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➜ important for radiative tails, Higgs backgrounds etc.

Relevance of EW higher-order corrections: collinear QED radiation 

I.   Possible large enhancement due to soft/collinear logs from photon radiation ~                             in sufficiently 
exclusive observables.

General remarks on EW corrections for VV production Dominant e↵ects from EW corrections

Dominant e↵ects from EW corrections/

Shape corrections in invariant-mass
distributions (EW resonances)

Negative corrections in high-energy
observables (EW Sudakov logarithms)
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Pure QED e↵ect: photon
bremsstrahlung o↵ decay leptons

,! Migration from peak to lower mass;
depends on recombination procedure.

Genuine EW e↵ect: enhancement due
to large universal Sudakov logarithms

,! Higher orders in ↵ and uncertainty
estimates might be required.

Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV April 19, 2019, LHCEWWG-MB 10 / 20

[Kallweit, JML, Pozzorini, Schönherr, ’17]
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FIG. 2: Four-lepton invariant-mass distribution in pp →

µ+µ−e+e−+X including NLO EW corrections (upper panel),
and relative EW and purely weak corrections at NLO (lower
panel).

ing from pp(gg) → H → µ+µ−e+e− + X (not shown
here), whose Mµ+µ− distribution shows a shoulder for

Mµ+µ−

<∼ MH −MZ ≈ 34GeV sensitive to the quantum
numbers of the Higgs boson [35].

In Fig. 2 we show the invariant-mass distribution of
the full four-lepton system, which features the Higgs res-
onance from gg fusion at M4ℓ ∼ MH ≈ 125GeV (not
included here). The steep shoulder at the Z-pair thresh-
old at M4ℓ = 2MZ ≈ 182GeV creates a radiative tail
at smaller invariant masses, similar to the case of the
Mµ+µ− distribution, since M4ℓ can be strongly decreased
by FSR effects. A similar effect, though reduced, is ob-
served below the second shoulder near M4ℓ = 110GeV,
which is a result of the pT and invariant-mass cuts (7)
and (10). In the region of the Higgs-boson resonance the
EW corrections are at the level of a few percent. While
photonic corrections might again be well approximated
by parton showers, this does not apply to the weak cor-
rections. Interestingly, the weak corrections change their
size from −3% to about +6% when M4ℓ drops below the
Z-pair threshold. The sign change can be understood
from the fact that below the ZZ threshold one of the two
Z bosons is forced to be far off shell. For the correspond-
ing ℓ+ℓ− pair, this means that Mℓ+ℓ− drops below MZ,
so that the weak corrections turn positive, as can be seen
from Fig. 1. The sign change of the weak corrections near
the ZZ threshold is quite interesting phenomenologically,
since it renders their inclusion via a global rescaling factor
impossible. Globally reducing differential cross sections
by 3.6%, as deduced from the integrated cross section,
would have the opposite effect on the M4ℓ distribution
near the Higgs signal as the true weak correction.

Finally, in Fig. 3 we show the distribution in the angle
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FIG. 3: Distribution in the angle φ between the two Z-boson
decay planes in pp → µ+µ−e+e− + X including NLO EW
corrections (upper panel), and relative EW and purely weak
corrections at NLO (lower panel).

φ between the two Z-boson decay planes, which are each
spanned by the two lepton momenta of the respective
ℓ+ℓ− pair [36]. The distribution is sensitive to possible
deviations of the Higgs-boson coupling structure from the
Standard Model prediction, so that any distortion of the
distribution induced by higher-order corrections, if not
properly taken into account, could mimick non-standard
effects. Figure 3 reveals a distortion by about 2% due
to weak loop effects. The contribution of photonic cor-
rections is negligible in our setup, similar to their con-
tribution to the integrated cross section. This is due to
the fact that photonic corrections mainly influence the
absolute size of the lepton momenta via collinear FSR,
but not the directions of the leptons.
In summary, the NLO EW corrections to four-lepton

production consist of photonic and purely weak contribu-
tions displaying rather different features. Photonic cor-
rections can grow very large, to several tens of percent,
in particular in distributions where resonances and kine-
matic shoulders lead to radiative tails. While those cor-
rections might be well approximated with parton show-
ers, this is not the case for the remaining weak correc-
tions, which are typically of the size of 5% and, thus,
non-negligible. The weak corrections, in particular, dis-
tort distributions that are important in Higgs-boson anal-
yses. In the four-lepton invariant mass, even the signs of
the weak corrections in the Higgs signal region and the
region of resonant Z-boson pairs are different.

