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 Motivation:  V + multijet production
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‣ Z(→νν)̅+jets irreducible background for monojet    
Dark Matter searches

‣   can be determined from ɣ+jets and/or W+jets 
measurements together with theoretical predictions for 
Z+jets/ɣ+jets and Z+jets/W+jets ratios

‣   Large cross-sections and clean leptonic signatures

‣ Precision QCD at LHC   

‣ Playground to probe different aspects of higher-order    
calculations  
(LO+PS, NLO+PS, NLO-Merging, NLO  EW,…)
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‣ Formally suppressed by             with respect to QCD and numerically   
                                NLO EW ~ NNLO QCD

‣ Possible large (negative) enhancement due to universal virtual  
Sudakov logs at high energies (i.e. in the tails of the distributions): 
NLO EW ~                            
 
 
 
 
 

[Ciafaloni, Comelli,’98; 
Lipatov, Fadin, Martin, Melles, '99; 
Kuehen, Penin, Smirnov, ’99;  
Denner, Pozzorini, '00]
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Figure 5: Transverse-momentum distribution for W -boson production at the LHC.
(a) LO distribution for pp→W+j and pp→W−j. (b) Relative NLO (dotted), NLL
(thin solid), NNLL (squares) and NNLO (thick solid) electroweak correction wrt. the
LO distribution for pp→W+j. (c) Relative NLO (dotted), NLL (thin solid), NNLL
(squares) and NNLO (thick solid) electroweak correction wrt. the LO distribution
for pp→W−j.
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Figure 5: Transverse-momentum distribution for W -boson production at the LHC.
(a) LO distribution for pp→W+j and pp→W−j. (b) Relative NLO (dotted), NLL
(thin solid), NNLL (squares) and NNLO (thick solid) electroweak correction wrt. the
LO distribution for pp→W+j. (c) Relative NLO (dotted), NLL (thin solid), NNLL
(squares) and NNLO (thick solid) electroweak correction wrt. the LO distribution
for pp→W−j.
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pp → W++j

[Kühn et. al.; 2007]
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Why EW corrections?
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Automation of NLO QCD

�NLO =

Z
d�B (B + V + I) +

Z
d�R (R� S)
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OpenLoops 

[Cascioli, JML, Pozzorini]

Monte-Carlo-Framework: 
Sherpa 

[Gleisberg, Höche, Krauss, Schönherr, Schumann, 
                     Siegert, Winter et. al.]

MUNICH
 [Kallweit]

POWHEG-BOX 
        [Alioli, Nason, Oleari, Re, et. al.]
Herwig++/Matchbox 

[Bellm, Gieseke, Grellscheid, Papaefstathiou,  
Plätzer, Richardson, Seymour, Siodmok et al.] 

OpenLoops with NLO QCD is publicly available at

http://openloops.hepforge.org
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�NLO =
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d�B (B + V + I) +

Z
d�R (R� S)
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                     Siegert, Winter et. al.]
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 [Kallweit]

POWHEG-BOX 
        [Alioli, Nason, Oleari, Re, et. al.]
Herwig++/Matchbox 

[Bellm, Gieseke, Grellscheid, Papaefstathiou,  
Plätzer, Richardson, Seymour, Siodmok et al.] 

5

OpenLoops 

[Cascioli, JML, Pozzorini]

Automation of NLO QCD+EW

• NLO corrections in the full SM (QCD & EW) are implemented in OpenLoops  
together with Sherpa and MUNICH (will be included in upcoming public releases)

• missing: PS matching & merging
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Combination of NLO QCD and EW & Setup
Two alternatives:

Difference between the two approaches indicates uncertainties due to missing two-loop  
EW-QCD corrections of O(↵↵s)

