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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
�
↵4

�
and O

�
↵5

�
, respectively.
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Figure 2: Example one-loop diagrams contributing to pp ! e+e�µ+µ� at O
�
↵5

�
.

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.¶ Together with this benchmark we give a detailed description on 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 WW production has been presented in Ref. [96]. However, there the EW Sudakov approximation was
not considered.

4.1 Contributions at Born-level and NLO EW

We first review the contributions the two processes, i.e. pp ! e+e�µ+µ� both inclusively and in associ-
ation with at least one additional parton, comprises at NLO EW.

Inclusive e+e�µ+µ�
production. The partonic processes contributing to the LO cross section are

given by

q q̄ ! e+e�µ+µ� and � � ! e+e�µ+µ� at O
�
↵4

�
.

Two corresponding example diagrams are displayed in Fig. 1a. Although the photon-induced 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 EW. The virtual corrections naturally comprise
the same partonic channels as the LO calculation. In Fig. 2 we give some illustrative example diagrams
contributing at one-loop level. 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� � , � q̄( )

! e+e�µ+µ� q̄( ) and � � ! e+e�µ+µ� � at O
�
↵5

�
.

It needs to be noted that the �q-initiated channels contain collinear divergences that cancel corresponding
poles in both the qq̄- and ��-channel in the virtual corrections and, thus, link both LO production modes.
Illustrative examples of such contributions are depicted in Fig. 1b.

¶
The EWvirt approximation for inclusive ZZ production has been already investigated in [98] and an excellent repro-

duction of the exact NLO EW distributions was found.
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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.¶ Together with this benchmark we give a detailed description on 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 WW production has been presented in Ref. [96]. However, there the EW Sudakov approximation was
not considered.

4.1 Contributions at Born-level and NLO EW

We first review the contributions the two processes, i.e. pp ! e+e�µ+µ� both inclusively and in associ-
ation with at least one additional parton, comprises at NLO EW.

Inclusive e+e�µ+µ�
production. The partonic processes contributing to the LO cross section are

given by

q q̄ ! e+e�µ+µ� and � � ! e+e�µ+µ� at O
�
↵4

�
.

Two corresponding example diagrams are displayed in Fig. 1a. Although the photon-induced 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 EW. The virtual corrections naturally comprise
the same partonic channels as the LO calculation. In Fig. 2 we give some illustrative example diagrams
contributing at one-loop level. 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� � , � q̄( )

! e+e�µ+µ� q̄( ) and � � ! e+e�µ+µ� � at O
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↵5

�
.

It needs to be noted that the �q-initiated channels contain collinear divergences that cancel corresponding
poles in both the qq̄- and ��-channel in the virtual corrections and, thus, link both LO production modes.
Illustrative examples of such contributions are depicted in Fig. 1b.

¶
The EWvirt approximation for inclusive ZZ production has been already investigated in [98] and an excellent repro-

duction of the exact NLO EW distributions was found.
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+ … + ∫ dΦ1

σNLO EW = B(Φ) + V(Φ) + ∫ dΦ1 R(Φ⋅Φ1) ≃ B(Φ) + V(Φ) + I(Φ)

B IV

+ …

❖ Has all the EW NLL of the high energy limit

❖ Important finite corrections

❖ Non-trivial EW scheme dependence

❖ Needs actual virtual ME, i.e. costly for high multiplicity

soft-collinear approximation

EW virtual corrections have Sudakov-like enhancement:

Enhanced for high energies

α
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S. Bräuer, et al. [arXiv:2005.12128 [hep-ph]] 
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Approximated EW corrections - EWsud

+ + … + ∫ dΦ1

σNLO EW = B(Φ) + V(Φ) + ∫ dΦ1 R(Φ⋅Φ1) ≃ B(Φ) + VNLL(Φ) + INLL(Φ)

B IV

+ …

soft-collinear approximation

❖ Has all the EW NLL of the high energy limit

❖ Sudakov logs can be factorized and then exponentiated

❖ Applicable to any final state multiplicity

❖ Lacking of non-trivial scheme dependence and finite terms

soft-collinear approximation

EW virtual corrections have Sudakov-like enhancement:

Enhanced for high energies

α
4π sin2 θW

log2 ( Q2

M2
V ),

α
4π sin2 θW

log ( Q2

M2
V )

E. Bothmann, D. Napolitano [arXiv:2006.14635 [hep-ph]] 
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Fixed-order EW NLO

ZZ+1jet

ZZ

one-loop corrections and the negative impact of energy-loss due to real-photon radiation. The later
process is only described at O(↵) 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(↵)
– 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. Both results are remarkable in that both approximations
are tailored to the high-energy regime only and 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.

Tab. 1 accompanies the inclusive cross section with a “high energy” region requiring additionally
pT,2e > 600GeV, thus entering the region where the Sudakov logarithms become sizeable and dominate
the total NLO EW corrections. As expected, the resummation 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).

pp ! e+e�µ+µ� fiducial cross section corrections to LO

Scheme Region LO NLO EW LO+EWvirt+YFS LO+EWsud+YFS LO+EWexp

sud
+YFS NLO EW + NLL EWexp

sud

Gµ inclusive 9.8189(2) fb �6.8% �7.9% �7.3% �7.2% �6.7%

↵(M2
Z) 10.928 fb �19.4% �20.2% �7.7% �7.6% �19.3%

�
↵(M2

Z)
Gµ

11.3 % �3.8% �3.6% 10.8% 10.8% �3.7%

Gµ high energy 4.27 · 10�3
fb �42% �45% �39% �33% �36%

Table 1: Inclusive fiducial cross sections for pp ! e+e�µ+µ� at
p
s = 13 TeV at LO for the Gµ and

the ↵(M2
Z) scheme, along with the relative corrections for NLO EW, NLO EW + NLL EWexp

sud
and the

EWsud and EWvirt approximations. The table also gives the relative differences �
↵(M2

Z)
Gµ

of the ↵(M2
Z)

scheme with respect to the default Gµ scheme, and results for the “high-energy” region, which requires
pT,2e > 600GeV in addition to the fiducial cuts.

We show differential distributions obtained in the various calculational schemes in Fig. 6, where in
addition to the nominal predictions we indicate the NLO EW scheme dependence with a grey hatched
band. 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 < ⇡.
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(↵), as discussed above, we reproduce the NLO EW result
throughout, 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 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 table
flatly 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 < ⇡ or m2e2µ < 2MZ .
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pT,l > 20GeV pT, j > 30GeV

|yl | < 2.5 |yj | < 4.5

ΔRll′￼> 0.1 ΔRlj > 0.4

Fiducial cuts

Generators/Tools
Sherpa + OpenLoops/Recola

Preliminary

LO+EWexp

sud
+YFS, and NLO EW+NLL EWexp

sud
, once again, both for the Gµ and the ↵(M2

Z) 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 ↵(M2

Z) 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 ↵(M2
Z) 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 four-quark 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, both approximations’ quality of reproduction of the exact result is to
some degree accidental as both schemes are tailored to account for the high-energy 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.

pp ! e+e�µ+µ�j fiducial cross section corrections to LO

Scheme Region LO NLO EW LO + EWvirt + YFS LO + EWsud + YFS LO + EWexp

sud
+ YFS NLO EW + NLL EWexp

sud

Gµ inclusive 5.1698(1) fb �6.6% �8% �6.9% �6.7% �6.4%

↵(M2
Z) 5.754 fb �19.2% �21% �6.9% �6.7% �19.0%

�
↵(M2

Z)
Gµ

11.29 % �3.7% �3% 11.3% 11.3% �3.7%

Gµ high energy 6.64 · 10�3
fb �33% �37% �30% �25% �29%

Table 2: Inclusive fiducial cross sections for pp ! e+e�µ+µ�j at
p
s = 13 TeV at LO for the Gµ and

the ↵(M2
Z) scheme, along with the relative corrections for NLO EW, NLO EW + NLL EWexp

sud
and the

EWsud and EWvirt approximations. The table also gives the relative differences �
↵(M2

Z)
Gµ

of the ↵(M2
Z)

scheme with respect to the default Gµ scheme, and results for the “high-energy” region, which requires
pT,2e > 600GeV in addition to the fiducial cuts.