B.J. gratefully acknowledges L. Salfelder for useful dis-
cussions. The work of S.D. is supported by the Research
Training Group GRK 2044 of the German Science Foun-
dation (DFG). A.D. and B.B. acknowledge support by
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Electroweak corrections to pp → µ+µ−e+e− +X at the LHC
—

a Higgs background study

B. Biedermann,1 A. Denner,1 S. Dittmaier,2 L. Hofer,3 and B. Jäger4

1Julius-Maximilians-Universität Würzburg, Institut für Theoretische Physik und Astrophysik, D-97074 Würzburg, Germany
2Albert-Ludwigs-Universität Freiburg, Physikalisches Institut, D-79104 Freiburg, Germany

3Department d’Estructura i Constituents de la Matèria (ECM), Institut de Ciències del Cosmos (ICCUB),
Universitat de Barcelona (UB), Mart́ı Franquès 1, E-08028 Barcelona, Spain

4Eberhard-Karls-Universität Tübingen, Institut für Theoretische Physik, D-72076 Tübingen, Germany
(Dated: January 29, 2016)

The first complete calculation of the next-to-leading-order electroweak corrections to four-lepton
production at the LHC is presented, where all off-shell effects of intermediate Z bosons and photons
are taken into account. Focusing on the mixed final state µ+µ−e+e−, we study differential cross
sections that are particularly interesting for Higgs-boson analyses. The electroweak corrections are
divided into photonic and purely weak corrections. The former exhibit patterns familiar from similar
W/Z-boson production processes with very large radiative tails near resonances and kinematical
shoulders. The weak corrections are of the generic size of 5% and show interesting variations, in
particular a sign change between the regions of resonant Z-pair production and the Higgs signal.

PACS numbers: 12.15.Ji, 12.15.Lk

Introduction

The investigation of pair production processes of elec-
troweak (EW) gauge bosons W, Z, and γ is of great im-
portance at the CERN Large Hadron Collider (LHC).
These processes have sizeable cross sections and provide
experimentally clean signatures via the leptonic decay
modes of the W or Z bosons. On the one hand, they
offer an indirect window to potential new-physics effects
through their sensitivity to the self-interactions among
the EW gauge bosons; on the other hand, these reac-
tions represent sources of irreducible background to many
direct searches for new particles (e.g. additional heavy
gauge bosons W′,Z′) and to precision studies of the Higgs
boson discovered in 2012 in particular.

In order to optimally exploit and interpret LHC data,
theoretical predictions to weak-gauge-boson pair produc-
tion have to be pushed to an accuracy at the level of per-
cent, a task that requires the inclusion of higher-order
corrections of the strong and EW interactions and of de-
cay and off-shell effects of the W/Z bosons. In this paper
we focus on the reaction pp → µ+µ−e+e− + X , which
does not only include doubly-resonant ZZ production,
but also interesting regions in phase space where at least
one of the Z bosons is far off shell, as for example observed
in the important Higgs decay channels H → 4 leptons.