Here j1 denotes the first jet, while the total transverse energy Htot
T is defined in terms of the jet

and W -boson transverse momenta12 as

Htot
T = pT,W +

X

k

pT,jk , (6.3)

where all jets that satisfy (6.1) are included.
Our default NLO results are obtained by combining QCD and EW predictions,
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EW correspond to pp ! W + n-jet contributions of O(↵n+1
S ↵) and O(↵n
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2),

respectively. As LO contributions, in Sections 6.1–6.3 only the leading-QCD terms of O(↵n
S↵) will

be included, while LO EW–QCD mixed and photon-induced terms of O(↵n�1
S ↵2) will be discussed

in Section 6.4. In order to identify potentially large effects due to the interplay of EW and QCD
corrections beyond NLO, we will also consider the following factorised combination of EW and
QCD corrections,
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If this approach can be justified by a clear separation of scales—such as in situations where QCD
corrections are dominated by soft interactions well below the EW scale—the factorised formula
(6.6) can be regarded as an improved prediction. Otherwise, the difference between (6.5) and (6.6)
should be considered as an estimate of unknown higher-order corrections.

In the following sections, we will present QCD+EW and QCD⇥EW NLO corrections relative
to �NLO

QCD, which corresponds to the ratios
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Note that the QCD⇥EW ratio (6.8) corresponds to the usual NLO EW correction relative to LO,
which is free from NLO QCD effects, while the QCD+EW ratio (6.7) depends on �NLO

QCD. In particu-
lar, for observables that receive large NLO QCD corrections, the relative QCD+EW correction can
be drastically suppressed as compared to the QCD⇥EW one. This feature is typically encountered
in observables that receive huge QCD corrections of real-emission type. In such situations, NLO
QCD+EW predictions for pp ! W +n jets are dominated by tree-level contributions with one extra
jet, and the inclusion of NLO QCD+EW corrections for pp ! W +(n+1) jets becomes mandatory.

6.1 W+ + 1 jet

Among the various W+(multi)jet production processes, the inclusive production of a W boson
in association with (at least) one jet is the one that features the strongest sensitivity to NLO
QCD radiation. This is clearly illustrated by the results shown in Figures 13–14 and Table 2. In
particular, large NLO QCD effects arise in the tails of the inclusive distributions in the W -boson and

12Note that at variance with the definition (5.3) of ˆHT, here we use transverse momenta and not transverse energies.
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Relative corrections w.r.t. NLO QCD:
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“usual” NLO EW w.r.t. LO

suppressed by large NLO QCD corrections

6

‣                                         in Gμ -scheme with   

‣ PDFs: NNPDF 2.3QED  with                              for LO and NLO QCD/EW
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di
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Figure 7. Virtual NLO EW sample diagrams for W+ + 2-jet production to the subprocces (from left to
right) u

i

d̄
i

! W+dd̄.

4.2 On-shell approximation

In our calculation the W+ is produced as a stable final state particle on its mass shell. In this way
the highest jet multiplicities (n = 3) can be achieved and the calculation can easily be extended to
include W decays in the NWA.

For n � 2 in the NLO EW contributions of O(↵2↵n
S) potentially resonant diagrams can ap-

pear, both, in the virtual and in the gluon bremsstrahlung contributions - but not in the photon
bremsstrahlung. Example diagrams with potentially resonant W and Z gauge bosons are shown in
Fig ??. Similar resonances can arise from top (in b-quark initiated processes) and Higgs (attached
to massive quark loops) propagators. In the virtual contributions resonant propagators can either
appear as EW insertions in a one-loop amplitude in interference with a QCD Born amplitude or in
an EW Born amplitude in interference with a pure QCD one-loop amplitude. Here we want to note
that at the considered order of perturbation theory such resonant diagrams can only enter via inter-
ferences with non-resonant ones. Therefore, no physical Breit-Wigner–like resonance but rather an
integrable pseudo singularity emerges that has to be regularized for numerical convergence. To this
end, for the particular process under consideration, we cannot consistently apply the complex mass
scheme due to the stable W in the final state. A finite W -width would alter the IR structure and
would require a cumbersome redefinition of the QED subtraction. Instead, we opt for a regulator
approach introducing a finite width �

reg

in all potentially resonant propagators while keeping the
EW mixing angle real, as defined in the on-shell scheme. In the virtual contributions this regulator
width has to be introduced with care to not spoil the IR structure of the diagrams. In particular no
width should be introduced in W propagators which are directly coupled to a photon. The obtained
result is independent of �

reg

in the smooth limit �
reg

! 0 where any gauge-dependence vanishes.
Furthermore, for a finite width any gauge-dependent contributions due to a regulated propagator
of a massive particle i are suppressed at least by O(�

reg

/Mi).

