
P.S. .

MINLO

NLO
dcty

,
dot,# =

dFt# ×

ps .

dot
,: P.S. . P.S. .

Lo
do do

HJI HJI
- do × ×

HJI P.S. . P.S. .

do do
HJI HJI

Xs - term

only
.

.

x

To extend from LO `MiLO’ example to NLO apply the same all orders 
shower corrns to the conventional NLO HJJ computation

And subtract a term to render the expansion inαS unchanged to NLO

Example: H+2 jets MiNLO at next-to-leading order



H dσ

Jet 2 pT

Jet 1 Jet 2

Conventional NLO when underlying Born configs ➞ singular regions

Example: H+2 jets MiNLO at next-to-leading order

* For real emission underlying Born is H+2-jets  defnd w. excl. kT jet alg.



MiNLO when underlying Born configs ➞ singular regions

Example: H+2 jets MiNLO at next-to-leading order

H dσ

Jet 2 pT

Jet 1 Jet 2

NLO accuracy in perturbative region
Improved description of transition region
Parton shower all-orders corrections in resummation region



The observables for which we expect most advantges from the MINLO method are those
that can be constructed from the momenta of the pseudo-partons after a kT-clustering
procedure carried out until we have n jets, n being the number of radiated partons beyond
the primary process at the Born level (e.g. n = 1 for HJ and ZJ and n = 2 for HJJ and
ZJJ). Strictly speaking it should work for observables built up with the n-jet exclusive cross
section. This is obtained by applying the kT clustering algorithm, discarding or merging
the pseudoparton with the smallest transverse momentum until we are left with exactly n

pseudopartons. In practice, it should also work well for quantities built out of the hardest
n jets, as defined in the inclusive kT algorithm with a reasonable (i.e. not too small) choice
of the R parameter. We remark, however, that quantities that are sensitive to the radiation
in the real event (i.e. to the third parton in HJJ and to the second parton in HJ) the MINLO
method has no great advantage over the standard ones. In fact, no Sudakov suppression is
included for the radiated parton in the real cross section. On the other hand, the POWHEG
method provides specifically these Sudakov form factors, while maintaining NLO accuracy.
Therefore, the MINLO method combined with POWHEG yields the fully resummed results for
all quantities. We expect that in this framework the POWHEG results improved with the
MINLO method will ease the task of merging multijet samples, by providing associated jet
cross section that merge more smoothly with those with smaller multiplicity.

It is possible to conceive observables for which the MINLO method includes double
logarithms (at the NNLO level and beyond) that are actually not correct [32]. At the end
of Section 5.2.1 we will consider two such examples.

5.2 Higgs boson production

5.2.1 Higgs boson production in association with one jet

We begin by considering the MINLO improved HJ calculation. In fig. 2 we show the transverse
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Figure 2: Transverse momentum spectrum of the Higgs boson, computed with the POWHEG BOX
ggH generator (H PWG), the HJ-MINLO result (HJ MINLO), the HJ default µF = µR = p

H

T (HJ
RUN), and HJ with µF = µR = MH (HJ FXD). The right panel shows the ratio of each of the
NLO HJ results with respect to the NLO ggH POWHEG simulation with the band either side of the
central values indicating the combined renormalization and factorization scale uncertainty. Results
are shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.
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the sum running on all final state partons. These two scale choices will be labelled FXD
and RUN in the figures. We begin by comparing in fig. 7 the transverse momentum of the
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Figure 7: The transverse momentum of the Higgs boson (left) and the differential jet rate y01

(right), representing the logarithm of the resolution scale in the kT jet algorithm [14] for which
1-jet events become resolved as 0-jet ones. Results shown are computed with the POWHEG BOX HJ
generator, augmented by the MINLO procedure, and with HJJ-MINLO method. Distributions are
shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.

