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NLO EW calculations for multileg processes (1)
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NLO EW calculations for multileg processes (2)

these calculations are possible thanks to the development of fully
automated 1-loop providers like

GoSam arXiv:1111.2034,1404.7096,1507.08579

MADLOOP/Madgraph_aMC@NLO arXiv:1405.0301,1804.10017

NLOX arXiv:1812.11925

OpenLoops/OpenLoops2 arXiv:1111.5206,1412.5157,1710.11452,1907.13071

Recola/Recola2 arXiv:1211.6316,1605.01090,1705.06053,1711.07388
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NLO EW calculations for multileg processes (3)

some calculations use dedicated Monte Carlo integrators

but many of them rely on more general purpose frameworks such as

Madgraph_aMC@NLO arXiv:1405.0301,1804.10017

MATRIX arXiv:1711.06631

POWHEG hep-ph/0409146,arXiv:0709.2092,1002.2581

SHERPA arXiv:0811.4622,1704.05783,1905.09127

Mauro Chiesa Progress in Monte Carlo generators (EW)



Fixed-order calculations

NLO EW corrections δEW are computed

δEW can be combined with QCD corrections using additive or
multiplicative prescriptions (to some extent arbitrary)

the difference additive vs multiplicative can be an estimate of the
missing mixed corrections

δQCD+EW = δQCD + δEW

δQCD×EW = (1+ δQCD)(1+ δEW)−1

the estimate of the mixed EW-QCD corrections is only valid when the
dominant corrections come from the same phase space of the LO
process (e.g. not in the case of giant K-factors)
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giant K-factors, example from 1912.00068
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Figure 8. Distribution in the transverse momentum of the harder reconstructed vector boson for the
processes (3.1)–(3.3) at 13 TeV. Baseline cuts are applied without jet veto. Plot format and predictions as
in figure 6.

invariant mass we observe similar QCD corrections as for the fiducial cross sections. At very
large mV V the NLO QCD corrections tend to decrease. As for the NNLO corrections, in WZ

production they increase mildly towards large mV V and reach up to 20% in the TeV regime. In
WW production the additional gg channel, whose contribution decreases at large mV V , results in
a relatively flat total NNLO correction at around 10%, with residual scale uncertainties at the 5%
level. On the other hand, for ZZ production we observe a significant enhancement of the NNLO
corrections up to 40% at very high invariant masses in the multi-TeV range. This is due to the
effect of acceptance cuts and their interplay with the opening of the qq′ → V V qq′, q̄q̄′ → V V q̄q̄′

and qq̄′ → V V qq̄′ channels at NNLO. The reason is that, at large mV V , in these channels the gauge
bosons are mainly emitted in the forward and backward directions. Hence, the rapidity of their
leptonic decay products is often too large to pass the acceptance cuts on charged leptons in WW

and WZ production. In contrast, in the case of ZZ production the absence of rapidity cuts on
the Z → νν̄ decay products leads to significantly larger contributions from these channels. In fact
we have checked that the NNLO QCD corrections to ZZ, WW and WZ production behave in a
very similar way when applying the same (technical) cuts on neutrinos and charged leptons, and
switching off loop-induced gg contributions.

The EW corrections to the mV V distribution are negative, and in the tails they grow like double
Sudakov logarithms. However, their impact is less pronounced than for the pT,V2 distribution
in figure 6. This is due to the fact that diboson production at large mV V is dominated by t-
and u-channel topologies where the gauge bosons are mainly emitted in the forward/backward
regions, and the scales t, u that enter Sudakov logarithms are well below mV V . The largest EW
corrections are found in the ZZ channel, where they amount to −15% at 1 TeV. In the combination
of QCD and EW corrections the difference between additive and multiplicative prescriptions is

– 19 –

hard jet recoiling against hard V , soft additional V ′
Soft correction on V j underlying Born
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Fixed-order calculations: dibosons 1912.00068

Fixed-order corrs to 4-lepton productions known up to NNLO QCD and
NLO EW

NNLO QCD and NLO EW are combined using several prescriptions:

where all O(α) corrections in the qq̄, γγ and qγ (including q̄γ is implicitly understood) channels are
incorporated into the factor δEW. For the combination of QCD and EW corrections we consider
three different prescriptions.

NNLO QCD+EW The first prescription amounts to a purely additive combination,

dσNNLO QCD+EW = dσLO
�
1 + δQCD + δEW

�
+ dσgg

LO , (2.6)

where all terms of O(α4), O(αSα
4), O(α5) and O(α2

Sα
4) are simply summed.