5 Setup of the simulation

In the following we present a series of NLO QCD+EW simulations for W+ production in association
with one, two, and three jets in proton–proton collisions at 13TeV. As input parameters for the
gauge boson, Higgs boson and top quark masses we use

MZ = 91.1876 GeV, MW = 80.385 GeV, MH = 126 GeV, mt = 173.2 GeV. (5.1)

The corresponding Lagrangian parameters are kept strictly real since we treat all heavy particles as
stable. The electroweak couplings are derived from the gauge boson masses and the Fermi constant,
Gµ = 1.16637⇥10�5 GeV�2, in the so-called Gµ-scheme, where the fine structure constant is given
by

↵ =

p
2

⇡
GµM

2
W

✓
1� M2

W

M2
Z

◆
, (5.2)

and the cosine of the weak mixing angle reads cos ✓w = MW /MZ . The CKM matrix is assumed to
be diagonal, while colour effects and related interferences are included throughout, without applying
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any large-Nc expansion. For the regularisation of spikes that can result from the interference of
singular propagators with non-resonant NLO EW contributions, if not stated otherwise we use a
technical width parameter �

reg

= 1GeV, as explained in Section 4.2.
For the calculation of hadron-level cross sections we employ the NNPDF2.3 QED parton distri-

butions [61], which includes NLO QCD and LO QED effects, and we use the PDF set corresponding
to ↵S(MZ) = 0.118.4 Matrix elements are evaluated using the running strong coupling supported by
the PDFs and, consistently with the variable flavour number scheme implemented in the NNPDFs,
at the top threshold we switch from five to six active quark flavours in the renormalisation of ↵S.
All light quarks, including bottom quarks, are treated as massless particles. The NLO PDF set is
used throughout, i.e. for LO as well as for NLO QCD and NLO EW predictions. Using the same
PDFs for LO and NLO predictions exposes matrix element correction effects in a more transparent
way. In particular, it guarantees that NLO EW K-factors remain free from QCD effects related to
the difference between LO and NLO PDFs.

The renormalization scale µR and factorization scale µF are set to

µR,F = ⇠R,Fµ0 with µ0 = ĤT/2, (5.3)

where ĤT is the scalar sum of the transverse energy of all partonic final state particles,

ĤT =
X

partons

ET =
X

i

ET,ji + ET,� +
q

p2T,W +M2
W . (5.4)

Our default scale choice corresponds to ⇠R = ⇠F = 1, and theoretical uncertainties are assessed by
applying the scale variations (⇠R, ⇠F) = (2, 2), (2, 1), (1, 2), (1, 1), (1, 0.5), (0.5, 1), (0.5, 0.5). As
shown in [14–19] the scale choice (5.3) guarantees a good perturbative convergence for W+multijet
production over a wide range of observables and energy scales.

For the definition of jets we employ the anti-kT algorithm [89] with R = 0.4. More precisely,
in order to guarantee IR safeness in presence of NLO QCD and EW corrections, we adop the
democratic clustering approach introduced in Section 2.4. To separate QCD jets from photons we
impose an upper bound zthr = 0.5 to the photon energy fraction inside jets, and the recombination
of collinear (anti)quark–photon pairs is applied within a cone of radius Rrec

�q = 0.1. We perform three
separate parton level NLO simulations of pp ! W + n jets, with 1  n  3. Events are categorised
according to the number of jets in the transverse momentum and pseudo-rapidity region defined by

pT,j > 30GeV, |⌘j| < 4.5, (5.5)

and for each W+n jet sample we present an inclusive analysis, where we do not impose any selection
cut apart from requiring the presence of n (or more) jets. In addition, to study the high-energy
behaviour of EW corrections, we also consider cross sections and distributions in presence of one of
the following cuts:

pT,W > 1TeV , pT,j1 > 1TeV , H jet
T > 2TeV , or Htot

T > 2TeV . (5.6)

