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All results at:
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γγ  0.12± 0.01 ±1.06 -15.0 fb
(NLO th.), γW  0.13± 0.03 ±1.16 -15.0 fb

(NLO th.), γZ  0.05± 0.01 ±0.98 -15.0 fb
(NLO th.), γZ  0.05± 0.01 ±0.98 -119.5 fb

WW+WZ  0.14± 0.13 ±1.01 -14.9 fb
WW  0.09± 0.04 ±1.07 -14.9 fb
WW  0.08± 0.02 ±1.00 -119.4 fb
WW  0.08± 0.05 ±0.96 -12.3 fb
WZ  0.06± 0.07 ±1.05 -14.9 fb
WZ  0.07± 0.04 ±1.02 -119.6 fb
WZ  0.05± 0.02 ±0.96 -135.9 fb
ZZ  0.07± 0.13 ±0.97 -14.9 fb
ZZ  0.08± 0.06 ±0.97 -119.6 fb
ZZ  0.05± 0.04 ±1.14 -135.9 fb

7 TeV CMS measurement (stat,stat+sys) 
8 TeV CMS measurement (stat,stat+sys) 
13 TeV CMS measurement (stat,stat+sys) 

CMS measurements
 theory(NLO)vs. NNLO 

[CMS collaboration, January 2019]

[ATLAS collaboration, March 2019]

VV production (with leptonic decays) at NNLO QCD is important:

Standard Model test ! trilinear gauge-boson couplings

Background for Higgs analyses and BSM searches

,! Inclusion of NNLO QCD corrections improves agreement with Standard Model.

Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV April 19, 2019, LHCEWWG-MB 4 / 20

Remarkable agreement of inclusive diboson  
cross sections with NNLO QCD

Allows for stringent SM tests

Dibosons important background for Higgs  
and BSM searches
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Tails, tails, tails,….
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All VV processes known through NNLO QCD: 

    ➞ inclusive/on-shell Z,W & differential/off-shell Z,W (leptonic)

γγ     -  inclusive and differential [Catani, Cieri, de Florian, Ferrera, Grazzini '12], 
                  [Campbell, Ellis, Li, Williams '16], [Grazzini, Kallweit, MW '17]

Zγ     -  inclusive/on-shell and differential/off-shell
              [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]; see also: [Campbell et al. '17]

Wγ    -  inclusive/on-shell and differential/off-shell                 
                  [Grazzini, Kallweit, Rathlev, Torre '13], [Grazzini, Kallweit, Rathlev '15]

ZZ    -  inclusive/on-shell [Cascioli, Gehrmann, Grazzini, Kallweit, Maierhöfer, 
                  von Manteuffel, Pozzorini, Rathlev, Tancredi, Weihs '14];  see also: [Heinrich et al. '17]

         -  differential/off-shell [Grazzini, Kallweit, Rathlev '15], [Kallweit, MW '18]

WW  -  inclusive/on-shell [Gehrmann, Grazzini, Kallweit, Maierhöfer, von Manteuffel, et al. '14]                     
         -  differential/off-shell [Grazzini, Kallweit, Pozzorini, Rathlev, MW '15]

WZ   -  inclusive/on-shell [Grazzini, Kallweit, Rathlev, MW '16]

         -  differential/off-shell [Grazzini, Kallweit, Rathlev, MW '17]

[Talk by M. Wiesemann]



Perturbative expansion
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•4l-DF-ZZ                                               Biedermann, Denner, Dittmaier, Hofer, Jäger ; ’16, ‘16
•2l-DF-WW                                            Biedermann, Billoni, Denner, Dittmaier, Hofer, Jäger, Salfelder ; '16
•2l-SF-ZZ & 2l-SF-ZZWW & 2l-DF-WW   Kallweit, JML, Pozzorini, Schönherr, ’17
•3l-DF-WZ & 3l-DF-WZ                          Biedermann, Denner, Hofer, ’17

NLO EW
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I. 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 at Q ⇠ TeV � MW

Soft/collinear logarithms from virtual EW bosons [Bauer, Becher, Ciafaloni,

Comelli, Denner, Fadin, Kühn, Lipatov, Manohar Martin, Melles, Penin, S.P., Smirnov, . . . ]
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) EW corrections important for SM tests and BSM searches at TeV scale
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➜ overall large (negative) effect in the tails of distributions:  
     pT, minv, HT, … (relevant for BSM searches!) 

Relevance of EW higher-order corrections: Sudakov logs in the tails

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

2l-DF-WW
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➜ important for radiative tails, Higgs backgrounds etc.

Relevance of EW higher-order corrections: collinear QED radiation 

II.   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
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[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

6543210
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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
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Giant K -factors at NLO QCD, increasing with pT,Vlead (up to ⇠ 20 in WZ)
,! high-pT,Vlead region dominated by V+jet topologies (plus soft W/Z emission).

Large K -factors at NLO EW (WW/WZ), (over-)compensating Sudakov corrections
,! �-induced V+jet topologies should not be combined multiplicatively!
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General remarks on EW corrections for VV production Contributions from initial-state photons

Contributions from initial-state photons/

ZZ

ra
ti
o

LHC
p
s = 13TeVpp ! e�e+⌫µ⌫̄µ

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

ggNLO/NNLO QCD
ggLO/NNLO QCD

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 aNLO EW/NLO EW
aLO/LO

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

WW

ra
ti
o

LHC
p
s = 13TeVpp ! e�µ+⌫µ⌫̄e

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 ggNLO/NNLO QCD
ggLO/NNLO QCD
aNLO EW/NLO EW
aLO/LO

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

WZ

ra
ti
o

LHC
p
s = 13TeVpp ! e�e+µ⌫

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 ggNLO/NNLO QCD
ggLO/NNLO QCD
aNLO EW/NLO EW
aLO/LO

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

Born subprocesses �� ! VV at same perturbative order as LO qq̄ ! VV:

�

�

`+

⌫`0

`�

⌫̄`0

Z
`

`

�

�

`+

⌫l

`0�

⌫̄`0

W+
W

W�

—

,! suppressed (ZZ – no double-resonant diagrams) or moderate (WW) in size.

NLO EW corrections, connecting qq̄ and �� induced subprocesses by IR structure:

q

�

⌫`0

⌫̄`0

`�

`+

q

Z
q

q
Z/�

q

�

q

`0�

⌫̄`0

`+

⌫`W+

Z/�

W
W�

d

�

u

`+

`�

`0�

⌫̄`0

Z/�

W�

W

u

,! can become sizable in tails of some high-energy observables (“giant K -factors”).
Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV March 28, 2019, Moriond LIV, La Thuile 8 / 17

General remarks on EW corrections for VV production Contributions from initial-state photons

Contributions from initial-state photons/

ZZ

ra
ti
o

LHC
p
s = 13TeVpp ! e�e+⌫µ⌫̄µ

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

ggNLO/NNLO QCD
ggLO/NNLO QCD

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 aNLO EW/NLO EW
aLO/LO

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

WW

ra
ti
o

LHC
p
s = 13TeVpp ! e�µ+⌫µ⌫̄e

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 ggNLO/NNLO QCD
ggLO/NNLO QCD
aNLO EW/NLO EW
aLO/LO

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

WZ

ra
ti
o

LHC
p
s = 13TeVpp ! e�e+µ⌫

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 ggNLO/NNLO QCD
ggLO/NNLO QCD
aNLO EW/NLO EW
aLO/LO

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

Born subprocesses �� ! VV at same perturbative order as LO qq̄ ! VV:

�

�

`+

⌫`0

`�

⌫̄`0

Z
`

`

�

�

`+

⌫l

`0�

⌫̄`0

W+
W

W�

—

,! suppressed (ZZ – no double-resonant diagrams) or moderate (WW) in size.