In Fig. 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 EWvirt and EWsud approximation with respect to additional QCD
emissions. This can be related to 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 < ⇡ 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 Fig. 8 we additionally present two observables for the leading (i.e. highest-pT ) jet: the angular
separation between it and the four-lepton system ��4`,j1 , and its transverse-momentum distribution
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(g2sg

4
) and O(g6) 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.

For the angular separation ��4`,j1 , Born kinematics produce back-to-back configurations only, i.e.
��4`,j1 = 180°. Hence, for the two approximations the ��4`,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° < ��4`,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

18
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We show differential distributions obtained in the various calculational schemes in Fig. 6, where in
addition to the nominal predictions we indicate the NLO EW scheme dependence with a grey hatched
band. We start by noticing that the overall good agreement between the EWvirt approximation and the
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if we expand the YFS resummation to O(↵), as discussed above, we reproduce the NLO EW result
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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
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Fixed-order EW NLO - Scheme variation

ZZ+1jet

ZZ

EWsud has a LO-like scheme dependence  worse agreement→
EWvirt captures very well the scheme dependence
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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 ↵(M2

Z) 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 ↵(M2
Z) 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 four-quark 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, both approximations’ quality of reproduction of the exact result is to
some degree accidental as both schemes are tailored to account for the high-energy 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.
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scheme with respect to the default Gµ scheme, and results for the “high-energy” region, which requires
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In Fig. 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 EWvirt and EWsud approximation with respect to additional QCD
emissions. This can be related to 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 < ⇡ 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 Fig. 8 we additionally present two observables for the leading (i.e. highest-pT ) jet: the angular
separation between it and the four-lepton system ��4`,j1 , and its transverse-momentum distribution
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(g2sg

4
) and O(g6) 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.

For the angular separation ��4`,j1 , Born kinematics produce back-to-back configurations only, i.e.
��4`,j1 = 180°. Hence, for the two approximations the ��4`,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° < ��4`,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
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7

Fixed-order EW NLO - Correction impact

ZZ+1jet

ZZ

 is a more adequate scheme for this studyGμ

All the approximations reproduce quite well the NLO EW result

Magnitude EW corrections similar between 0 and 1 jet  extra jet doesn’t affect charge distribution→

one-loop corrections and the negative impact of energy-loss due to real-photon radiation. The later
process is only described at O(↵) 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(↵)
– 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. Both results are remarkable in that both approximations
are tailored to the high-energy regime only and 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.

Tab. 1 accompanies the inclusive cross section with a “high energy” region requiring additionally
pT,2e > 600GeV, thus entering the region where the Sudakov logarithms become sizeable and dominate
the total NLO EW corrections. As expected, the resummation 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).

pp ! e+e�µ+µ� fiducial cross section corrections to LO

Scheme Region LO NLO EW LO+EWvirt+YFS LO+EWsud+YFS LO+EWexp

sud
+YFS NLO EW + NLL EWexp

sud

Gµ inclusive 9.8189(2) fb �6.8% �7.9% �7.3% �7.2% �6.7%

↵(M2
Z) 10.928 fb �19.4% �20.2% �7.7% �7.6% �19.3%

�
↵(M2

Z)
Gµ

11.3 % �3.8% �3.6% 10.8% 10.8% �3.7%

Gµ high energy 4.27 · 10�3
fb �42% �45% �39% �33% �36%

Table 1: Inclusive fiducial cross sections for pp ! e+e�µ+µ� at
p
s = 13 TeV at LO for the Gµ and

the ↵(M2
Z) scheme, along with the relative corrections for NLO EW, NLO EW + NLL EWexp

sud
and the

EWsud and EWvirt approximations. The table also gives the relative differences �
↵(M2

Z)
Gµ

of the ↵(M2
Z)

scheme with respect to the default Gµ scheme, and results for the “high-energy” region, which requires
pT,2e > 600GeV in addition to the fiducial cuts.

We show differential distributions obtained in the various calculational schemes in Fig. 6, where in
addition to the nominal predictions we indicate the NLO EW scheme dependence with a grey hatched
band. 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 < ⇡.
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(↵), as discussed above, we reproduce the NLO EW result
throughout, 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 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 table
flatly 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 < ⇡ or m2e2µ < 2MZ .
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EWsud has a LO-like scheme dependence  worse agreement→
EWvirt captures very well the scheme dependence

pT,l > 20GeV pT, j > 30GeV

|yl | < 2.5 |yj | < 4.5

ΔRll′￼> 0.1 ΔRlj > 0.4

Fiducial cuts

Preliminary

Generators/Tools
Sherpa + OpenLoops/Recola

LO+EWexp

sud
+YFS, and NLO EW+NLL EWexp

sud
, once again, both for the Gµ and the ↵(M2

Z) 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 ↵(M2

Z) 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 ↵(M2
Z) 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 four-quark 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, both approximations’ quality of reproduction of the exact result is to
some degree accidental as both schemes are tailored to account for the high-energy 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.

pp ! e+e�µ+µ�j fiducial cross section corrections to LO

Scheme Region LO NLO EW LO + EWvirt + YFS LO + EWsud + YFS LO + EWexp

sud
+ YFS NLO EW + NLL EWexp

sud

Gµ inclusive 5.1698(1) fb �6.6% �8% �6.9% �6.7% �6.4%

↵(M2
Z) 5.754 fb �19.2% �21% �6.9% �6.7% �19.0%

�
↵(M2

Z)
Gµ

11.29 % �3.7% �3% 11.3% 11.3% �3.7%

Gµ high energy 6.64 · 10�3
fb �33% �37% �30% �25% �29%

Table 2: Inclusive fiducial cross sections for pp ! e+e�µ+µ�j at
p
s = 13 TeV at LO for the Gµ and

the ↵(M2
Z) scheme, along with the relative corrections for NLO EW, NLO EW + NLL EWexp

sud
and the

EWsud and EWvirt approximations. The table also gives the relative differences �
↵(M2

Z)
Gµ

of the ↵(M2
Z)

scheme with respect to the default Gµ scheme, and results for the “high-energy” region, which requires
pT,2e > 600GeV in addition to the fiducial cuts.

In Fig. 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 EWvirt and EWsud approximation with respect to additional QCD
emissions. This can be related to 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 < ⇡ 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 Fig. 8 we additionally present two observables for the leading (i.e. highest-pT ) jet: the angular
separation between it and the four-lepton system ��4`,j1 , and its transverse-momentum distribution
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(g2sg

4
) and O(g6) 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.

For the angular separation ��4`,j1 , Born kinematics produce back-to-back configurations only, i.e.
��4`,j1 = 180°. Hence, for the two approximations the ��4`,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° < ��4`,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
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LO+EWexp

sud
+YFS, and NLO EW+NLL EWexp

sud
, once again, both for the Gµ and the ↵(M2

Z) 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 ↵(M2

Z) 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 ↵(M2
Z) 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 four-quark 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, both approximations’ quality of reproduction of the exact result is to
some degree accidental as both schemes are tailored to account for the high-energy 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.

pp ! e+e�µ+µ�j fiducial cross section corrections to LO

Scheme Region LO NLO EW LO + EWvirt + YFS LO + EWsud + YFS LO + EWexp

sud
+ YFS NLO EW + NLL EWexp

sud

Gµ inclusive 5.1698(1) fb �6.6% �8% �6.9% �6.7% �6.4%

↵(M2
Z) 5.754 fb �19.2% �21% �6.9% �6.7% �19.0%

�
↵(M2

Z)
Gµ

11.29 % �3.7% �3% 11.3% 11.3% �3.7%

Gµ high energy 6.64 · 10�3
fb �33% �37% �30% �25% �29%

Table 2: Inclusive fiducial cross sections for pp ! e+e�µ+µ�j at
p
s = 13 TeV at LO for the Gµ and

the ↵(M2
Z) scheme, along with the relative corrections for NLO EW, NLO EW + NLL EWexp

sud
and the

EWsud and EWvirt approximations. The table also gives the relative differences �
↵(M2

Z)
Gµ

of the ↵(M2
Z)

scheme with respect to the default Gµ scheme, and results for the “high-energy” region, which requires
pT,2e > 600GeV in addition to the fiducial cuts.