Here j1 denotes the first jet, while the transverse energies H jet
T and Htot

T are defined in terms of the
jet and W boson transverse momenta5 as

H jet
T =

X

i

pT,ji , Htot
T = H jet

T + pT,W, (5.7)

where all jets with |⌘j| < 4.5 are included. In practice, for each W + n-jet sample, the first n jets
that contribute to H jet

T and Htot
T must satisisfy the pT cut in (5.5), while the contribution from the

extra jet at NLO can be arbitrarily soft.
4To be precise we use the NNPDF23_nlo_as_0118_qed set interfaced through the LHAPDF library 5.8.9.
5Note that at variance with the definition of ˆHT (5.4), here we use transverse momenta and not transverse energies.
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Figure 7. Virtual NLO EW sample diagrams for W+ + 2-jet production to the subprocces (from left to
right) u

i

d̄
i

! W+dd̄.

4.2 On-shell approximation

In our calculation the W+ is produced as a stable final state particle on its mass shell. In this way
the highest jet multiplicities (n = 3) can be achieved and the calculation can easily be extended to
include W decays in the NWA.

For n � 2 in the NLO EW contributions of O(↵2↵n
S) potentially resonant diagrams can ap-

pear, both, in the virtual and in the gluon bremsstrahlung contributions - but not in the photon
bremsstrahlung. Example diagrams with potentially resonant W and Z gauge bosons are shown in
Fig ??. Similar resonances can arise from top (in b-quark initiated processes) and Higgs (attached
to massive quark loops) propagators. In the virtual contributions resonant propagators can either
appear as EW insertions in a one-loop amplitude in interference with a QCD Born amplitude or in
an EW Born amplitude in interference with a pure QCD one-loop amplitude. Here we want to note
that at the considered order of perturbation theory such resonant diagrams can only enter via inter-
ferences with non-resonant ones. Therefore, no physical Breit-Wigner–like resonance but rather an
integrable pseudo singularity emerges that has to be regularized for numerical convergence. To this
end, for the particular process under consideration, we cannot consistently apply the complex mass
scheme due to the stable W in the final state. A finite W -width would alter the IR structure and
would require a cumbersome redefinition of the QED subtraction. Instead, we opt for a regulator
approach introducing a finite width �

reg

in all potentially resonant propagators while keeping the
EW mixing angle real, as defined in the on-shell scheme. In the virtual contributions this regulator
width has to be introduced with care to not spoil the IR structure of the diagrams. In particular no
width should be introduced in W propagators which are directly coupled to a photon. The obtained
result is independent of �

reg

in the smooth limit �
reg

! 0 where any gauge-dependence vanishes.
Furthermore, for a finite width any gauge-dependent contributions due to a regulated propagator
of a massive particle i are suppressed at least by O(�

reg

/Mi).

5 Setup of the simulation

In the following we present a series of NLO QCD+EW simulations for W+ production in association
with one, two, and three jets in proton–proton collisions at 13TeV. As input parameters for the
gauge boson, Higgs boson and top quark masses we use

MZ = 91.1876 GeV, MW = 80.385 GeV, MH = 126 GeV, mt = 173.2 GeV. (5.1)

The corresponding Lagrangian parameters are kept strictly real since we treat all heavy particles as
stable. The electroweak couplings are derived from the gauge boson masses and the Fermi constant,
Gµ = 1.16637⇥10�5 GeV�2, in the so-called Gµ-scheme, where the fine structure constant is given
by

↵ =

p
2

⇡
GµM

2
W

✓
1� M2

W

M2
Z

◆
, (5.2)

and the cosine of the weak mixing angle reads cos ✓w = MW /MZ . The CKM matrix is assumed to
be diagonal, while colour effects and related interferences are included throughout, without applying

– 13 –
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W+ + 1 jet: inclusive
inclusive

   ≲ 1%  EW corrections  
 
pT of W-boson
‣  +100 % QCD corrections in the tail

‣   large negative EW corrections due to Sudakov behaviour:  
    -20–35% corrections at 1-4 TeV 

‣   sizeable difference between QCD+EW and QCDxEW ! 
 
 
pT of jet

‣  factor-10 NLO QCD corrections in the tail!