NLO EW corrections, connecting qq̄ and �� induced subprocesses by IR structure:

q

�

⌫`0

⌫̄`0

`�

`+

q

Z
q

q
Z/�

q

�

q

`0�

⌫̄`0

`+

⌫`W+

Z/�

W
W�

d

�

u

`+

`�

`0�

⌫̄`0

Z/�

W�

W

u

,! can become sizable in tails of some high-energy observables (“giant K -factors”).
Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV March 28, 2019, Moriond LIV, La Thuile 8 / 17

General remarks on EW corrections for VV production Contributions from initial-state photons

Contributions from initial-state photons/

ZZ

ra
ti
o

LHC
p
s = 13TeVpp ! e�e+⌫µ⌫̄µ

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

ggNLO/NNLO QCD
ggLO/NNLO QCD

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 aNLO EW/NLO EW
aLO/LO

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Zlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

WW

ra
ti
o

LHC
p
s = 13TeVpp ! e�µ+⌫µ⌫̄e

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 ggNLO/NNLO QCD
ggLO/NNLO QCD
aNLO EW/NLO EW
aLO/LO

pT,Wlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

WZ

ra
ti
o

LHC
p
s = 13TeVpp ! e�e+µ⌫

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7 ggNLO/NNLO QCD
ggLO/NNLO QCD
aNLO EW/NLO EW
aLO/LO

pT,Vlead [GeV]
20001000500200100

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

Born subprocesses �� ! VV at same perturbative order as LO qq̄ ! VV:
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NLO EW corrections, connecting qq̄ and �� induced subprocesses by IR structure:
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Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV March 28, 2019, Moriond LIV, La Thuile 8 / 17

PR
EL

IM
IN

AR
Y

~ ln2(pT/mW)

let's look in detail on one interesting aspect:  photon-induced + giant K-factor

�8

➜ 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-
flavour case (` 6= `0) and in the same-flavour case (` = `0). Double-resonant (a,b), single-resonant (c) and
non-resonant (d) diagrams are shown.
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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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III. 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), but also in Bremsstrahlung   

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



Nontrivial features in NLO QCD → NLO EW

Decays of Z/W bosons

Leptonic Z and W decays are notrivial at NLO EW (in contrast to NLO QCD)

NLO EW corrections to production⇥resonance⇥decay + non-fact corrections
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Option A: complex mass scheme [Denner, Dittmaier]

exact NLO description (always desirable)

high complexity corresponding to total number of particles after decays

Option B: narrow-width approximation (production⇥decay)

simpler but applicability to V+multijets limited to certain O
�
↵
n
S↵

m+1
�
(see later)

captures all large ln(ŝ/M2

W ) e↵ects (present only in production sub-process)

typical uncertainty <
⇠ 1–3% (apart form �

⇤
/Z

⇤
! `

+
`
� at small m``)
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1.  QCD-EW interplay 

3.  virtual EW corrections more involved than QCD 
   (many internal masses)   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Figure 3: Representative one-loop Feynman diagrams squared. The diagram on the left-

hand side represents an EW correction to the QCD process. It can also be interpreted as a

QCD correction to the EW amplitude interfered with the QCD amplitude. The right-hand

side shows a QCD correction to the QCD amplitude interfered with the EW amplitude.

Only the top quarks are represented as the inclusion of their decay products does not alter

the discussion.
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Figure 4: Representative octagon and heptagon one-loop Feynman diagrams.

all contributions with resonant top quarks, but in addition also all contributions with one

resonant top quark.

Calculating the NLO corrections to a process with intermediate on-shell particles im-

plies to include the corrections to their production and decay. The on-shell approximation

does not include off-shell effects as well as virtual corrections that link the production

part and the decay parts or different decay parts. Such corrections should be of the order

O(Γi/Mi) [93–95] if the decay products are treated inclusively and the resonant contribu-

tions dominate. Here Γi and Mi are the width and the mass of the resonant particles,

respectively. Off-shell effects of the resonant particles can be taken into account by using

the pole approximation. In this case, the resonant propagators are fully included, while
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2.  At NLO EW corrections in production, decay and  
   non-factorizable contributions for  V decays  
   → complex-mass-scheme

 

4.  photon contributions in jets and proton  
   → photon-jet separation, γPDF  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Automation of fixed-order NLO EW well advanced:  
MadGraph_aMC@NLO, Sherpa+OpenLoops/Recola, MUNICH+OpenLoops, …  9



Validation between tools

•There are subtle differences in implementation of these schemes in particular in the context of 
CMS (complex mass scheme).  
→Have been studied for ZZ in the context of [LH17, 1803.07977]

 
 

 
 
 
 
 
 

a) PSP 1 B/10≠15 Vfinite/10≠16 V1/10≠17 V2/10≠17

MadLoop 5.26592465401088 6.60297993618509 2.63915540074976 ≠3.09566543908773
Recola 5.26592465401090 6.60088670209820 2.63915540075328 ≠3.09566543908732
OpenLoops 5.26592465401100 6.60088670210145 2.63915540078563 ≠3.09566543905505
GoSam 5.26592465401086 6.60088670209788 2.63915540076095 ≠3.09566543909091
NLOX 5.26592465401084 6.60088670211436 2.63915540076702 ≠3.09566543908783

a) PSP 2 B/10≠12 Vfinite/10≠13 V1/10≠14 V2/10≠14

MadLoop 2.74057953273116 ≠3.10720743529659 2.47558966660999 ≠1.61109736655361
Recola 2.74057953273120 ≠3.10783717792090 2.47558966661119 ≠1.61109736655360
OpenLoops 2.74057953273113 ≠3.10783717792216 2.47558966660688 ≠1.61109736655762
GoSam 2.74057953273109 ≠3.10783717792575 2.47558966661326 ≠1.61109736655355
NLOX 2.74057953273088 ≠3.10783717791578 2.47558966660321 ≠1.61109736655852

a) PSP 3 B/10≠4 Vfinite/10≠6 V1/10≠7 V2/10≠7

MadLoop 1.21906911746527 ≠4.79121605677418 ≠9.28399419983122 ≠7.16650993758228
Recola 1.21906911746653 ≠4.77231274104044 ≠9.28399419025240 ≠7.16650993468800
OpenLoops 1.21906911746730 ≠4.77231273844357 ≠9.28399415556438 ≠7.16650990014111
GoSam 1.21906911746070 ≠4.77231359778343 ≠9.28399407990066 ≠7.16650993856488
NLOX 1.21906911748497 ≠4.77231281258676 ≠9.28399522232122 ≠7.16651015319136

a) PSP 4 B/10≠6 Vfinite/10≠7 V1/10≠8 V2/10≠8

MadLoop 4.77962555243898 1.65145000279798 ≠3.61194825362166 ≠2.80978604924244
Recola 4.77962555246723 1.63956377750150 ≠3.61194826344888 ≠2.80978605025647
OpenLoops 4.77962555244817 1.63956377748191 ≠3.61194826326975 ≠2.80978605006768
GoSam 4.77962555243871 1.63956377924796 ≠3.61194825975445 ≠2.80978604980914
NLOX 4.77962555244696 1.63956377842641 ≠3.61194826211540 ≠2.80978605014797

Table I.10: Matrix-element comparison at the phase-space points given in Table I.9 for the
partonic process uū æ e+e≠µ+µ≠.

in order to validate that all input parameters have been set correctly. As we shall see, it is
interesting to perform the comparison both on far o�-shell and on-shell phase-space points for
each of the two di�erent partonic channels considered, namely the respective uū-induced and
““-induced channels of each of the processes.

In Table I.9 we first list the two far o�-shell kinematic configurations labelled PSP 1 and
PSP 2 that apply to all processes. We then consider the points PSP 3 and PSP 4 for the
e+e≠µ+µ≠ production processes a) and c) where the invariant mass of the muon–anti-muon
pair is exactly at the pole mass of the Z boson, and finally the points PSP 5 and PSP 6 for the
e+‹eµ≠‹̄µ processes b) and d) where the invariant mass of the positron and its neutrino sits at
exactly the pole mass of the W boson.

