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Abstract: We consider the production of a pair of Z bosons at the LHC and study the
inclusion of EW corrections in theoretical predictions at fixed order and based on multijetmerged parton-shower simulations. To this end we present exact NLO EW results for
pp → e+ e− µ+ µ− , and, for the first time, for pp → e+ e− µ+ µ− j, and compare them to the
EW virtual and NLL Sudakov approximation. We then match the exact NLO EW result to
the resummed Sudakov logarithms to achieve an improved NLO EW + NLL EWexp
sud result.
Further, we discuss the inclusion of the above EW corrections in MePs@Nlo event
simulations in the framework of the Sherpa event generator. We present detailed phenomenological predictions for inclusive ZZ and ZZj production taking into account the
dominant EW corrections through the EW virtual approximation, as well as through (exponentiated) EW Sudakov logarithms.
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1

Introduction

With the successful completion of the Large Hadron Collider (LHC) Run 1 and Run 2
data-taking campaigns and the upcoming Run 3 at even higher luminosities, we have
entered the precision era of high-energy hadron-collider physics. Precision measurements
are meanwhile routinely done and are used to further scrutinise the Standard Model (SM)
of particle physics and to search for faint hints of New Physics.
For the success of the LHC precision-measurement program it is vital that tools used to
quantify theoretical expectations consistently include higher-order perturbative corrections.
While typically QCD effects are dominant, there is a growing need to also account for
electroweak (EW) effects, in particular for remote regions of phase space, where these can be
significantly enhanced. Such quantitative SM predictions are essential for the interpretation
of actual measurements. They also serve as important inputs to the determination of parton
distribution functions (PDFs), see for instance [1]. The list of processes for which precise
predictions are needed steadily gets longer and the inherent complexity of the corresponding
calculations continues to rise, e.g. due to the presence of intermediate resonances or the
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The one-loop EW Sudakov approximation, dubbed EWsud here, has been developed for
general processes in [41, 42]. An implementation for multi-parton LO channels, in particular Z + n jets (n = 1, 2, 3), is available within the Alpgen generator [43]. The MCFM
program currently provides EW Sudakov corrections in combination with NLO QCD accuracy for Drell-Yan, top-quark pair, and dijet production [6]. A corresponding automated
implementation in the Sherpa framework, applicable for LO and NLO contributions, has
been presented in [44]. Quite recently ref. [45] reported on an implementation in the
MG5_aMC@NLO framework.
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need to account for QCD jets accompanying the desired signal. For an extensive recent
review on EW corrections for collider physics see [2].
Similar to the case of next-to-leading order (NLO) QCD corrections, the computation of exact NLO EW contributions has in recent years been largely automated. Central
for these developments are dedicated codes providing one-loop amplitudes, such as [3],
MADLOOP [4, 5], MCFM [6], NLOX [7], OPENLOOPS [8], or Recola [9]. These get supplemented by implementations of infrared subtraction schemes such as Catani-Seymour [10,
11] or Frixione-Kunszt-Signer [12] subtraction, suitably generalised to the case of QED
infrared singularities [13, 14], see for instance [5, 15–18]. With these technologies NLO
EW accurate predictions have been achieved for a variety of higher-multiplicity processes
already, see for instance [19–28]. Furthermore, with the given methods also full NLO SM
accurate predictions can be computed, including all possible EW, QCD and mixed contributions. For example refs. [29] and [30] presented corresponding results for two- and three-jet
production in hadronic collisions, respectively. In refs. [31–33] full NLO SM results for
the class of Vector-Boson-Scattering processes have been obtained. Many of the quoted
calculations have been compiled in generator frameworks such as MG5_aMC@NLO [34],
Powheg-Box [35], or Sherpa [36, 37], which provide backbone infrastructures such as the
overall process organisation, phase-space integration, and interfaces to simulations of other
physics aspects, including parton showers or models for non-perturbative phenomena.
However, when aiming for full particle-level simulations as accomplished by generalpurpose Monte Carlo (MC) generators [38], the consistent inclusion of EW corrections to
the hard-scattering process poses a severe theoretical challenge, in particular in the context
of multijet-merged calculations. It requires using an interleaved shower evolution for QCD
and QED emissions. As in the pure QCD case, a detailed matching of QED real-emission
matrix elements with corresponding shower expressions is needed. Furthermore, the assignment of parton-shower starting conditions and the determination of parton-shower emission
histories is significantly complicated by (mixed) EW contributions.
As an alternative to the complete set of NLO EW corrections, methods restricted
to the leading effects due to EW loops are available. In particular at energy scales Q
large compared to the masses of the EW gauge bosons, contributions from virtual W and Z-boson exchange and corresponding collinear real emissions dominate. The leading
contributions are Sudakov-type logarithms of the form [39, 40]
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Another available approximation, dubbed EWvirt , was devised in [46]. It comprises
exact renormalised NLO EW virtual corrections and integrated approximate real-emission
subtraction terms, thereby neglecting in particular hard real-emission contributions. However, both methods qualify for a rather straightforward inclusion of the dominant EW
corrections in state-of-the-art matrix-element plus parton-shower simulations, subject of
this study.
We here aim for a detailed comparison of the EWvirt and EWsud approximations for
the production of a pair of Z bosons under LHC conditions and consider their inclusion in
MePs@Nlo multijet-merging shower simulations in the Sherpa framework. To this end
we consider the channels pp → e+ e− µ+ µ− and pp → e+ e− µ+ µ− j. We present the first
evaluation of the full set of NLO EW corrections and corresponding differential distributions
for the e+ e− µ+ µ− j channel that we use to quantify the quality of the two approximations.
Furthermore, we describe the generalisation of the Sherpa implementation of the EW
Sudakov approximation to the case of parton-shower evolved processes and NLO multijet
merging in particular. Our final deliverable are NLO QCD accurate shower simulations for
the e+ e− µ+ µ− + 0, 1 jet channels supplemented by EWvirt and EWsud corrections.
In general, the class of diboson-production processes is of utmost importance at the
LHC. They constitute important signal and background contributions to Higgs-boson
production. Furthermore, they can be used to probe the self-interactions of weak gauge
bosons and thus provide insights into the mechanisms of electroweak symmetry breaking.
In particular for the ZZ channel, NNLO QCD predictions have been presented in [47–50].
NLO EW corrections for the four-lepton final state have first been presented in [51, 52].
Their combination with NLO and NNLO QCD corrections was discussed in refs. [53, 54]
and [55], respectively. The matching of NLO QCD calculations with parton showers was
first presented in [56, 57]. Ref. [58] presented the matching of NLO QCD and NLO EW
corrections to a QCD+QED parton shower in the Powheg-Box framework. In ref. [59]
the NNLO QCD calculation matched to parton showers was presented in the GENEVA
framework [60–63], followed by ref. [64] showing results in the MiNNLOPS [65] method,
both including the loop-induced gluon-fusion contribution. For gluon-initiated four-lepton
production the NLO QCD corrections are known and have been studied extensively for
example in refs. [64, 66–69]. The matching of these loop-induced processes to the parton
shower in the POWHEG framework has been presented in [70, 71]. In these studies the virtual
correction was considered in the massless limit [72] and supplemented by approximate
finite top-mass effects. Only recently the calculation with the full top-mass dependence
has become available [73].
Recent measurements of four-lepton production by the ATLAS and CMS experiments
at the LHC have for example been presented in [74–81]. In general, when compared to data,
higher-order QCD calculations often show deviations of up to 20 % in the tail of transverse
momentum and mass distributions, which can be accounted for by higher-order corrections
in the EW sector [65], further motivating works like the one presented here. Thus, the ideal
set-up would provide not only fixed-order NLO EW effects, but also resum the Sudakov
logarithmic contributions discussed above and match them to the fixed order result. In this
paper we will provide exactly such a resummation-improved calculation, NLO EW + NLL

2

NLO EW and resummed EW Sudakov corrections

The O(α) EW corrections to a given tree-level process comprise virtual one-loop contributions, i.e. the interference of loop-diagrams with tree-level amplitudes, as well as a
real-emission part. Due to the non-vanishing mass of the W and Z bosons, as well as their
straight-forward experimental identifiability, these are typically discarded as real-emission
corrections. At NLO EW, the differential cross section in the fiducial region of an observable that is non-trivial at Born-level can be written as a correction, δ EW , to its LO
expression given by the Born matrix element B in the Born phase space Φ, as
!

dσ

NLO EW

= dΦ B(Φ)

1+δ

EW

(Φ)

with

δ EW (Φ) =

ṼEW (Φ)
REW (Φ·Φ1 )
+dΦ1
.
B(Φ)
B(Φ)
(2.1)

ṼEW includes the virtual correction VEW as well as the collinear mass-factorisation terms.
The phase space associated with the real-emission correction REW refers to one additional
particle compared to the Born process.
2.1

EW corrections in the Sudakov limit

In the high-energy limit, i.e. when all invariants of a process are large compared to the EW
scale, the so-called EW Sudakov regime, the exact NLO EW corrections are dominated
by the exchange of virtual electroweak gauge bosons and the running of the EW input
parameters [41]. Thus, using the above building blocks, the NLO EW corrections can be
approximated by [46]
!

dσ

LO + EWvirt

= dΦ B(Φ)

1+

EW
δvirt
(Φ)

with
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VEW (Φ) + IEW (Φ)
.
B(Φ)
(2.2)
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EWexp
sud , matching next-to-leading logarithmic exponentiated Sudakov corrections to the
exact NLO EW expression for the off-shell ZZ and ZZj production processes.
The paper is organised as follows: in section 2 we briefly review the general structure of
NLO EW corrections, and in particular in the high-energy limit, and present our approach
to match exact O(α) EW corrections with the resummation of Sudakov logarithms, NLO
EW + NLL EWexp
sud . In section 3 we recapitulate the theoretical framework for merging
(N)LO QCD matrix elements of variable parton multiplicity dressed with truncated QCD
parton showers as used in Sherpa. We then detail the available methods for including EW
corrections in such multijet-merging calculations, i.e. the EWvirt and EWsud approximations. Section 4 is devoted to the application and validation of the calculational methods
to e+ e− µ+ µ− and e+ e− µ+ µ− j production in proton-proton collisions. This includes novel
NLO EW + NLL EWexp
sud predictions for the zero- and one-jet processes, as well as results
from NLO QCD multijet merging supplemented with EW corrections in the EW virt and
EWsud schemes. We conclude and give an outlook in section 5.