Precision calculations for Z-boson pair production with
leptonic decays have been available for a long time in-
cluding next-to-leading order (NLO) QCD corrections [1–
3]. They have even been pushed to next-to-next-to-
leading order (NNLO) accuracy recently [4, 5], with a
significant contribution from gluon–gluon fusion calcu-
lated already before [6–8]. Beyond fixed perturbative
orders, NLO QCD corrections were matched to a par-

ton shower in Refs. [9–13]; in Ref. [14] even different jet
multiplicities were merged at NLO QCD. Electroweak
corrections at NLO are only completely known for stable
Z bosons [15, 16], and in some approximation includ-
ing leptonic decays of on-shell Z bosons [17]. The EW
corrections to Z-pair production with off-shell Z bosons,
on the other hand, are not yet known. In this paper,
we fill this gap and present results of the first full NLO
EW calculation for the process pp → µ+µ−e+e− + X
in the Standard Model, including all off-shell contribu-
tions. This allows us, in particular, to investigate EW
corrections in the yet unexplored kinematic region below
the ZZ threshold, where direct Z-pair production is an
important background to Higgs-boson analyses.

General setup of the calculation

At leading order (LO), the production of µ+µ−e+e−

final states almost exclusively proceeds via quark–
antiquark annihilation. Contributions from γγ collisions
are extremely small (they contribute only at the level of a
few per mille to the total cross section) owing to the sup-
pression of the photon density in the proton; we therefore
do not consider γγ contributions in this letter.
The LO amplitude for qq̄ annihilation involves contri-

butions containing two, one, or no Z-boson propagators
that may become resonant. At NLO, the same is true for
qq̄ amplitudes with EW loop insertions and the corre-
sponding amplitudes with real photonic bremsstrahlung.
Since no couplings to W bosons are involved at LO, we
can divide the EW corrections into separately gauge-
independent photonic and purely weak contributions. By
definition, the former comprise all contributions with real
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Figure 1: Sample tree-level diagrams contributing at O(α4). The dominant q̄q channel (a,b)
defines the LO contribution, while the photon-induced γγ channel (c) is counted as a correction.

WW, WZ, and ZZ production [42]. Most recently, NLO EW calculations based on full 2 → 4
particle amplitudes, including all off-shell effects, have been presented for W-pair [43] and Z-pair
production [44] for four-lepton final states of different fermion generations (i.e. without identical
particle effects or WW/ZZ interferences). For Z-pair production, the off-shell effects include also
the contributions of virtual photons that cannot be separated from the Z-pair signal, but only
suppressed by using appropriate invariant-mass cuts. Note that these full off-shell calculations
are essential to safely assess the EW corrections below the WW and ZZ thresholds, i.e. in the
kinematical region where WW∗/ZZ∗ production appears as background to Higgs-boson analy-
ses. Moreover, a detailed comparison of the full four-lepton calculation [43] to the double-pole
approximation for W-boson pairs [41] revealed limitations of the latter approach for transverse-
momentum distributions of the leptons in the high-energy domain where new-physics signals
are searched for.

In Ref. [44] we have presented some selected results for the NLO EW corrections to off-shell
ZZ production in a scenario relevant for Higgs-boson studies. In this paper we provide more
detailed phenomenological studies in various phase-space regions relevant for LHC analyses
for pp → µ+µ−e+e− + X and completely new results on pp → µ+µ−µ+µ− + X, including
interference effects from identical final-state leptons. We follow the same concepts and strategies
as in Refs. [43, 44], i.e. finite-width effects of the Z bosons are consistently included using the
complex-mass scheme [45–47], so that we obtain NLO EW precision everywhere in phase space.
We also include photon-induced partonic processes originating from γγ or qγ/q̄γ initial states.

The paper is organized as follows: Some details on the calculational methods are presented
in Sec. 2. Phenomenological results for two different experimental setups are discussed in Sec. 3.
Our conclusions are given in Sec. 4.

2 Details of the calculation

2.1 Partonic channels

The leading-order (LO) cross sections of the two processes pp → µ+µ−e+e− + X and pp →
µ+µ−µ+µ− +X receive contributions from the quark–antiquark annihilation channels

q̄q/qq̄ → µ+µ−e+e−, µ+µ−µ+µ−, (2.1)

with q ∈ {u,d, c, s,b}. Sample diagrams for these channels, which are generically called q̄q
channels in the following, are shown in Figs. 1(a) and 1(b). Note that all LO diagrams involve
Z-boson and photon exchange only. There are LO channels with two photons in the initial state
as well,
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➜typically considered via QED PS (PHOTOS / YFS)