In Fig. 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 EWvirt and EWsud approximation with respect to additional QCD
emissions. This can be related to 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 < ⇡ 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 Fig. 8 we additionally present two observables for the leading (i.e. highest-pT ) jet: the angular
separation between it and the four-lepton system ��4`,j1 , and its transverse-momentum distribution
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(g2sg

4
) and O(g6) 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.

For the angular separation ��4`,j1 , Born kinematics produce back-to-back configurations only, i.e.
��4`,j1 = 180°. Hence, for the two approximations the ��4`,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° < ��4`,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
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8

Fixed-order EW NLO - Differential XS
ZZ ZZ+1jet

❖ The effect of the EW logs 
are more visible in energy 
scaling observables


❖ Similar correction between 0 
and 1 jet


❖ Large impact of Sud. logs 
resummation in high energy 
region


❖  has harder spectrumEWsud

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.

Tab. 1 accompanies the inclusive cross section with a “high energy” region requiring additionally
pT,2e > 600GeV, thus entering the region where the Sudakov logarithms become sizeable and dominate
the total NLO EW corrections. As expected, the resummation of the Sudakov algorithms is important
here, giving a 6% smaller correction wrt. LO in the NLO EW + NLL EWexp

sud
calculation as compared

to, or an increase of the cross section of 10% relative to, the NLO EW result.

pp ! e+e�µ+µ� fiducial cross section [fb]

Scheme Region LO NLO EW LO+EWvirt+YFS LO+EWsud+YFS LO+EWexp

sud
+YFS NLO EW + NLL EWexp

sud

Gµ inclusive 9.8189(2) 9.034(4) 9.044(3) 9.105(3) 9.115(3) 9.044(4)

↵(M2
Z) 10.9278(3) 8.675(4) 8.718(3) 10.086(3) 10.097(3) 8.686(4)

Gµ high energy 4.272(2)⇥ 10
�3

2.46(3)⇥ 10
�3

2.35(1)⇥ 10
�3

2.61(1)⇥ 10
�3

2.86(1)⇥ 10
�3

2.71(3)⇥ 10
�3

pp ! e+e�µ+µ� fiducial cross section corrections to LO

Scheme Region LO NLO EW LO+EWvirt+YFS LO+EWsud+YFS LO+EWexp

sud
+YFS NLO EW + NLL EWexp

sud

Gµ inclusive 9.819 fb �8.0% �7.9% �7.3% �7.2% �7.9%

↵(M2
Z) 10.928 fb �20.6% �20.2% �7.7% �7.6% �20.5%

�
↵(M2

Z)
Gµ

11.3 % �4.0% �3.6% 10.8% 10.8% �4.0%

Gµ high energy 4.27 · 10�3
fb �42% �45% �39% �33% �37%

Table 1: Inclusive fiducial cross sections for pp ! e+e�µ+µ� at
p
s = 13 TeV at LO and the NLO EW,

the NLO EW + NLL EWexp

sud
and approximate EW corrections in the Gµ and the ↵(M2

Z) schemes. In
addition, �↵(M

2
Z)

Gµ
provides the relative difference of the ↵(M2

Z) scheme wrt. the default Gµ scheme. The
“high-energy” region additionally requires pT,2e > 600GeV.
EB: pick absolute/relative table format, adapt other tables (by now all seem to agree the relative one
is better)

We show differential distributions obtained in the various calculational schemes in Fig. 6, where in
addition to the nominal predictions we indicate the NLO EW scheme dependence with a grey hatched
band. 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 < ⇡.
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(↵) – i.e. allow at most a single photon to be emitted and expand
the form-factor accordingly – we reproduce the NLO EW result throughout, 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 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
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0 jet

1 jet

not captured by either approximation. However, as stressed before, such interference contributions are
typically small for inclusive observables. Nonetheless, 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 Tab. 2 we report
the total fiducial cross sections at LO, NLO EW, LO+EWvirt+YFS, LO+EWsud+YFS, LO+EWexp

sud

+YFS and NLO EW + NLL EWexp

sud
, once again, both for the Gµ and the ↵(M2

Z) 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 �7% and �19% with respect to the LO
result for the Gµ and the ↵(M2

Z) 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 ↵(M2

Z) scheme. While numerically small, this may be attributed
to the additional four-quark channel discussed above which is not present in the EWvirt approximation.
Similarly, the EWsud shows 5% and �2% difference with respect to the NLO EW for the two schemes,
respectively.

pp ! e
+
e
�µ+µ�j fiducial cross section [fb]

Scheme Region LO NLO EW LO+EWvirt+YFS LO+EWsud+YFS LO+EWexp

sud
+YFS NLO EW + NLL EWexp

sud

Gµ inclusive 5.1698(1) 4.827(2) 4.729(5) 4.813(2) 4.826(2) 4.839(2)

↵(M2
Z) inclusive 5.7536(1) 4.649(2) 4.569(6) 5.357(3) 5.369(3) 4.661(2)

Gµ high energy 6.640(2)⇥ 10
�3

4.422(35)⇥ 10
�3

4.178(44)⇥ 10
�3

4.648(13)⇥ 10
�3

4.972(15)⇥ 10
�3

4.746(35)⇥ 10
�3

EB: check statements in main text.
pp ! e+e�µ+µ� fiducial cross section corrections to LO

Scheme Region LO NLO EW LO+EWvirt+YFS LO+EWsud+YFS LO+EWexp

sud
+YFS NLO EW + NLL EWexp

sud

Gµ inclusive 5.170 fb �6.6 %�8.5 %�6.9 %�6.7 % �6.4 %

↵(M2
Z) 5.754 fb �19.2 %�20 %�6.9 %�6.7 % �19.0 %

�
↵(M2

Z)
Gµ

11.3 % �3.7 %�3 % 11.3 % 11.3 % �3.7 %

Gµ high energy 6.640(2)e-3 4.422(35)⇥ 10
�3

4.178(44)⇥ 10
�3

4.648(13)⇥ 10
�3

4.972(15)⇥ 10
�3

4.746(35)⇥ 10
�3

pp ! e+e�µ+µ�j fiducial cross section corrections to LO

Scheme Region LO NLO EW LO+EWvirt+YFS LO+EWsud+YFS LO+EWexp

sud
+YFS NLO EW+NLL EWexp

sud

Gµ inclusive 5.1698(1) fb �6.63(4)% �8.5(1)% �6.90(4)% �6.65(4)% �6.40(4)%

↵(M2
Z) 5.7536(1) fb �19.20(3)% �20.6(1)% �6.89(5)% �6.68(5)% �18.99(3)%

�
↵(M2

Z)
Gµ

11.29 % �3.69(6)% �3.4(2)% 11.30(8)% 11.25(8)% �3.68(6)%

Gµ high energy 6.640(2) · 10�3
fb �33.4(5)% �37.1(7)% �30.0(2)% �25.1(2)% �28.5(5)%

Table 2: Inclusive fiducial cross sections for pp ! e+e�µ+µ�j at
p
s = 13TeV at LO, NLO EW and

for the two EW approximations applied on top of the LO, given for the Gµ and the ↵(M2
Z) scheme. In

addition, the exponentiated EWexp

sud
and the matched NLO EW + NLL EWexp

sud
results are given. The

“high-energy” region is defined using the auxiliary cut pT,2e > 600GeV. The uncertainty in parentheses
gives the Monte Carlo error.

