuracy). These results are also
compared with the inclusive predictions, generated from the default matching of a vector boson
with the parton shower at NLO accuracy, i.e. without the FxFx merging of higher jet multiplicities.

We start by considering the total cross sections, tabulated in Tab. 1. This table gives the total
cross sections for W and Z-boson production for the inclusive predictions and the FxFx merged
results. For the latter, three different merging scales are used, µQ = 15, 25 and 35 GeV.
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By construction, the inclusive cross sections are independent from the parton shower and are,
in fact, equal to the fixed order total cross sections. The merged predictions are 3-4% larger when
matched to HERWIG++ and 6-7% larger when matched to PYTHIA8. This is to be expected:
the FxFx method is not a unitary approach and the inclusion of the (partial) higher order terms
coming from the higher multiplicities indeed changes the inclusive cross section. The merging
scale dependence is small: of the order of 1% for the total cross section and it is slightly smaller
for HERWIG++ than for PYTHIA8.

We will now turn our attention to differential distributions. All the plots have the same layout:
the green band (labeled ‘Var’ in the plots) is obtained by taking the envelop obtained from FxFx
merging calculations with the 3×3×3 scale variations (for the renormalisation, factorisation and
merging scales, respectively). The red curve (labeled ‘Inc.’ in the plots) is the central value for
the inclusive (i.e. non-merged) results. In the first inset the ratio w.r.t. the data is taken, where the
yellow band shows the uncertainty on the data. The lowest inset displays the uncertainties coming
from the 3 merging scales seperately as a ratio w.r.t. the central scale choice. The data are signified
as black dots, and the triangles with the vertical green bars in the first inset are the central value
and statistical uncertainty of the FxFx merged predictions.

We start by comparing Z+jets 7 TeV data from ATLAS [26] to our predictions in fig. 1. In
the left hand plots of this figure the data is compared to predictions made with the HERWIG++
parton shower; on the right with PYTHIA8. The upper plots contain the results for the exclusive jet
multiplicity, the middle plots the transverse momentum of the hardest jet and the lowest plot the
transverse momentum of the thrid hardest jet. Overall, the agreement between the FxFx merged
results with the data is satisfactory, while the inclusive predictions undershoot the data considerable
for the high jet multiplicities and/or large transverse momenta. More specifically, for the exclusive
jet multiplicities, only the first three bins are formally NLO accurate, while the Njet = 3 bin is LO
accurate for the FxFx merged results. For higher multiplicities the predictions are based purely
on the parton shower. Indeed, the first 4 bins have a rather good agreement with data, which also
means that the HERWIG++ and PYTHIA8 predictions lie on top of each other. For the higher jet
multiplicities, HERWIG++ and PYTHIA8 start to differ and also the agreement with data is worse.
For the transverse momentum of the hardest jet, there are some differences between the HERWIG++
and PYTHIA8 predictions, which shows that the effects of the parton shower cannot be neglected
for this observable. For this observable, FxFx merging with PYTHIA8 is slighty preferred over the
results matched with HERWIG++. A similar pattern can be seen for the transverse momentum of
the third hardest jet, although the larger theory uncertainties (because this jet is only described at
LO accuracy) show still an agreement with the data, even though the central value is slightly below
for HERWIG++. For a larger selection of comparisons to 7 TeV ATLAS Z-boson data, see Ref. [1].

In the 7 TeV CMS results for Z-boson production in association with at least one hard jet [27],
it was shown that there is a large difference between the data and the LO multi-jet predictions for
the rapidity difference of the Z boson and the hardest jet. A comparison with fixed order NLO
Z+jet showed agreement. Indeed, when using the FxFx multi-jet merging prediction, both for
HERWIG++ and PYTHIA8 excellent agreement between the data and the prediction is found, see
fig. 2. This is not the case for the inclusive (non-merged) results: there is a rather large difference
between the predictions matching to HERWIG++ and PYTHIA8 confirming that there is a large
dependence on the parton shower when no higher multiplicity matrix elements are included in the
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Figure 1: Exclusive jet multiplicity, transverse momentum of the 1st jet and transverse momentum of the
3rd jet. Data from ref. [26], compared to HERWIG++ (left panels) and PYTHIA8 (right panels) predictions.
The FxFx uncertainty envelope (‘Var’) and the fully-inclusive central result (‘inc’) are shown as green bands
and red histograms respectively.

results. For a larger selection of comparisons to 7 TeV CMS Z-boson data, see Ref. [1].

Finally, we compare 7 TeV ATLAS W -boson data [28] with the FxFx merged predictions.
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Figure 2: The difference of the rapidities of the Z and the 1st jet. Data from ref. [27], compared to HER-
WIG++ (left panel) and PYTHIA8 (right panel) predictions.

Similarly as for Z-boson production, agreement between predictions and data is satisfactory, ex-
cept in cases where the shower plays a significant role. In the latter cases, also the differences
between HERWIG++ and PYTHIA8 are significant. In fig. 3 we show an example of the former, the
azimuthal distance between the two hardest jets, where the agreement between theory and data is
excellent, and also the invariant mass of the two hardest jets, where there is significant deviation be-
tween the data and the HERWIG++ predictions. Here, PYTHIA8 does predict the data correctly. For
a larger selection of comparisons to 7 TeV ATLAS W -boson data as well as 7 TeV CMS data [31],
see Ref. [1].