[B. Biedermann, A. Denner, S. Dittmaier, L. Hofer, B. Jäger;’16+’16]
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➜ large differences between different photon descriptions. Now settled: LUXqed superior

Relevance of EW higher-order corrections: photon-induced channels
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Figure 3. Sample of photon-induced Born diagrams contributing to 2`2⌫ production in the different-
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Figure 4. Sample of photon-induced Born diagrams contributing to 2`2⌫ final states only in the same
lepton-flavour case, both for `0 = ` or `0 6= `. Only single-resonant diagrams contribute.

quantum interferences is small. It is, however, not obvious if this assumption still holds in phase-
space regions away from such double-resonant topologies. Interference effects are studied in detail
in Section 4.2 by comparing exact predictions in the SFWW/ZZ channel against the incoherent sum
of the W

+
W

� and ZZ channels.

2.2 Photon-induced production

Besides the dominant qq̄ production mode, 2`2⌫ final states can also be produced in photon–
photon scattering. As we do not count the photon PDF as an O(↵) suppressed quantity, such
�� ! 2`2⌫ processes contribute already at the LO, i.e. at O(↵4). Their quantitative relevance
varies significantly between the channels. Photon-induced contributions to the DF channel are
dominated by �� ! W

+
W

�
! e

+
µ
�
⌫e⌫̄µ topologies, which are accompanied by single-resonant

topologies involving t-channel lepton-pair production with an emission of a W boson off one of
the produced leptons, and non-resonant diagrams with multiperipheral topologies. Sample tree
diagrams for the described DF topologies are collected in Fig. 3. Due to a t-channel pole, regulated
by the W mass, the contribution of the double-resonant diagram depicted in Fig. 3(a) is enhanced
for large invariant masses of the intermediate W

+
W

� pair [9, 10]. In fact, for on-shell W+
W

�

pair production the contribution of the �� channel was found to increase beyond 10% of the LO qq̄

annihilation mode for mWW > 800GeV [9]. In this paper we investigate the significance of the �-
induced production mode using state-of-the-art PDFs and taking into account NLO EW corrections,
as well as realistic selection cuts on the 2`2⌫ final state.

The DF channel �� ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ does not involve any double-resonant topology due the

lack of triple and quartic gauge couplings among neutral EW bosons. Similarly, non-resonant multi-
peripheral topologies do not exist due to lepton-flavour conservation. Thus, lepton-pair production
in t-channel topologies with subsequent emission of a Z boson with Z ! ⌫⌫̄ is the only photon-
induced production mechanism at LO, as shown in the sample diagrams of Fig. 4. Consequently,
the invariant mass of the charged-lepton pair does not show a Breit–Wigner peak around MZ .

Similarly as for quark–antiquark annihilation, the �� ! e
+
e
�
⌫e⌫̄e channel is build from the

coherent sum of all diagrams entering �� ! e
+
µ
�
⌫e⌫̄µ and �� ! e

+
e
�
⌫µ/⌧ ⌫̄µ/⌧ .
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II. QED factorisation and thus photon luminosities needed to absorb IS photon singularities.   

   ➜ Possible large enhancement due to photon-induced channels in the tails of kinematic distributions, 

 in particular in WW:                        (t-channel enhancement)

➜ up to O(10%) contributions from photon-induced channels

are dominated by soft EW boson radiation on top of hard V j production. Actually, the leading
source of O(↵S↵) corrections is given by the NLO EW corrections to the enhanced pp ! V V j

channel, which cannot be captured through a naive factorised combination of the NLO QCD and
NLO EW corrections to pp ! V V .