NNLO QCD×EW As a possible approximation of the mixed QCD–EW higher-order corrections
we consider the factorised combination

dσNNLO QCD×EW = dσLO
�
1 + δQCD

�
(1 + δEW) + dσgg

LO , (2.7)

where the EW correction factor is applied to the entire NNLO QCD cross section except for the
loop-induced gg channel, for which the EW corrections δEW of the qq̄ and γγ channels are not
applicable. The prescription (2.7) can also be written in the form

dσNNLO QCD×EW = dσNNLO QCD+EW + dσLOδQCD δEW . (2.8)

Thus, the factorised combination (2.8) generates extra O(αSα) and O(α2
Sα) mixed QCD–EW cor-

rections. Provided that the dominant sources of QCD and EW corrections factorise, such terms
can be regarded as a reasonable approximation of mixed QCD–EW effects. For instance, at scat-
tering energies Q � MW this assumption is justified when EW effects are dominated by Sudakov
logarithms, and the dominant QCD effects arise at scales well below Q, factorising with respect to
the underlying hard-V V process. In such cases, the factorised prescription (2.7) should be regarded
as a superior prediction as compared to the additive combination (2.6).

NNLO QCD×EWqq As a motivation for an alternative combination, let us highlight the role
of individual partonic channels in the factorised formula (2.7). To this end we rewrite the QCD
corrections as

dσNNLO QCD = dσqq̄
LO

�
1 + δqq̄

QCD

�
+ dσγγ

LO + dσgg
LO , (2.9)

where δqq̄
QCD includes the same QCD corrections as δQCD, but is normalised to the LO cross section in

the qq̄ channel. Moreover we split the EW corrections into contributions from the qq̄ and γ-induced
channels,

dσNLO EW = dσqq̄
LO

�
1 + δqq̄

EW

�
+ dσγγ

LO

�
1 + δ

γγ/qγ
EW

�
. (2.10)

Here in the factor δqq̄
EW we include only O(α) corrections from the qq̄ channel, whereas all other

O(α) effects stemming from the γγ and qγ channels8 are included in the factor δ
γγ/qγ
EW . Using the

notation of eqs. (2.9)–(2.10) we can rewrite the factorised formula (2.7) as

dσNNLO QCD×EW =
�
dσqq̄

LO

�
1 + δqq̄

QCD

�
+ dσγγ

LO

�
(1 + δEW) + dσgg

LO , (2.11)

8This ad-hoc splitting of EW corrections deserves some comments. As pointed out in ref. [43], (anti)quark-photon
channels have the twofold role of EW corrections to the qq̄ and γγ channels and are connected to both channels
via collinear singularities. Thus, they cannot be entirely associated with one or the other channel. For this reason,
eq. (2.10) should be understood as a purely technical separation of qq̄ and γ-induced corrections, which can be adopted
upon subtraction of collinear singularities (based on dipole subtraction in our implementation). As discussed below,
the choice of handling the qγ channels as corrections to the γγ channel (rather than to the dominant qq̄ channel) is
motivated by the fact that the qγ channels can lead to giant EW K-factors that cannot be combined with the QCD
corrections with a factorised prescription.
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where the EW K-factor corresponds to

δEW =
δqq̄
EWdσqq̄

LO + δ
γγ/γq
EW dσγγ

LO

dσqq̄
LO + dσγγ

LO
, (2.12)

and can be regarded as the weighted average of the corrections in the qq̄ and γγ channels. The
representation (2.11) demonstrates that the factorised combination does not induce any O(αS) effect
in the γγ and gg channels. The only nontrivial factorised correction arises from the term δqq̄

QCDδEW,
where QCD corrections to the qq̄ channel are combined with the average EW corrections in the qq̄

and γγ channels. The latter includes contributions from qγ channels that can give rise to giant
EW K-factors, in which case a factorised treatment is not justified (see section 3.3 for a detailed
discussion). For this reason we consider the alternative combination formula

dσNNLO QCD×EWqq
= dσqq̄

LO

�
1 + δqq̄

QCD

� �
1 + δqq̄

EW

�
+ dσγγ

LO

�
1 + δ

γγ/qγ
EW

�
+ dσgg

LO , (2.13)

where the factorisation of EW corrections is restricted to the qq̄ channel, while photon-induced
channels and the loop-induced gg contribution are treated in an additive way. In analogy with
eq. (2.8), the prescription (2.13) can be rewritten as9

dσNNLO QCD×EWqq
= dσNNLO QCD+EW + dσLOδQCD δqq̄

EW . (2.14)

Both multiplicative combinations (2.8) and (2.14) are implemented at the level of individual
distributions by computing the relevant differential EW K-factors δEW and δqq̄

EW on a bin-by-bin
basis.

When QCD corrections are dominated by hard effects that do not factorise with respect to the
hard-V V subprocess, like in the case of giant K-factors, the difference between the additive and
the modified multiplicative combination can be regarded as a rough indication of the magnitude of
potential effects of O(αSα) and beyond. More details on uncertainty estimates of missing mixed
QCD–EW corrections will be discussed in section 3. As far as pure QCD uncertainties are con-
cerned, they are estimated through customary variations of the renormalisation and factorisation
scales. Uncertainties from missing EW corrections beyond O(α) are not addressed in this paper:
the dominant source of O(α2) effects at high energy are two-loop Sudakov logarithms of the form
α2

w log4(Q2/M2
W ), which should be included in order to achieve few-percent accuracy at high pT.