In Fig. 7 we 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 EWvirt and EWsud approximation with respect to additional QCD
emissions. This can be related to the fact that the sum of EW charges of the external lines remains
unaffected by QCD corrections [96].

Due to the presence of the jet, the �R2e,2µ < ⇡ 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 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%.
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Figure 6: Distributions for the pp ! e+e�µ+µ� process. 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 rapidity of the electron ye� . They are given at
LO and at NLO EW and compared to approximative EW calculations. The NLO EW is given for two dif-
ferent electroweak renormalisation schemes, Gµ (black line) and ↵(M2

Z) (grey line), and the span between
the two is marked by a hatched band. All predictions are calculated using Sherpa+OPENLOOPS/Recola.

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 > 30GeV, see Sec. 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 Figs. 3 and 4 respectively, which are not captured by either 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 Tab. 2 we report
results for the inclusive fiducial cross sections at LO, NLO EW, LO+EWvirt+YFS, LO+EWsud+YFS,
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Figure 7: Leptonic observable distributions for the pp ! e+e�µ+µ�j process. From top left to bottom
right four observables are shown: 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 rapidity of the electron ye� .
They are given at LO and at NLO EW and compared to approximative EW calculations. The NLO
EW is given for two different electroweak renormalisation schemes, Gµ (black line) and ↵(M2

Z) (grey
line), and the span between the two is marked by a hatched band. All predictions are calculated using
Sherpa+OPENLOOPS/Recola.

these interference terms, which are missing from the LO+YFS simulation. The difference in rate, 30%
at large ��4`,j1 falling to zero at zero, is attributed to the fact that we compare a resummed result with
a fixed-order one.

For the same reason we find a strong discrepancy between NLO EW calculation and the approxima-
tions for pT,j1 > 300GeV. 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, while the EWsud approximation becomes about 10% larger than the
EWvirt one beyond pT,j1 ⇡ 300GeV, but stays flat thereafter.

From these two observables we can see 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 WW and WWj production. Note
that adding a jet veto introduces further logarithms related to the jet-veto scale which would in general
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High energy cut: pT,2e > 600 GeV
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Figure 5: Example diagrams for loop-squared contributions to pp ! e+e�µ+µ� (a) and pp ! e+e�µ+µ�j
(b) production.

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
�
↵3
s↵

4
�

contribute for the jet-associated final state. Fig. 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 triangle-like 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 [37, 36, 8,
108, 9, 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] for the standard 4`
and all loop-induced processes, supplemented by Recola [9] for the 4`+ j process. 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
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contribute for the jet-associated final state. Fig. 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 triangle-like 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 [37, 36, 8,
108, 9, 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] for the standard 4`
and all loop-induced processes, supplemented by Recola [9] for the 4`+ j process. Both programs use
the Collier tensor-reduction library [110]. In addition, OPENLOOPS also uses CutTools [111] together
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Figure 8: 1-jet distributions for the pp ! e+e�µ+µ�j process. Shown are the azimuthal distance
between the four-lepton system and the leading jet ��4`,j1 (left), and the leading-jet transverse mo-
mentum pT,j1 (right). Results are given at LO and at NLO EW and compared to approximative
EW calculations. The NLO EW predictions are given for the Gµ (black line) and ↵(M2

Z) (grey line)
renormalisation schemes, their span is marked by a hatched band. All predictions are calculated using
Sherpa+OPENLOOPS/Recola.
Adapt caption and main text after splitting into NLO-EW- and NLO-EW-no-interf. ratio plots

need to be resummed. Please also note, that even in the absence of jet vetoes, the picture changes once
QCD corrections, which are of the order of 100% in this regime [130], are included, rendering the impact
of the QCD–EW interference contributions less marked.

4.4 Structural analysis of multijet-merging predictions

introduce, mention and describe MEPS@LO with local QCD k-factor

In this section we analyse the multijet-merged setups that we use for our final results in Sec. 4.5.
For the MePs@Nlo predictions we merge the NLO QCD matrix elements for pp ! e+e�µ+µ� and
pp ! e+e�µ+µ�j and the tree-level matrix elements for pp ! e+e�µ+µ�jj and pp ! e+e�µ+µ�jjj at
O
�
↵n
s↵

4
�

using the algorithm outlined in Sec. 3.1. The merging scale is 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 [131], with

↵n
s (µ

2
CKKW

) = ↵s(t1) · · ·↵s(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 scale µF = µQ = µcore.

20

Adding a jet veto to reduce the activity of this 4 quarks 
process would allow the approximations to be even 
closer to the fixed order

Preliminary

S. Bräuer, et al. [arXiv:2005.12128 [hep-ph]] 
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Multi-jet merged - Structural analysis
How are the EW approximations taken into account ?

Example case MEPS@NLO:

dσMEPS@NLO
n = dΦn B̄n (Φn) Θn(Qc) F̄n (μ2

Q; Qc) + dΦn+1 Hn (Φn+1) Θn(Qc) Θ (Qc − Qn+1) Fn+1 (μ2
Q; Qc)

B̄ = B + V + I Real subtracted

B̄n → B̄n (1 + δEW
n,𝕊 ) Hn → Hn (1 + δEW

n,ℍ) δEW
n =

Vn + In

Bn

δEW
n =

Vn + In

B̄n

Multiplicative

Additive

EWvirt is applied only to , i.e. to lower multiplicity configurations  practical/technical choiceδEW
n,𝕊 →

EWsud is applied to , where  is applied to LO eventsδEW
n,𝕊 , δEW

n,ℍ , δEW
n,B δEW

n,B

EWsud exponentiated applied similarly:

For this reason we need to 
check what is the impact 
of the  eventsℍ

Actually EWvirt is applied 
also to higher multiplicity 
LO events through a k-
factor strategy… see back-
up slides

1 + δEW
n → exp (δEW

n )

S. Bräuer, et al. [arXiv:2005.12128 [hep-ph]] 
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How are the EW approximations taken into account ?

Example case MEPS@NLO:
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n = dΦn B̄n (Φn) Θn(Qc) F̄n (μ2
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For this reason we need to 
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of the  eventsℍ

Actually EWvirt is applied 
also to higher multiplicity 
LO events through a k-
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up slides

1 + δEW
n → exp (δEW

n )

Expected to be small due to p.s. constraints 

S. Bräuer, et al. [arXiv:2005.12128 [hep-ph]] 
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Multi-jet merged

pp → e+e−μ+μ−

pp → e+e−μ+μ− j

pp → e+e−μ+μ− jj

pp → e+e−μ+μ− jjj

NLO

LO

Merge cut of Qc = 30 GeV

generated by the 2j and 3j multiplicity 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 EWvirt 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 App. B.

pp ! e+e�µ+µ�
+ jets fiducial cross section [fb] corrections to MePs@Nlo

Scheme MePs@Lo MePs@Nlo ⇥EWvirt+YFS ⇥EWsud+YFS ⇥EWexp

sud
+YFS

Gµ 11.101(13) 13.342(7) �4% �4% �3%

Table 3: Inclusive fiducial cross sections for pp ! e+e�µ+µ� + jets at
p
s = 13TeV for MePs@Lo

and MePs@Nlo in the Gµ scheme. For the latter, the relative corrections for the combination with the
EWvirt and EWsud approximations are listed.
I’ve left the LO XS unchanged since we are waiting for more statistics, aren’t we?