Higgs obtained with the POWHEG BOX HJ generator (interfaced to the PYTHIA shower) and
the MINLO HJJ generator. The POWHEG BOX HJ generator was modified with the inclusion
of the MINLO method for the computation of the underlying Born kinematics. No standard
NLO Higgs plus two jets prediction is possible for this distribution, since it does not require
the presence of at least two jets. Thus, as previously discussed, we expect the MINLO result
to give a LO representation of the physical cross section. We can see that, in spite of this
the MINLO result is still remarkably close to the POWHEG BOX cross section. The agreement is
particularly impressive at very low transverse momentum, where it seems that the MINLO HJJ
result gives a description of the total Higgs cross section that is very close to the one given
by the HJ POWHEG BOX generator. The latter, when improved with the MINLO prescription,
yields a cross section that is accurate at least at LO, according to the discussion given at
the beginning of Section 5. In the right panel of fig. 7 we show the differential jet rate for
the zero jet to one jet transition. Here again we see the MINLO prediction closely tracks the
result of the HJ POWHEG generator.

In fig. 8 the differential jet rate y12 is shown. For this distribution the MINLO result
and the standard NLO calculations are all predictive, showing reasonable agreement among
each other for moderately large merging scales. At small scales, the MINLO result is in better
agreement with the POWHEG BOX HJ code and shows a better scale stability. The standard
HJJ NLO results, by constrast, display unphysical behaviour under scale variation, especially
as far as the ĤT scale choice is concerned.

In fig. 9 we show the transverse momentum of the leading jet in events with at least
two jets. All NLO calculations, MINLO-improved and those with conventional scale setting,
are again predictive for this distribution. Observe that in the case of the running scale
prediction (µR = µF = ĤT ) the central value is outside the MINLO error band. Using a
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in the real event (i.e. to the third parton in HJJ and to the second parton in HJ) the MINLO
method has no great advantage over the standard ones. In fact, no Sudakov suppression is
included for the radiated parton in the real cross section. On the other hand, the POWHEG
method provides specifically these Sudakov form factors, while maintaining NLO accuracy.
Therefore, the MINLO method combined with POWHEG yields the fully resummed results for
all quantities. We expect that in this framework the POWHEG results improved with the
MINLO method will ease the task of merging multijet samples, by providing associated jet
cross section that merge more smoothly with those with smaller multiplicity.

It is possible to conceive observables for which the MINLO method includes double
logarithms (at the NNLO level and beyond) that are actually not correct [32]. At the end
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Figure 2: Transverse momentum spectrum of the Higgs boson, computed with the POWHEG BOX
ggH generator (H PWG), the HJ-MINLO result (HJ MINLO), the HJ default µF = µR = p

H

T (HJ
RUN), and HJ with µF = µR = MH (HJ FXD). The right panel shows the ratio of each of the
NLO HJ results with respect to the NLO ggH POWHEG simulation with the band either side of the
central values indicating the combined renormalization and factorization scale uncertainty. Results
are shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.
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The observables for which we expect most advantges from the MINLO method are those
that can be constructed from the momenta of the pseudo-partons after a kT-clustering
procedure carried out until we have n jets, n being the number of radiated partons beyond
the primary process at the Born level (e.g. n = 1 for HJ and ZJ and n = 2 for HJJ and
ZJJ). Strictly speaking it should work for observables built up with the n-jet exclusive cross
section. This is obtained by applying the kT clustering algorithm, discarding or merging
the pseudoparton with the smallest transverse momentum until we are left with exactly n

pseudopartons. In practice, it should also work well for quantities built out of the hardest
n jets, as defined in the inclusive kT algorithm with a reasonable (i.e. not too small) choice
of the R parameter. We remark, however, that quantities that are sensitive to the radiation
in the real event (i.e. to the third parton in HJJ and to the second parton in HJ) the MINLO
method has no great advantage over the standard ones. In fact, no Sudakov suppression is
included for the radiated parton in the real cross section. On the other hand, the POWHEG
method provides specifically these Sudakov form factors, while maintaining NLO accuracy.
Therefore, the MINLO method combined with POWHEG yields the fully resummed results for
all quantities. We expect that in this framework the POWHEG results improved with the
MINLO method will ease the task of merging multijet samples, by providing associated jet
cross section that merge more smoothly with those with smaller multiplicity.

It is possible to conceive observables for which the MINLO method includes double
logarithms (at the NNLO level and beyond) that are actually not correct [32]. At the end
of Section 5.2.1 we will consider two such examples.