The numerical results for B, Vfinite , V1 , and V2 obtained with the di�erent involved OLPs
(MadLoop, Recola, OpenLoops, GoSam, and NLOX) are displayed in Tables I.10–I.13. In
general, an agreement among all OLPs of more than 10 digits for o�-shell kinematics (typically
a bit worse for on-shell kinematics) is found for the quantities B, V1 , and V2 , whereas Vfinite
obtained with MadLoop shows di�erences of up to the percent level compared to the corre-
sponding results from the other programs, which show reasonable agreement among themselves.
Such small deviations are to be expected due to di�erences in the details of the implementa-
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GoSam 5.26592465401086 6.60088670209788 2.63915540076095 ≠3.09566543909091
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a) PSP 2 B/10≠12 Vfinite/10≠13 V1/10≠14 V2/10≠14
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a) PSP 3 B/10≠4 Vfinite/10≠6 V1/10≠7 V2/10≠7

MadLoop 1.21906911746527 ≠4.79121605677418 ≠9.28399419983122 ≠7.16650993758228
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NLOX 1.21906911748497 ≠4.77231281258676 ≠9.28399522232122 ≠7.16651015319136

a) PSP 4 B/10≠6 Vfinite/10≠7 V1/10≠8 V2/10≠8

MadLoop 4.77962555243898 1.65145000279798 ≠3.61194825362166 ≠2.80978604924244
Recola 4.77962555246723 1.63956377750150 ≠3.61194826344888 ≠2.80978605025647
OpenLoops 4.77962555244817 1.63956377748191 ≠3.61194826326975 ≠2.80978605006768
GoSam 4.77962555243871 1.63956377924796 ≠3.61194825975445 ≠2.80978604980914
NLOX 4.77962555244696 1.63956377842641 ≠3.61194826211540 ≠2.80978605014797

Table I.10: Matrix-element comparison at the phase-space points given in Table I.9 for the
partonic process uū æ e+e≠µ+µ≠.

in order to validate that all input parameters have been set correctly. As we shall see, it is
interesting to perform the comparison both on far o�-shell and on-shell phase-space points for
each of the two di�erent partonic channels considered, namely the respective uū-induced and
““-induced channels of each of the processes.

In Table I.9 we first list the two far o�-shell kinematic configurations labelled PSP 1 and
PSP 2 that apply to all processes. We then consider the points PSP 3 and PSP 4 for the
e+e≠µ+µ≠ production processes a) and c) where the invariant mass of the muon–anti-muon
pair is exactly at the pole mass of the Z boson, and finally the points PSP 5 and PSP 6 for the
e+‹eµ≠‹̄µ processes b) and d) where the invariant mass of the positron and its neutrino sits at
exactly the pole mass of the W boson.

The numerical results for B, Vfinite , V1 , and V2 obtained with the di�erent involved OLPs
(MadLoop, Recola, OpenLoops, GoSam, and NLOX) are displayed in Tables I.10–I.13. In
general, an agreement among all OLPs of more than 10 digits for o�-shell kinematics (typically
a bit worse for on-shell kinematics) is found for the quantities B, V1 , and V2 , whereas Vfinite
obtained with MadLoop shows di�erences of up to the percent level compared to the corre-
sponding results from the other programs, which show reasonable agreement among themselves.
Such small deviations are to be expected due to di�erences in the details of the implementa-
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c) PSP 1 B/10≠13 Vfinite/10≠14 V1/10≠15 V2/10≠15

MadLoop 4.63762790127829 6.79330655006349 4.07216839247769 ≠2.23061748556626
Recola 4.63762790127830 6.79163662486900 4.07216839245629 ≠2.23061748556050
OpenLoops 4.63762790127838 6.79163662486753 4.07216839246097 ≠2.23061748560388
GoSam 4.63762790127830 6.79163662486761 4.07216839247955 ≠2.23061748556541

c) PSP 2 B/10≠10 Vfinite/10≠11 V1/10≠12 V2/10≠11

MadLoop 2.26737153141645 1.88180804083847 2.38584215397888 ≠1.09056584355518
Recola 2.26737153141650 1.88096074990550 2.38584215406775 ≠1.09056584355509
OpenLoops 2.26737153141649 1.88096075053150 2.38584215383146 ≠1.09056584370294
GoSam 2.26737153141644 1.88096075053592 2.38584215397731 ≠1.09056584355520

c) PSP 3 B/10≠6 Vfinite/10≠6 V1/10≠9 V2/10≠9

MadLoop 1.37978612284930 1.55018919031339 4.89785291501769 ≠6.63652265273678
Recola 1.37978612284863 1.55013518201790 4.89788114834105 ≠6.63652866815621
OpenLoops 1.37978612284923 1.55013518232261 4.89788114988480 ≠6.63652866830139
GoSam 1.37978612284092 1.55011760547612 4.89816579319493 ≠6.63658173170046

c) PSP 4 B/10≠7 Vfinite/10≠6 V1/10≠10 V2/10≠9

MadLoop 2.19037672578717 1.68165624485106 7.61526199100670 ≠1.05353269570773
Recola 2.19037672578999 1.68164383557005 7.61526198688565 ≠1.05353269571203
OpenLoops 2.19037672578763 1.68164383554897 7.61526198357373 ≠1.05353269576734
GoSam 2.19037672578690 1.68164383554095 7.61526199187791 ≠1.05353269572332

Table I.12: Matrix-element comparison at the phase-space points given in Table I.9 for the
partonic process ““ æ e+e≠µ+µ≠.

while other model parameters such as (MZ, MW, MH, mt) remain fixed. Within this setup, we
then compute the relative di�erence of Vfinite(⁄) between Recola/OpenLoops28 and Mad-
Loop,

”Vfinite(⁄) = 2

------
V MadLoop

finite (⁄) ≠ V Recola/OpenLoops
finite (⁄)

V MadLoop
finite (⁄) + V Recola/OpenLoops

finite (⁄)

------
(I.63)

at di�erent values of ⁄, as displayed in Figs. I.15 and I.16. The expected scaling of the relative
di�erence ”Vfinite(⁄) with the parameter ⁄ is dictated by the expected contribution of the UV
mass counterterms ”m, which we can schematically write as follows,

V ”m
finite Ã

1
p2

V ≠ m2
V + imV �V

”m
1

p2
V ≠ m2

V + imV �V
. (I.64)

The assumption is that the UV mass counterterms ”m in MadLoop only di�ers from the ones
of the other OLPs by terms of order O(–�2, –2�). We can substitute this functional form of
the di�erence in Eqs. (I.64) and (I.63) to deduce the expected dependence of ”Vfinite(⁄) on the
scaling parameter ⁄ for ⁄ æ 0,

”Vfinite(⁄) = ⁄Ÿ”V (Ÿ)
finite + O(⁄Ÿ+1) , (I.65)

28Given that the implementation in all involved OLPs except for MadLoop is identical, we restrict ourselves
to the results of Recola and OpenLoops in this comparison: We use their point-wise average for the central
values, and the di�erence between them as an estimate for the numerical precision.
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c) PSP 1 B/10≠13 Vfinite/10≠14 V1/10≠15 V2/10≠15

MadLoop 4.63762790127829 6.79330655006349 4.07216839247769 ≠2.23061748556626
Recola 4.63762790127830 6.79163662486900 4.07216839245629 ≠2.23061748556050
OpenLoops 4.63762790127838 6.79163662486753 4.07216839246097 ≠2.23061748560388
GoSam 4.63762790127830 6.79163662486761 4.07216839247955 ≠2.23061748556541

c) PSP 2 B/10≠10 Vfinite/10≠11 V1/10≠12 V2/10≠11

MadLoop 2.26737153141645 1.88180804083847 2.38584215397888 ≠1.09056584355518
Recola 2.26737153141650 1.88096074990550 2.38584215406775 ≠1.09056584355509
OpenLoops 2.26737153141649 1.88096075053150 2.38584215383146 ≠1.09056584370294
GoSam 2.26737153141644 1.88096075053592 2.38584215397731 ≠1.09056584355520

c) PSP 3 B/10≠6 Vfinite/10≠6 V1/10≠9 V2/10≠9

MadLoop 1.37978612284930 1.55018919031339 4.89785291501769 ≠6.63652265273678
Recola 1.37978612284863 1.55013518201790 4.89788114834105 ≠6.63652866815621
OpenLoops 1.37978612284923 1.55013518232261 4.89788114988480 ≠6.63652866830139
GoSam 1.37978612284092 1.55011760547612 4.89816579319493 ≠6.63658173170046

c) PSP 4 B/10≠7 Vfinite/10≠6 V1/10≠10 V2/10≠9

MadLoop 2.19037672578717 1.68165624485106 7.61526199100670 ≠1.05353269570773
Recola 2.19037672578999 1.68164383557005 7.61526198688565 ≠1.05353269571203
OpenLoops 2.19037672578763 1.68164383554897 7.61526198357373 ≠1.05353269576734
GoSam 2.19037672578690 1.68164383554095 7.61526199187791 ≠1.05353269572332

Table I.12: Matrix-element comparison at the phase-space points given in Table I.9 for the
partonic process ““ æ e+e≠µ+µ≠.