The expected size of these two-loop EW effects, assuming naive Sudakov exponentiation, is around
1
2δ

2
EW.

3 Phenomenological results

In this section we present numerical results for the selected diboson processes

pp → �−�+ν�� ν̄�� (ZZ) , (3.1)

pp → �−��+ν�� ν̄� (WW ) , (3.2)

pp → �−�+��±ν�� (WZ) . (3.3)

All cross sections correspond to the contribution from one lepton family �, �� = e or µ, and �� �= �.
In the case of WZ production, the QCD and EW corrections are combined at the level of the
individual W+Z and W−Z subprocesses, and their cross sections are summed up afterwards.

3.1 Setup

In the following we specify the employed input parameters, scale choices, PDFs, and selection cuts.
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the results in the considered prescriptions are compared in different
phase-space regions

NLO EW matrix element computed with OpenLoops

calculation performed in the Matrix framework (but not yet public, to my
knowledge)
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Fixed-order calculations: remark

O(α) corrections are included

multiple γ radiation effects are NOT included

it is no possible to simply run QED parton showers on top of NLO
EW predictions:

double-counting of O(α) QED corrs from PS

(unless only weak corrections are computed, when possible)

the inclusion of multiple γ radiation requires NLO-PS matching
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Multijet merging and approximate QED
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NLO QCD+NLO EW+PS(QCD,QED) matching
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Multijet merging and approximate QED

only virtual EW corrections included after subtraction of QED logs

QED corrections are only from PS (leading logs)

typically used for the production of heavy objects+light jets:

democratic parton clustering treating QED and QCD radiation NOT
yet developed

after removing the QED, EW corrections do not change parton
multiplicity

standard QCD multijet merging is used

improved description of hard pjT tails (or distribs with large QCD corrs not
coming from soft/coll radiation)

QED accuracy is only leading log (this approximation affects mainly leptonic
observables like e.g. Minv)
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Jet merging and approx QED: WW (+j) 2005.12128

NLO QCD+NLO EW corrections computed for WW and WW +1jet

merging of 0 and 1−jet samples (with the QED approx. in the
previous slide)

QED corrections in leading log approximation only

NLO EW matrix elements from Recola

calculation performed in the Sherpa framework
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NLO QCD+NLO EW matched to QCD and QED PS

2015 2016 2017 2018 2019 2020
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Fixed order
multijet merging (QED approx)

NLO QCD+NLO EW+PS(QCD,QED) matching

matched calculations also available for charged and neutral DY
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POWHEG1

algorithm for the matching of NLO QCD corrections to QCD PS

implemented in the POWHEG-BOX-V2 framework
S. Frixione et al. arXiv:0709.2092, S. Alioli et al. arXiv:1002.2581

generalized to NLO EW corrections+QED PS (with limitations)
L. Barze et al. arXiv:1302.4606,1202.0465, C. Carloni et al. arXiv:1612.02841

resonance-aware POWHEG algorithm implemented in
POWHEG-BOX-RES

T. Ježo and P. Nason, arXiv:1509.09071

1P. Nason hep-ph/0409146
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POWHEG: algorithm and accuracy

dσ =
∑
fb

B̄
fb
QCD+EW(Φn)dΦn

{
∆fb (Φn,pminT )

+
∑

αr=αQED
r ,α

QCD
r ∈{αr|fb}

[
dΦrad θ(kT −pminT )∆fb (Φn,kT )R(Φn+1)

]Φ̄αrn =Φn

αr

Bfb (Φn)

}
for each αr try to generate a radiation, the hardest one goes in the LHE file

matching to PS: veto PS radiation with pT > prad,PWG
T

NLO QCD+QCD-PS: dσ = dσ0
[
1+ δαS +

∑∞
n=2 δ

′
αn
S

]
, δ′ =leading logs

matching replaces first PS radiation with NLO real radiation
POWHEG NLO (QCD+EW)+(QCD,QED)-PS:

dσ = dσ0

1 + δαs + δα+
∞∑

m=1,n=1
δ′αms αn +

∞∑
m=2

δ′αms +
∞∑
n=2

δ′αn


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POWHEG: algorithm and accuracy (2)

POWHEG-BOX-V2

try to generate one radiation
from each αr (pαr

T )

find the hardest radiation (pmaxT )

pmaxT is the starting scale of the
PS

POWHEG-BOX-RES(∗)

try to generate one radiation
from each αr (pαr

T )

for each resonance r, find the
hardest radiation emitted by the
resonance (pmaxT,r )

pmaxT,r is the starting scale of the
PS radiation from r

POHWEG-BOX-RES (like) events contain up to one radiation from each
resonance

PS radiation from each resonance must be vetoed independently
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POWHEG-BOX-RES (like) treatment of resonances
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POWHEG-BOX-RES and multiple vetoes: remark

PS radiation off each resonance must be vetoed independently

not in LHE accord (scalup only works for one radiation)

dedicated interfaces to PS must be used

it would be much better if the community could agree on a generalization
of the LHE standard