When presenting our results in section 3, the problem of giant K-factors in the inclusive phase
space will be illustrated. We will show that giant K-factors can be avoided by means of selection cuts
that require a similar hardness of the two vector bosons, e.g. by direct requirements on the hardness
of the softer vector boson or by imposing a veto against hard QCD radiation. This will restrict
the phase space to hard-V V topologies and suppress hard-V j production. Besides reducing the
size of mixed QCD–EW higher-order effects and their respective theoretical uncertainties, selecting
hard-V V topologies enhances the sensitivity of experimental measurements that aim at extracting
new-physics effects in vector-boson pair processes, such as anomalous triple gauge couplings, from
the tails of kinematic distributions. On the other hand, a reliable inclusive description of diboson
production is indispensable for background simulations in direct searches at the TeV scale. This can
be achieved by merging pp ! V V and pp ! V V j production including NLO QCD and NLO EW
corrections as demonstrated in ref. [77]. The extension of this approach to NNLO QCD+EW is
beyond the scope of the present paper.

2.6 Combination of QCD and EW corrections

When QCD and EW corrections are both large, also NNLO mixed QCD–EW effects of relative
O(↵S↵) and beyond can become important. In order to gain insights into such higher-order effects,
we consider a standard additive combination of NNLO QCD and NLO EW corrections and compare
it against factorised combination prescriptions. To this end, we express higher-order effects in terms
of relative correction factors with respect to the LO differential cross section,

d�LO = d�
qq̄
LO + d�

!!
LO , (2.3)

which involves O(↵
4
) contributions from the qq̄ and �� channels.6 Higher-order QCD contributions

can be cast into the form

d�NNLO QCD = d�LO

!
1 + �QCD

"
+ d�

gg
LO , (2.4)

where d�
gg
LO is the O(↵

2

S
↵
4
) contribution of the loop-induced gg channel, and all other QCD correc-

tions are embodied in the correction factor �QCD , which includes the O(↵S) and O(↵
2

S
) corrections

of the qq̄, qg/q̄g, gg and qq/q̄q̄ channels.7 Similarly, the NLO EW cross section can be written as

d�NLO EW = d�LO (1 + �EW ) , (2.5)

where all O(↵) corrections in the qq̄, �� and q� (including q̄� is implicitly understood) channels are
incorporated into the factor �EW . For the combination of QCD and EW corrections we consider
three different prescriptions.

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

d�NNLO QCD+EW = d�LO

!
1 + �QCD + �EW

"
+ d�

gg
LO , (2.6)

where all terms of O(↵
4
), O(↵S↵

4
), O(↵

5
) and O(↵

2

S
↵
4
) are simply summed.

6Note that the !! channel contributes only to ZZ and W W production. The same holds for the gg channel
contributing at NNLO QCD.

7Here and in the following, higher-order contributions (or terms) of O(" n
S " 4+ m ) are also referred to as corrections

(or e! ects) of O(" n
S " m ).
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III. Possible large (negative) enhancement due to soft/collinear logs from virtual EW gauge bosons: 
                           
 
 
 
 
 
 

[Ciafaloni, Comelli,’98; 
Lipatov, Fadin, Martin, Melles, '99; 
Kuehen, Penin, Smirnov, ’99; 
Denner, Pozzorini, '00]

EW Sudakov logarithms atQ ! TeV " MW

Soft/collinear logarithms from virtual EW bosons [Bauer, Becher, Ciafaloni,
Comelli, Denner, Fadin, K¬uhn, Lipatov, Manohar Martin, Melles, Penin, S.P., Smirnov, . . . ]
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# large logarithms of IR type
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# EW corrections important for SM tests and BSM searches at TeV scale

2 / 23

➜ overall large (negative) effect in the tails of distributions:  
     pT, minv, HT, … (relevant for BSM searches!) 

Relevance of EW higher-order corrections: virtual Sudakov logs in the tails
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# large logarithms of IR type
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Universality and factorisation [Denner,S.P. Õ01]
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# EW corrections important for SM tests and BSM searches at TeV scale

2 / 23

Universality and factorisation: [Denner, Pozzorini; ’01] 



Origin of the logs
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Single Logs (SL) have a triple origin: 
 
        PR : running from renormalisation scale (EW scale) to the hard scale 
               
        WF : wave-function renormalisation of external fields

                      
           COLL : collinear-singular diagrams factorise into Born times universal collinear correction factors 
 
 
                                 
                   
 

"! SL = "! PR+ "! COLL + "! WFRC
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Figure 6 : Same as Fig.5, but for ZZZ hadroproduction at 100 TeV.