!

dσ LO+EWsud = dΦ B(Φ)

EW
1+δsud
(Φ)

with

EW
δsud
(Φ) =

EW (Φ)+IEW (Φ)
VNLL
NLL
= KNLL
sud (Φ) .
B(Φ)
(2.3)

EW is based mainly on the soft and collinear limits of the dominating one-loop
Therein, VNLL
EW are the intevirtual electroweak gauge-boson exchange diagrams. Also included in δsud
grated real-photon emission corrections IEW
NLL to the same accuracy. This results in residual
corrections proportional to logarithms of the large kinematic invariants that are universal.
The above defined approximate correction thus directly translates into the relative cor1
rection KNLL
sud to the LO cross section. A general and automated implementation of such
NLL EW Sudakov corrections in the Sherpa framework has been presented in [44]. In the
course of the work presented in this paper, several improvements to this implementation
have been accomplished, related to the presence of intermediate resonances and multiple
energy scales in the pairwise invariants, see appendix A for details. Moreover, the strict
definition of the Sudakov regime is relaxed in our numerical implementation of KNLL . We
only require that the invariant masses mkl for all pairs of external particles k and l are
larger than MW . If mkl < MW for any (k, l), the corrections are set to zero in our implementation. This is motivated by observing that the logarithms in eq. (1.1) smoothly
approach zero whenever an invariant approaches MW .
Further, EW corrections in the Sudakov limit can be resummed through exponentiation [82–90]. This provides a more accurate description at very high energies, when
Sudakov logarithms become large, as it takes account of these effects to all orders. While
the relative correction of the EWvirt approximation is generally not suitable for exponentiation as it contains a number of non-universal finite terms, the pure NLL correction of the
EWsud approximation can be directly used as the basis of the resummation. yThus, the
resulting cross section including NLL accurate resummed EW Sudakov corrections reads

dσ

LO + EWexp
sud

!

= dΦ B(Φ) exp

EW
δsud
(Φ)

.

(2.4)

All of the above approximations can be supplemented with a soft-photon resummation in
the YFS scheme [91, 92] without losing the formal NLL accuracy in the Sudakov regime,
1

NLL
Please note, in variance with KNLL given in [44], KNLL
sud used here is defined such that 1 + Ksud = KNLL .
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In this so-called EW virtual approximation, EWvirt , the exact NLO EW virtual correction
VEW is supplemented with integrated approximate real-emission corrections IEW , corresponding to the EW Catani-Seymour subtraction I-operator [18]. The such constructed
correction is infrared finite and contains both all EW next-to-leading logarithms (NLL)
of the high-energy limit, as well as important finite corrections throughout phase space
and EW scheme-dependent renormalisation terms that reduce the scheme dependence at
higher orders in α. On the other hand, as exact NLO EW one-loop matrix elements need
to be evaluated, this type of correction is computationally rather expensive. In practice
the EWvirt approximation is therefore applicable for rather low-multiplicity processes.
Alternatively, without the need to know the exact one-loop amplitude, an equally NLL
accurate universal Sudakov factor can be constructed [41, 42]:

see section 3.2. In consequence, the restoration of the differential description of real-photon
emissions will typically improve the agreement with the exact NLO EW calculation.
2.2

Matched NLO EW + NLL EWexp
sud corrections

The resummed NLL EW Sudakov corrections can be matched to the exact NLO EW
result to achieve the optimal description for inclusive observables and the high-energy tails
of kinematic distributions. We choose a matching scheme in which we replace the O(α)
coefficient in the expansion of the exponential with the exact NLO EW expression, i.e.
"

!

= dΦ B(Φ) exp

EW
δsud
(Φ)

#

−

EW
δsud
(Φ)

+δ

EW

(Φ) .

(2.5)

EW , we obtain the resummed result as expected.
In this way, at high energies when δ EW ≈ δsud
EW inNote, for the processes considered in this study we have verified explicitly that δsud
EW
deed captures all logarithmiccorrections
of δ . On the other hand, when the Sudakov

EW
EW , the fixed-order result is recovered.
logarithms are small, i.e. exp δsud ≈ 1 + δsud

It is worth stressing that this matching formula, when expanded to O α2 , coincides
with the approach used in [93] to estimate the approximate NNLO EW corrections, and its
third-order coefficient serving as an estimate for its uncertainty. Here we will use the complete matched result to obtain an improved central value that incorporates the dominant
terms to all orders, and estimate the uncertainty by a change of the EW renormalisation
scheme. In terms of the uncertainty estimation, this ansatz is more conservative, as schemecompensating terms are not included beyond NLO in the matched calculation. However,
such uncertainty estimate is expected to be more reliable in the fixed-order regime.

3

QCD multijet merging with approximate EW corrections

Multijet-merging calculations attempt to describe the high-energetic QCD radiation accompanying a production process through exact matrix elements rather than solely relying
on the parton-shower approximation. However, as discussed in section 2, the high-energy
tails of physical distributions are also rather susceptible to EW corrections and in particular Sudakov-suppression effects. This motivates the development of calculational schemes
to incorporate the leading EW contributions in QCD merging approaches.
In this section we briefly review the merging formalism used in the Sherpa framework.
To this end we revisit in particular the definitions of the MePs@Lo and MePs@Nlo
schemes. We then describe their respective combinations with approximate EW corrections,
i.e. the EWvirt and EWsud approaches. To account for higher-order QED corrections, i.e.
the emission of soft photons from the final-state leptons, we employ the Yennie-FrautschiSuura (YFS) approach to QED resummation [91]. Its combination with the approximate
EW corrections will also be addressed in what follows.
3.1

QCD multijet merging at LO and NLO

QCD multijet merging aims for the consistent combination of processes with varying multiplicity of associated jets that get evolved by a QCD parton-shower model. The generic
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dσ

NLO EW + NLL EWexp
sud

multijet-merged cross section can be written as
dσ =

nmax
X−1

(3.1)

dσnexcl + dσnincl
.
max

n=0

MEPS@LO. The Sherpa leading-order merging prescription, i.e. the MePs@Lo
method [94], is based on tree-level matrix elements dressed by a truncated-shower evolution using the Catani-Seymour dipole shower [95]. The exclusive n-jet cross section is
thereby derived from the simple combination of the LO n-parton matrix element Bn (including all symmetry, flux and PDF factors) and the appropriate parton-shower functional
Fn restricted to emissions below the merging scale Qcut ,




dσnexcl,MePs@Lo =dΦn Bn (Φn ) Θn (Qcut ) Fn µ2Q ; Qcut .

(3.2)

Here, Θn (Qcut ) implements cuts and constraints on the fiducial phase space for the final
state of the core process, and further requires at least n resolved jets with the merging
parameter Qcut playing the role of the jet-resolution scale. The inverse of the parton
shower must thereby be used as a clustering and recombination algorithm to produce a
consistent result. In general, the parton-shower functional F takes the form
Fn (t) = ∆n (tc , t) +

Z t
tc

(3.3)

dΦ01 Kn Φ01 ∆n t0 , t Fn+1 t0 ,






with t the shower-evolution variable and tc its IR cutoff, Kn the splitting kernel, and
R
∆n (t0 , t) = exp(− tt0 dΦ1 Kn (Φ1 )) the corresponding Sudakov form factor. As mentioned
above, in the context of the exclusive processes entering the multijet-merging, the shower
emissions are restricted to occur below Qcut to prevent filling the phase space governed by
higher-multiplicity matrix elements twice. This constraint is implemented as follows:
Fn (t; Qcut ) = ∆n (tc , t) +

Z t
tc

dΦ01 Kn Φ01 Θ Qcut − Qn+1 (t0 ) ∆n t0 , t Fn+1 t0 , (3.4)








with Qn+1 being the smallest reconstructed emission scale of the newly formed (n + 1)parton ensemble. In consequence, its unitary is broken, giving a Sudakov suppression that
turns the inclusive Born expression into the description of an exclusive n-jet cross section
down to a jet resolution of Qcut . Hence, µ2Q in eq. (3.2) defines the parton-shower starting
scale. In contract, the highest multiplicity n = nmax needs to be treated inclusively as
indicated in eq. (3.1). Accordingly, Qcut is in this case event-wise replaced with the lowest
reconstructed emission scale Qnmax ≥ Qcut , and the parton shower Fnmax = Fnmax (t; Qnmax )
is allowed to fill the complete phase space below it.
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Therein, each exclusive n-jet process — relative to some core process which may already
contain jets not counted in n — can be evaluated either at LO or at NLO in QCD. The
notion of exclusive and inclusive cross sections is closely linked to the shower evolution of
the underlying multi-parton ensembles and is realised through a jet-resolution parameter,
i.e. the merging scale Qcut . By including higher-multiplicity matrix elements, multijetmerged simulations account both for the bulk of the total production cross section as well
as rare configurations with (multiple) associated high-energetic QCD jets.

MEPS@NLO. The described merging method can be extended to NLO accuracy in the
description of hard-jet production, by replacing the LO matrix elements with their respective NLO counterpart. In the resulting MePs@Nlo approach the exclusive n-jet
contribution is given by the S-Mc@Nlo expression [96–100],


dσnexcl,MePs@Nlo = dΦn Bn (Φn ) Θn (Qcut ) F n µ2Q ; Qcut






+ dΦn+1 Hn (Φn+1 ) Θn (Qcut ) Θ (Qcut − Qn+1 ) Fn+1 µ2Q ; Qcut .
(3.5)

F n (t; Qcut ) = ∆n (tc , t) +

Z t
tc

dΦ01 Kn Φ01 Θ Qcut − Qn+1 (t0 ) ∆n t0 , t Fn+1 t0 . (3.6)








The modified Sudakov ∆n is determined by the modified splitting kernels Kn , which differ
from the standard parton-shower kernels Kn in that they reproduce the exact soft colourand collinear spin-correlations of NLO QCD n-jet matrix elements. Further secondary
radiation is then generated through the standard shower F . In the second line of eq. (3.5),
Hn is defined as Hn = Rn − Dn , i.e. as the difference of the exact NLO QCD real-emission
correction Rn = Bn+1 and its soft-collinear approximation as generated in the modified
shower F , given by Dn = Bn Kn Θ(µ2Q − t). In consequence, the corresponding hardcorrection, or H, events lift the emission pattern to the exact NLO QCD expression. H
events are dressed by applying the standard shower F to their n + 1 parton configuration.2
Although a highest-multiplicity treatment in NLO multijet merging follows along the
same lines as in the LO case, it is in practice never used. In typical applications yet highermultiplicity matrix elements can be calculated at LO. Thus, the highest multiplicity, nmax ,
will always be larger than the highest multiplicity calculated at NLO, nNLO
max . We multiply
NLO
these additional LO processes at multiplicities n = nmax + l with an additional k-factor
kn which supplies corrections beyond their perturbative orders, such that the dependency
on the merging scale Qcut [102] is minimised and the overall NLO accuracy is not affected.
The corresponding exclusive n-jet cross section is then given by








excl,MePs@Nlo
dσn>n
= dΦn knNLO
ΦnNLO
(Φn ) , ΦnNLO
(Φn ) Bn (Φn ) Θn (Qcut ) Fn µ2Q ; Qcut .
NLO
max
max
max +1
max

(3.7)

2

It is interesting to note that [101] adds an additional Sudakov factor with respect to the n-parton
configuration to the H-events. This is done to, among other objectives, reduce the impact of negative
weights. These additional Sudakov factors, however, are outside the accuracy targeted in this article and
are thus not included in the presented argument.
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The first line describes the so-called standard, or S, events with Born kinematics. Their
weight is given by the familiar B-function, Bn = Bn + Ṽn +In , including among other terms
the renormalised NLO QCD virtual corrections and collinear counter-terms collected in Ṽn
and integral In of the modified splitting kernels of F n . These S-events are matched to a
modified parton shower

With the kinematic mapping Φm (Φm+l ) and Φm+1 (Φm+l ) taken from the identified cluster
history, the local k-factor is defined as
Bm (Φm )
Hm (Φm+1 )
km (Φm , Φm+1 ) =
1−
Bm (Φm )
Bm+1 (Φm+1 )




+

Hm (Φm+1 )
.
Bm+1 (Φm+1 )

(3.8)

This k-factor is constructed such that the NLO merged expression with nmax = nNLO
max = m
NLO
coincides with the merged expression with nmax = m and nmax = m + 1.