while other model parameters such as (MZ, MW, MH, mt) remain fixed. Within this setup, we
then compute the relative di�erence of Vfinite(⁄) between Recola/OpenLoops28 and Mad-
Loop,

”Vfinite(⁄) = 2

------
V MadLoop

finite (⁄) ≠ V Recola/OpenLoops
finite (⁄)

V MadLoop
finite (⁄) + V Recola/OpenLoops

finite (⁄)

------
(I.63)

at di�erent values of ⁄, as displayed in Figs. I.15 and I.16. The expected scaling of the relative
di�erence ”Vfinite(⁄) with the parameter ⁄ is dictated by the expected contribution of the UV
mass counterterms ”m, which we can schematically write as follows,

V ”m
finite Ã

1
p2

V ≠ m2
V + imV �V

”m
1

p2
V ≠ m2

V + imV �V
. (I.64)

The assumption is that the UV mass counterterms ”m in MadLoop only di�ers from the ones
of the other OLPs by terms of order O(–�2, –2�). We can substitute this functional form of
the di�erence in Eqs. (I.64) and (I.63) to deduce the expected dependence of ”Vfinite(⁄) on the
scaling parameter ⁄ for ⁄ æ 0,

”Vfinite(⁄) = ⁄Ÿ”V (Ÿ)
finite + O(⁄Ÿ+1) , (I.65)

28Given that the implementation in all involved OLPs except for MadLoop is identical, we restrict ourselves
to the results of Recola and OpenLoops in this comparison: We use their point-wise average for the central
values, and the di�erence between them as an estimate for the numerical precision.
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Fig. I.18: Technical comparison of NLO EW corrections to the distribution in the invariant mass
of the 4¸ system (high-energy region) for hadronic e+e≠µ+µ≠ (o�-shell ZZ) production. See
main text of Sec. 7.3.4 for details.
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Fig. I.18: Technical comparison of NLO EW corrections to the distribution in the invariant mass
of the 4¸ system (high-energy region) for hadronic e+e≠µ+µ≠ (o�-shell ZZ) production. See
main text of Sec. 7.3.4 for details.
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→very convincing agreement  
between automated tools

individual phase-space points:

inclusive cross sections:

�10



�11

Diboson production at NLO QCD+EW: Collinear QED radiation
[Kallweit, JML, Pozzorini, Schönherr ; ’17] off-shell vector-boson pair production at NLO QCD+EW

�40

Naive NLO EW+PS matching in Sherpa+OpenLoops

Virtual EW corrections + QED parton shower

CSS dipole shower (not resonaonce aware) ) significant mismodelling

YFS resummation (resonaonce aware) ) better approximation

) applicable at particle level
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S. Pozzorini (Zurich University) QCD+EW for multibosons LHCP 2017 20 / 23

Naive NLO EW+PS matching in Sherpa+OpenLoops (applicable at particle level) 
•CSS dipole shower (not resonaonce aware) ⇒ significant mismodelling 

•YFS resummation (resonaonce aware) ⇒ valid approximation 

[Kallweit, JML, Pozzorini, Schönherr; ’17]
2l2v-DF 2l2v-DF

•Fully consistent PS matching at NLO EW under development
•Naive NLO EW+PS matching available in Sherpa+OpenLoops (applicable at particle level) 

➡CSS dipole shower (not resonaonce aware) ⇒ significant mismodelling 
➡YFS resummation (resonaonce aware) ⇒ valid approximation 

CSS (Catani-Seymour-Shower) 
unaware of resonance structure  
→ QED effects largely overestimated

YFS (Multi-Photon-Resummation) 
preserves resonance structure  
→ EW effects agree at the few 
percent level.  

Source of differences: 
•Multi-poton effects in YFS 
•Resonance-assignment in YFS
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The need for off-shell calculations
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Figure 13: Transverse-momentum distributions of the electron (left) and of the charged-lepton
system (right) in pp → νµµ+e−ν̄e + X in the ATLAS WW setup. The lower panels show the
relative size of the EW corrections to the q̄q channels 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.
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[Biedermann, M. Billoni, A. Denner, S. Dittmaier, L. Hofer, B. Jäger, L. Salfelder ;’16]

➡ sizeable differences in fully off-shell vs. double-pole approximation in tails
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Figure 13: Transverse-momentum distributions of the electron (left) and of the charged-lepton
system (right) in pp → νµµ+e−ν̄e + X in the ATLAS WW setup. The lower panels show the
relative size of the EW corrections to the q̄q channels in our default setup compared to the result
based on the DPA.
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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,

γγ → µ+µ−e+e−, µ+µ−µ+µ−, (2.2)
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Combination of (N)NLO QCD and NLO EW corrections:

additive: d�(N)NLO

QCD+EW
= d�LO(1+ �(N)NLO

QCD
+ �EW) + d�ggLO

multiplicative: d�(N)NLO

QCD⇥EW
= d�LO(1 + �(N)NLO

QCD
)(1 + �EW) + d�ggLO

,! can cover (universal) dominant e↵ects of mixed QCD–EW corrections
(uncertainty estimate needed: to which extent?).

But: Only applicable if assumption of factorization is justified.

Setup of calculation (simplified selection, only for illustration purposes):

EW input and renormalization in Gµ scheme.

Uncertainties from 7-point scale variation around µR = µF = 1
2 (ET,V1 + ET,V2).

PDF set NNPDF31 nnlo as 0118 luxqed( nf 4) at each order.

Only very basic set of phase-space selections:

60GeV < m`` < 120GeV for each SFOS lepton pair,
pT,` > 25GeV for each lepton, pT,miss > 25GeV,
lepton–photon recombination for dR(�, `) < 0.1.

Two setups: inclusive and with jet-veto (HT,jet < 0.2HT,lep).

Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV April 19, 2019, LHCEWWG-MB 12 / 20

additive:

multiplicative:

•In Matrix+OpenLoops all (massive) diboson processes are available at  
NNLO QCD + NLO EW (parton-level)

(```⌫`, and ```
0
⌫`0) were computed in Ref. [36], while the corresponding calculation for two charged

leptons of different flavours plus missing energy (`⌫``0⌫`0) was considered in Ref. [37]. Combined
NLO QCD+EW predictions for all the final states with two charged leptons and missing energy
(``⌫`⌫`, ``⌫`0⌫`0 and `⌫``

0
⌫`0) were discussed in Ref. [38].

In this paper, we present the first combination of NNLO QCD and NLO EW corrections
for massive vector-boson pair production processes. The calculations are carried out within the
Matrix+OpenLoops framework, and they include all the final states with two, three and four
charged leptons, fully accounting for off-shell effects and interferences. The NNLO QCD and NLO
EW results are combined through different prescriptions. We show that in the tails of various
important kinematic distributions giant QCD effects arise together with the large Sudakov-type
EW corrections, which renders their combination non-trivial. We show that such behaviour can be
tamed through an appropriate veto against the associated QCD radiation.

The paper is organized as follows. In section 2 we describe the leptonic channels (section 2.1)
and the diagrams contributing to QCD (section 2.2) and EW (section 2.3) corrections. In section 2.4
we present different procedures to combine QCD and EW corrections. Our numerical results are
presented in section 3, in the inclusive case (section 3.3) and with a veto against hard QCD radiation
applied (section 3.4). Finally, in section 4 we draw our conclusions.

2 Diboson production at NNLO QCDand NLO EW

2.1 Overview of leptonic channels

We categorize the off-shell production processes of massive vector-boson pairs according to number
and flavour content of the charged leptons in the final state:

4l-SF-ZZ pp ! `
+
`
�
`
+
`
� (ZZ)

4l-DF-ZZ pp ! `
+
`
�
`
0+
`
0� (ZZ)

2l-SF-ZZ pp ! `
+
`
�
⌫`0 ⌫̄`0 (ZZ)

2l-SF-ZZWW pp ! `
+
`
�
⌫`⌫̄` (ZZ/WW)

2l-DF-WW pp ! `
+
`
0�
⌫`⌫̄`0 (WW)

3l-SF-WZ pp ! `
+
`
�
`⌫` (WZ)

3l-DF-WZ pp ! `
+
`
�
`
0
⌫`0 (WZ)

Therein the notation of different-flavour (DF) and same-flavour (SF) final states refers to the
charged leptons, and the vector-boson pairs stated in brackets only illustrate the contributing
double-resonant production modes. Again we emphasize that no resonance approximation is ap-
plied, but the full set of Feynman diagrams that contribute to the full leptonic final state, namely all
double-, single- and non-resonant contributions, are consistently included at each perturbative order
in the complex-mass scheme [39]. Therefore off-shell effects, interferences and spin correlations are
consistently taken into account throughout.