4.5 Phenomenological results

introduce, mention and describe MEPS@LO with global QCD k-factor

After the structural analysis of the multijet-merged calculation with respect to the inclusion of EW
corrections through the EWvirt and EWsud approximation in Sec. 4.4, we are now ready to present our
final results, which are directly relevant for comparisons 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 esti-
mate 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

�
(
1
2µR,

1
2µF), (

1
2µR, µF), (µR,

1
2µF), (µR, µF), (µR, 2µF), (2µR, µF), (2µR, 2µF)

 
.

These variations are evaluated using on-the-fly reweighting [132]. The ↵S and PDF input scales in
the parton shower are varied along with the hard process’ µR and µF values. Comparing the size of
EW corrections to the QCD scale uncertainties allows us to assess the phenomenological relevance
of the corrections. 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.

• 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
.

• Finally, we supplement a MePs@Lo version with added EWsud approximation. Thereby the under-
lying MePs@Lo is rescaled at the histogram level to the MePs@Nlo result. Thus, we can directly
compare the size of the EWsud approximation of the MePs@Lo and the MePs@Nlo predictions
in order to check whether the MePs@Lo calculation can serve as a convenient stand-in for the full
MePs@Nlo+EW effects calculation.
SS: I guess for the final results I would prefer a global rescaling of MEPS@LO to MEPS@NLO
to actually obtain a cheap trade-in. The current version is rather a validation/confirmation
of the obvious and not really cheap to obtain, as I need the full MEPS@NLO for the bin-
wise rescaling. EB: The plots are now updated, with bin-wise rescaled MEPS@LO in the
“anatomy/validation” plots and MEPS@LO rescaled with a global k-factor in the pheno plots
(as of yet, without the EWsud correction, needs to be calculated with higher stats)

22

ZZ fixed-order case:                                                                               — 7.9%                 — 7.3%                — 7.2%

Ratio taken with respect of the fixed order LO for 
which YFS was not enabled. It alone would bring a 
4% correction making up for the difference

pT,l > 20GeV pT, j > 30GeV

|yl | < 2.5 |yj | < 4.5

ΔRll′￼> 0.1 ΔRlj > 0.4

Fiducial cuts

pp → e+e−μ+μ−

pp → e+e−μ+μ− j
LI

Preliminary

Generators/Tools
Sherpa + OpenLoops/Recola
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Multi-jet merged - Invariant mass
generated by the 2j and 3j multiplicity 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 EWvirt 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 App. B.

pp ! e+e�µ+µ�
+ jets fiducial cross section [fb] corrections to MePs@Nlo

Scheme MePs@Lo MePs@Nlo ⇥EWvirt+YFS ⇥EWsud+YFS ⇥EWexp

sud
+YFS

Gµ 11.101(13) 13.342(7) �4% �4% �3%

Table 3: Inclusive fiducial cross sections for pp ! e+e�µ+µ� + jets at
p
s = 13TeV for MePs@Lo

and MePs@Nlo in the Gµ scheme. For the latter, the relative corrections for the combination with the
EWvirt and EWsud approximations are listed.
I’ve left the LO XS unchanged since we are waiting for more statistics, aren’t we?

4.5 Phenomenological results

introduce, mention and describe MEPS@LO with global QCD k-factor

After the structural analysis of the multijet-merged calculation with respect to the inclusion of EW
corrections through the EWvirt and EWsud approximation in Sec. 4.4, we are now ready to present our
final results, which are directly relevant for comparisons 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 esti-
mate 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

�
(
1
2µR,

1
2µF), (

1
2µR, µF), (µR,

1
2µF), (µR, µF), (µR, 2µF), (2µR, µF), (2µR, 2µF)

 
.

These variations are evaluated using on-the-fly reweighting [132]. The ↵S and PDF input scales in
the parton shower are varied along with the hard process’ µR and µF values. Comparing the size of
EW corrections to the QCD scale uncertainties allows us to assess the phenomenological relevance
of the corrections. 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.

• 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
.

• Finally, we supplement a MePs@Lo version with added EWsud approximation. Thereby the under-
lying MePs@Lo is rescaled at the histogram level to the MePs@Nlo result. Thus, we can directly
compare the size of the EWsud approximation of the MePs@Lo and the MePs@Nlo predictions
in order to check whether the MePs@Lo calculation can serve as a convenient stand-in for the full
MePs@Nlo+EW effects calculation.
SS: I guess for the final results I would prefer a global rescaling of MEPS@LO to MEPS@NLO
to actually obtain a cheap trade-in. The current version is rather a validation/confirmation
of the obvious and not really cheap to obtain, as I need the full MEPS@NLO for the bin-
wise rescaling. EB: The plots are now updated, with bin-wise rescaled MEPS@LO in the
“anatomy/validation” plots and MEPS@LO rescaled with a global k-factor in the pheno plots
(as of yet, without the EWsud correction, needs to be calculated with higher stats)
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Ratio taken with respect of the fixed order LO for 
which YFS was not enabled. It alone would bring a 
4% correction making up for the difference
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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 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 EWvirt/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.
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Multi-jet merged - 4-lepton transverse momentum
generated by the 2j and 3j multiplicity 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 EWvirt 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 App. B.

pp ! e+e�µ+µ�
+ jets fiducial cross section [fb] corrections to MePs@Nlo

Scheme MePs@Lo MePs@Nlo ⇥EWvirt+YFS ⇥EWsud+YFS ⇥EWexp

sud
+YFS

Gµ 11.101(13) 13.342(7) �4% �4% �3%

Table 3: Inclusive fiducial cross sections for pp ! e+e�µ+µ� + jets at
p
s = 13TeV for MePs@Lo

and MePs@Nlo in the Gµ scheme. For the latter, the relative corrections for the combination with the
EWvirt and EWsud approximations are listed.
I’ve left the LO XS unchanged since we are waiting for more statistics, aren’t we?

4.5 Phenomenological results

introduce, mention and describe MEPS@LO with global QCD k-factor

After the structural analysis of the multijet-merged calculation with respect to the inclusion of EW
corrections through the EWvirt and EWsud approximation in Sec. 4.4, we are now ready to present our
final results, which are directly relevant for comparisons 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 esti-
mate 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
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1
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1
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1
2µF), (µR, µF), (µR, 2µF), (2µR, µF), (2µR, 2µF)

 
.

These variations are evaluated using on-the-fly reweighting [132]. The ↵S and PDF input scales in
the parton shower are varied along with the hard process’ µR and µF values. Comparing the size of
EW corrections to the QCD scale uncertainties allows us to assess the phenomenological relevance
of the corrections. 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.

• 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
.

• Finally, we supplement a MePs@Lo version with added EWsud approximation. Thereby the under-
lying MePs@Lo is rescaled at the histogram level to the MePs@Nlo result. Thus, we can directly
compare the size of the EWsud approximation of the MePs@Lo and the MePs@Nlo predictions
in order to check whether the MePs@Lo calculation can serve as a convenient stand-in for the full
MePs@Nlo+EW effects calculation.
SS: I guess for the final results I would prefer a global rescaling of MEPS@LO to MEPS@NLO
to actually obtain a cheap trade-in. The current version is rather a validation/confirmation
of the obvious and not really cheap to obtain, as I need the full MEPS@NLO for the bin-
wise rescaling. EB: The plots are now updated, with bin-wise rescaled MEPS@LO in the
“anatomy/validation” plots and MEPS@LO rescaled with a global k-factor in the pheno plots
(as of yet, without the EWsud correction, needs to be calculated with higher stats)
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Ratio taken with respect of the fixed order LO for 
which YFS was not enabled. It alone would bring a 
4% correction making up for the difference
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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 EWvirt/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.
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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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Multi-jet merged - Jet’s number
generated by the 2j and 3j multiplicity 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 EWvirt 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 App. B.

pp ! e+e�µ+µ�
+ jets fiducial cross section [fb] corrections to MePs@Nlo

Scheme MePs@Lo MePs@Nlo ⇥EWvirt+YFS ⇥EWsud+YFS ⇥EWexp

sud
+YFS

Gµ 11.101(13) 13.342(7) �4% �4% �3%

Table 3: Inclusive fiducial cross sections for pp ! e+e�µ+µ� + jets at
p
s = 13TeV for MePs@Lo

and MePs@Nlo in the Gµ scheme. For the latter, the relative corrections for the combination with the
EWvirt and EWsud approximations are listed.
I’ve left the LO XS unchanged since we are waiting for more statistics, aren’t we?