5.2 Higgs boson production

5.2.1 Higgs boson production in association with one jet

We begin by considering the MINLO improved HJ calculation. In fig. 2 we show the transverse
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Figure 2: Transverse momentum spectrum of the Higgs boson, computed with the POWHEG BOX
ggH generator (H PWG), the HJ-MINLO result (HJ MINLO), the HJ default µF = µR = p

H

T (HJ
RUN), and HJ with µF = µR = MH (HJ FXD). The right panel shows the ratio of each of the
NLO HJ results with respect to the NLO ggH POWHEG simulation with the band either side of the
central values indicating the combined renormalization and factorization scale uncertainty. Results
are shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.

– 13 –

the sum running on all final state partons. These two scale choices will be labelled FXD
and RUN in the figures. We begin by comparing in fig. 7 the transverse momentum of the
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Figure 7: The transverse momentum of the Higgs boson (left) and the differential jet rate y01

(right), representing the logarithm of the resolution scale in the kT jet algorithm [14] for which
1-jet events become resolved as 0-jet ones. Results shown are computed with the POWHEG BOX HJ
generator, augmented by the MINLO procedure, and with HJJ-MINLO method. Distributions are
shown for LHC collisions at 7 TeV and a Higgs mass of 120 GeV. No cuts are applied.

Higgs obtained with the POWHEG BOX HJ generator (interfaced to the PYTHIA shower) and
the MINLO HJJ generator. The POWHEG BOX HJ generator was modified with the inclusion
of the MINLO method for the computation of the underlying Born kinematics. No standard
NLO Higgs plus two jets prediction is possible for this distribution, since it does not require
the presence of at least two jets. Thus, as previously discussed, we expect the MINLO result
to give a LO representation of the physical cross section. We can see that, in spite of this
the MINLO result is still remarkably close to the POWHEG BOX cross section. The agreement is
particularly impressive at very low transverse momentum, where it seems that the MINLO HJJ
result gives a description of the total Higgs cross section that is very close to the one given
by the HJ POWHEG BOX generator. The latter, when improved with the MINLO prescription,
yields a cross section that is accurate at least at LO, according to the discussion given at
the beginning of Section 5. In the right panel of fig. 7 we show the differential jet rate for
the zero jet to one jet transition. Here again we see the MINLO prediction closely tracks the
result of the HJ POWHEG generator.

In fig. 8 the differential jet rate y12 is shown. For this distribution the MINLO result
and the standard NLO calculations are all predictive, showing reasonable agreement among
each other for moderately large merging scales. At small scales, the MINLO result is in better
agreement with the POWHEG BOX HJ code and shows a better scale stability. The standard
HJJ NLO results, by constrast, display unphysical behaviour under scale variation, especially
as far as the ĤT scale choice is concerned.

In fig. 9 we show the transverse momentum of the leading jet in events with at least
two jets. All NLO calculations, MINLO-improved and those with conventional scale setting,
are again predictive for this distribution. Observe that in the case of the running scale
prediction (µR = µF = ĤT ) the central value is outside the MINLO error band. Using a
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Application: H+2 jet MiNLO at next-to-leading order

Black: HJ   MiNLO H + 1 jet feeding Powheg+Pythia 
Red:   HJJ MINLO MiNLO H+2 jets 
Conventional NLO HJJ returns nonsense towards low pT 

HJJ MINLO follows MiNLO H+1 jet [w.shower] down to pT = 0
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Cuts for Z production

Jets defined using the anti-kt algorithm (R = 0.4), with p
min
t > 30GeV, |⌘| < 4.4;

Two opposite charge, same flavour leptons required with p
(l)
t > 20GeV, |⌘l| < 2.5;

Lepton-jet isolation: �Rlj for all jets (as defined above) > 0.5;

Lepton-lepton isolation: �Rll > 0.5;

Constraint on dilepton invariant mass: 66 < mll < 116GeV;

Events are classified according to the number of jets, as defined above.

Table 3. Cuts for Z production in association with jets.
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Figure 21. Inclusive jet multiplicity obtained with the ZJJ generator using MiNLO, interfaced to
PYTHIA 6, compared to ATLAS data.