3.2

Incorporating EW corrections

The expressions for the QCD contributions to multijet-merged samples can be combined
with EW corrections, δnEW . However, in order not to interfere with the ordering of the
QCD emissions in the matrix elements and parton showers this requires well-defined approximations. We here consider the two cases introduced in section 2.1, the high-energy
limit treated either in the EWvirt or EWsud approximation, supplemented by final-state
resolved photon radiation off the charged leptons, treated in the YFS resummation approach. With such factorised technique we can account for EW corrections on top of QCD
ones, which would otherwise not be viable if we were to include the full set of NLO EW
contributions.
First we deal with the region dominated by virtual gauge-boson exchange and/or the
emission of a soft or collinear unresolved photon. In this scenario, δnEW is local in the
corresponding n-particle phase space, affecting the weight of Born-, S-, and H-type events,
such that EW corrections are easily incorporated via
!

Bn → Bn

EW
1 + δn,B

(3.9)

for LO QCD contributions, and
!

Bn → Bn

1+

EW
δn,S

!

and

Hn → Hn

1+

EW
δn,H

(3.10)

for NLO QCD S- and H-type contributions.3 The case where LO matrix elements are
merged on top of NLO matrix elements deserves special attention. The key object in its
construction is the local k-factor kn which in turn contains lower-multiplicity Born-, S-,
and H contributions, see eq. (3.8). For both possibilities to construct the correction factors
3

Of course, the Born matrix element Bn appearing within Bn does not receive a second separate
EW correction.
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MEPS@LOOP2 . Finally, in this paper we are also considering loop-induced contributions
to four-lepton production in association with zero and one additional jet and merge them
into one inclusive sample. To this end, we use the methods described in refs. [103, 104].
In essence, the merging itself, dubbed MePs@Loop2 , follows the same principles as
MePs@Lo, see eq. (3.2). The only difference is that the Born matrix element Bn of
each multiplicity is replaced with its loop-squared counterpart.

δnEW that we discuss in the following, we also detail how EW corrections are included in
kn and how this impacts the achieved accuracy.
Please note, for loop-induced processes we set all δnEW to zero and only effect the YFS
soft-photon resummation.
EWvirt approximation. A first way to define the δnEW is by using the exact NLO EW
virtual corrections, supplemented with real corrections approximated in the soft-collinear
limit integrated over the extra-emission phase space. This corresponds to the EW virtual
approximation EWvirt introduced in section 2.1, with
VnEW (Φn )+IEW
n (Φn )
,
Bn (Φn )

EW
δvirt,n,H
(Φn+1 ) = 0 ,

and

EW
δvirt,n,B
(Φn ) = 0 .

(3.11)
As remarked in section 2.1, the EWvirt is in practice computationally expensive, and therefore the approximation is restricted to low-multiplicity processes. These are typically the
ones that QCD one-loop matrix elements are computed for, i.e. n ≤ nNLO
max . For the same
reason the EW corrections for H-event topologies are neglected. The higher-multiplicity LO
processes receive an approximate correction through the local k-factor km with m = nNLO
max
defined in eq. (3.8). With the definitions of eq. (3.11), this k-factor now takes the form


EW
kvirt,m
(Φm , Φm+1 )

=



EW
Bm (Φm ) 1 + δvirt,m,S
(Φm ) 

Bm (Φm )

Hm (Φm+1 )
1−
Bm+1 (Φm+1 )



+

Hm (Φm+1 )
.
Bm+1 (Φm+1 )
(3.12)

NLO
This has the effect that in (nNLO
max + l)-jet events the underlying nmax -jet topology receives
the correct EW correction. In particular, the such-constructed approximate EW correction
is insensitive to additional jet production just above Qcut . However, once one of the
additional jets enters the EW Sudakov regime, for energy scales much larger than Qcut ,
the effected correction will be incomplete.
An alternative variant of EWvirt is given by
EW
δvirt,n,S
(Φn ) =

VnEW (Φn ) + IEW
n (Φn )
.
Bn (Φn )

(3.13)

This differs from eq. (3.11) by terms of relative O(αs α).4 While a superficial correspondence of eq. (3.11) to the multiplicative and eq. (3.13) to the additive scheme used to
combine QCD and EW corrections in fixed-order calculations is tantalising, it is important
to note that these schemes combine relative correction factors on the level of observable
histograms, whereas the present formulation operates point-wise in phase space prior to
adding higher-order QCD corrections through the parton shower. As a result, both formulations automatically induce terms of O(αs α) relative to the Born expression, and typically
their difference is found to be small [105].
4

It is important to note that this definition represents the original formulation of the method
[46], and

allows the incorporation of additional subleading tree-level contributions of relative O αs−1 α with respect
EW
) construction. Unwanted higher-order
to Bn , due to its complete cancellation of Bn in the Bn (1 + δvirt,n,S
terms are thus avoided.
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EW
δvirt,n,S
(Φn ) =

EW , δ EW and δ EW is
EWsud approximation. Another way to define the corrections δn,S
n,H
n,B
given by the EW Sudakov approximation, see section 2.1,
EW
EW
δsud,n,B
(Φn ) = δsud,n,S
(Φn ) = KNLL
sud,n (Φn )

and

Exponentiated EWsud corrections. The all-orders resummation of the
 NLL EW
EW
EW
Sudakov logarithms is achieved by the replacement 1 + δn → exp δn
throughout.
Though, as discussed in section 2.1, this does not generally hold for the EWvirt approximation, where a naive exponentiation would also include non-universal finite terms, thus
introducing an error that depends on their relative size. However, the EW sud approximation is ideally suited for this task. In particular, in the case of a LO QCD calculation we
modify eq. (3.9) to
!
EW
Bn → Bn exp δsud,n,B
,

(3.15)

while in the NLO QCD case, in analogy to section 2.2, eq. (3.10) becomes
!
EW
Bn → Bn exp δsud,n,S

!

and

EW
Hn → Hn exp δsud,n,H

.

(3.16)

Matched NLO EWvirt + NLL Sudakov. Due to the absence of a suitable matching
implementation that achieves full NLO EW accuracy for inclusive observables in the present
formalism, we match the resummed EWsud corrections to the NLO EWvirt ones. Although
there is no improvement in the formal accuracy of such a matching — both the EW virt
5

In a multijet-merged calculation, not all (n + 1)-parton invariants of an actual n-jet H-event might be
simultaneously large compared to the EW scale given by MW . This is true in particular when Qcut , which
separates the different jet multiplicities, is chosen in the usual range, i.e. Qcut is substantially smaller than
MW . In this event, when at least one invariant is smaller than MW , we set the EW Sudakov correction to
zero, as discussed in section 2.1. Nonetheless, beyond Qcut , the H-event enters the k-factor multiplying the
higher-multiplicity processes evaluated at LO and its associated EW k-factor is needed if all invariants are
also larger than MW .
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EW
δsud,n,H
(Φn+1 ) = KNLL
sud,n+1 (Φn+1 ) .
(3.14)
EW
Therein, the approximate NLO correction δsud contains all contributions up to NLL in the
high-energy limit of the one-loop EW corrections to the n-jet process. The evaluation of the
Sudakov corrections is only slightly more involved than the underlying LO matrix-element
computations and can therefore be applied to all contributions of all multiplicities used in
a given calculation, i.e. Born-, S- and H-type events. In particular, all higher-multiplicity
EW
LO contributions receive their own multiplicity-dependent correction factor δsud,n,B
. In a
similar spirit, we also apply the approximate NLO EW correction of the (n + 1)-parton
process to the n-jet H-events such that in the event that all (n + 1)-parton invariants are
large, these topologies receive the proper correction too.5 The correction factors in the
local k-factor kn of eq. (3.12) cancel, thus avoiding a double counting of the higher-order
EW effects. In consequence, and in contrast to the EWvirt approach, the additional LO
multiplicities at n > nNLO
max receive the complete EW Sudakov factor when all jets are
produced in the EW Sudakov regime.

and EWsud approximations have formal NLL accuracy in the EW Sudakov regime —
such a matched calculation benefits from the combination of the better handling of EW
renormalisation-scheme dependence and phenomenologically important finite O(α) terms
included in the EWvirt scheme on the one hand side, and the improved all-orders structure
of the resummed EWsud corrections on the other. We thus set
!

Bn → Bn exp

EW
δsud,n,B

(3.17)

,

"

!

#

EW
EW
EW
Bn → Bn exp δsud,n,S
− δsud,n,S
+ δvirt,n,S

!

and

EW
Hn → Hn exp δsud,n,H

.

(3.18)
As is evident, neither the structure of the resummation nor that of the EW virt approxiEW = δ EW
mation at O(α) have been upset. With the above choice and setting δsud,n
sud,n,B =
EW
EW
NLL
δsud,n,S = δsud,n−1,H = Ksud,n , the local k-factor gets modified to
EW
kmatched,n
(Φn , Φn+1 )

h

=





i

EW (Φ ) −δ EW (Φ )+δ EW

Bn (Φn ) exp δsud,n
n
n
sud,n
virt,n,S (Φn )



EW (Φ )
Bn (Φn ) exp δsud,n
n

+



Hn (Φn+1 )
1−
Bn+1 (Φn+1 )



(3.19)

Hn (Φn+1 )
.
Bn+1 (Φn+1 )

EW
EW have the same formal accuracy, k EW
As δvirt,n,S
and δsud,n
matched,n contains no EW corrections to NLL accuracy. However, beyond the formal accuracy one can show that the inclusive behaviour of the EWvirt approximation is preserved with the above definitions, see
appendix B.
With the formulae presented so far, an automatic implementation of the full matched
result is in principle a technical matter only, which, however, we leave for future work.

Soft-photon resummation. The inherent approximation of the above EWvirt and
EWsud constructions can be partially unfolded again by adding the effects of final-state photon radiation. In particular, we use the soft-photon resummation in the YFS scheme [91].
The Sherpa implementation described in [92] is restricted to photon emission off final-state
leptons in order not to interfere with the strongly ordered resummation of QCD radiation
in the parton shower. For both same-flavour lepton pairs, i.e. e+ e− and µ+ µ− , it constructs
a pseudo-resonant Z-boson decay and then corrects the apparent LO decay width dΓ0 to
the all-orders resummed decay rate
dΓ

YFS

=dΓ0 · e

αY (ωcut )

·

X 1
nγ

nγ !

" nγ
Y

#

dΦki ·

i=1
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− ωcut ) · C .