Mauro Chiesa Progress in Monte Carlo generators (EW)



NLO EW+QED PS in POWHEG: current limitations
The implementation of NLO EW corrections in POWHEG-BOX-V2/RES
is not general:

it assumes that each virtual amplitude is in one-to-one
correspondence with a LO amplitude,
e.g. NOT situations like (VBS)

O
�
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5
�
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�
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�
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Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,
the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the
order O

�

α2
sα

5
�

contains EW corrections to the QCD-induced contribution as well as QCD
corrections to the LO interference. These corrections have never been computed previously
and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer
code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-
mass scheme [22, 23] is used. All results have been obtained in two independent Monte
Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
�

αsα
5
�

kinematic channels
uu → µ+νµe+νedd yes t, u

uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s

ud̄/d̄u → µ+νµe+νesc̄ no s

us̄/s̄u → µ+νµe+νedc̄ no t

cd̄/d̄c → µ+νµe+νesū no t

cs̄/s̄c → µ+νµe+νedū no s

cs̄/s̄c → µ+νµe+νesc̄ yes t, s

d̄d̄ → µ+νµe+νeūū yes t, u

d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t

s̄s̄ → µ+νµe+νec̄c̄ yes t, u

Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference
contribution at O

�

αsα
5
�

or not. The right column specifies the contributing kinematic chan-
nels.
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the subtraction for mixed interferences is missing (e.g. O(α6αS)
above)

treatment of γ−initiated contributions not yet implemented
Mauro Chiesa Progress in Monte Carlo generators (EW)



HV

pp→ l+l−H, pp→ lνH:

HZ_ew, HW_ew, arXiv:1706.03522

full matrix elements from OpenLoops

NLO QCD+NLO EW accuracy matched to QCD and QED PS

implemented in the POWHEG-BOX-RES framework
up to 2 radiations in the LHE events

Mauro Chiesa Progress in Monte Carlo generators (EW)



HV+jet with MiNLO

pp→ l+l−Hj, pp→ lνHj: HZJ_ew, HWJ_ew, arXiv:1706.03522

full matrix elements from OpenLoops

NLO QCD+NLO EW accuracy matched to QCD and QED PS

implemented in the POWHEG-BOX-RES framework
up to 2 radiations in the LHE events

improved description of hard pT tails

MiNLO: when pjT → 0 recovers the results for HV at NLO accuracy

Mauro Chiesa Progress in Monte Carlo generators (EW)



Dibosons

pp→ 4l, pp→ 2l2ν, pp→ 3lν:

VV_dec_ew, arXiv:2005.12146

full matrix elements for 4−lept, 4−lept+γ/j (Recola2)

NLO QCD+NLO EW accuracy matched to QCD and QED PS

implemented in the POWHEG-BOX-RES framework

t/u-channel, s-channel, and peripheral resonances considered

up to 3 radiations in the LHE events
Mauro Chiesa Progress in Monte Carlo generators (EW)



Dibosons: perspectives
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Figure 1: Sample Feynman diagrams for the channels qq̄ → µ+νµe−ν̄eg (left) and gq →
µ+νµe−ν̄eq (right), respectively.

This article is organised as follows: in Section 2, the features of the calculations are explained.
In particular, the various contributions included and the methods used are reviewed. Technical
details and the set-ups of the calculations are provided. Section 3 is devoted to the numerical
results and their discussion. It is divided into two parts: in Section 3.1 the fixed-order predictions
are displayed, and in Section 3.2 results based on multi-jet merging are presented. In each
section, various cross sections and a wide range of differential distributions are discussed. Finally,
Section 4 contains a short summary and concluding remarks.

2 Features of the calculations

2.1 Born contributions

In this work, we consider two hadronic processes corresponding to WW and WWj production at
the LHC. The first one,

pp → µ+νµe−ν̄e, (1)

describes the production of two off-shell W bosons that decay leptonically. The leading-order
(LO) cross section is of order O

�
α4

�
. The contributing partonic channels have initial states qq̄

with q = u, d, c, s and γγ.
The second process involves in addition an extra QCD jet,

pp → µ+νµe−ν̄ej. (2)

The dominant partonic channels contribute to the cross section at order O
�
αsα

4
�
, where besides

the qq̄ channels also contributions from gq and gq̄ initial states appear. Sample diagrams are
shown in Fig. 1. Subleading contributions of order O

�
α5

�
originate from initial states γq and γq̄,

where again q = u, d, c, s. While always considering the full off-shell production, in the following,
both processes are sometimes referred to as WW and WWj, respectively.

In addition to tree-level contributions, there are also loop-induced contributions with two
gluons in the initial state, gg → µ+νµe−ν̄e and gg → µ+νµe−ν̄eg for WW and WWj, respectively.
In Section 3, their LO fiducial cross sections are given for reference but no in-depth analysis is
presented. Such contributions are known at NLO for WW [19, 20] and have also been studied
in detail for WWj [23].