5.2 Z production data

In this section we compare the output of our ZJJ+MiNLO generator with the data of

ref. [12]. The parameters used in the simulation are the same as in section 5.1. The set of

cuts are displayed in table 3. Again, we consider only e
+
e
� decay but, since we switch o↵

electromagnetic radiation in PYTHIA, our result can be considered valid for any “dressed”

lepton analysis. Therefore they will be shown in comparison with the average data for

electrons and muons.

We observe good agreement between the prediction of our generator and ATLAS data.

6 Observables sensitive to the MPI

As discussed in section 3, the contribution of the MPI to the cross section for vector

boson production plus two jets may not be negligible. On the other hand, the W/ZJJ

generators presented in this work, when augmented with the MiNLO procedure, yield a

good prediction also for the MPI contributions, since they describe reasonably well also

inclusive distributions.
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Figure 25. Azimuthal angle (left) and rapidity (right) di↵erence between the two leading jets in
inclusive two-jet events.
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Figure 26. Distance Rj1j2 = (�yj1j2 +��j1j2)
1/2 between the two leading jets and invariant mass

of the system of all jets (right) in inclusive two-jet events.

sum of the transverse momenta of the two jets, pjjT = |pj1
T +p

j2
T | in two-jet exclusive events.3

In all cases one expects a non negligible contribution from the MPI in the region of small

transverse momenta.

In figure 27 we show the transverse momentum of the W boson and the pjjT distribution

for W production. It is clear that the inclusion of the MPI yields a noticeable change in

the shapes. In particular, below 10GeV, the contribution of the MPI increases, until it

becomes dominant at small transverse momenta.

In figure 28 we show the same quantities for Z production. Since now the jet cut is

at 30GeV rather than 20, the relative e↵ect of MPI is reduced, but still quite visible. In

conclusion, our study indicates that both observables can be conveniently used to study

and tune multi-parton interactions. The transverse momentum of the Z bosons in the 2-jet

sample (inclusive or exclusive) is also a particularly promising observable, provided the jet

energy cut is low enough.

3In ref. [47] also the observable pjjT /(pj1T + pj2T ) is considered, which is less sensitive to the jet-energy

scale. We here do not show it, since, being scale invariant, it does not show that the MPI contributions

vanish at large transverse momenta.
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Left: improves Z + 2 NLO s.t. gives even predictn for ≥ 0 jet evts! 
Right: NLO accuracy retained [& improved!] for ≥ 2 jet events 
Equally nice improvement & agreement for ATLAS W+jets data

Application: Z+2 jet MiNLO ⊕ Pythia vs ATLAS



WJJ/ZJJ MiNLO ⊕ Pythia/Herwig heavily used in ATLAS VBF W/Z analyses 

Partly motivated to consolidate knowledge/methods for VBF Higgs studies 

Partly motivated to look for anomalous couplings 

Weird multi-scale multi-jet kinematics ➞ NLO+MC stress test 

Application: W+2 jet MiNLO vs ATLAS in VBF kinematics

1 Introduction

The non-Abelian nature of the Standard Model (SM) electroweak theory predicts the self-interactions of
the weak gauge bosons. These triple and quartic gauge-boson couplings provide a unique means to test
for new fundamental interactions. The fusion of electroweak (EW) bosons is a particularly important
process for measuring particle properties, such as the couplings of the Higgs boson, and for searching
for new particles beyond the Standard Model [1–11]. In proton–proton (pp) collisions, a characteristic
signature of these processes is the production of two high-momentum jets of hadrons at small angles with
respect to the incoming proton beams [12]. Measurements of this vector-boson-fusion (VBF) topology
have been performed in W [13], Z [14, 15] and Higgs [16] boson production, though the observation of
purely electroweak processes in this topology has only been achieved in individual measurements of Z-
boson production. This paper presents a precise measurement of electroweak W-boson production in the
VBF topology, with a significance well above the standard for claiming observation, as well as di↵erential
cross section measurements and constraints on anomalous triple-gauge-boson couplings (aTGCs).