‣  dominated by dijet configurations (effectively LO)

‣  positive 10-50% EW corrections from quark bremsstrahlung  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NNLO QCD: [Boughezal, Focke, Liu, Petriello ’15]
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EW corrections

Very large EW corrections to pp ! Z/W + 1 jet

NLO (electro)weak [Maina, Ross, Moretti ’04;Kühn,

Kulesza, S.P.,Schulze ’04–’07]

EW Sudakov logs beyond NLO [Kühn, Kulesza,

S.P.,Schulze ’04–’07; Becher, Garcia i Tormo ’13]

NLO QCD+EW with o↵-shell Z/W decays
[Denner,Dittmaier,Kasprzik,Muck ’09–’11]
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Strong motivations for V+multijets at NLO EW

multi-jet case: EW Sudakov poorly explored and crucial
for BSM searches

huge di-jet contributions at high jet pT ) V +1 jet NLO
EW insu�cient!!

overlap with EW processes (VBF,V V 0,tj, tW , t¯t) and
interference with QCD

soft W/Z

q

g

S. Pozzorini (Zurich University) V +multijets EW SM@LHC2015 10 / 28

W+ + 1 jet: inclusive
inclusive

   ≲ 1%  EW corrections  
 
pT of W-boson
‣  +100 % QCD corrections in the tail

‣   large negative EW corrections due to Sudakov behaviour:  
    -20–35% corrections at 1-4 TeV 

‣   sizeable difference between QCD+EW and QCDxEW ! 
 
 
pT of jet

‣  factor-10 NLO QCD corrections in the tail!

‣  dominated by dijet configurations (effectively LO)

‣  positive 10-50% EW corrections from quark bremsstrahlung  
 
 
 
 

      ⟹ pathologic with large uncertainties!
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Setup:      p
S = 13 TeV

µ0 =

ˆHT /2 (+ 7-pt. variation)

pT,j > 30 GeV, |⌘j| < 4.5
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W+ + 1 jet: exclusive
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QCD corrections

‣  mostly moderate and stable QCD corrections

EW corrections

‣  Sudakov behaviour in both tails: 
   -20–50% EW corrections at 1-4 TeV 

‣  EW corrections larger than QCD uncertainties for pT,W+ > 300 GeV

      ⟹ exclusive W+1jet ok! 
 
    ⟹ inclusive W+1jet requires W+2 jets at NLO QCD+EW!

Δ𝜙j1j2 < 3π/4
(veto on dijet configurations)
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Setup:      p
S = 13 TeV

µ0 =

ˆHT /2 (+ 7-pt. variation)

pT,j > 30 GeV, |⌘j| < 4.5
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QCD corrections

‣  mostly moderate and stable QCD corrections

‣  (almost) identical QCD corrections in the tail,  
    sizeable differences for small pT
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ɣ+1j

EW corrections

‣ correction in pT(Z) > correction in pT(ɣ)
‣  -20/-8% EW for Z/ɣ at 1 TeV 

‣  EW corrections > QCD uncertainties for pT,Z > 350 GeV

Setup:      

  Frixione-Isolation with dR=0.3
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ˆHT /2 (+ 7-pt. variation)
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Z/ɣ + 1 jet: pT-ratio