Experimentally the channels 2l-SF-ZZ and 2l-SF-ZZWW are not distinguishable on a point-wise
level and should thus be combined for phenomenological applications.1 The final state involving
only one charged lepton accompanied by missing energy from the three neutrinos produced in WZ

production (both SF and DF channels wrt. the neutrinos) is not considered in this paper. Its
signature coincides with that of the Drell–Yan process pp ! `

±
⌫, but its cross section is suppressed

by one power in the EW coupling and the Z ! ⌫⌫̄ branching ratio. We note, however, that the
WZ-mediated production mode of the lepton+ET,miss signature can become dominant over the
Drell–Yan process in tails of distributions where the W boson is forced to be far off shell in the

1We note, however, that the interference between WW and ZZ production in the 2l-SF-ZZWW channel has been
shown to be tiny both at NLO EW [38] and at NNLO QCD [26], and could thus be safely neglected.
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leptons of different flavours plus missing energy (`⌫``0⌫`0) was considered in Ref. [37]. Combined
NLO QCD+EW predictions for all the final states with two charged leptons and missing energy
(``⌫`⌫`, ``⌫`0⌫`0 and `⌫``

0
⌫`0) were discussed in Ref. [38].

In this paper, we present the first combination of NNLO QCD and NLO EW corrections
for massive vector-boson pair production processes. The calculations are carried out within the
Matrix+OpenLoops framework, and they include all the final states with two, three and four
charged leptons, fully accounting for off-shell effects and interferences. The NNLO QCD and NLO
EW results are combined through different prescriptions. We show that in the tails of various
important kinematic distributions giant QCD effects arise together with the large Sudakov-type
EW corrections, which renders their combination non-trivial. We show that such behaviour can be
tamed through an appropriate veto against the associated QCD radiation.

The paper is organized as follows. In section 2 we describe the leptonic channels (section 2.1)
and the diagrams contributing to QCD (section 2.2) and EW (section 2.3) corrections. In section 2.4
we present different procedures to combine QCD and EW corrections. Our numerical results are
presented in section 3, in the inclusive case (section 3.3) and with a veto against hard QCD radiation
applied (section 3.4). Finally, in section 4 we draw our conclusions.

2 Diboson production at NNLO QCDand NLO EW

2.1 Overview of leptonic channels

We categorize the off-shell production processes of massive vector-boson pairs according to number
and flavour content of the charged leptons in the final state:
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Therein the notation of different-flavour (DF) and same-flavour (SF) final states refers to the
charged leptons, and the vector-boson pairs stated in brackets only illustrate the contributing
double-resonant production modes. Again we emphasize that no resonance approximation is ap-
plied, but the full set of Feynman diagrams that contribute to the full leptonic final state, namely all
double-, single- and non-resonant contributions, are consistently included at each perturbative order
in the complex-mass scheme [39]. Therefore off-shell effects, interferences and spin correlations are
consistently taken into account throughout.

Experimentally the channels 2l-SF-ZZ and 2l-SF-ZZWW are not distinguishable on a point-wise
level and should thus be combined for phenomenological applications.1 The final state involving
only one charged lepton accompanied by missing energy from the three neutrinos produced in WZ

production (both SF and DF channels wrt. the neutrinos) is not considered in this paper. Its
signature coincides with that of the Drell–Yan process pp ! `

±
⌫, but its cross section is suppressed

by one power in the EW coupling and the Z ! ⌫⌫̄ branching ratio. We note, however, that the
WZ-mediated production mode of the lepton+ET,miss signature can become dominant over the
Drell–Yan process in tails of distributions where the W boson is forced to be far off shell in the

1We note, however, that the interference between WW and ZZ production in the 2l-SF-ZZWW channel has been
shown to be tiny both at NLO EW [38] and at NNLO QCD [26], and could thus be safely neglected.
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Giant K-factors and EW corrections

pTV1

•NLO QCD/LO=2-5! (“giant K-factor”)
•at large pTV1: VV is dominated by  
V+jets (w/ soft V radiation)

•O(1) difference in 
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Figure 1. Distributions in the transverse momentum of the leading vector boson in ZZ (left), WW

(center) and ZW (right) production at 13 TeV. The top panel shows absolute predictions at LO, NLO
QCD, NNLO QCD, NNLO QCD+EW and NNLO QCDxEW. The centre panel shows the individual EW
and QCD corrections, while the lower panel show corrections due to the different NNLO QCD and NLO
EW combinations with respect to NNLO QCD. Bands correspond to standard scale variation.

QCD K-factors, which generate NLO QCD corrections growing in pT and reaching up to 500-
1000% in the TeV range. These huge corrections originate from V +jet topologies with a second
softly radiated vector boson. Despite these giant NLO QCD corrections, the corresponding NNLO
corrections with respect to NLO are moderate, at the level of 30%-50% and rather stable over the
entire considered pT range. Here the dominant V +jet topologies are included at NLO and scale
uncertainties at NNLO QCD are at the 10% level.

Turning to the EW corrections shown in the second panel with respect to LO, in ZZ production
we observe the typical Sudakov behaviour with logarithmically growing negative corrections reaching
about �50% at pT,V1 = 1TeV. No such behaviour can be observed in WW or ZW production. Here,
the EW corrections are very small and increase with pT, even turning positive in the tails of the
distributions. This positive increase at high pT can be attributed to photon-induced Bremsstrahlung
contributions as depicted in Fig. ??. In the case of WW and ZW production there is a t-channel
contribution which receives a logarithmic enhancement at large energies. No such contribution
exists in the case of ZZ production.

At the combined level the giant QCD K-factors induce a pathological behaviour of the EW
corrections. In fact, in the additive prescription, eq. (3.12) the dominant V +jet topologies do not
receive any EW corrections resulting in a significant underestimate of the higher-order EW cor-
rections in this combination. In the standard multiplicative combination, eq. (3.13), the photon-
induced Bremsstrahlung induces a similarly pathological behaviour in WW and ZW production,
whereas the modified multiplicative combination, eq. (3.14), yields a Sudakov behaviour with in-
creasing EW corrections for all three considered channels. Still, the difference between the different
QCD-EW combinations should be interpreted as an uncertainty. This would results in O(1) uncer-
tainties at large pT for all channels, thus by far exceeding NNLO scale uncertainties. In Section 3.4
we investigate the possibility to tame such a pathological behaviour via an appropriate jet veto.
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General remarks on EW corrections for VV production Combination of QCD and EW corrections

Combination of QCD and EW corrections and setup/

Combination of (N)NLO QCD and NLO EW corrections:

additive: d�(N)NLO

QCD+EW
= d�LO(1+ �(N)NLO

QCD
+ �EW) + d�ggLO

multiplicative: d�(N)NLO

QCD⇥EW
= d�LO(1 + �(N)NLO

QCD
)(1 + �EW) + d�ggLO

,! can cover (universal) dominant e↵ects of mixed QCD–EW corrections
(uncertainty estimate needed: to which extent?).

But: Only applicable if assumption of factorization is justified.

Setup of calculation (simplified selection, only for illustration purposes):

EW input and renormalization in Gµ scheme.

Uncertainties from 7-point scale variation around µR = µF = 1
2 (ET,V1 + ET,V2).

PDF set NNPDF31 nnlo as 0118 luxqed( nf 4) at each order.

Only very basic set of phase-space selections:

60GeV < m`` < 120GeV for each SFOS lepton pair,
pT,` > 25GeV for each lepton, pT,miss > 25GeV,
lepton–photon recombination for dR(�, `) < 0.1.

Two setups: inclusive and with jet-veto (HT,jet < 0.2HT,lep).

Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV April 19, 2019, LHCEWWG-MB 12 / 20
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•NNLO QCD uncertainty: 5-10%

•NLO EW/LO=-40-50%
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Giant K-factors and EW corrections
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Figure 1. Distributions in the transverse momentum of the leading vector boson in ZZ (left), WW

(center) and ZW (right) production at 13 TeV. The top panel shows absolute predictions at LO, NLO
QCD, NNLO QCD, NNLO QCD+EW and NNLO QCDxEW. The centre panel shows the individual EW
and QCD corrections, while the lower panel show corrections due to the different NNLO QCD and NLO
EW combinations with respect to NNLO QCD. Bands correspond to standard scale variation.