The production of a W boson in association with two or more jets (W j j) is dominated by processes in-
volving strong interactions (strong W j j or QCD W j j). These processes have been extensively studied
by experiments at the Large Hadron Collider (LHC) [17, 18] and the Tevatron collider [19, 20], motiv-
ating the development of precise perturbative predictions [21–33]. The large cross section for W-boson
production provides greater sensitivity to the VBF topology and to the electroweak production of W j j
(electroweak W j j or EW W j j) than corresponding measurements of Z- or Higgs-boson production.

The VBF process is inseparable from other electroweak W j j processes, so it is not measured directly;
sensitivity to the VBF production mechanism is quantified by determining constraints on operator coef-
ficients in an e↵ective Lagrangian approach [34]. The classes of electroweak diagrams constituting the
signal are shown in Figure 1 [35] and contain at least three vertices where an electroweak gauge boson
connects to a pair of fermions. Diboson production, where the final-state quarks result from the decay of
an s-channel gauge boson, is not shown and is considered as a background; it is small for the VBF topo-
logy defined in the analysis. The large background from a W boson associated with strongly produced
jets is shown in Figure 2 and has only two electroweak vertices. This background has O(10) times the
yield of the signal process, and can interfere with the signal. This interference is suppressed because only
a small subset of the background diagrams have the same initial and final state as the signal.
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Figure 1: Representative leading-order diagrams for electroweak W j j production at the LHC. In addition to (a) the
vector boson fusion process, there are four (b) W bremsstrahlung diagrams, corresponding to W± boson radiation
by any incoming or outgoing quark, and two (c) non-resonant diagrams, corresponding to W± boson radiation by
either incoming quark.
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Figure 2: Examples of leading-order diagrams for strong W j j production at the LHC. The left-hand diagram inter-
feres with the electroweak diagrams of Figure 1 when the final-state quarks have the same colours as the initial-state
quarks.

The analysis signature consists of a neutrino and either an electron or a muon, two jets with a high dijet
invariant mass, and no additional jets at a wide angle from the beam. This signature discriminates signal
events from the copious background events consisting of strongly produced jets associated with a W
(or Z) boson, top-quark production, or multijet production. The purity of electroweak W j j production
increases with increasing dijet invariant mass, increasing the sensitivity to anomalous triple-gauge-boson
couplings.

Measurements of the inclusive and fiducial cross sections of electroweak W j j production in proton–
proton collisions at centre-of-mass energies

p
s = 7 and 8 TeV are performed in a fiducial region with

a signal-to-background ratio of approximately 1:8. The electroweak signal is extracted with a binned
likelihood fit to the dijet invariant mass distribution. The fit determines the ratio µEW of the measured
signal cross section to that of a Standard Model calculation [36]; this ratio is then multiplied by the
prediction to provide the measured cross section. To reduce the uncertainties in the modelling of the strong
W j j events, data are used to constrain their dijet mass distribution, resulting in a precise measurement of
the electroweak W j j fiducial cross section. The quantum-mechanical interference between electroweak
and strong W j j processes is not modelled and its impact on the measurement is estimated using a Monte
Carlo simulation and taken as an uncertainty.

In order to explore the kinematics of the W j j topology, and the interplay between strong and electroweak
production, the 8 TeV data are unfolded di↵erentially to particle level in many variables and phase-space
regions, and compared to theoretical predictions. Electroweak W j j production is measured in regions
where the signal purity is relatively high (& 10%); combined strong and electroweak W j j production
is measured in the other regions. These measurements are then integrated to obtain fiducial cross sec-
tions in the di↵erent phase-space regions, albeit with larger uncertainties than the measurement with the
constrained background.

Sensitivity to the VBF diagram is determined by modifying the triple-gauge-boson couplings. Anomal-
ous couplings arising from new processes at a high energy scale would cause increasing deviations from
the SM prediction for increasing momentum transfer between the incoming partons. Hence, a region of
high momentum transfer is defined, and constraints on anomalous gauge couplings are set in the con-
text of an e↵ective field theory (EFT), including limits on interactions that violate charge-parity (CP)
conservation.