(3.20)
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while in the NLO QCD case, eq. (3.10) becomes

ZZ production in association with jets

4

As testbed for the validation and comparison of the calculational schemes to include approximate EW NLO corrections in a multijet-merged computation, we consider the hadronic
production of a pair of Z-bosons in proton-proton collisions, i.e. the four-lepton final
state e+ e− µ+ µ− . We first compile exact NLO EW results for the pp → e+ e− µ+ µ− and
pp → e+ e− µ+ µ− j processes. These serve as benchmarks for the EWvirt and EWsud approximations.7 Together with the fixed-order benchmarks we give a detailed description of
the effects of matching the exponentiated EWsud to either LO and NLO. We then move
on to study multijet merging based on the ZZ + 0, 1j NLO QCD and ZZ + 2, 3j LO QCD
matrix elements. A similar study for W W production has been presented in ref. [105].
However, there the EW Sudakov approximation was not considered.
4.1

Contributions at Born-level and NLO EW

We first review the contributions which the two processes, i.e. pp → e+ e− µ+ µ− both
inclusively and in association with at least one additional parton, comprise at NLO EW.
Inclusive e+ e− µ+ µ− production.
section are given by
q q̄ → e+ e− µ+ µ−

The partonic processes contributing to the LO cross

and

γ γ → e+ e− µ+ µ−

at





O α4 .

Two corresponding example diagrams are displayed in figure 1(a). Although the photoninduced contribution is numerically small (with at most singly-resonant diagrams contributing), it appears at the same order and must be included in a consistent calculation at NLO
6

Although NNLO QED + NLO EW corrections are available for Z → `` decays [106], their impact is
numerically too insignificant to be included in this study.
7
The EWvirt approximation for inclusive ZZ production has been already investigated in [107] and an
excellent reproduction of the exact NLO EW distributions was found.
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Therein, the YFS form factor Y (ωcut ) resums unresolved real and virtual soft-photon
corrections. Individual resolved photons with momenta ki are distributed according to
the eikonal S̃(ki ) in their phase space Φki . The parameter ωcut separates the explicitlygenerated resolved from the integrated-over unresolved real-photon emission phase-space
regions. As default value we use ωcut = 1 MeV. The correction factor C contains exact
higher-order corrections which we incorporate up to NLO in QED.6
It is important to note that the constructions used here, LO + EWvirt + YFS and
LO + EWsud + YFS, do not achieve full NLO EW accuracy. In particular, there is an
overlap in the virtual corrections and the unresolved integrated real-emission corrections
generated in the YFS resummation and the EWvirt and EWsud approximations. This
overlap, however, is non-logarithmic in the high-energy limit where our approximation is
valid, and therefore does not compromise its accuracy. On the contrary, the addition of a
detailed all-orders description of final-state radiation allows for an accurate calculation of
realistic fiducial cross sections.

e−

q

e−

γ

e+

Z/γ ∗
Z/γ ∗

Z/γ ∗

µ+

µ+

q

q

γ

q

(a)

e−
µ−

Z/γ ∗

µ+

Z/γ ∗

e+

γ

e+
µ−

Z/γ ∗

µ−

µ−

q̄

e−

q

µ+

Z/γ ∗

e+

γ

(b)

e−

q
Z/γ ∗

e−

W/Z/γ ∗

q

e+

γ

e+

Z/γ ∗

W

W/Z/γ ∗

Z/γ

∗

µ−

q̄

W

µ−

q̄

e+
µ−

W
W

µ+

W/Z/γ ∗

µ+

γ

e−

Z/γ ∗

µ+

Z/γ ∗

e−
γ

e+

W
W

W

γ

µ−

W

µ+


Figure 2. Example one-loop diagrams contributing to pp → e+ e− µ+ µ− at O α5 .
e−

q
Z/γ
Z/γ ∗

q̄

q
g

e+
W/Z/γ ∗

e+
µ−
µ+

∗

Z/γ ∗

g

e−

W/Z/γ ∗

W/Z/γ ∗

q

e−

q
Z/γ ∗
g

µ+

q

q

g

Z/γ ∗

µ+

Z/γ ∗

q̄

µ−

e+
µ−

e−
µ−

Z/γ ∗

µ+

γ

e+

γ


Figure 3. Example one-loop diagrams contributing to pp → e+ e− µ+ µ− j at O αs α5 .

EW. The one-loop virtual corrections naturally comprise the same partonic channels as the
LO. In figure 2 we give some illustrative example diagrams. This includes hexagon graphs
connecting all initial- and final-state particles with both massive and massless propagators.
For the real-emission corrections new partonic channels open up, here in particular
q q̄ → e+ e− µ+ µ− γ ,

γ q̄ → e+ e− µ+ µ− q̄
( )

( )

and

γ γ → e+ e− µ+ µ− γ

at





O α5 .

It needs to be noted that the γq-initiated channels contain collinear divergences that cancel
corresponding poles in both the q q̄- and γγ-channel in the virtual corrections and, thus,
link both LO production modes. Illustrative examples of such contributions are depicted
in figure 1(b).
Jet-associated production. The leading-order channels contributing to the associated
production of e+ e− µ+ µ− with at least one additional parton which can constitute a jet are
given by
q q̄ → e+ e− µ+ µ− g

and

g q̄ → e+ e− µ+ µ− q̄
( )

( )

at





O αs α 4 .

Corresponding Born-level diagrams can be easily visualised by attaching an additional
external gluon to q q̄-initiated graphs as the one depicted in figure 1(a). The set of partonic
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Figure 1.
Example Born-level (a) and real-emissions diagrams (b) contributing to


pp → e+ e− µ+ µ− + X at O α4 and O α5 , respectively.

q (′)

q (′)

W/Z/γ ∗

g

q
W

Z/γ ∗

Z/γ ∗

q
Z/γ ∗

Z/γ

∗

Z/γ

∗

g

W

Z/γ ∗

Z/γ ∗

q̄

q′

q̄

W

Z/γ ∗

q′

Figure 4. Example real-emission QCD-EW interference contributions in q̄ q̄ → e+ e− µ+ µ− q̄ q̄ .
(

)(

)

(

)(

)

q q̄ → e+ e− µ+ µ− g ,
+ − + −

q q̄ → e e µ µ γ ,

g q̄ → e+ e− µ+ µ− q̄
( )

( )

+ − + −(

γ q̄ → e e µ µ q̄
( )

)

and
at





O αs α 5 .

In contrast to the inclusive case, new channels emerge, where the external gluon gets
replaced by a photon. So besides the canonical EW loops inserted in the LO channels, also
QCD-loop corrections to channels with external photons, contributing at tree-level only in
subleading orders, appear. See figure 3 for examples of one-loop amplitudes corresponding
to the two types of processes. New channels also open for the real corrections:
q q̄ → e+ e− µ+ µ− g γ ,
γ q̄ → e+ e− µ+ µ− g q̄ ,
( )

( )

g q̄ → e+ e− µ+ µ− γ q̄ ,
( )

( )

γ g → e+ e− µ+ µ− q q̄

and

q̄ q̄ → e+ e− µ+ µ− q̄ q̄
( ) ( )

( ) ( )

at





O αs α 5 .

The last process, involving four external quarks and no external photon, deserves an explicit
discussion. This contribution is completely infrared finite and, thus, separable from the


other processes. It consists of an interference of diagrams of O gs2 e4 and O e6 , commonly
referred to as QCD production and EW production, respectively. Due to the colour algebra
involved they typically entail s-/t-channel or t-/u-channel interferences. Two examples are
given in figure 4. It is noteworthy that, due to their nature as interference terms, they are
of indeterminate sign, and are typically small for inclusive observables. However, as they
are the only contributions at this order which can contain two valence quarks as initial
states, e.g. uu, ud, or dd, they can still be quite sizeable in the TeV range.
Loop-induced production. Although technically only a NNLO correction,
gluon-induced loop-squared contributions have a numerically important phenomenological impact, both for inclusive and one-jet observables. Therefore, in addition to the
standard quark-induced four-lepton production processes, we consider the gluon-induced
loop-squared contributions as one component of our multijet-merging approach. Here, immediately the question of systematically separating both production modes arises, as they
coexist at higher orders that are at least approximated in any calculation matched to a
parton shower. To this end, keeping in mind the parton shower’s generating functional of
eq. (3.3) and following [103], we include all diagrams where all four leptons couple through
one (or more) electroweak gauge boson to the closed quark loop, but not any other quarks
in the process. This excludes in particular diagrams where one lepton pair is radiated off
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channels contributing to the one-jet process at the one-loop level contains
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q

e+

µ+
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Z

Z

µ−

µ+

Z/γ ∗
Z/γ ∗

e− g
e+

e−
µ−
µ+
e+

(b)

(a)

Figure 5. Example loop-squared contributions to pp → e+ e− µ+ µ− (a) and pp → e+ e− µ+ µ− j (b).

an external quark. This means, that while
g g → e+ e− µ+ µ−

at



O αs2 α4



solely constitutes inclusive loop-induced four-lepton production,
g g → e+ e− µ+ µ− g ,

g q̄ → e+ e− µ+ µ− q̄
( )

( )

and

q q̄ → e+ e− µ+ µ− g

at



O αs3 α4



contribute for the jet-associated final state. Figure 5 contains example Feynman diagrams
contributing to the loop-induced modes of hadronic e+ e− µ+ µ− (a) and e+ e− µ+ µ− j (b)
production. This comprises triangle-, box- and pentagon-type contributions. We include
light quarks and top quarks in the closed fermion loops and allow for both double- and
single-resonant as well as Higgs-boson mediated topologies. It is important to note, that in
the single-resonant diagrams the Z-boson couples through its axial component in trianglelike and its vector component in box-like topologies.
Electroweak corrections to these loop-induced processes are of two-loop complexity,
they have not been calculated yet, and consequently we do not consider them in this paper.
4.2

Numerical inputs and event-selection cuts

All calculations shown in this work are performed in the Sherpa+OPENLOOPS/Recola [8,
9, 36, 37, 108, 109] framework, allowing for a fully automated calculation of cross sections and observables at next-to-leading order in the strong and electroweak sector of the
Standard Model. In this framework, renormalised QCD and EW virtual corrections are
provided by OPENLOOPS [8, 108] and Recola [9] for the standard 4` and 4` + j and all
loop-induced processes. Both programs use the Collier tensor-reduction library [110]. In
addition, OPENLOOPS also uses CutTools [111] together with ONELOOP [112]. All remaining tasks, i.e. the tree-level Born and real-emission matrix elements as well as the bookkeeping of partonic subprocesses, phase-space integration, and the subtraction of all QCD
and QED infrared singularities, are performed by Sherpa using the AMEGIC and COMIX
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Z

g

e+

µ+

g

e−

g

matrix-element generators [15, 18, 113, 114]. Sherpa in combination with OPENLOOPS
and/or Recola has been employed successfully in a range of different calculations at NLO
EW [19, 22–24, 30, 46, 53, 93, 102, 105, 107, 109] and has been validated against other
tools in [115]. For off-shell inclusive ZZ production in particular, we have recomputed the
results of [51, 52, 107] and excellent agreement was found. The analyses for the following
results have been implemented in Rivet [116, 117].
√
We present predictions for proton-proton collisions at s = 13 TeV. For the masses
and widths we use the following values [118, 119]
ΓOS
W = 2.085 GeV

MZOS = 91.1876 GeV

ΓOS
Z = 2.4952 GeV

Mh = 125.0 GeV

Γh = 0.00407 GeV

mt = 173.2 GeV

Γt = 0 .