12

Overall

‣   mild dependence on the boson pT

QCD corrections

‣   ≲ 5% above 350 GeV

EW corrections

‣    result in an almost constant shift between LO and  
      NLO QCD+EW of ~10-15%
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18 7 Results

bulk. However, we know that the former underestimates the theoretical uncertainty due to
renormalization and factorization scales, and the latter overestimates it. The estimation of this
uncertainty has been discussed in the literature, and has been examined by comparing different
theoretical computational estimations ([9] and [30]). Both of the previously mentioned methods
misrepresent the actual uncertainty due to the renormalization and factorization scales. We
therefore choose the larger relative scale uncertainty band from each process as an estimate of
the uncertainty on the final ratio. Using the NLO cross sections, BLACKHAT predicts the Rdilep
ratio with a value of RBH = 0.03794, which is higher than that observed in data by a factor of
1.18 ± 0.14 (stat + syst).
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Figure 6: Differential cross section ratio of averaged Z ! (e+e� + µ+µ�) over g as a function
of the total transverse-momentum cross section and for central bosons (|yV | < 1.4) at different
kinematic selections in detector-corrected data. Top left: inclusive (njets � 1); top right: HT �
300 GeV, njets � 1. The black error bars reflect the statistical uncertainty in the ratio, the hatched
(gray) band represents the total uncertainty in the measurement. The shaded band around the
MADGRAPH+PYTHIA6 simulation to data ratio represents the statistical uncertainty in the MC
estimation. The bottom plots give the ratio of the various theoretical estimations to the data in
the njets � 1 case (bottom left) and HT � 300 GeV case (bottom right).

Z/ɣ + 1 jet: pT-ratio
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Note: fiducial regions not identical! 
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Figure 6: Differential cross section ratio of averaged Z ! (e+e� + µ+µ�) over g as a function
of the total transverse-momentum cross section and for central bosons (|yV | < 1.4) at different
kinematic selections in detector-corrected data. Top left: inclusive (njets � 1); top right: HT �
300 GeV, njets � 1. The black error bars reflect the statistical uncertainty in the ratio, the hatched
(gray) band represents the total uncertainty in the measurement. The shaded band around the
MADGRAPH+PYTHIA6 simulation to data ratio represents the statistical uncertainty in the MC
estimation. The bottom plots give the ratio of the various theoretical estimations to the data in
the njets � 1 case (bottom left) and HT � 300 GeV case (bottom right).
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W+ + 2 jets
inclusive

QCD corrections 

‣  small and very stable

‣  ≲ 10% scale uncertainties 
 
 
EW corrections

‣  Sudakov behaviour in all pT tails:   

•  -30–60% for W-boson at 1-4 TeV
• -15–25% for 1st and 2nd jet at 1-4 TeV

‣ Might need resummation of leading EW Sudakov logs

pT [GeV]

j2/106

j1/103

W+

d
σ
/d

p T
[p
b
/G

eV
]

pp → W+ + 2j @ 13TeV

2000100050020010050

103

100

10−3

10−6

10−9

10−12

10−15

10−18 NLO QCD×EW
NLO QCD+EW
NLO QCD
LON

pT [GeV]

j2/106

j1/103

W+

d
σ
/d

p T
[p
b
/G

eV
]

pp → W+ + 2j @ 13TeV

2000100050020010050

103

100

10−3

10−6

10−9

10−12

10−15

10−18

pT

W+

j1

j2
pT,j1 [GeV]

pT,j1

dσ
/d

σ
N
L
O

Q
C
D

2000100050020010050

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

pT,j1 [GeV]

pT,j1

dσ
/d

σ
N
L
O

Q
C
D

2000100050020010050

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

pT,W+ [GeV]

dσ
/d

σ
N
L
O

Q
C
D

pT,W+

2000100050020010050

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

pT,W+ [GeV]

dσ
/d

σ
N
L
O

Q
C
D

pT,W+

2000100050020010050

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

pT,j2 [GeV]

pT,j2

dσ
/d

σ
N
L
O

Q
C
D

2000100050020010050

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

pT,j2 [GeV]

pT,j2

dσ
/d

σ
N
L
O

Q
C
D

2000100050020010050

1.8

1.6

1.4

1.2

1

0.8

0.6

0.4

0.2

0

15

different!