4.5 Phenomenological results

introduce, mention and describe MEPS@LO with global QCD k-factor

After the structural analysis of the multijet-merged calculation with respect to the inclusion of EW
corrections through the EWvirt and EWsud approximation in Sec. 4.4, we are now ready to present our
final results, which are directly relevant for comparisons 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 esti-
mate 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

�
(
1
2µR,

1
2µF), (

1
2µR, µF), (µR,

1
2µF), (µR, µF), (µR, 2µF), (2µR, µF), (2µR, 2µF)

 
.

These variations are evaluated using on-the-fly reweighting [132]. The ↵S and PDF input scales in
the parton shower are varied along with the hard process’ µR and µF values. Comparing the size of
EW corrections to the QCD scale uncertainties allows us to assess the phenomenological relevance
of the corrections. 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.

• 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
.

• Finally, we supplement a MePs@Lo version with added EWsud approximation. Thereby the under-
lying MePs@Lo is rescaled at the histogram level to the MePs@Nlo result. Thus, we can directly
compare the size of the EWsud approximation of the MePs@Lo and the MePs@Nlo predictions
in order to check whether the MePs@Lo calculation can serve as a convenient stand-in for the full
MePs@Nlo+EW effects calculation.
SS: I guess for the final results I would prefer a global rescaling of MEPS@LO to MEPS@NLO
to actually obtain a cheap trade-in. The current version is rather a validation/confirmation
of the obvious and not really cheap to obtain, as I need the full MEPS@NLO for the bin-
wise rescaling. EB: The plots are now updated, with bin-wise rescaled MEPS@LO in the
“anatomy/validation” plots and MEPS@LO rescaled with a global k-factor in the pheno plots
(as of yet, without the EWsud correction, needs to be calculated with higher stats)
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ZZ fixed-order case:                                                                               — 7.9%                 — 7.3%                — 7.2%

Ratio taken with respect of the fixed order LO for 
which YFS was not enabled. It alone would bring a 
4% correction making up for the difference

Structure of MEPS@NLO Pheno

pp → e+e−μ+μ−

pp → e+e−μ+μ− j

pp → e+e−μ+μ− jj

pp → e+e−μ+μ− jjj

NLO

LO

Merge cut of Qc = 30 GeV

pT,l > 20GeV pT, j > 30GeV

|yl | < 2.5 |yj | < 4.5

ΔRll′￼> 0.1 ΔRlj > 0.4

Fiducial cuts

pp → e+e−μ+μ−

pp → e+e−μ+μ− j
LI
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Figure 10: As Fig. 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 ��4`,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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Figure 12: As Fig. 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 ��4`,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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Conclusions

❖ EW corrections for  production at high energy is dominated by Sudakov logs, well visible in differential 
and total XS 


❖ EWvirt and EWsud can replicate very well the NLO result


❖ We have studied for the first time the NLO EW for  showing that the addition of extra QCD radiation 
does not affect the EW charge distribution


❖ Possibility to match the resummed Sudakov logarithms to the fixed order calculation.  
  Effect  harder spectrum

e+e−μ+μ−

e+e−μ+μ− j

→

Fixed order

❖ Shown how to implement EW corrections in a general simulation (MEPS@NLO)


❖ Structural analysis of the samples have shown that the way the EWvirt is applied is not spoiled by H-events


❖ Also in this setup the EW corrections are very sizeable for observable with an energy scaling


❖ Resummation of Sudakov logarithms


❖ Loop induced corrections up to 1 jet do not affect the magnitude of the EW corrections


❖ EW corrections largely exceeds theoretical uncertainty  they need to be taken into account in a general simulation→

Phenomenological study



Thanks for the 
attention 
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Back up - Scale-less observable

ZZ ZZ+1jet
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Figure 7: Leptonic observable distributions for the pp ! e+e�µ+µ�j process. From top left to bottom
right four observables are shown: 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 rapidity of the electron ye� .
They are given at LO and at NLO EW and compared to approximative EW calculations. The NLO
EW is given for two different electroweak renormalisation schemes, Gµ (black line) and ↵(M2

Z) (grey
line), and the span between the two is marked by a hatched band. All predictions are calculated using
Sherpa+OPENLOOPS/Recola.

In Fig. 8 we present two leading-jet observables, the angular separation between the four-lepton system
and the highest-pT jet ��4`,j1 , and its transverse-momentum distribution.

For these observables we display an additional result (shown in green) and labelled as “NLO EW (no
interf.)”. This line represents the NLO EW result for the Gµ scheme but without including the finite real
correction coming from the interference of diagrams of order O(g2sg

4
) and O(g6) for pp ! e+e�µ+µ�jj.

Note that this contribution is by construction not included in neither the approximations nor the YFS
approach, since it is a finite real-emission correction.

For the angular separation ��4`,j1 , Born kinematics produce back-to-back configurations only, i.e.
��4`,j1 = 180°. Hence, for the two approximation the ��4`,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° < ��4`,j1 < 180°. Comparing the full
NLO EW with the “NLO EW (no interf.)” result we conclude that this difference is entirely due to these

19

Sh
erpa

+
O

pen
Loops

/
R

ecola

NLO EW

LO

LO+EWVirt+YFS

LO+EWSud+YFS

LO+EW
exp

Sud
+YFS

NLO EW+NLL EW
exp

Sud

10�7

10�6

10�5

10�4

10�3

10�2

10�1
pp ! e+e�µ+µ�

,
p

s = 13 TeV

d
s

/
d

m
2e

2µ
[f

b
/

G
e
V

]

10 2 10 3

0.6

0.8

1

1.2

1.4

m2e2µ [GeV]

R
a

ti
o

to
N

L
O

E
W

Sh
erpa

+
O

pen
Loops

/
R

ecola

NLO EW

LO

LO+EWVirt+YFS

LO+EWSud+YFS

LO+EW
exp

Sud
+YFS

NLO EW+NLL EW
exp

Sud10�3

10�2

10�1

1

10 1

pp ! e+e�µ+µ�
,
p

s = 13 TeV

d
s

/
d

D
R

2
e,

2
µ

[f
b

]

0 1 2 3 4 5 6 7 8

0.6

0.8

1

1.2

1.4

DR2e,2µ

R
a

ti
o

to
N

L
O

E
W

Sh
erpa

+
O

pen
Loops

/
R

ecola

NLO EW

LO

LO+EWVirt+YFS

LO+EWSud+YFS

LO+EW
exp

Sud
+YFS

NLO EW+NLL EW
exp

Sud

10�6

10�5

10�4

10�3

10�2

10�1

pp ! e+e�µ+µ�
,
p

s = 13 TeV

d
s

/
d

p T
,2

e
[f

b
/

G
e
V

]

0 100 200 300 400 500 600 700 800 900 1000
0.6

0.8

1

1.2

1.4

pT,2e [GeV]

R
a

ti
o

to
N

L
O

E
W

Sh
erpa

+
O

pen
Loops

/
R

ecola

NLO EW

LO

LO+EWVirt+YFS

LO+EWSud+YFS

LO+EW
exp

Sud
+YFS

NLO EW+NLL EW
exp

Sud

0

0.5

1

1.5

2

2.5

3
pp ! e+e�µ+µ�

,
p

s = 13 TeV

d
s

/
d

y e
�

[f
b

]

-2 -1 0 1 2

0.9

1

1.1

y
e
�

R
a

ti
o

to
N

L
O

E
W

Figure 6: Distributions for the pp ! e+e�µ+µ� process. 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 rapidity of the electron ye� . They are given at
LO and at NLO EW and compared to approximative EW calculations. The NLO EW is given for two dif-
ferent electroweak renormalisation schemes, Gµ (black line) and ↵(M2

Z) (grey line), and the span between
the two is marked by a hatched band. All predictions are calculated using Sherpa+OPENLOOPS/Recola.

the other hand, has no energy dependence, and encapsulates the k-factors of the total cross-section table
flatly 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 < ⇡ or m2e2µ < 2MZ .