3

QCD corrs on pT distribs. are large,

positive,

increasing with pT

Perspectives
NLO EW+NLO QCD corrections to pp→ V V ′j with MiNLO
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Same sign WW scattering

pp→ l+(−)νl+(−)νjj (VBS):

vbs-ssww-ew, arXiv:1906.01863

full matrix elements for 6-fermions, 6-fermions+γ at O(α6), O(α7)
(Recola2)

NLO EW accuracy matched to QED PS

QCD corrections approximated via PS or combination with other
predictions

implemented in the POWHEG-BOX-RES framework

only “richest” resonance structures considered

up to 4 radiations in the LHE events
Mauro Chiesa Progress in Monte Carlo generators (EW)



VBS at LO

W+

W+

Z/γ

u

d̄

d

ū
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Figure 1: Sample tree-level diagrams that contribute to the process pp → µ+νµe+νejj.

of order O
�

α2
sα

4
�

, and interferences of the order O
�

αsα
5
�

. Owing to the colour structure,
these interferences occur only if diagrams of different quark flow between initial and final state
are multiplied with each other. Thus, order-O

�

αsα
5
�

contributions appear only in partonic
channels that involve contributions of two different kinematic channels (s, t, u). For example,
in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams
(top row) necessarily vanishes due to colour structure, while the corresponding contraction
with the EW s-channel background diagrams (bottom left and bottom middle) leads to a
non-zero interference contribution at order O

�

αsα
5
�

. We stress that we include in our cal-
culation all possible contributions at the orders O

�

α6
�

, O
�

αsα
5
�

, and O
�

α2
sα

4
�

that belong
to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels
is given in Table 1, which provides also information on contributing kinematic channels and
interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This
leads to four possible NLO orders: O

�

α7
�

, O
�

αsα
6
�

, O
�

α2
sα

5
�

, and O
�

α3
sα

4
�

. The situation
is represented graphically in Fig. 2.1 The order O

�

α7
�

contributions are simply the NLO EW
corrections to the EW-induced LO processes. They have already been presented in Ref. [15]
for a fixed scale. Similarly, the order O

�

α3
sα

4
�

contributions furnish the QCD corrections to
the QCD-induced process, which have been computed in Refs. [11, 13, 17].

For the orders O
�

αsα
6
�

and O
�

α2
sα

5
�

, a simple separation of the EW-induced process
and the QCD-induced process is not possible any more, also for the dominant uu partonic
channel. Indeed, the order O

�

αsα
6
�

contains QCD corrections to the VBS process as well as
EW corrections to the LO interference. The QCD corrections have already been computed
in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,
the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the
order O

�

α2
sα

5
�

contains EW corrections to the QCD-induced contribution as well as QCD
corrections to the LO interference. These corrections have never been computed previously
and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer
code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-
mass scheme [22, 23] is used. All results have been obtained in two independent Monte
Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
�

αsα
5
�

kinematic channels
uu → µ+νµe+νedd yes t, u

uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s

ud̄/d̄u → µ+νµe+νesc̄ no s

us̄/s̄u → µ+νµe+νedc̄ no t

cd̄/d̄c → µ+νµe+νesū no t

cs̄/s̄c → µ+νµe+νedū no s

cs̄/s̄c → µ+νµe+νesc̄ yes t, s

d̄d̄ → µ+νµe+νeūū yes t, u

d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t

s̄s̄ → µ+νµe+νec̄c̄ yes t, u

Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference
contribution at O

�

αsα
5
�

or not. The right column specifies the contributing kinematic chan-
nels.

– 5 –
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VBS at NLO
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Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,
the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the
order O

�

α2
sα

5
�

contains EW corrections to the QCD-induced contribution as well as QCD
corrections to the LO interference. These corrections have never been computed previously
and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer
code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-
mass scheme [22, 23] is used. All results have been obtained in two independent Monte
Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
�

αsα
5
�

kinematic channels
uu → µ+νµe+νedd yes t, u

uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s

ud̄/d̄u → µ+νµe+νesc̄ no s

us̄/s̄u → µ+νµe+νedc̄ no t

cd̄/d̄c → µ+νµe+νesū no t

cs̄/s̄c → µ+νµe+νedū no s

cs̄/s̄c → µ+νµe+νesc̄ yes t, s

d̄d̄ → µ+νµe+νeūū yes t, u

d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t

s̄s̄ → µ+νµe+νec̄c̄ yes t, u

Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference
contribution at O

�

αsα
5
�

or not. The right column specifies the contributing kinematic chan-
nels.
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Figure 3: Sample one-loop level diagrams contributing to the process pp → µ+νµe+νejj.
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Figure 4: Contribution to the squared matrix element at the order O
�

αsα
6
�

. It can be
viewed as an amplitude of order O

�

g2
s g6

�

interfered with the LO EW amplitude [cut (1)].
On the other hand, it can be seen as an EW correction to the EW amplitude interfered with
the LO QCD amplitude [cut (2)]. Owing to the colour structure, the illustrated contractions
necessarily connect t- and u-channel contributions.