QCD K-factors, which generate NLO QCD corrections growing in pT and reaching up to 500-
1000% in the TeV range. These huge corrections originate from V +jet topologies with a second
softly radiated vector boson. Despite these giant NLO QCD corrections, the corresponding NNLO
corrections with respect to NLO are moderate, at the level of 30%-50% and rather stable over the
entire considered pT range. Here the dominant V +jet topologies are included at NLO and scale
uncertainties at NNLO QCD are at the 10% level.

Turning to the EW corrections shown in the second panel with respect to LO, in ZZ production
we observe the typical Sudakov behaviour with logarithmically growing negative corrections reaching
about �50% at pT,V1 = 1TeV. No such behaviour can be observed in WW or ZW production. Here,
the EW corrections are very small and increase with pT, even turning positive in the tails of the
distributions. This positive increase at high pT can be attributed to photon-induced Bremsstrahlung
contributions as depicted in Fig. ??. In the case of WW and ZW production there is a t-channel
contribution which receives a logarithmic enhancement at large energies. No such contribution
exists in the case of ZZ production.

At the combined level the giant QCD K-factors induce a pathological behaviour of the EW
corrections. In fact, in the additive prescription, eq. (3.12) the dominant V +jet topologies do not
receive any EW corrections resulting in a significant underestimate of the higher-order EW cor-
rections in this combination. In the standard multiplicative combination, eq. (3.13), the photon-
induced Bremsstrahlung induces a similarly pathological behaviour in WW and ZW production,
whereas the modified multiplicative combination, eq. (3.14), yields a Sudakov behaviour with in-
creasing EW corrections for all three considered channels. Still, the difference between the different
QCD-EW combinations should be interpreted as an uncertainty. This would results in O(1) uncer-
tainties at large pT for all channels, thus by far exceeding NNLO scale uncertainties. In Section 3.4
we investigate the possibility to tame such a pathological behaviour via an appropriate jet veto.
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Figure 7. Distributions in the transverse momentum of the leading vector boson in ZZ (left), WW (center)
and ZW (right) production at 13TeV subject to the jet veto defined in eq. (??). Predictions and labels as
in Fig. 1.
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Figure 8. Distributions in the transverse momentum of the leading lepton in ZZ (left), WW (center) and
ZW (right) production at 13TeV subject to the jet veto defined in eq. (??). Predictions and labels as in
Fig. 1.
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General remarks on EW corrections for VV production Combination of QCD and EW corrections

Combination of QCD and EW corrections and setup/

Combination of (N)NLO QCD and NLO EW corrections:

additive: d�(N)NLO

QCD+EW
= d�LO(1+ �(N)NLO

QCD
+ �EW) + d�ggLO

multiplicative: d�(N)NLO

QCD⇥EW
= d�LO(1 + �(N)NLO

QCD
)(1 + �EW) + d�ggLO

,! can cover (universal) dominant e↵ects of mixed QCD–EW corrections
(uncertainty estimate needed: to which extent?).

But: Only applicable if assumption of factorization is justified.

Setup of calculation (simplified selection, only for illustration purposes):

EW input and renormalization in Gµ scheme.

Uncertainties from 7-point scale variation around µR = µF = 1
2 (ET,V1 + ET,V2).

PDF set NNPDF31 nnlo as 0118 luxqed( nf 4) at each order.

Only very basic set of phase-space selections:

60GeV < m`` < 120GeV for each SFOS lepton pair,
pT,` > 25GeV for each lepton, pT,miss > 25GeV,
lepton–photon recombination for dR(�, `) < 0.1.

Two setups: inclusive and with jet-veto (HT,jet < 0.2HT,lep).
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Combination: NNLO QCD and NLO EW
[Grazzini, Kallweit, Lindert, Pozzorini, MW]

Combination of NNLO QCD and NLO EW predictions in Matrix Di↵erential distributions for VV production

Distribution in transverse momentum of leading V (inclusive setup)/
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Giant K -factors at NLO QCD, increasing with pT,Vlead (up to ⇠ 20 in WZ)
,! high-pT,Vlead region dominated by V+jet topologies (plus soft W/Z emission).

Large K -factors at NLO EW (WW/WZ), (over-)compensating Sudakov corrections
,! �-induced V+jet topologies should not be combined multiplicatively!
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➞ don't include γ in 
    multiplicative combination!

high pT dominated by V+jet
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let's look in detail on one interesting aspect:  photon-induced + giant K-factor

pTV1

Photon-induced contributions
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Figure 1. Distributions in the transverse momentum of the leading vector boson in ZZ (left), WW

(center) and ZW (right) production at 13 TeV. The top panel shows absolute predictions at LO, NLO
QCD, NNLO QCD, NNLO QCD+EW and NNLO QCDxEW. The centre panel shows the individual EW
and QCD corrections, while the lower panel show corrections due to the different NNLO QCD and NLO
EW combinations with respect to NNLO QCD. Bands correspond to standard scale variation.

QCD K-factors, which generate NLO QCD corrections growing in pT and reaching up to 500-
1000% in the TeV range. These huge corrections originate from V +jet topologies with a second
softly radiated vector boson. Despite these giant NLO QCD corrections, the corresponding NNLO
corrections with respect to NLO are moderate, at the level of 30%-50% and rather stable over the
entire considered pT range. Here the dominant V +jet topologies are included at NLO and scale
uncertainties at NNLO QCD are at the 10% level.

Turning to the EW corrections shown in the second panel with respect to LO, in ZZ production
we observe the typical Sudakov behaviour with logarithmically growing negative corrections reaching
about �50% at pT,V1 = 1TeV. No such behaviour can be observed in WW or ZW production. Here,
the EW corrections are very small and increase with pT, even turning positive in the tails of the
distributions. This positive increase at high pT can be attributed to photon-induced Bremsstrahlung
contributions as depicted in Fig. ??. In the case of WW and ZW production there is a t-channel
contribution which receives a logarithmic enhancement at large energies. No such contribution
exists in the case of ZZ production.

At the combined level the giant QCD K-factors induce a pathological behaviour of the EW
corrections. In fact, in the additive prescription, eq. (3.12) the dominant V +jet topologies do not
receive any EW corrections resulting in a significant underestimate of the higher-order EW cor-
rections in this combination. In the standard multiplicative combination, eq. (3.13), the photon-
induced Bremsstrahlung induces a similarly pathological behaviour in WW and ZW production,
whereas the modified multiplicative combination, eq. (3.14), yields a Sudakov behaviour with in-
creasing EW corrections for all three considered channels. Still, the difference between the different
QCD-EW combinations should be interpreted as an uncertainty. This would results in O(1) uncer-
tainties at large pT for all channels, thus by far exceeding NNLO scale uncertainties. In Section 3.4
we investigate the possibility to tame such a pathological behaviour via an appropriate jet veto.
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•NLO QCD/LO=5-10! (“giant K-factor”)

•Similar mechanism also  
 in gamma-induced:

`0+
Z

•Exclude photon-induced contri. 
 from factorisation:

where H
jet

T
=

P
i2jets

pT,i based on anti-kT jets with R = 0.4 and pT > 30GeV, and
H

lep

T
=

P
i2{`±} pT,i + 6ET . A reliable inclusive prediction without such a jet veto requires the

merging of different jet multiplicities including QCD and EW corrections, but goes beyond the
scope of the present paper.