All other particles are treated as massless, in particular we are working in the five-flavour
scheme. Note, we throughout assume the CKM quark-mixing matrix to be diagonal. The
pole masses and widths used in the computation are obtained from the given on-shell (OS)
values for the W and Z bosons according to [120]
MV = q

MVOS

ΓV = q

 ,
OS 2

1 + ΓOS
V /MV

ΓOS
V
OS
1 + ΓOS
V /MV

2 ,

(4.1)

with V = W, Z. We work in the complex-mass scheme [121, 122], where the complex masses
and the weak mixing angle are given by
µ2i = Mi2 − iMi Γi

and

sin2 θw = 1 −

µ2W
.
µ2Z

(4.2)

Per default we use the Gµ input parameter and renormalisation scheme [123, 124] with
!
√
2
2
MW
−5
−2
2
Gµ = 1.16637 × 10 GeV
and
αGµ =
G µ MW 1 −
.
(4.3)
π
MZ2
In order to gauge the impact of the choice for the EW renormalisation scheme, we also
consider results obtained in the α(MZ2 ) scheme, with




α MZ2 = 1/128.802

(4.4)

as an input parameter, and renormalise the amplitudes accordingly. All other parameters
remain unchanged. The difference between these two choices can be seen as a (partial)
missing-higher-order uncertainty. See refs. [2, 125, 126] for recent discussions of EW input
parameter and renormalisation schemes.
As parton distribution function (PDF) we use the NNPDF31_nlo_as_0118_luxqed
set [127], interfaced through Lhapdf [128]. The extraction of the photon content is based
on [129]. The value of the strong coupling is chosen accordingly, i.e.




αs MZ2 = 0.118 .
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OS
MW
= 80.385 GeV

For the event selection, we first combine the charged leptons with collinear photons
within a standard cone of radius R = 0.1. The so dressed leptons ` are then required to
pass the following selection cuts for their transverse momentum, rapidity and distance to
other dressed leptons `0 :
pT,` > 20 GeV,

|y` | < 2.5,

∆R``0 > 0.1 .

(4.6)

pT,j > 30 GeV,

|yj | < 4.5,

∆R`j > 0.4 .

(4.7)

All particles that are not part of the previously defined dressed leptons are considered as
input to the jet algorithm.
4.3

Fixed-order results

In this section we validate the approximations introduced in section 3.2 applied to pp →
e+ e− µ+ µ− and pp → e+ e− µ+ µ− j at LO against the respective full NLO EW results. The
EWvirt and EWsud computations include YFS soft-photon resummation as discussed in section 3.2, in order to account for real-emission kinematics and effects. We further provide
predictions based on matching the full NLO EW result with NLL EW Sudakov resummation, as an improved description including the all-orders resummed EW corrections in the
region where they are large.
For these calculations, the renormalisation and factorisation scales are set in accordance
with refs. [55, 105], i.e.
µR = µF = 12 (ET,2e + ET,2µ ) ,
with the transverse energies of the two vector bosons given by
ET,2` =

q

m22` + p2T,2` .

Here, m2` and pT,2` denote the invariant mass and the transverse momentum of the off-shell
charged dressed lepton pair.
Further, all inclusive cross sections are given both in the Gµ scheme and in the α(MZ2 )
scheme, with the former being our default choice for the final predictions presented in
section 4.4. In addition to the inclusive phase space, we also consider dedicated additional
selections focusing on the EW Sudakov region where our matched result formally improves
on the pure NLO EW one, and both approximations are in their respective regime of
validity. Here, we give the Gµ scheme results only, because we are interested on the effects
of the resummation in this region. Finally, we provide differential distributions, including
the full NLO EW results in the Gµ and α(MZ2 ) scheme in order to discuss their inputparameter and renormalisation scheme dependence.
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These criteria define the fiducial phase space of our analysis for inclusive setups, such as
the e+ e− µ+ µ− fixed-order calculation or the multijet-merged one.
For the fixed-order evaluation of e+ e− µ+ µ− j, as well as in the analysis of jet observables for the multijet-merging samples, the additional jet(s) j are defined with the anti-kt
algorithm [130] with R = 0.4 and

– 19 –

JHEP06(2022)064

Inclusive e+ e− µ+ µ− production.
We start by discussing the process
+
−
+
−
pp → e e µ µ + X, for which QCD and EW corrections are known to NNLO and NLO,
respectively [47–55]. We use this setup as an initial benchmark for the approximations
described in section 3.2. We report results for the inclusive fiducial cross section in the
various calculational schemes in table 1. All approximate treatments for EW corrections
as well as the inclusion of the full set of NLO EW corrections reduce the cross section.
Examining the cross sections and higher-order EW corrections summarised in table 1,
the different impact of the change of input-parameter and renormalisation scheme on the
LO and NLO EW results is the most striking observation. At the leading order, i.e. O(α4 ),
the change of EW scheme amounts to a simple rescaling of the parameter α used in the calculation, as this has different values in the schemes. The values of all masses, widths, and
sin θw remain unchanged. In particular, here this change of scheme amounts to an 11.3 %
difference in the inclusive cross section at LO. At NLO, the scheme dependence is not quite
so straight-forward. While the one-loop, mass factorisation and real-emission contributions
are again simply rescaled, the scheme-dependent renormalisation contributions differ significantly in magnitude and structure. The result is the expected much smaller, and now
oppositely signed, scheme dependence of −3.8 %. The relative NLO corrections of −6.8 %
and −19.4 % in the Gµ and α(MZ2 ) schemes, respectively, also demonstrate the superior
adequacy of the Gµ scheme, caused by its effective partial accounting for the leading universal renormalisation effects originating from the ρ-parameter. While this behaviour is well
reproduced by the EWvirt approximation due to its inclusion of the renormalisation terms,
the EWsud approximation follows the LO behaviour in its scheme dependence. Apart from
the parameter renormalisation (PR) logarithms [41, 42] which are however generally not
the dominant terms, EWsud features no additional scheme-dependence compensation. Finally, the NLO EW + NLL EWexp
sud prediction largely coincides with the scheme dependence
of the NLO EW calculation as the influence of the resummed EW Sudakov exponent is
minimal in the inclusive phase space.
Considering only the Gµ scheme, the relative NLO EW corrections are well reproduced,
within about 1 %, by both the EWvirt and EWsud approximations when complemented with
the soft-photon resummation. This is because the total correction in this process is driven
in roughly equal parts by negative one-loop corrections and the negative impact of energyloss due to real-photon radiation. The latter process is only described at O(α) accuracy
while the resummation includes the impact of higher-order emissions further reducing the
cross section. We have checked that truncating the resummation to O(α) — i.e. allow at
most a single photon to be emitted and expand the form-factor accordingly — results in a
much closer reproduction of the exact result. However, given that the EW virt and EWsud
approximations are tailored to the high-energy regime only, their close reproduction of
inclusive observables is to some degree accidental. Finally, the relative correction of the
NLO EW + NLL EWexp
sud matched result follows the NLO EW one closely as Sudakov
logarithms are small and their resummation does not lead to noticeable effects.
Table 1 accompanies the inclusive cross section with a “high energy” region requiring
additionally pT,2e > 600 GeV, thus entering the region where the Sudakov logarithms become sizeable and dominate the total NLO EW corrections. As expected, the resummation

pp → e+ e− µ+ µ−

fiducial cross section

Scheme Region

Gµ

inclusive

α(MZ2 )
α(M 2 )
δGµ Z
Gµ

high energy

LO

corrections to LO
NLO EW

exp
LO + EWvirt + YFS LO + EWsud + YFS LO + EWexp
sud + YFS NLO EW + NLL EWsud

9.819 fb

-6.8 %

-7.9 %

-7.3 %

-7.2 %

-6.7 %

10.928 fb

-19.4 %

-20.2 %

-7.7 %

-7.6 %

-19.3 %

11.3 %

-3.8 %

-3.6 %

10.8 %

10.8 %

-3.7 %

-42 %

-45 %

-39 %

-33 %

-36 %

4.27 ·

10−3

fb

√
Table 1. Inclusive fiducial cross sections for pp → e+ e− µ+ µ− at s = 13 TeV at LO for the Gµ
and the α(MZ2 ) scheme, along with the relative corrections for NLO EW, NLO EW + NLL EWexp
sud
α(M 2 )

of the Sudakov logarithms is important here, giving a 6 % smaller correction with respect
to LO in the NLO EW + NLL EWexp
sud calculation as compared to the NLO EW result (or
a 10 % increase of the cross section relative to it).
We show differential distributions obtained in the various calculational schemes in
figure 6, where in addition to the nominal predictions we indicate the NLO EW scheme
dependence with a grey hatched band. The observables considered are the invariant mass
of the four-lepton system m2e2µ , the Z-boson distance ∆R2e,2µ , the transverse momentum
of the di-electron pair pT,2e , and the electron rapidity ye− .
We start by noticing that the overall good agreement between the EWvirt approximation and the full NLO EW observed for the total cross section is also found for all the
distributions. The only significant difference comes from phase-space regions dominated by
real-photon radiation, such as ∆R2e,2µ < π. There one can see the impact of resumming
soft photons through YFS versus treating them at fixed order, which exhibits the main
advantage of including YFS resummation. We have indeed checked that if we expand the
YFS resummation to O(α), as discussed above, we reproduce the NLO EW result throughout, as a result of the inclusion on exact NLO QED corrections in the YFS resummation.
A similar overall good agreement can be seen in the Sudakov approximation.
To further discuss the impact and the effects of the EW approximations we need to
distinguish between energy-dependent observables, such as the invariant mass of the four
leptons and the pT of the electron pair, and energy-independent observables, such as the
separation of the two lepton pairs and the rapidity of the electron. The former class
shows, as expected, a suppression in the high-energy tail of distributions that feature a
similar shape for both observables. The size of the suppression is, however, different, but
we find that overall the various approximations are all within 5–10 % of the exact NLO
EW result. The matched NLO EW + NLL EWexp
sud result, shown here for the first time,
has the expected behaviour, interpolating from the NLO EW result at low energies to the
exponentiated Sudakov logarithms at high energies. In particular, we notice that at high
energies the resummation leads to a reduction of the suppression of about 5–10 % compared
to the fixed-order Sudakov approximation. The latter class of observables, on the other
hand, has no energy dependence, and encapsulates the k-factors of the total cross-section
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and the EWsud and EWvirt approximations. The table also gives the relative differences δGµ Z of
the α(MZ2 ) scheme with respect to the default Gµ scheme, and results for the “high-energy” region,
which requires pT,2e > 600 GeV in addition to the fiducial cuts.
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Figure 6. Observable distributions for the pp → e+ e− µ+ µ− process. From top left to bottom
right we show: the four-lepton invariant mass m2e2µ , the Z-boson distance ∆R2e,2µ , the transverse
momentum of the di-electron pair pT,2e , and the rapidity of the electron ye− . Results are given at
LO and NLO EW and compared to approximative EW calculations. The NLO EW is given for the
Gµ (black line) and α(MZ2 ) (grey line) renormalisation schemes, and the span between the two is
marked by a hatched band. All predictions are calculated using Sherpa+OPENLOOPS/Recola.