3. MINLO for Higgs plus up to two jets

The MINLO method [23] allows one to render an NLO calculation for B+1jet calculation also
NLO accurate for B observables that are completely inclusive over the extra jets (with B a massive
colourless system of particles). This is quite a remarkable result, as fixed order results for B+jet
are singular for these observables. The idea behind the MINLO approach is to damp the singularity
by applying a Sudakov factor and by including exactly the right terms inside this form factor, one
can explicitly show that by expanding the full result, no terms that hamper the NLO accuracy of
the predictions for inclusive B production are left. Moreover, the form factor does not deteriorate
the accuracy of the B+1jet calculation. Even though higher order terms are needed in the Sudakov
form factor, these terms do not –in general– improve the formal accuracy of the resummation.

In the original approach, the precise form of the Sudakov form factor was derived analyti-
cally. This allowed for predictions for W/Z/H/HW production [23, 32], and, very recently, also
WW production [33]. In all these approaches it was possible to only cover up to one extra jet,
i.e. starting from the NLO B+1jet predictions also the B inclusive observables become NLO accu-
rate. In the following we will show some results on an alternative method (“extended MINLO”) [2],
which uses unitarity to enforce NLO B+n-jet predictions to be also NLO accurate for B+(n-1)jet
observables. In particular, results will be shown for Higgs production in gluon fusion, in which we
start from an NLO calculation for H+2jets and apply the extended MINLO method to make them

4
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Figure 3: The azimuthal distance between and the invariant mass of the two hardest jets. Data from ref. [28],
compared to HERWIG++ (left panels) and PYTHIA8 (right panels) predictions.

also accurate in H+1jet predictions. The latter are already part of an NNLO+PS calculation for
Higgs production [34]. In short, this allows one to have NLO accuracy for H+2jets and H+1jet
and NNLO accuracy for inclusive H observables without the introduction of a merging scale. The
results shown here are just a proof-of-concept and not yet complete enough for data comparisons:
at high transverse momenta (or other large scales) the effective theory used, i.e. integrating out the
top quark in the Higgs to gluons coupling, breaks down and improvements are needed [35, 36].

The most interesting result from this exercise is the plot of fig. 4. In this plot, the transverse
momentum of the Higgs boson is plotted, requiring two additional jets in the event, vetoing events
with more or fewer jets. In the left panel, three predictions are shown: in red are the new extended
MINLO results, in green the central value of the NNLOPS calculation for inclusive H production
and in blue the predictions for H+2jets are shown. The latter contains Sudakov resummation, but
is formally not NLO accurate for lower multiplicity observables. In the three panels on the right,
the ratio w.r.t. the three central values is taken, respectively. The coloured band is the uncertainty
coming from scale variations in the respective results. As expected, when the transverse momentum
of the Higgs boson is small (compared to the typical transverse momenta of the jets) the extended
MINLO results agree with the calculation for H+2jets. However, when the transverse momentum
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of the Higgs gets larger, the events are dominated by the Higgs recoiling against a hard jet, that
either splits into two, or radiates a softer secondary jet. The latter approach is better described
by the NLO predictions for H+1jet: indeed, the extended MINLO results agree with the NNLOPS
results for inclusive H production. A much larger set of results and comparisons can be found in
Ref. [2].
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Figure 4: Transverse momentum distribution of the Higgs boson in 2-jet events. Jets are here constructed
according to the anti-kt clustering algorithm, for a radius parameter R = 0.4. Jets are required to have
transverse momentum pT ≥ 30 GeV and rapidity |y| ≤ 4.4.

4. Conclusions

During the last decade(s) fully exclusive predictions for event rates and differential distri-
butions have improved enormously. Both in precision as well as accuracy. In this talk, I have
presented two examples of recent progress.

The first example is a data comparison between FxFx merged predictions and 7 TeV LHC
data for W and Z production in association with multiple jets. Even though a small, representative
selection of the full results is shown it can be concluded that overall the agreement between the
predictions and the data is satisfactory. For the observables for which deviations with the data are
found, also large differences between matching to HERWIG++ and PYTHIA8 are found. In a way
this is good news, as it allows one to consider predictions for which HERWIG++ and PYTHIA8
agree very robust.

The second example are currently the most accurate predictions for Higgs boson production in
gluon fusion, merging NLO H+2jets with NNLO H results, without the introduction of a merging
scale. Using unitarity in a numerical way, no new analytic calculations are needed to extend this
approach to other processes.

It took about ten years in going from the first NLO results matched to a parton shower [37, 38,
39], to fully fledged automation [40, 25, 41, 42]. With the first results for next-to-next-to-leading
order predictions matched to parton showers coming available today [34, 43, 44, 45, 46, 32], it will
be interesting to see how far we can push the field in the coming decade.
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