at the orders O
�

g8
�

, O
�

g2
s g

6
�

, and O
�

g4
s g

4
�

. At the order O
�

α7
�

, the virtual corrections
consist simply of EW corrections to the EW tree-level amplitude interfered with the EW tree-
level amplitude. Concerning the order O

�

αsα
6
�

, there are different types of contributions. One
first considers the insertions of gluons into the purely EW tree-level amplitude as well as the
EW corrections to the QCD-induced tree-level amplitude leading to a one-loop amplitude at
O
�

g2
s g

6
�

(see middle diagram of Fig. 3 for a diagrammatic example). This one-loop amplitude
is then interfered with the EW tree-level amplitude at O

�

g6
�

. The contraction is illustrated
at the level of squared amplitudes in Fig. 4 via the cut along the dashed line number (1).
Second, the EW corrections to the EW tree-level amplitude at O

�

g8
�

contracted with the
QCD-induced LO amplitude at O

�

g2
s g4

�

lead to yet another contribution of order O
�

αsα
6
�

.

– 7 –
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VBS: approximations

Set-up of Ref. [9] Present work DHK [9]

σLO [fb] 1.2230(4) 1.2218(2)

σNLO [fb] 1.2975(15) 1.2917(8)

Table 6: Comparison of fiducial cross sections at LO [order O
�

α6
�

] and NLO [order O
�

αsα
4
�

]
for the process pp → µ+νµe+νejj against the literature in the set-up of Ref. [9]. DHK denotes
the results of Ref. [9]. The cross sections are expressed in femtobarn and the statistical
uncertainty from the Monte Carlo integration on the last digit is given in parenthesis.
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Figure 5: Transverse-momentum distributions at a centre-of-mass energy
√

s = 13TeV at
the LHC for pp → µ+νµe+νejj: (a) for the anti-muon (left) and (b) the hardest jet (right).
The upper panels show the three LO contributions as well as the sum of all NLO predictions.
The two lower panels show the relative NLO corrections with respect to the full LO, defined
as δi = δσi/

�

σLO, where i = O
�

α7
�

,O
�

αsα
6
�

,O
�

α2
sα

5
�

,O
�

α3
sα

4
�

. In addition, the NLO
photon-induced contributions of order O

�

α7
�

computed with LUXqed is provided separately.

butions are presented along with the NLO photon-induced contributions of order O
�

α7
�

. The
latter are computed for the LUXqed PDF and are thus normalised to the Born contributions
obtained with the corresponding PDF. Remember that these photon-induced contributions
are not included in our definition of the NLO corrections of order O

�

α7
�

.
In Fig. 5, two transverse-momentum distributions are displayed. Starting with the distri-

bution in the transverse momentum of the anti-muon, the upper panel in Fig. 5a shows that
the EW-induced contribution is dominant over the whole phase space. Concerning the relative
NLO corrections in the lower panel, the largest contribution is the one of order O

�

α7
�

. It
ranges from −10% at 20GeV (the cut on the transverse momentum of the charged lepton) to
−40% at 800GeV. The large corrections for high transverse momenta are due to logarithms of

– 14 –

Limitations of NLO-EW corrections
in POWHEG

Strategy:
consider only LO O(α6)

consider only corrections O(α7)

O(αSα
6) in PS approximation

or via combination with
NLO-QCD+QCD PS results

Mauro Chiesa Progress in Monte Carlo generators (EW)



VBS, approximations: important remark

the exact matrix elements at O(α6) and O(α7) are used

NO on-shell approximation for the W bosons

the approximation consists in neglecting all contributions but the
O(α6) one at LO (and O(α7) at NLO)

Even if POWHEG generates events in the full phase-space, the code MUST
be used ONLY for VBS-like event selections. Otherwise the selected
contributions might not be the dominant ones.

Mauro Chiesa Progress in Monte Carlo generators (EW)



Resonance histories

Richest histories: the others can be obtained by removing internal
propagators
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Figure 1: Sample tree-level diagrams that contribute to the process pp → µ+νµe+νejj.

of order O
�

α2
sα

4
�

, and interferences of the order O
�

αsα
5
�

. Owing to the colour structure,
these interferences occur only if diagrams of different quark flow between initial and final state
are multiplied with each other. Thus, order-O

�

αsα
5
�

contributions appear only in partonic
channels that involve contributions of two different kinematic channels (s, t, u). For example,
in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams
(top row) necessarily vanishes due to colour structure, while the corresponding contraction
with the EW s-channel background diagrams (bottom left and bottom middle) leads to a
non-zero interference contribution at order O

�

αsα
5
�

. We stress that we include in our cal-
culation all possible contributions at the orders O

�

α6
�

, O
�

αsα
5
�

, and O
�

α2
sα

4
�

that belong
to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels
is given in Table 1, which provides also information on contributing kinematic channels and
interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This
leads to four possible NLO orders: O

�

α7
�

, O
�

αsα
6
�

, O
�

α2
sα

5
�

, and O
�

α3
sα

4
�

. The situation
is represented graphically in Fig. 2.1 The order O

�

α7
�

contributions are simply the NLO EW
corrections to the EW-induced LO processes. They have already been presented in Ref. [15]
for a fixed scale. Similarly, the order O

�

α3
sα

4
�

contributions furnish the QCD corrections to
the QCD-induced process, which have been computed in Refs. [11, 13, 17].