3.2 Combination of QCD and EW corrections

For the combination of QCD predictions at NNLO,

�
NNLO QCD = �

NNLO QCD

qq̄ + �
LO

gg
= �

LO

qq̄
+ ��

NLO QCD

qq̄ + ��
NNLO QCD

qq̄ + �
LO

gg
, (3.9)

and EW predictions at NLO,

�
NLO EW = �

LO

qq̄
+ ��

NLO EW = �
LO

qq̄
+ ��

NLO EW

qq̄
+ �

NLO EW

��ind.
(3.10)

with

�
NLO EW

��ind.
= ��

LO

��
+ ��

NLO EW

��
+ ��

NLO EW

q�
, (3.11)

where �
LO
gg

, �
LO
��

and ��
NLO EW
��

only contributes for neutral final states, we consider three ap-
proaches. First, a purely additive prescription is defined as

�
NNLO QCD+EW = �

LO
qq̄

+ ��
NLO QCD

qq̄ + ��
NNLO QCD

qq̄ + �
LO
gg

+��
NLO EW
qq̄

+ �
LO
��

+ ��
NLO EW
q�

+ ��
NLO EW
��

. (3.12)

Second, we consider a multiplicate combination of the entire EW corrections with respect to the
�

NNLO QCD

qq̄ corrections,

�
NNLO QCD⇥EW = �

NNLO QCD

qq̄

✓
1 +

��
NLO EW

�
LO
qq̄

◆
+ �

LO

gg
. (3.13)

Third, we define a multiplicative combination only factorizing the qq̄-channels from the QCD cor-
rections,

�
NNLO QCD⇥EW

qq̄ + �
NLO EW

��ind.
= �

NNLO QCD

qq̄

✓
1 +

��
NLO EW

qq̄

�
LO
qq̄

◆
+ �

LO
gg

+ �
NLO EW

��ind.
(3.14)

In situations where QCD corrections are dominated by soft interactions well below the EW
scale and the EW corrections by Sudakov logarithms the factorised combinations (3.13), (3.14) can
be regarded as an improved prediction. Otherwise, the difference between the different approaches
should be considered as an estimate of unknown higher-order corrections of relative O(↵S↵).

3.3 Inclusive results

Differential distributions for ZZ, WW and ZW production with an inclusive event selection are
presented in Figs. 1–6. In every figure the left plots shows ZZ production, the middle plot shows
WW production and the right plot shows ZW production. Absolute predictions are shown in each
top panel, while relative QCD corrections at NLO (with respect to LO) and at NNLO (with respect
to NLO) and EW corrections (with respect to LO) are shown in the second panel. The corrections
in the different combinations for combining QCD and EW corrections are shown in the lower panel
with respect to NNLO QCD.

In Fig. 1 distributions in the transverse momentum of the leading vector boson, pT,V1 , are
shown, where the vector boson transverse momentum is reconstructed from the (recombined) final
state lepton momenta at MC truth level. In all three channels we observe the well-known ‘giant’
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Figure 1. Distributions in the transverse momentum of the leading vector boson in ZZ (left), WW

(center) and ZW (right) production at 13 TeV. The top panel shows absolute predictions at LO, NLO
QCD, NNLO QCD, NNLO QCD+EW and NNLO QCDxEW. The centre panel shows the individual EW
and QCD corrections, while the lower panel show corrections due to the different NNLO QCD and NLO
EW combinations with respect to NNLO QCD. Bands correspond to standard scale variation.

QCD K-factors, which generate NLO QCD corrections growing in pT and reaching up to 500-
1000% in the TeV range. These huge corrections originate from V +jet topologies with a second
softly radiated vector boson. Despite these giant NLO QCD corrections, the corresponding NNLO
corrections with respect to NLO are moderate, at the level of 30%-50% and rather stable over the
entire considered pT range. Here the dominant V +jet topologies are included at NLO and scale
uncertainties at NNLO QCD are at the 10% level.

Turning to the EW corrections shown in the second panel with respect to LO, in ZZ production
we observe the typical Sudakov behaviour with logarithmically growing negative corrections reaching
about �50% at pT,V1 = 1TeV. No such behaviour can be observed in WW or ZW production. Here,
the EW corrections are very small and increase with pT, even turning positive in the tails of the
distributions. This positive increase at high pT can be attributed to photon-induced Bremsstrahlung
contributions as depicted in Fig. ??. In the case of WW and ZW production there is a t-channel
contribution which receives a logarithmic enhancement at large energies. No such contribution
exists in the case of ZZ production.

At the combined level the giant QCD K-factors induce a pathological behaviour of the EW
corrections. In fact, in the additive prescription, eq. (3.12) the dominant V +jet topologies do not
receive any EW corrections resulting in a significant underestimate of the higher-order EW cor-
rections in this combination. In the standard multiplicative combination, eq. (3.13), the photon-
induced Bremsstrahlung induces a similarly pathological behaviour in WW and ZW production,
whereas the modified multiplicative combination, eq. (3.14), yields a Sudakov behaviour with in-
creasing EW corrections for all three considered channels. Still, the difference between the different
QCD-EW combinations should be interpreted as an uncertainty. This would results in O(1) uncer-
tainties at large pT for all channels, thus by far exceeding NNLO scale uncertainties. In Section 3.4
we investigate the possibility to tame such a pathological behaviour via an appropriate jet veto.
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Figure 7. Distributions in the transverse momentum of the leading vector boson in ZZ (left), WW (center)
and ZW (right) production at 13TeV subject to the jet veto defined in eq. (??). Predictions and labels as
in Fig. 1.
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Figure 8. Distributions in the transverse momentum of the leading lepton in ZZ (left), WW (center) and
ZW (right) production at 13TeV subject to the jet veto defined in eq. (??). Predictions and labels as in
Fig. 1.

– 9 –

jet veto
H

jet
T < 0.2H lep

T

•NLO QCD/LO=~<1.5  
(“normal K-factor”)

•Reliable estimate of O(as a) from
    

   Here: 5-10% in TeV range

•Small difference in treatment of
  photon induced contributions.

General remarks on EW corrections for VV production Combination of QCD and EW corrections

Combination of QCD and EW corrections and setup/

Combination of (N)NLO QCD and NLO EW corrections:

additive: d�(N)NLO

QCD+EW
= d�LO(1+ �(N)NLO

QCD
+ �EW) + d�ggLO

multiplicative: d�(N)NLO

QCD⇥EW
= d�LO(1 + �(N)NLO

QCD
)(1 + �EW) + d�ggLO

,! can cover (universal) dominant e↵ects of mixed QCD–EW corrections
(uncertainty estimate needed: to which extent?).

But: Only applicable if assumption of factorization is justified.

Setup of calculation (simplified selection, only for illustration purposes):

EW input and renormalization in Gµ scheme.

Uncertainties from 7-point scale variation around µR = µF = 1
2 (ET,V1 + ET,V2).

PDF set NNPDF31 nnlo as 0118 luxqed( nf 4) at each order.

Only very basic set of phase-space selections:

60GeV < m`` < 120GeV for each SFOS lepton pair,
pT,` > 25GeV for each lepton, pT,miss > 25GeV,
lepton–photon recombination for dR(�, `) < 0.1.

Two setups: inclusive and with jet-veto (HT,jet < 0.2HT,lep).

Stefan Kallweit (UNIMIB) Combination of NNLO QCD and NLO EW in VV April 19, 2019, LHCEWWG-MB 12 / 20
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pT,`1 [GeV]

d
�
/
d
�
N
N
L
O

Q
C
D
�
1[
%
]

20001000500200100

+20

0

�20

�40

�60

�80

�100
NNLO QCD⇥EW (�-ind. added)
NNLO QCD⇥EW
NNLO QCD+EW
NNLO QCD

pT,`1 [GeV]

d
�
/
d
�
N
N
L
O

Q
C
D
�
1[
%
]

20001000500200100

+20

0

�20

�40

�60

�80

�100

K
�
fa
ct
or

20

10

5

2

1

0.5

0.2

0.1

0.05
NNLO QCD/NLO QCD
NLO QCD/LO
NLO EW/LO

K
�
fa
ct
or

20

10

5

2

1

0.5

0.2

0.1

0.05

d
�
/
d
p
T
,
`
1
[f
b
/
G
eV

]

LHC
p
s = 13TeVpp ! e�e+⌫µ⌫̄µ

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

10�8

10�9 NNLO QCD⇥EW
NNLO QCD+EW
NNLO QCD
NLO QCD
NLO EW
LO

d
�
/
d
p
T
,
`
1
[f
b
/
G
eV

]

LHC
p
s = 13TeVpp ! e�e+⌫µ⌫̄µ

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

10�8

10�9

pT,`1 [GeV]

d
�
/
d
�
N
N
L
O

Q
C
D
�
1[
%
]

20001000500200100

+20

0

�20

�40

�60

�80

�100
NNLO QCD⇥EW (�-ind. added)
NNLO QCD⇥EW
NNLO QCD+EW
NNLO QCD

pT,`1 [GeV]

d
�
/
d
�
N
N
L
O

Q
C
D
�
1[
%
]