table uniformly distributed across the available phase space. The only deviation from this,
as discussed above, is the region sensitive to additional real radiation, e.g. ∆R2e,2µ < π or
m2e2µ < 2MZ .
Jet-associated production. We now turn our attention to the production of two lepton
pairs associated by an R = 0.4 anti-kt jet with pT,j > 30 GeV, see section 4.2. To the
best of our knowledge, this is the first time that NLO EW corrections are shown for this
specific process, though the technology is readily available. Nevertheless, the comparison
between the full NLO EW and the various approximations requires more care, as the full
NLO EW result contains QCD corrections to lower-order Born terms as well as QCD-EW
interference contributions, see figures 3 and 4 respectively, which are not captured by either
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fiducial cross section

Scheme Region

Gµ
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α(MZ2 )
α(M 2 )
δGµ Z
Gµ

high energy

corrections to LO
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sud + YFS NLO EW + NLL EWsud
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-3.4 %
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11.3 %

-3.7 %

-33 %

-37 %

-30 %

-25 %

-29 %

6.64 ·

10−3
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√
Table 2. Inclusive fiducial cross sections for pp → e+ e− µ+ µ− j at s = 13 TeV at LO for the Gµ
and the α(MZ2 ) scheme, along with the relative corrections for NLO EW, NLO EW + NLL EWexp
sud
α(M 2 )

approximation. However, as stressed before, such interference contributions are typically
small for inclusive observables. Nonetheless, with the QCD-EW interference terms in
particular being the only contributions at this order which can contain two valence quarks
as initial state, e.g. uu, du, or dd, they can be quite sizeable in the TeV range and potentially
spoil the quality of the EWsud and EWvirt approximations.
The discussion for this process follows closely that for the four-lepton final state.
In table 2 we report results for the inclusive fiducial cross sections at LO, NLO EW,
exp
LO+EWvirt +YFS, LO+EWsud +YFS, LO+EWexp
sud +YFS, and NLO EW + NLL EWsud ,
once again, both for the Gµ and the α(MZ2 ) scheme, and similar conclusions can be drawn
here. Notably, the size of the NLO EW corrections with respect to the LO are only slightly
reduced, which confirms the known behaviour that EW corrections with extra QCD jets
are roughly of the same size. In particular we find that they are about −6.6 % and −19.2 %
with respect to the LO result for the Gµ and the α(MZ2 ) schemes, respectively. In addition,
we find a slightly reduced agreement between the NLO EW and the EWvirt approximation,
amounting to roughly −2 % with respect to the NLO EW result for both the Gµ and the
α(MZ2 ) scheme. While numerically small, this may be attributed to the fact that, while
the QCD corrections to lower-order Born contributions are included, the additional fourquark channels discussed are not present in the EWvirt approximation. Here, the EWsud
approximation shows a better level of agreement, despite more contributions get discarded
in this approximation. Hence, the quality of reproduction of the exact result is to some
degree accidental for both approximations, as they are tailored to account for the highenergy regime in particular. Nonetheless, it is reassuring that, at least in the Gµ scheme,
both reproduce the exact result qualitatively quite well. In similar fashion, the resummed
Sudakov approximation changes the fixed-order result very little, both in the pure Sudakov
approximation and the matched NLO EW + NLL EWexp
sud calculation.
In figure 7 we now show the same four observables as for the 0-jet case. In comparison, we find a small reduction of the EW scheme dependence, slightly reduced NLO EW
corrections, and a very similar behaviour of the approximation with respect to the NLO
EW results. This suggests a factorisation of the logarithmic corrections of the EW virt and
EWsud approximation with respect to additional QCD emissions. This can be related to
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and the EWsud and EWvirt approximations. The table also gives the relative differences δGµ Z of
the α(MZ2 ) scheme with respect to the default Gµ scheme, and results for the “high-energy” region,
which requires pT,2e > 600 GeV in addition to the fiducial cuts.
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Figure 7. Leptonic observable distributions as shown in figure 6 but for the pp → e+ e− µ+ µ− j process.

the fact that the sum of EW charges of the external lines remains unaffected by QCD
corrections [105]. Due to the presence of the jet, the ∆R2e,2µ < π region is now already
populated at LO. This results in a good agreement between the NLO EW calculation and
the approximations also in this region, removing the discontinuity seen in the inclusive ZZ
results. This is also true for the scheme dependence of the NLO EW calculation, since
now the entire observable range receives NLO contributions. In fact, we observe a nearly
constant NLO correction of about 5–10 %.
In figure 8 we additionally present two observables for the leading (i.e. highest-pT ) jet:
the angular separation between it and the four-lepton system ∆φ4`,j1 , and its transversemomentum pT,j1 . For these observables we display an additional result, labelled as “NLO
EW (no interf.)”. This line represents the NLO EW result for the Gµ scheme excluding
the finite real correction coming from the interference of diagrams of orders O(gs2 g 4 ) and
O(g 6 ) for pp → e+ e− µ+ µ− jj. Note that this contribution is by construction not included
in either the EW approximations or the YFS approach, since it is a finite real-emission
correction.

– 23 –

JHEP06(2022)064

10−9
1.4
1.3
1.2
1.1
1
0.9
0.8
0.7
0.6
0.5

dσ/d∆R2e,2µ [fb]

s = 13 TeV

Sherpa+OpenLoops/Recola

dσ/dm2e2µ [fb/GeV]

√

Sherpa+OpenLoops/Recola

pp → e+ e− µ+ µ− j,

10−1

s = 13 TeV

NLO EW
10

−1

10

−2

NLO EW (no interf.)
LO
LO + EWvirt + YFS
LO + EWsud + YFS
exp

LO + EWsud + YFS

10−3
10

exp

NLO EW + NLL EWsud

dσ/dpT,j1 [fb/GeV]

dσ/d∆φ4ℓ,j1 [fb/◦ ]

√

10

10−3

s = 13 TeV

NLO EW
NLO EW (no interf.)

10−5

LO + EWvirt + YFS

10−7

LO
LO + EWsud + YFS
exp

LO + EWsud + YFS

exp

NLO EW + NLL EWsud

σ/σNLO EW

1.2

1
0.8

σ/σNLO EW (no interf.)

0.6
0.4
1.6
1.4
1.2
1
0

20

40

60

80

100

120

140

180
160
∆φ4ℓ,j1 [◦ ]

1
0.8
0.6
0.4
1.6
1.4
1.2
1
0.8

10 2

10 3
pT,j1 [GeV]

Figure 8. Distributions for the azimuthal distance between the four-lepton system and the leading
jet ∆φ4`,j1 (left), and the leading-jet transverse momentum pT,j1 (right) for the pp → e+ e− µ+ µ− j
process. They are given at LO and at NLO EW and compared to approximative EW calculations. The NLO EW is given for the Gµ (black line) and α(MZ2 ) (grey line) renormalisation
schemes, and the span between the two is marked by a hatched band. In addition, the NLO
EW is plotted without interference terms (“no interf.”). All predictions are calculated using
Sherpa+OPENLOOPS/Recola.

For the angular separation ∆φ4`,j1 , Born kinematics produce back-to-back configurations only, i.e. ∆φ4`,j1 = 180°. Hence, for the two approximations the ∆φ4`,j1 < 180°
region is only populated via YFS photon emissions. We find that the shape of the NLO
EW distribution is reproduced well by YFS, although there is a shape difference for intermediate angles 90° < ∆φ4`,j1 < 180°. Comparing the full NLO EW with the “NLO EW
(no interf.)” result we conclude that this difference is entirely due to these interference
terms, which are missing from the LO+YFS simulation. The resulting difference in rate is
30 % at large ∆φ4`,j1 and decreases towards zero with decreasing ∆φ4`,j1 .
For the same reason we find a strong discrepancy between the NLO EW calculation
and the approximations for pT,j1 > 300 GeV. Again this is entirely due to the presence
of the interference terms, and once they are removed we find very good agreement. In
particular, we then observe an excellent agreement with the EWvirt approximation, and a
good agreement with the EWsud one.
With these observations we infer that adding a jet veto in order to limit the activity of
the finite contribution would allow the approximations introduced here to be even closer to
the full NLO EW results, see [105], where this is studied for EWvirt in the context of W W
and W W j production. Note that adding a jet veto introduces further logarithms related
to the jet-veto scale which would in general need to be resummed. Please also note, that
even in the absence of jet vetoes, the picture changes once QCD corrections, which are of
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the order of 100 % in this regime [131], are included, rendering the impact of the QCD-EW
interference contributions less marked.
4.4

Multijet-merged results

Structural analysis and validation. The MePs@Nlo predictions are obtained by
merging NLO QCD matrix elements for pp → e+ e− µ+ µ− and pp → e+ e− µ+ µ− j and the
QCD tree-level matrix elements for pp → e+ e− µ+ µ− jj and pp → e+ e− µ+ µ− jjj. As a
way to study the interplay between QCD and EW corrections, we also provide results
at MePs@Lo accuracy, which we obtain by merging the same parton multiplicities n =

0, 1, 2, 3, but in this case all are evaluated at LO only, i.e. O αsn α4 . The merging is
performed using the algorithms outlined in section 3.1, with the merging scale set to
Qcut = 30 GeV .

(4.8)

The renormalisation, factorisation, and resummation scales are set according to the CKKW
scale-setting prescription. The renormalisation scale is thereby defined through µR =
µCKKW [132], with
αsn (µ2CKKW ) = αs (t1 ) · · · αs (tn ) ,

(4.9)

where the ti are the reconstructed shower-emission scales of the n-jet hard-process configuration. The scale of the inner core process, µcore , is set to
µcore =

1
2

(ET,ee + ET,µµ ) ,

(4.10)

and is used to define the factorisation and resummation scales via µF = µQ = µcore . Lastly,
note that the simulation of soft and collinear photon emissions off the final-state leptons
in the YFS formalism is enabled for all results in this section.
We use the QCD MePs@Nlo prediction as a reference to determine the impact of
approximate EW corrections. We incorporate EW correction in the EW virt approximation
into the underlying MePs@Nlo calculation, both in the additive and the multiplicative
scheme, as defined in eq. (3.13) and eq. (3.11), respectively. Furthermore, we consider the
EWsud approximation as an alternative.
Finally, we give the QCD MePs@Lo prediction, both as-is, serving as an additional
reference for the inclusive fiducial cross section, and including EW sud corrections. To
better capture non-trivial kinematical effects, we multiply this LO accurate prediction by
the global QCD k-factor given by the ratio of the inclusive fiducial cross sections of the
MePs@Nlo and MePs@Lo calculations. Note that EWvirt is not readily available for
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In this section we use the approximations validated for both ZZ and ZZj production in
section 4.3 to incorporate higher-order electoroweak effects in a particle-level calculation, as
introduced in section 3. Before we present our final results, however, we are first proceeding
with a structural analysis and validation of our calculation in order to understand the
interplay of each contribution of the multijet-merged computation and their impact on the
final result.

pp → e+ e− µ+ µ− + jets
Scheme

Region

Gµ

inclusive

fiducial cross section

corrections to MePs@Nlo + YFS

MePs@Lo + YFS

MePs@Nlo + YFS

× EWvirt

× EWsud

× EWexp
sud

11.10 fb

13.34 fb

-4 %

-4 %

-3 %

√
Table 3. Inclusive fiducial cross sections for pp → e+ e− µ+ µ− + jets at s = 13 TeV for MePs@Lo
and MePs@Nlo in the Gµ scheme including YFS photon emissions. For the MePs@Nlo predictions, relative corrections for the combination with the EWvirt and EWsud approximations are
also listed.