7.2 ZZZ

In Fig. 6 we show plots, with the same layout of those in Fig.5, for the processpp ! ZZZ .
This process has a neutral Þnal state, so we do not expect large di! erences between the
SDK0 and SDKweak approaches. On the other hand, being a 2! 3 process, the e! ect of
the SSCs! r kl terms is supposed to be more relevant. The upper plots of Fig.6 correspond
to the transverse-momentum distributions of respectively the hardestZ -boson (pT (Z1)),
the second-hardestZ -boson (pT (Z2)) and the softest one (pT (Z3)). The lower plots instead
correspond to the invariant massesm(Zi , Zj ) of the three di! erent Z -boson pairs.

All the results have been obtained by applying the following cuts:

pT (Zi ) > 1 TeV , |! (Zi )| < 2.5, m(Zi , Zj ) > 1 TeV , " R(Zi , Zj ) > 0.5.
(7.3)

Similarly to ( 7.2), these cuts resemble realistic experimental cuts for high-energy objects,

Ð 42 Ð

Tools for EW Sudakov corrections 

the sum of EW charges of the external lines are equal in this case. As has recently been noted in [53], this
can be deduced from the general expressions for one-loop corrections in [1] and from soft-collinear e! ective
theory [28, 30]. Although the overall e! ect for Zj and Z + 4 j is found to be very similar here, the individual
contributions partly exhibit a di ! erent behaviour between the two, with the SSC terms becoming negative
in the four-jet case and thus switching sign, and the C terms becoming a few percent smaller. It is in general
noticeable that the SSC terms exhibit the strongest shape di! erences among all processes considered in this
study. Finally, similarly to the previous studied cases, the resummed result gives a slightly reduced Sudakov
suppression, reaching approximately! 30 % for pT ! 2 TeV, implying that in this case, higher logarithmic
contributions should be small.

pZ
T [GeV]

10! 8

10! 7

10! 6

10! 5

10! 4

10! 3

10! 2

10! 1

d!
/d

p T
[p

b/
G

eV
]

Sherpa
pp ! Zjjjj

"
s = 13 TeV

LO
LO+NLL

LO+NLL (resum)

pZ
T [GeV]

0.2

0.4

0.6

0.8

1.0

1.2

ra
tio

to
LO

500 1000 1500 2000

pT,Z [GeV]

0.2

0.4

0.6

0.8

1.0

1.2

LO
+

N
LL

co
nt

rib
LO

individual NLL contributions
C
LSC

PR
SSC

Yuk
Z

Figure 3: The transverse momentum of the leading jet in EW-induced dijet production in proton-proton
collisions (including photon channels), and for the reconstructedZ boson in e+ e! plus four jets
production, For the dijet production, LO and NLO calculations are shown, whereas for theZ
plus jets production only the LO is shown. These baseline calculations are compared with the
results of the LO+NLL calculation, both at Þxed-order and resummed. In the dijet case, the
virtual approximation EW virt is shown in addition. The ratio plots show the ratios to the LO
and the EWvirt calculations, and the relative size of each NLL contribution.
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Sherpa
[Bothmann, Napoletano, ’20]

MadGraph5_aMC@NLO
[Pagani, Zaro, ’21]

OpenLoops
[JML, Mai, ’23]

• all based on [Denner, Pozzorini, ’00, ’01] 
11

also: alpgen
                          MCFM [Campbell et al. ’16]

[Chiesa, et. al., ’13]

Zjjjj

ZZZ

WWZ



Implementation in OpenLoops
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• OpenLoops: automated tool for the calculation of tree and one-loop amplitudes at NLO QCD +NLO EW 
[Buccioni, JML et. al., 2019] 

• Goal: exploit factorisation of Sudakov logs to evaluate one-loop EW corrections at NLL via tree amplitudes  
 up to two orders of magnitude faster w.r.t. full loop computation