Jet-associated production

update/check numbers quoted from Tab. 2, update mentioning of Tab. 1, incl. relative corr.

We now turn our attention to the production of two lepton pairs associated by an R = 0.4 anti-kt jet
with pT,j > 30GeV, see Sec. 4.2. As the charged leptons, jets are combined with collinear photons within
a radius of R = 0.1 before any fiducial cut is imposed. 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 already available.
Nevertheless, the comparison between the full NLO EW and the various approximations requires more
care, as the full NLO EW result contains QCD–EW interference terms, see for instance Fig. 4, which are

17

YFS captures rather well the real emission correction The entire region is already populated at LO

Preliminary
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MEPS k-factor

with t the shower-evolution variable and tc its IR cutoff, Kn the splitting kernel, and �n (t0, t) =

exp

⇣
�
R t
t0 d�1 Kn(�1)

⌘
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 such as not to doubly fill the phase space governed by higher-multiplicity matrix elements.
This constraint is implemented as follows:

Fn (t;Qcut) = �n (tc, t) +

Z t

tc

d�
0
1 Kn (�

0
1) ⇥ (Qcut � t0) �n (t

0, t) Fn+1 (t
0
) . (3.4)

In consequence, its unitary is broken, giving a Sudakov suppression that turns the inclusive Born expres-
sion into the description of an exclusive n-jet cross section down to a jet resolution of Qcut. Hence, µ2

Q
in Eq. (3.2) defines the parton shower’s starting scale. The highest multiplicity, n = nmax, in contrast,
needs to be treated inclusively as indicated in Eq. (3.1). Accordingly, Qcut is eventwise 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.

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 [97–101],

d�excl,MePs@Nlo
n = d�n Bn (�n) ⇥n(Qcut) Fn

�
µ2
Q;Qcut

�

+ d�n+1 Hn (�n+1) ⇥n(Qcut) ⇥ (Qcut �Qn+1) Fn+1

�
µ2
Q;Qcut

�
.

(3.5)

The first line describes the so-called standard events S with Born kinematics. Their weight is given by
the familiar B-function, including among other terms the renormalised NLO QCD virtual corrections.
These S-events are matched to a modified parton shower

Fn (t;Qcut) = �n (tc, t) +

Z t

tc

d�
0
1 Kn (�

0
1) ⇥ (Qcut � t0) �n (t

0, t)Fn+1 (t
0
) . (3.6)

The modified Sudakov �n is determined by the modified splitting functions Kn, which differ from the
standard parton-shower kernels Kn in that they reproduce the exact soft colour- and collinear spin-
correlations of NLO QCD n-jet matrix elements. Please note, further secondary radiation is 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 modified shower F , given by Dn = BnKn ⇥(µ2

Q � t). In consequence, the corresponding
hard-correction events H lift the emission pattern to the exact NLO QCD expression. H events are
showered using the standard shower F on there n+ 1 parton configuration.

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 higher-multiplicity 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
, i.e. nmax > nNLO

max
. We multiply these additional LO processes at

multiplicities n = nNLO
max

+l with an additional k-factor kn that supplies corrections beyond its perturbative
order 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

d�excl,MePs@Nlo
n>nNLO

max

= d�n knNLO
max

�
�nNLO

max
(�n) ,�nNLO

max
+1 (�n)

�
Bn (�n) ⇥n(Qcut) Fn

�
µ2
Q;Qcut

�
. (3.7)

With the kinematic mapping �m(�m+l) and �m+1(�m+l) taken from the identified cluster history, the
local k-factor is defined as

km (�m,�m+1) =
Bm (�m)

Bm (�m)

✓
1�

Hm (�m+1)

Bm+1 (�m+1)

◆
+

Hm (�m+1)

Bm+1 (�m+1)
. (3.8)

This k-factor is constructed such that the NLO merged expression with nmax = nNLO
max

= m coincides with
the merged expression with nNLO

max
= m and nmax = m+ 1.
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with t the shower-evolution variable and tc its IR cutoff, Kn the splitting kernel, and �n (t0, t) =

exp

⇣
�
R t
t0 d�1 Kn(�1)

⌘
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 such as not to doubly fill the phase space governed by higher-multiplicity matrix elements.
This constraint is implemented as follows:

Fn (t;Qcut) = �n (tc, t) +

Z t

tc

d�
0
1 Kn (�

0
1) ⇥ (Qcut � t0) �n (t

0, t) Fn+1 (t
0
) . (3.4)

In consequence, its unitary is broken, giving a Sudakov suppression that turns the inclusive Born expres-
sion into the description of an exclusive n-jet cross section down to a jet resolution of Qcut. Hence, µ2

Q
in Eq. (3.2) defines the parton shower’s starting scale. The highest multiplicity, n = nmax, in contrast,
needs to be treated inclusively as indicated in Eq. (3.1). Accordingly, Qcut is eventwise 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.

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 [97–101],

d�excl,MePs@Nlo
n = d�n Bn (�n) ⇥n(Qcut) Fn

�
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Q;Qcut

�

+ d�n+1 Hn (�n+1) ⇥n(Qcut) ⇥ (Qcut �Qn+1) Fn+1

�
µ2
Q;Qcut

�
.

(3.5)

The first line describes the so-called standard events S with Born kinematics. Their weight is given by
the familiar B-function, including among other terms the renormalised NLO QCD virtual corrections.
These S-events are matched to a modified parton shower

Fn (t;Qcut) = �n (tc, t) +

Z t

tc

d�
0
1 Kn (�

0
1) ⇥ (Qcut � t0) �n (t

0, t)Fn+1 (t
0
) . (3.6)

The modified Sudakov �n is determined by the modified splitting functions Kn, which differ from the
standard parton-shower kernels Kn in that they reproduce the exact soft colour- and collinear spin-
correlations of NLO QCD n-jet matrix elements. Please note, further secondary radiation is 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 modified shower F , given by Dn = BnKn ⇥(µ2

Q � t). In consequence, the corresponding
hard-correction events H lift the emission pattern to the exact NLO QCD expression. H events are
showered using the standard shower F on there n+ 1 parton configuration.

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 higher-multiplicity 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
, i.e. nmax > nNLO

max
. We multiply these additional LO processes at

multiplicities n = nNLO
max

+l with an additional k-factor kn that supplies corrections beyond its perturbative
order 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
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�
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With the kinematic mapping �m(�m+l) and �m+1(�m+l) taken from the identified cluster history, the
local k-factor is defined as
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✓
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This k-factor is constructed such that the NLO merged expression with nmax = nNLO
max

= m coincides with
the merged expression with nNLO

max
= m and nmax = m+ 1.
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in the formal accuracy of such a matching—both the EWvirt 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(↵)
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

sud,n,B

◆
, (3.17)

while in the NLO QCD case, Eq. (3.10) becomes
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
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◆
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sud,n,S + �EW
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�
and Hn ! Hn exp

✓
�EW

sud,n,H

◆
. (3.18)

As is evident, neither the structure of the resummation nor that of the EWvirt approximation at O(↵)
have been upset. With the above choice and setting �EW

sud,n = �EW

sud,n,B = �EW

sud,n,S = �EW

sud,n�1,H = K
NLL

sud,n,
the local k-factor gets modified to
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(3.19)

As �EW

virt,n,S and �EW

sud,n have the same formal accuracy, kEW

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 App. 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 [92]. The Sherpa implementation described in [93]
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
d�0 to the all-orders resummed decay rate

d�
YFS

= d�0 · e
↵Y (!cut) ·

X

n�

1

n� !