For the orders O
�

αsα
6
�

and O
�

α2
sα

5
�

, a simple separation of the EW-induced process
and the QCD-induced process is not possible any more, also for the dominant uu partonic
channel. Indeed, the order O

�

αsα
6
�

contains QCD corrections to the VBS process as well as
EW corrections to the LO interference. The QCD corrections have already been computed
in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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Figure 1: Graphical representation of the four diagrams with the highest number of massive
resonances for pp → �±1 ν�1�

±
2 ν�2 jj. The resonances of any other contribution can be matched to

one of the resonances in these two diagrams.

3.3 Powheg+Recola

For each of the hadronic processes pp → �±1 ν�1�
±
2 ν�2 jj with �1, �2 = e, µ, there are 12 partonic

processes (see Table 1 of Ref. [8]). Several of them share the same matrix element. Upon
applying the relevant parton-distribution function (PDF) factor, these can be merged. Using
crossing of particles in the initial state, one can reduce the set of matrix elements to be declared
in POWHEG to seven. For the two sets of differently charged final-state leptons, these are given
by:

d̄d̄ → �+1 ν�1�
+
2 ν�2 ūū, ūū → �−1 ν�1�

−
2 ν�2 d̄d̄,

d̄u → �+1 ν�1�
+
2 ν�2 ūd, ūd → �−1 ν�1�

−
2 ν�2 d̄u,

uu → �+1 ν�1�
+
2 ν�2dd, dd → �−1 ν�1�

−
2 ν�2uu,

s̄d̄ → �+1 ν�1�
+
2 ν�2 c̄ū, c̄ū → �−1 ν�1�

−
2 ν�2 s̄d̄,

s̄u → �+1 ν�1�
+
2 ν�2 c̄d, c̄d → �−1 ν�1�

−
2 ν�2 s̄u,

uc → �+1 ν�1�
+
2 ν�2ds, ds → �−1 ν�1�

−
2 ν�2uc,

ud̄ → �+1 ν�1�
+
2 ν�2 c̄s, c̄s → �−1 ν�1�

−
2 ν�2ud̄. (9)

Among these, the first three and the last four partonic processes are related by initial–final-state
crossing. Therefore, even if declared in the interface, only the amplitudes of Eq. (8) have to be
generated by Recola2.

The partonic processes described in Eq. (9), can be divided into three categories according
to their resonance structure. Some processes involve only t-channel (and u-channel) diagrams,
some involve only s-channel diagrams, and some receive contributions from s- and t-channel
diagrams (see Table 1 in Ref. [8]). The t-channel diagrams have a simple resonance structure
with only two resonant W bosons which decay leptonically. For s-channel diagrams, the resonance
structure can be more intricate. The four most complicated resonance structures for the given
hadronic processes are displayed in Fig. 1, and each one contains five potentially resonant massive
propagators in total. One of them can either be a Z boson or a Higgs boson. Moreover, two
different assignments of the quarks (denoted as j in Fig. 1) to W resonances are possible. Any
other occurring resonance structure can be obtained from one of the resonance structures in
Fig. 1 by discarding one or several resonant propagators.

As mentioned in Sect. 2, our generator can compute the four hadronic processes (1)–(4)
covering all possible same-sign W-scattering channels. In addition, we provide an interface to
PYTHIA [30, 31] to perform the QED as well as the QCD PS matching. Besides the PS

6

in principle, all possible histories should be declared
each history is integrated as an independent process:
too many histories slow down the calculation considerably
the history will be written in the LHE event:
simplified histories could lead to (small) recoil mismodeling in the PS
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VBS: approximated O(αSα
6) corrections

O(αSα
6) corrections < 0.25 O(α7) ones

Approx.1: QCD PS

We can approximate O(αSα
6) corrections running a QCD PS

Starting scale for the QCD-PS: scalup=
√
pj1T p

j2
T 6=pt_rad_pwg

Approx.2: combination with predictions at NLO QCD+QCD PS

[
dσ
dO

]
EW&QCD

=
[

dσ
dO

]
EW+PS

+
[

dσ
dO

]
QCD+QCDPS

−
[

dσ
dO

]
LO+QCDPS

NLO QCD+QCD PS can be computed with other tools
(e.g. POWHEG-BOX-V2/vbf_wp_wp/)
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Conclusions

in the last few years the NLO EW corrections were computed for
many multileg processes

mainly fixed-order calculations

two classes of event generators

based on approximate combination of NLO EW and QED PS, usually
in the context of multijet merging

based on the exact matching of NLO QCD and NLO EW to QCD and
QED PS
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Backup Slides
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POWHEG-BOX-RES (like) treatment of resonances
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u
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Diagram 55