The paper is organized as follows. The ATLAS detector and reconstruction of the final-state particles are
described in Section 2. The definitions of the measurement phase-space regions and the event selection
are given in Section 3. The modelling of signal and background processes is discussed in Section 4.

4

VBF WJJ Strong WJJ
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FIG. 1: Representative diagrams contributing at leading order in an expansion in the number of

colors to the qg → eν q′gg and qQ̄ → eν q′gQ̄ one-loop amplitudes. The eν pair couples to the

quarks via a W boson.
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FIG. 2: Representative diagrams contributing only at subleading order in an expansion in the

number of colors to the qg → eν q′gg and qQ̄ → eν q′gQ̄ one-loop amplitudes. In such contributions,

either an external gluon, or a gluon splitting to a Q̄Q pair, is emitted from the q–q′ line, between

the W boson and one of the external quarks, q or q′, in the cyclic ordering of the external legs.

amplitudes, the W boson is between the q and q′ external legs, with no other partons in

between.

In subleading-color terms, a greater number and variety of primitive amplitudes appear,

and some primitive amplitudes contribute to more than one subleading-color partial ampli-

tude. A few of the parent diagrams for subleading-color primitive amplitudes are shown in

fig. 2. In such diagrams, either another parton appears between the W boson and either

q or q′, or a gluon is emitted between Q and Q̄ in process (2.2), or the diagram contains

a closed fermion loop. In the present paper, we include all subleading-color contributions.

In section VIII, we discuss in greater detail how to evaluate the full virtual cross section

efficiently, by taking advantage of the smallness of the subleading-color contributions.

10

that is, to the left of the ‘−4’ mark on the horizontal axis.

We have also examined distributions in which each bin is weighted by the requisite squared

matrix element and Jacobian factors. We find that they have quite similar shapes to the

unweighted distributions shown in fig. 3. This implies that the few events with a relative

error larger than 10−4 make only a small contribution to the total cross section. We have

verified that the difference between normal and high-precision evaluation in the total cross

section, as well as bin by bin for all distributions studied, is at least three orders of magnitude

smaller than the corresponding numerical integration error.

E. Real-Emission Corrections
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FIG. 4: Representative diagrams for the eight-point tree-level amplitudes, qg → eν q′ggg, qg →

eν q′gQQ̄, and qq̄′ → eν Q1Q̄1Q2Q̄2. The eν pair couples to the quarks via a W boson.

In addition to the virtual corrections to the cross section provided by BlackHat, an

NLO calculation also requires the real-emission corrections to the LO process. These terms

arise from tree-level amplitudes with one additional parton: an additional gluon, or a quark–

antiquark pair replacing a gluon. Representative real-emission diagrams are shown in fig. 4.

Infrared singularities develop when the extra parton momentum is integrated over phase-

space regions unresolved by the jet algorithm or jet cuts. The resulting singular integrals

cancel against singular terms in the virtual corrections, and against counter-terms associated

with the evolution of parton distributions. As mentioned above, to carry out these cancel-

lations, we use the Catani–Seymour dipole subtraction method [46] as implemented [47] in

the program AMEGIC++ [4], which is part of the SHERPA framework [6]. This imple-

mentation of dipole subtraction has already been tested [47] in explicit comparisons against

the DISENT program [76].

The implementation introduces two free parameters, αcut and αdipole. The first, αcut,
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We present the next-to-leading order (NLO) QCD results for W + 4-jet production at hadron
colliders. This is the first hadron collider process with five final-state objects to be computed
at NLO. It represents an important background to many searches for new physics at the energy
frontier. Total cross sections, as well as distributions in the jet transverse momenta and in the total
transverse energy HT , are provided for the initial LHC energy of

√
s = 7 TeV. We use a leading-color

approximation, known to be accurate to 3% for W production with fewer jets. The calculation uses
the BlackHat library along with the SHERPA package.

PACS numbers: 12.38.-t, 12.38.Bx, 13.87.-a, 14.70.Fm

The first data and analyses emerging from experiments

at the Large Hadron Collider (LHC) emphasize the need

for reliable theoretical calculations in searches for new

physics beyond the Standard Model. In many channels,

new-physics signals can hide in broad distributions un-

derneath Standard Model backgrounds. Extraction of

a signal will require accurate predictions for the back-

ground processes, for which next-to-leading order (NLO)

cross sections in perturbative QCD are crucial. The past

few years have seen rapid progress in NLO QCD for the

LHC. Several important processes involving four final-

state objects (including jets) have been computed [1–6].