" n�Y

i=1

d�ki · ↵ S̃(ki)⇥(k0i � !cut)

#
· C . (3.20)

Therein, the YFS form factor Y (!cut) resums unresolved real and virtual soft-photon corrections. Indi-
vidual resolved photons with momenta ki are distributed according to the eikonal S̃(ki) in their phase
space �ki . The parameter !cut separates the explicitly-generated resolved from the integrated-over unre-
solved real-photon emission phase-space regions. As default value we use !cut = 1MeV. The correction
factor C contains exact higher-order corrections which we incorporate up to NLO in QED.§

It is important to note that the construction used here, LO+EWVirt+YFS and LO⇥EWSud+YFS,
does 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.

§
Although NNLO QED + NLO EW corrections are available for Z ! `` decays [106], their impact is numerically too

insignificant to be included in this study.
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Improved resummation by EWvirt

in the formal accuracy of such a matching—both the EWvirt 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(↵)
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
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while in the NLO QCD case, Eq. (3.10) becomes
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As is evident, neither the structure of the resummation nor that of the EWvirt approximation at O(↵)
have been upset. With the above choice and setting �EW

sud,n = �EW

sud,n,B = �EW

sud,n,S = �EW

sud,n�1,H = K
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(3.19)

As �EW

virt,n,S and �EW

sud,n have the same formal accuracy, kEW

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 App. 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 [92]. The Sherpa implementation described in [93]
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
d�0 to the all-orders resummed decay rate
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Therein, the YFS form factor Y (!cut) resums unresolved real and virtual soft-photon corrections. Indi-
vidual resolved photons with momenta ki are distributed according to the eikonal S̃(ki) in their phase
space �ki . The parameter !cut separates the explicitly-generated resolved from the integrated-over unre-
solved real-photon emission phase-space regions. As default value we use !cut = 1MeV. The correction
factor C contains exact higher-order corrections which we incorporate up to NLO in QED.§

It is important to note that the construction used here, LO+EWVirt+YFS and LO⇥EWSud+YFS,
does 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.

§
Although NNLO QED + NLO EW corrections are available for Z ! `` decays [106], their impact is numerically too

insignificant to be included in this study.
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Matching Sud. logs resummation to NLO EW

In this so-called EW virtual approximation, EWvirt, the exact NLO EW virtual correction V
EW is sup-

plemented 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 correc-
tions throughout phase space and EW scheme-dependent renormalisation terms that reduce the scheme
dependence at higher orders in ↵. 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]:

d�LO+EWsud = d� B(�)

✓
1 + �EW

sud
(�)

◆
with �EW

sud
(�) =

V
EW

NLL
(�) + I

EW

NLL
(�)

B(�)
= K

NLL

sud
(�) . (2.3)

V
EW

NLL
is based mainly on the soft and collinear limits of the dominating one-loop virtual electroweak

gauge-boson exchange diagrams and also includes integrated real-photon emission corrections I
EW

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 correction K

NLL

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 [82]. 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 App. A
for details.

Further, EW corrections in the Sudakov limit can be resummed through exponentiation [83–91]. 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. Thus,
the resulting cross section including NLL accurate resummed EW Sudakov corrections reads

d�NLL Sud
= d� B(�) exp

✓
�EW

sud
(�)

◆
. (2.4)

All of the above approximations can be supplemented with a soft-photon resummation in the YFS
scheme [92, 93], cf. Sec. 3.2, losing formal NLO accuracy in the Sudakov regime, cf. Sec. 3.2. However,
in contrast to that, the restoration of the differential description of real-photon emissions will typically
improve the agreement with the exact NLO EW calculation.

2.2 NLO EW + NLL EW Sudakov

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(↵) coefficient in the expansion of the exponential
with the exact NLO EW expression, i.e.

d�NLO EW + NLL Sud
= d� B(�)


exp

✓
�EW

sud
(�)

◆
� �EW

sud
(�) + �EW

(�)

�
. (2.5)

In this way, at high energies when �EW
⇡ �EW

sud
, we obtain the resummed result as expected. On the

other hand, when the Sudakov logarithms are small, i.e. exp
�
�EW

sud

�
⇡ 1 + �EW

sud
, the fixed-order result is

recovered.
It is worth stressing that this matching formula, when expanded to O

�
↵2

�
, coincides with the approach

used in [94] to estimate the approximate NNLO EW corrections, and its third-order coefficient serving
∗
Please note, in variance with KNLL given in [82], KNLL

sud used here is defined such that 1 + KNLL
sud = KNLL.
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in the formal accuracy of such a matching—both the EWvirt 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(↵)
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

sud,n,B

◆
, (3.17)

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

Bn ! Bn


exp

✓
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sud,n,S

◆
� �EW

sud,n,S + �EW

virt,n,S

�
and Hn ! Hn exp

✓
�EW

sud,n,H

◆
. (3.18)

As is evident, neither the structure of the resummation nor that of the EWvirt approximation at O(↵)
have been upset. With the above choice and setting �EW

sud,n = �EW

sud,n,B = �EW

sud,n,S = �EW

sud,n�1,H = K
NLL

sud,n,
the local k-factor gets modified to

kEW

matched,n (�n,�n+1) =
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h
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(3.19)

As �EW

virt,n,S and �EW

sud,n have the same formal accuracy, kEW

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 App. 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 [92]. The Sherpa implementation described in [93]
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
d�0 to the all-orders resummed decay rate

d�
YFS

= d�0 · e
↵Y (!cut) ·

X

n�

1

n� !

" n�Y

i=1

d�ki · ↵ S̃(ki)⇥(k0i � !cut)

#
· C . (3.20)

Therein, the YFS form factor Y (!cut) resums unresolved real and virtual soft-photon corrections. Indi-
vidual resolved photons with momenta ki are distributed according to the eikonal S̃(ki) in their phase
space �ki . The parameter !cut separates the explicitly-generated resolved from the integrated-over unre-
solved real-photon emission phase-space regions. As default value we use !cut = 1MeV. The correction
factor C contains exact higher-order corrections which we incorporate up to NLO in QED.§

It is important to note that the construction used here, LO+EWVirt+YFS and LO⇥EWSud+YFS,
does 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.

§
Although NNLO QED + NLO EW corrections are available for Z ! `` decays [106], their impact is numerically too

insignificant to be included in this study.
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YFS

in the formal accuracy of such a matching—both the EWvirt 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(↵)
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
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while in the NLO QCD case, Eq. (3.10) becomes
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As is evident, neither the structure of the resummation nor that of the EWvirt approximation at O(↵)
have been upset. With the above choice and setting �EW
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(3.19)

As �EW

virt,n,S and �EW

sud,n have the same formal accuracy, kEW

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 App. 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 [92]. The Sherpa implementation described in [93]
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
d�0 to the all-orders resummed decay rate
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Therein, the YFS form factor Y (!cut) resums unresolved real and virtual soft-photon corrections. Indi-
vidual resolved photons with momenta ki are distributed according to the eikonal S̃(ki) in their phase
space �ki . The parameter !cut separates the explicitly-generated resolved from the integrated-over unre-
solved real-photon emission phase-space regions. As default value we use !cut = 1MeV. The correction
factor C contains exact higher-order corrections which we incorporate up to NLO in QED.§

It is important to note that the construction used here, LO+EWVirt+YFS and LO⇥EWSud+YFS,
does 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.

§
Although NNLO QED + NLO EW corrections are available for Z ! `` decays [106], their impact is numerically too

insignificant to be included in this study.
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