10

3 radiation regions:
QCD ISR, QED ISR, QED FSR

2 resonances: IS, W

The events contain up to 2 radiations:

1 one ISR QED or QCD radiation setting the scale of the IS shower

2 one FSR QED radiation setting the scale of the FS shower
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Dibosons (2)
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NLOαS+α+PSαS ,α /NLOαS+PSαS ∼ NLO weak, QED O(α),
leading-log QED O(αn) (n > 2), mixed
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Dibosons (3)
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leading-log QED O(αn) (n > 2), mixed
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Similarities and differences among the codes

Z_ew-BMNNPV W_ew-BMNNP VV_dec_ew vbs-ssww-nloew
Process pp→ l+l− pp→ lν pp→ 4l/2l2ν/3lν pp→ l+νl−νjj
FS leptons (∗) massive (l = e,µ) massive (l = e,µ) massless (l = e,µ,τ) massless (l = e,µ,τ)
Identical l in progress (§) in progress (§)
Model SM SM SM (∗∗) SM (∗∗)
POWHEG-BOX- V2 V2 RES RES
Resonance-aware
PS matching (RES) Yes Yes Yes Yes
Dedicated PS interface Yes (Py8,Photos) Yes (Py8,Photos) Yes (Py8) (¶) Yes (Py8) (¶)
Matrix elements internal internal Recola2 Recola2
PHPS restrictions None (‡) None None (‡) VBS
Approx. in Mat.els None None None None (†)
NLO QCD Yes Yes Yes No (†)
NLO EW Yes Yes Yes Yes (†)
Unstable Z/W CMS/CLA (fix Γ) CMS/CLA (fix Γ) CMS (fix Γ) CMS (fix Γ)
Renorm schemes GµMWMZ (††) GµMWMZ GµMWMZ GµMWMZ

α0MWMZ α0MWMZ α0MWMZ
α(MZ)MWMZ α(MZ)MWMZ
sinθeffMZGµ
sinθeffMZα0

γ-induced (‡‡) NLO (not on svn) NLO (not on svn) No No

(∗) massless: valid only for dressed lepton analyses.
(§) process-specific code is there, but fixes in the common POWHEG-BOX-RES code needed.
(∗∗) generalization to BSM feasible if the corresponding Recola2 model file exists.
(¶) Photos interface can be developed upon request.
(‡) M(l+l−)>M(cut) to avoid on-shell γ propagators at LO.
(†) considering only LO O(α6) (EW production) and NLO O(α7).
(††) α0,Gµ,MZ developed. To be tested.
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NLO EW+QED PS in POWHEG: current limitations

The implementation of NLO EW corrections in POWHEG-BOX-V2/RES
is not general:

it only works if a process can be identified using particle flavours
(NOT the case of pp→WWjj with LO contribs O(α6), O(α4α2

S),
O(α5αS) )

the subtraction for mixed interferences is missing

u

u

Z/γ

d

d

νe

e+

νµ

µ+

W+

W+

Z/γ g

u

u

Z/γ

d

d

νe

e+

νµ

µ+

W+

W+

u

u

g

d

d

νe

e+

νµ

µ+

W+

W+

g

Figure 3: Sample one-loop level diagrams contributing to the process pp → µ+νµe+νejj.
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Figure 4: Contribution to the squared matrix element at the order O
�

αsα
6
�

. It can be
viewed as an amplitude of order O

�

g2
s g6

�

interfered with the LO EW amplitude [cut (1)].
On the other hand, it can be seen as an EW correction to the EW amplitude interfered with
the LO QCD amplitude [cut (2)]. Owing to the colour structure, the illustrated contractions
necessarily connect t- and u-channel contributions.

at the orders O
�

g8
�

, O
�

g2
s g

6
�

, and O
�

g4
s g

4
�

. At the order O
�

α7
�

, the virtual corrections
consist simply of EW corrections to the EW tree-level amplitude interfered with the EW tree-
level amplitude. Concerning the order O

�

αsα
6
�

, there are different types of contributions. One
first considers the insertions of gluons into the purely EW tree-level amplitude as well as the
EW corrections to the QCD-induced tree-level amplitude leading to a one-loop amplitude at
O
�

g2
s g

6
�

(see middle diagram of Fig. 3 for a diagrammatic example). This one-loop amplitude
is then interfered with the EW tree-level amplitude at O

�

g6
�

. The contraction is illustrated
at the level of squared amplitudes in Fig. 4 via the cut along the dashed line number (1).
Second, the EW corrections to the EW tree-level amplitude at O

�

g8
�

contracted with the
QCD-induced LO amplitude at O

�

g2
s g4

�

lead to yet another contribution of order O
�

αsα
6
�

.
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cannot be used to compute the full NLO corrections to VBS!
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