In this Letter, we present results for the first of a new

class of processes, involving five final-state objects: inclu-

sive W + 4-jet production, using a leading-color approx-

imation for the virtual terms that has been validated for

processes with fewer jets. This process has been studied

since the early days of the Tevatron, where it was the

dominant background to top-quark pair production. At

the LHC, it will be an important background to many

new physics searches involving missing energy, as well as

to precise top-quark measurements.

In previous papers [1, 2] we presented the first com-

plete results for hadron-collider production of a W or

Z boson in association with three jets at NLO in the

strong coupling αs. (Other NLO results for W + 3 jets

have used various leading-color approximations [3–5].)

We performed detailed comparisons to Tevatron data [7].
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FIG. 1: Sample diagrams for the seven-point loop amplitudes
for qg → W q′ggg and qQ̄ → W q′ggQ̄, followed by W → eν.

The sensitivity to the unphysical scale used to define αs

and the parton distributions is reduced from around 40%

at leading order (LO) to 10∼20% at NLO, and the NLO

results agree well with the data. At the LHC, a much

wider range of kinematics will be probed, making NLO

studies even more important.

The computation of hadron collider processes with

complex final states at NLO has long been a challenge to

theorists. The evaluation of the one-loop (virtual) cor-

rections has been a longstanding bottleneck. Feynman-

diagram techniques suffer from rapid growth in complex-

ity as the number of legs increases. On-shell methods [8–

13], in contrast, rely on the unitarity and factorization

properties of scattering amplitudes to generate new am-

plitudes from previously-computed ones. Such methods

scale very well as the number of external legs increases,

offering a solution to these difficulties.
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In this paper, we compute the total cross sections at NLO for inclusive W+ + n-jet

and W− + n-jet production with n ≤ 5 and describe W+/W− ratios and W + n-jet/W+

(n−1)-jet ratios. Such ratios can be sensitive probes of new physics. We also study two

types of distributions: the differential cross section in the total hadronic transverse energy

H jets
T =

∑

j∈jets p
j
T, and the complete set of differential cross sections in the jet transverse

momenta. For four and five jets we make use of a leading-color approximation for the virtual

contributions. This approximation has been shown to have subleading-color corrections of

under 3% for processes with four or fewer associated jets [22, 43].

This paper is organized as follows. In section II we summarize the basic setup of the

computation. In section III we present our results for cross sections, ratios and distributions.

We give our summary and conclusions in section IV.
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FIG. 6: Distribution in the total hadronic transverse energy HT in inclusive samples of W� +

2, 3, 4, 5-jets. Format as in Figure 5.

are very similar for the di↵erent vector bosons W±
and Z. Also, we only include (N)LO and

Mi(N)LO
0
results, as the associated results with changing ĤT/2 to ŜT are rather consistent.

Figure 5 displays the n-th jet transverse momentum spectra in the calculation of W�
+n

jets for n = 2 to 5. The solid (black) lines show NLO predictions, the dotted (magenta) lines

MiNLO
0
predictions, while the dashed (blue) lines show LO predictions and the dash-dotted

lines MiLO
0
predictions. The error bars represent the estimate of the statistical integration

errors. The middle panels show ratios to the NLO result including scale dependence bands

at LO and NLO. Similarly, the lower panels show ratios to the MiNLO
0
results and scale

dependences for MiLO
0
and MiNLO

0
. Previous studies at lower energies (see for example [10])

have shown that the n-th jet pT spectrum in an inclusive V + n jets sample tends to have

rather small distortions due to QCD corrections (as long as n > 1). Our current study
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Application: W + 3, 4, 5 jets NLO vs MiNLO vs ATLAS



MiNLO 

Motivations for NLO 

Renormalization and factorization scales 

Motivations for MiNLO 

MiNLO scale setting sketched with an example 

Applications

Summary