• How? Representation of LA algorithm via helicity-dependent two-point (effective) vertex rules 

• The virtual soft boson is cut and the internal propagator is removed, while the external particle remains on-shell 

• Example: Drell-Yan

%
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SSC and SSSC become very sizeable 
for PS regions where  LA condition 
 
is violated, with hierarchy among 
invariants
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Pseudo-rapidity cut  avoids pathological 
very forward configurations which violate LA; such 
cuts are anyway applied in any realistic analysis

! #Z! < 3

Consider differences between  and :  
 

•                                                      SSSC is a 
reliable estimate of sub-sub-leading angular terms 
beyond LA

• If           is unknown: SSSC might be interpreted as 
a conservative estimate of uncertainties of LA
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• applicable to high multiplicity processes at low computational cost
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¥ Standard algorithm not suitable for processes involving decay of an unstable particle as  

LA is violated in the resonant region:  

¥ Standard solutions: Narrow Width Approximation (MadSpin, HDH in Sherpa) or Pole Approximation 
problem: break-down in off-shell regime 

¥ Out solution: combine off-shell and on-shell processes via probabilities based on kinematic projectors

 

¥ Example:  
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LA for combined process agrees at percent level 
with exact result 

Depending on observable:  

•LO for on-shell process deviates up to 20%

•LA for  “external only” deviates up to 20% 
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Figure 13: Transverse-momentum distributions of the electron (left) and of the charged-lepton
system (right) in pp # " µµ+ e! ø" e + X in the ATLAS WW setup. The lower panels show the
relative size of the EW corrections to the øqqchannels in our default setup compared to the result
based on the DPA.
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Figure 14: Illustration of diagrammatic structures dominating the pT ,e! (left) and pT ,e! µ+ (right)
distributions shown in Fig. 13 for high transverse momenta.

23



Towards two-loop
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• Factorisation/universality also holds at two-loop [Denner, Pozzorini, Jantzen, Melles, Penin, Smirnov, Kühn, …]

• More complex structure:

NLO EW and NNLO Sudakov corrections toV+ jet

EW corrections ! " 25% for V+ jet at 1 TeV

NLO EW + NNLO Sudakov logs[K¬uhn, Kulesza,
S.P.,Schulze Õ04ÐÕ07; Becher, Garcia i Tormo Õ13]

NLO QCD+EW with o! -shell Z/W decays
[Denner,Dittmaier,Kasprzik,Muck Õ09ÐÕ11]

NLO QCD+EW for Z/W + 1 , 2 jets with o! -shell
decays[Denner, Hofer, Scharf, Uccirati Õ14; Kallweit,
Lindert, Maierh¬ofer, S.P., Sch¬onherrÕ15]
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Leading e! ects beyond 1-loop through resummation [Becher, Ciafaloni, Comelli,
Denner, Fadin, Jantzen, K¬uhn, Lipatov, Manohar, Melles, Penin, Pozzorini, Smirnov, . . . ]
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relevant for percent precision and uncertainty estimates at the TeV scale
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[JML, Mai, work in progress]

• Two-loop corrections tend to partially compensate the large negative one-loop corrections



• NLO EW  corrections at high energies are dominated by Sudakov logarithms which are significantly enhanced in tails 
of kinematic distributions ( > 10%)

• Exploiting the universality of Sudakov logs we developed an effective CT vertex approach to implement the NLO 
EW LA in OpenLoops 
 
  Reduction of one-loop EW corrections to a tree-level problem with percent level of agreement 

• Additional aspects of the implementation: 
                 Largely model independent (applicable to both SM and BSM scenarios) 
                 Direct employment in PS Event Generators (Sherpa, Powheg, HERWIG, .. )  
                   via established OpenLoops interfaces 
                 Can be used together with differential QED radiation at NLO 
                 Support EW corrections for resonant processes  

• Outlook: 
          
                 NNLO/two-loop extension (ongoing work): NNLO EW and NLO QCD-EW

%

Conclusions
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