Results for the inclusive fiducial cross sections are listed in table 3. We first note that
the MePs@Lo cross section is 13 % larger than the pure LO result quoted in table 1.
This is not unexpected due to the presence of higher-multiplicity matrix elements, which
explicitly take into account the opening of the gq- and gg-induced channels. Next, the
global QCD k-factor between MePs@Lo and MePs@Nlo is 1.20, further increasing the
inclusive cross section. Applying EW approximations to the MePs@Nlo calculation leads
to a decrease of 4 % for the additive/multiplicative EWvirt approximations and of 3 % for
the EWsud approximation. These numbers tend to be smaller than the ones reported
for the fixed-order calculations in tables 1 and 2, where we found a 7.3 % reduction for
the LO+EWvirt vs. the LO in the ZZ case in the Gµ scheme. However, there the LO
prediction did not include YFS QED corrections, which by itself reduces this LO cross
section by about 4 %, which makes up for the discrepancy.
Before turning to more exclusive observables, we briefly recapitulate the key differences of how EWvirt and EWsud is applied to an underlying MePs@Nlo calculation. As
described in section 3.2, the two approximations act differently on the individual contributions that make up a multijet-merged calculation, namely the S and H events of each
QCD NLO multiplicity (here 0j and 1j), and the tree-level events of the LO multiplicities
(here 2j and 3j). In particular, the EWvirt is not applied to H-type events, and approximately treats higher-multiplicity tree-level contributions through the k-factor defined in
eq. (3.12), such that the corrections for additional LO jets in the EW Sudakov regime are
incomplete. The EWsud approximation on the other hand is applied to all contributions
of the calculation. Therefore, we show and discuss in the following not only the baseline
MePs@Nlo prediction along with the two EW approximations, but also the relative size of
each contribution within the MePs@Nlo result. This helps to better understand how the
MePs@Nlo results are affected by the EW approximations, and in particular to ensure
that the EWvirt approximation is not spoiled by a large admixture of H events.
In figure 9 we show the same lepton observables we examined already for the fixedorder ZZ and ZZj predictions presented in section 4.3, here for the inclusive event selection
placing no requirements on any additional jet activity, while figure 10 shows four observables
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this MePs@Lo calculation, given that it requires NLO EW one-loop matrix elements
for all multiplicities (i.e. up to n = 3), and a local k-factor mechanism as described for
MePs@Nlo in eq. (3.12) to make up for missing one-loop matrix elements is not yet
implemented for MePs@Lo in Sherpa.
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Figure 9. Distributions of leptonic observables for pp → e+ e− µ+ µ− + jets production. The
baseline prediction is a MePs@Nlo calculation in the Gµ scheme. On top of it, EWvirt and
EWsud approximations are applied. As a reference, the EWsud approximation is also shown for an
underlying MePs@Lo calculation, which is rescaled to the total MePs@Nlo rate using the global
QCD k-factor of 1.20. The four observables shown from top left to bottom right are: the invariant
mass of the four-lepton system m2e2µ , the Z-boson distance ∆R2e,2µ , the transverse momentum
of the di-electron pair pT,2e , and the transverse momentum of the four-lepton system pT,2e2µ . All
predictions are calculated using Sherpa+OPENLOOPS/Recola. The first ratio plot shows the
relative size of the EW corrections, while the second one gives the relative size of the contributions
to the MePs@Nlo prediction.
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Figure 10. As figure 9 but for jet observables. Shown are from top left to bottom right: the
angular separation between the four-lepton system and the hardest jet ∆φ4`,j1 , the number of jets
Njet , and the transverse momenta of the hardest jet pT,j1 and second hardest jet pT,j2 .
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demanding one or more additional jets beyond the inclusive lepton acceptance cuts. The
latter are the angular separation ∆φ4`,j1 between the four-lepton system and the leading
jet, the jet multiplicity Njet , and the transverse momenta pT,j1 and pT,j2 of the leading and
subleading jet, respectively.

Turning now to the various contributions of the merged calculation (as shown in the
bottom panel of each plot), we can see that in all cases the contributions of H-type events
are below 5 %. Therefore, the EWvirt correction is not hampered by a large admixture of
(uncorrected) H events in the phase space explored here. This is not surprising, because
the contribution of H events is constrained by the Θ(Qcut − Qn+1 ) term in eq. (3.5), to
avoid double counting with matrix elements of higher jet multiplicities. There is however a
sizeable contribution (more than 20 %) of tree-level 2j and/or 3j contributions for ∆R2e2µ <
π, ∆φ4`,j1 < π, Njet > 1 and all transverse-momentum distributions, i.e. whenever the
observable favours contributions from events with many hard and/or widely separated jets,
which are mainly generated by the 2j and 3j matrix elements. While the EWvirt falls back
on the use of a k-factor for these two contributions, we do not find evidence that the EW virt
and the EWsud generally begin to deviate from one another in the regions dominated by
high-multiplicity matrix elements, suggesting that the use of a lower multiplicity (here: 1j)
to calculate approximate EW corrections via the k-factor does not introduce a large error
for the observables studied here, as is proven in appendix B.
Finally, for the MePs@Lo+EWsud calculation rescaled with the global QCD k-factor,
we find that it faithfully reproduces the MePs@Nlo calculation in phase-space regions
dominated by 0j events, while it otherwise deviates by up to 10 % from it. We have
checked that this deviation is entirely due to the underlying QCD description. The EW sud
corrections of both calculations are indeed nearly identical, which is expected given the
structure of the corrections as laid out in section 3.2 and the fact that the contribution of
H events is negligible; for the EWsud approximation it does not matter if it is applied to
LO or S events. The finding that EWsud gives identical corrections in both cases indeed
serves as an important cross-check of our implementation.
Final results. After the structural analysis of the multijet-merged calculation with respect to the inclusion of EW corrections through the EWvirt and EWsud approximation,
we are now ready to present our final results, which are directly relevant for comparisons
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Examining figures 9 and 10, we find the same qualitative behaviour as in the fixedorder ZZ and ZZj results: distributions that have an energy scaling, such as the invariant
mass of the four-lepton system, the pT of the leptons or that of the jets, show enhanced
EW effects at high energies, which are similarly described by both the EW virt and EWsud
approximations. On the other hand, scale-less quantities, such as the distance between
the two Z-bosons or between the four-lepton system and the hardest jet, exhibit roughly
flat and small corrections in both cases. This is also the case for the Njet distribution.
The reason can be seen in the fact that extra QCD radiation is predominantly soft and
collinear, and as such it does neither substantially change the EW charge distribution, nor
induce additional large scales.

to data. To this end, we adjust our predictions with respect to the previous section
as follows:
• The MePs@Nlo calculation remains the reference result, but we add a scale-variation
band to estimate its theoretical uncertainty related to the choice of the QCD renormalisation and factorisation scales µR and µF . The band is defined as the envelope
of the 7-point variations [133]
n

( 12 µR ,

1
2 µF ),

o

( 12 µR , µF ), (µR , 12 µF ), (µR , µF ), (µR , 2µF ), (2µR , µF ), (2µR , 2µF ) ,

• As a second addition in the QCD sector, we provide a MePs@Loop2 prediction,
merging loop-induced matrix elements for ZZ and ZZj production at LO. This is
added to the MePs@Nlo calculation.
• We drop the additive EWvirt scheme, which has been discussed in the previous section.
It suffices here to consider the multiplicative scheme for further comparison. As
before, we show the EWsud approximation, however, now supplemented with its
exponentiated version, EWexp
sud .
We begin by considering in figure 11 the four leptonic observables studied before already, i.e. m2e2µ , pT,2e , ∆R2e2µ , and pT,2e2µ . As these are all non-zero at leading-order,
in our MEPS@NLO setup they are all described at NLO QCD accuracy, receiving additional contributions also from higher-order terms. The decomposition of the MEPS@NLO
prediction for the considered observables can be read off from the lower panels of figure 9. Notably, phase-space regions that are either filled only in the presence of, or receive
large contributions from, additional radiation from either the parton shower or highermultiplicity tree-level processes exhibit somewhat larger scale uncertainties of O(±10 %).
This is in particular the case for ∆R2e2µ < π and pT,2e2µ > 100 GeV, where the four-lepton
system recoils against (several) additional hard emissions. For the bulk of the considered
observable distributions, scale uncertainties are well below 10 %. Accordingly, we find that
they do not cover the EW corrections for the dimensionful observables, i.e. the transversemomentum and invariant-mass variables, beyond scales of about 200 GeV. For the ∆R2e2µ
observable, however, where EW corrections are very moderate, they are amlost entirely
covered by the QCD scale-uncertainty band.
In figure 12 we compile our final predictions for the jet observables, i.e. ∆φ4`,j1 , Njet ,
pT,j1 and pT,j2 . Looking back at figure 10, we find that they are all rather dominated
by the shower-evolved 2j and 3j LO matrix-element contributions, with the exception of
∆φ4`,j1 & 150°, Njet ≤ 2, or pT,j1 . 100 GeV.8 The scale-uncertainty pattern is largely
8

Of course, the sample decomposition depends on the value used for the merging scale Qcut and the jet
min
threshold pmin
T,j . We here consider Qcut = pT,j = 30 GeV.

– 30 –

JHEP06(2022)064

that are evaluated using on-the-fly reweighting [134]. The αS and PDF input scales
in the parton shower are varied along with the µR and µF values used in the hard
process. Comparing the QCD scale uncertainties with the size of the EW corrections
allows us to assess the phenomenological relevance of the latter.

5

Conclusions

To adequately address precision measurements of final states produced in hadronic collisions, the inclusion of higher-order corrections in corresponding theoretical predictions
based on perturbation theory is required. Besides the dominant QCD contributions, typically considered at NLO or NNLO, also EW corrections should ideally be included, certainly when attempting to describe phase-space regions involving high-energetic particles.
In this limit the exact NLO EW corrections factorise from the production process, leading
to logarithms of the involved kinematic invariants that can eventually be resummed to
all orders.
In this article we discussed the means to compute EW corrections at exact NLO accuracy, as well as the high-energy virtual EW (EWvirt ) and Sudakov (EWsud ) approximations,
in the Sherpa framework. We have presented a simple matching formula for the combination of resummed NLL EW Sudakov corrections with the exact O(α) result. This NLO
EW + NLL EWexp
sud calculation enables us to account for the dominant EW corrections
both in the bulk of the inclusive cross section as well as for high-energetic kinematic configurations. Properly modelling multiple QCD parton emissions off the initial and final
state of the process requires the inclusion of parton-shower simulations, i.e. the matching
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determined by the dominance of the higher-multiplicity LO contributions. Accordingly, we
observe more significant scale variations than for the more inclusive leptonic observables.
On average, the bands spread from −10 % to +20 % around the nominal MePs@Nlo
prediction. For the phase-space region dominated by the NLO QCD contributions, this
shrinks to ±5 %, while for Njet = 4 it grows to −20 % and +30 %. However, beyond
Njet = 3 we entirely rely on the parton shower to generate additional jets.
Given the sizeable scale uncertainty of the MePs@Nlo prediction, the rather mild
EW corrections observed for the ∆φ4`,j1 and Njet observable, which remain below −10 %
throughout, are fully enclosed by the QCD uncertainty band. However, for the transversemomentum distributions EW Sudakov corrections exceed the QCD uncertainties, reaching
about −20 %. This clearly shows the necessity to include them in realistic simulations.
To further reduce the systematic uncertainties of the predictions, the two- and three-jet
multiplicity matrix elements should ideally be considered at NLO QCD as well.
For all observables considered here, the shapes of the MePs@Nlo and MePs@Nlo
+ MePs@Loop2 predictions are quite similar, with the latter being enhanced by about
5–10 %. The exception are the hard tails for the pT,2e2µ , pT,j1 and pT,j2 distributions. Here,
the cross section is with increasing hardness increasingly dominated by the MePs@Nlo
contributions alone. These contain additional higher-multiplicity LO QCD matrix elements
that are also the adequate sequel for the loop-induced sample, as long as no two-jet loopinduced contribution is included. The addition of the MePs@Loop2 prediction has no
sizeable effect on the overall QCD scale-uncertainty band of the MePs@Nlo prediction
(beyond the rescaling induced by the increased rate).
As for the exponentiated EWsud approximation we find that it gives nearly identical
results compared to the MePs@Nlo+EWsud one, due to the moderate absolute EWsud
correction for the studied observables.
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Figure 11. Distributions of leptonic observables for pp → e+ e− µ+ µ− + jets production. The baseline prediction is given by the MePs@Nlo result in the Gµ scheme, with the grey band indicating
its 7-point scale-variation uncertainty. On top of it, loop-induced corrections and EW virt /EWsud
approximations are applied. Shown are from top left to bottom right: the four-lepton invariant mass
m2e2µ , the Z-boson distance ∆R2e,2µ , the di-electron transverse momentum pT,2e , and four-lepton
transverse momentum pT,2e2µ . All predictions are calculated using Sherpa+OPENLOOPS/Recola.

and merging of QCD matrix elements with a QCD parton cascade. Such methods for LO
and NLO matrix elements are readily available in Sherpa, referred to as MePs@Lo and
MePs@Nlo, respectively. However, the consistent inclusion of (approximate) EW corrections in such shower-evolved computations is an area of active theoretical development. In
our work we have presented the methods available in Sherpa for the largely automated incorporation of EW corrections in MePs@Lo and MePs@Nlo calculations. This includes
in particular the EWvirt approximation for O(α) corrections, and the more recently implemented EWsud scheme for including (resummed) NLL EW contributions. Both approaches
can consistently be combined with QED soft-photon resummation for final-state leptons,
treated in the YFS formalism.
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Figure 12. As figure 11 but for jet observables. Shown are from top left to bottom right: the
angular separation between the four-lepton system and the hardest jet ∆φ4`,j1 , the number of jets
Njet , and the transverse momenta of the hardest jet pT,j1 and second hardest jet pT,j2 .

As an highly non-trivial application and benchmark for the various calculational
schemes we analysed ZZ and ZZj production under LHC conditions, thereby including off-shell and non-resonant contributions to the e+ e− µ+ µ− and e+ e− µ+ µ− j channels,
respectively. For the first time we have presented results for detailed kinematical distributions for pp → e+ e− µ+ µ− j at NLO EW. In a first analysis we studied the quality of the
EWvirt and EWsud schemes in approximating the exact NLO EW results, with one-loop
amplitudes provided by OPENLOOPS and Recola. For both the ZZ and the ZZj channel
we found a correction of the inclusive fiducial cross section from LO to NLO of about −7 %
when using the Gµ input-parameter and renormalisation scheme. This effect is well reproduced by the EWvirt and EWsud approximations when combined with the YFS soft-photon
resummation. While for the considered inclusive cross sections the exponentiation of the
NLL Sudakov logarithms has only a very mild effect, it significantly alters the production
rate of high-energetic event configurations, e.g. when applying a hard cut on the transverse
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momentum of one of the Z bosons. Through matching to the exact NLO EW result these
higher-order EW effects can be incorporated in the combined prediction of NLO EW +NLL
EWexp
sud accuracy.
Motivated by the good quality of the EW virtual and Sudakov approximation for the
diboson-production processes, we then considered their inclusion in MePs@Nlo predictions based on the NLO QCD matrix elements for the zero- and one-jet channel, supplemented by the tree-level two- and three-jet processes. Both for the inclusive production
rates and for the considered differential distributions, we found good agreement of the resulting MePs@Nlo+EWsud and MePs@Nlo+EWvirt predictions. Only for phase-space
regions dominated by the higher-order tree-level contributions did we observe systematic
deviations. These can be traced back to the limitation of the EWvirt approximation to
model the EW corrections for these tree-level contributions through an effective k-factor
corresponding to the highest-multiplicity available at NLO, here the one-jet process. In
the EWsud approximation, however, higher-order tree-level processes with kinematics in
the high-energy regime receive the complete NLL EW Sudakov factor. Having analysed
in detail the anatomy of the multijet-merged samples with EW corrections included, we
presented our final phenomenological predictions, thereby also including an uncertainty
estimate corresponding to scale variations and taking into account the QCD loop-induced
contributions to ZZ and ZZj production. The loop-induced channels contribute at the
order of 10 % of the total production rate only. Accordingly, neglecting their EW corrections seems well justified. However, we could clearly show that EW corrections for the
direct production mode — in particular for high-energetic event configurations — amount
to up to −40 %, and thereby largely exceed the QCD scale uncertainty of the MePs@Nlo
computation.
Accordingly, the inclusion of EW corrections in theoretical predictions is of paramount
importance for upcoming measurements of diboson production at the LHC in Run 3 and
the subsequent High-Luminosity phase. This applies both to fixed-order calculations and to
fully differential multijet-merged Monte Carlo simulations to be used in precision Standard
Model studies. The inclusion is similarly important for analyses in which these processes
contribute as Standard Model background to New Physics searches.also Consequently, the
methods developed here, due to their automation in the Sherpa framework, can and should
be applied to any other process. They will be publicly available with Sherpa-3.
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A

EW Sudakov corrections outside the strict high-energy limit

|mkl − MV |
< ∆thr ,
(A.1)
ΓV
with ΓV the width of the vector boson. ∆thr is an arbitrary threshold parameter that
we set to 10. If multiple possible combinations exist, e.g. in e+ e+ e− e− final states, the
pair with the smallest ∆kl is combined first. The resulting amplitude now has m ≤ n
external particles. Note that this also implies that the phase space used to evaluate the
EW Sudakov contribution changes as well, and it now refers to m ≤ n (or m ≤ n + 1
for H events) final-state particles, with m depending on the number of combined lepton
EW (Φ ) = KNLL (Φ ). The clustered phase space Φ is constructed
pairs. We then set δsud,n
n
m
m
sud,m
by combining the four momenta of all clustered lepton pairs (k, l), and assign it to new
external vector bosons, i.e. pV,kl = pk +pl . After all possible daughter leptons are clustered,
all momenta in Φm are reshuffled such that all external particles are on their mass shell,
in particular p2V,kl = m2V . To this end, we use the same algorithm as in ref. [44] to ensure
that all matrix elements entering the calculation of KNLL
sud,n have on-shell external momenta
after potential SU(2) rotations of external states, see the discussion therein.
As a second provision to improve the EWsud approximation in phase-space regions
where not all invariants are of the same large size, we include terms proportional to


rkl
α
L(|rkl |, s) =
log2
,
(A.2)
4π
s
∆kl =

as they appear in the split of the double logarithmic (DL) terms in [41]. Here, s is the
squared partonic centre-of-mass energy. The terms in eq. (A.2) are neglected in [41] and
2  r ∼ s.
in our original implementation [44], as the strict high-energy limit requires MW
kl
However, we find that in the ZZ and ZZj observables studied here neglecting these terms
consistently reduces the level of agreement between EWsud and NLO EW by up to 5 %,
due to the contribution of kinematic configurations where at least for some invariants a
2  r  s is approached.
looser high-energy limit MW
kl
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Following [41, 42], the strict condition of the high-energy limit that all invariants rkl =
(pk + pl )2 with external momenta pk and pl are large compared to the EW energy scale
has the consequence that a naive application to processes with intermediate resonances,
EW = KNLL = 0. This is
such as W and Z bosons decaying into leptons, will result in δsud,n
sud,n
because the intermediate resonance will constrain the invariant mass of the decay products
k and l to be close to its on-shell mass. In consequence, at least this rkl is of the order of
the EW scale and not large compared to it. To address this, we follow the same strategy
as is used in the YFS resummation in processes with internal resonances [53, 92].
We have extended the original Sherpa implementation of Sudakov corrections presented in [44] in the following way. Before calculating KNLL
sud,n , we combine any lepton pair
(k, l) with an invariant mass mkl close to the mass MV (V = W, Z) of a vector boson of
the same quantum numbers, based on the measure

In the plots presented in this work we have thus included these contributions in all
EWsud results. We have however also implemented the missing purely imaginary terms
derived in [45], as well as the so-called SSCs→rkl contribution, of which the logarithm discussed here represents a subset. However, we find no significant difference for the processes
discussed here. In all cases, it should be noted, as described in [135], that the NLL approximation does not in general capture the full angular dependency which can only be done
by including the full NNLL approximation.

B

Matched EW corrections in multijet-merged calculations
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This appendix discusses how the interplay of the EW corrections contained in the local kfactor and those explicitly effected onto the higher-multiplicity LO matrix elements achieves
both the correct resummation of the multiplicity-specific EW Sudakov factors and the
inclusive behaviour of the EWvirt approximation of the highest multiplicity it is available
for. Thus, it needs to be shown that the EW corrections for a) the n = nNLO
max parton
process are not changed when higher-multiplicity LO matrix elements are merged on top
of it, and b) the n = nNLO
max + l parton processes properly resum their respective Sudakov
logarithms.
First, we show that for the highest multiplicity for which NLO EW virtual corrections
are available, n = nNLO
max , the correction effected onto observables sensitive to it are given
by the matched EW corrections of eq. (3.18). To this end, we examine the inclusive nparton cross section consisting of the sum of the exclusive n-parton cross section and the
inclusive (n + 1)-parton cross section. Further splitting the latter into the exclusive (n + 1)parton cross section and the inclusive (n + 2)-parton cross section follows trivially and does
not change our conclusions. The inclusive n-parton cross section, integrating over both
unresolved and resolved emissions (according to the merging scale), is then given by
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