20001000500200100

+20

0

�20

�40

�60

�80

�100

K
�
fa
ct
or

20

10

5

2

1

0.5

0.2

0.1

0.05
NNLO QCD/NLO QCD
NLO QCD/LO
NLO EW/LO

K
�
fa
ct
or

20

10

5

2

1

0.5

0.2

0.1

0.05

d
�
/
d
p
T
,
`
1
[f
b
/
G
eV

]

LHC
p
s = 13TeVpp ! e�µ+

⌫µ⌫̄e

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

10�8

10�9 NNLO QCD⇥EW
NNLO QCD+EW
NNLO QCD
NLO QCD
NLO EW
LO

d
�
/
d
p
T
,
`
1
[f
b
/
G
eV

]

LHC
p
s = 13TeVpp ! e�µ+

⌫µ⌫̄e

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

10�8

10�9

pT,`1 [GeV]

d
�
/
d
�
N
N
L
O

Q
C
D
�
1[
%
]

20001000500200100

+20

0

�20

�40

�60

�80

�100
NNLO QCD⇥EW (�-ind. added)
NNLO QCD⇥EW
NNLO QCD+EW
NNLO QCD

pT,`1 [GeV]

d
�
/
d
�
N
N
L
O

Q
C
D
�
1[
%
]

20001000500200100

+20

0

�20

�40

�60

�80

�100

K
�
fa
ct
or

20

10

5

2

1

0.5

0.2

0.1

0.05
NNLO QCD/NLO QCD
NLO QCD/LO
NLO EW/LO

K
�
fa
ct
or

20

10

5

2

1

0.5

0.2

0.1

0.05

d
�
/
d
p
T
,
`
1
[f
b
/
G
eV

]

LHC
p
s = 13TeVpp ! e�e+µ⌫

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

10�8

10�9 NNLO QCD⇥EW
NNLO QCD+EW
NNLO QCD
NLO QCD
NLO EW
LO

d
�
/
d
p
T
,
`
1
[f
b
/
G
eV

]

LHC
p
s = 13TeVpp ! e�e+µ⌫

1

10�1

10�2

10�3

10�4

10�5

10�6

10�7

10�8

10�9

Figure 5. Distributions in the transverse momentum of the leading lepton in ZZ (left), WW (center) and
ZW (right) production at 13TeV. Predictions and labels as in Fig. 1.
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Figure 6. Distributions in the transverse missing momentum in ZZ (left), WW (center) and ZW (right)
production at 13TeV. Predictions and labels as in Fig. 1.
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inclusive

•Same features as pTV1
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Figure 7. Distributions in the transverse momentum of the leading vector boson in ZZ (left), WW (center)
and ZW (right) production at 13TeV subject to the jet veto defined in eq. (??). Predictions and labels as
in Fig. 1.
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Figure 8. Distributions in the transverse momentum of the leading lepton in ZZ (left), WW (center) and
ZW (right) production at 13TeV subject to the jet veto defined in eq. (??). Predictions and labels as in
Fig. 1.
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Figure 2. Distributions in the transverse momentum of the trailing vector boson in ZZ (left), WW (center)
and ZW (right) production at 13TeV. Predictions and labels as in Fig. 1.

In stark contrast to the results obtained for the leading vector boson we show results for the
trailing vector boson in Fig. 2. There is no sign of giant K-factors in the QCD corrections and
the EW corrections show a typical Sudakov behaviour for all production channels. The NLO QCD
corrections are largest for ZW production, due to the well known ‘radiation zero’ at LO [], and
here they reach up to 60% at low pT and decrease for high pT. Similarly also the NNLO corrections
decrease to the few percent level at large pT, where also scale variation uncertainties at NNLO
become very small, down to the percent level. A similar behaviour is observed for ZZ and WW

production, with overall smaller QCD corrections. The EW corrections are largest for ZZ and WW

production reaching 50-60% in the TeV range and are slightly smaller for ZW production reaching
30-40% here. At the combined level all three approaches eqs. (3.12)–(3.14) yield reliable results
and the differences between the different approaches can be interpreted as an estimate of missing
relative O(↵S↵) corrections, which are at the 10% level for large pT. Due to the very small NNLO
scale uncertainties these are in fact the dominant perturbative uncertainties at large pT,V2 . The
difference between the two multiplicative combinations, eqs. (3.13)–(3.14), is negligible for all three
considered processes.

We observe a qualitatively similar behaviour as for the trailing vector boson looking at the
diboson invariant mass distributions shown in Fig. 4

3.4 Results with a jet-veto

4 Summary and conclusions
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Combination of (N)NLO QCD and NLO EW corrections:
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QCD+EW
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QCD
+ �EW) + d�ggLO

multiplicative: d�(N)NLO

QCD⇥EW
= d�LO(1 + �(N)NLO

QCD
)(1 + �EW) + d�ggLO

,! can cover (universal) dominant e↵ects of mixed QCD–EW corrections
(uncertainty estimate needed: to which extent?).

But: Only applicable if assumption of factorization is justified.

Setup of calculation (simplified selection, only for illustration purposes):

EW input and renormalization in Gµ scheme.

Uncertainties from 7-point scale variation around µR = µF = 1
2 (ET,V1 + ET,V2).

PDF set NNPDF31 nnlo as 0118 luxqed( nf 4) at each order.

Only very basic set of phase-space selections:

60GeV < m`` < 120GeV for each SFOS lepton pair,
pT,` > 25GeV for each lepton, pT,miss > 25GeV,
lepton–photon recombination for dR(�, `) < 0.1.

Two setups: inclusive and with jet-veto (HT,jet < 0.2HT,lep).
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Figure 3. Distributions in the invariant mass of the diboson system in ZZ (left), WW (center) and ZW

(right) production at 13TeV. Predictions and labels as in Fig. 1.
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Figure 4. Distributions in the invariant mass of the diboson system in ZZ (left), WW (center) and ZW

(right) production at 13TeV. Predictions and labels as in Fig. 1.
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jet veto yields reduced  
uncertainties due to  
O(as a) uncertainties at 
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Figure 3. Distributions in the invariant mass of the diboson system in ZZ (left), WW (center) and ZW

(right) production at 13TeV. Predictions and labels as in Fig. 1.
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Figure 4. Distributions in the invariant mass of the diboson system in ZZ (left), WW (center) and ZW

(right) production at 13TeV. Predictions and labels as in Fig. 1.
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Figure 5. Distributions in the transverse momentum of the leading lepton in ZZ (left), WW (center) and
ZW (right) production at 13TeV. Predictions and labels as in Fig. 1.
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Figure 6. Distributions in the transverse missing momentum in ZZ (left), WW (center) and ZW (right)
production at 13TeV. Predictions and labels as in Fig. 1.
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• in WW at large MET>MW: 
W’s are forced off-shell 

off-shell vector-boson pair production at NLO QCD+EW
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‣ jump in QCD corrections   
(extra jet unlocks back-to-back configuration) 

‣ very large EW corrections: up to 50% (WW/ZZ dependent!) 

‣ WW-ZZ interference very suppressed (as expected from LO)
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Figure 1. Sample of Born diagrams contributing to 2`2⌫ production in the different-flavour case (` 6= `�)
and in the same-flavour case (` = `�). Both double-resonant (a,b) and single-resonant (c) diagrams are
shown.
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Figure 2. Sample of Born diagrams contributing to 2`2⌫ final states only in the case of same lepton flavour
(neutrinos can have flavour `� = ` or `� 6= `). Both double-resonant (a) and single-resonant (b) diagrams
are shown.

In our calculation we do not apply any resonance approximation, but include the full set of
Feynman diagrams that contribute to pp ! 2`2⌫ at each perturbative order, thereby including all
sub-dominant contributions with single- and non-resonant diagrams besides the dominant double-
resonant ones. All off-shell effects, interferences and spin correlations are consistently taken into
account, treating resonances in the complex-mass scheme [33] throughout.

At LO, the DF process pp ! e
+
µ
�
⌫e⌫̄µ, is dominated by resonant W+

W
� production in the qq̄

channel and subsequent decays. The full set of Feynman diagrams contributing to pp ! e
+
µ
�
⌫e⌫̄µ

will be referred to as DFWW channel. Representative tree-level diagrams both for double-resonant
and sub-leading contributions are shown in Fig. 1.

The situation in the SF case is more involved since its signature can be produced by different
partonic processes, pp ! e

+
e
�
⌫µ/⌧ ⌫̄µ/⌧ and pp ! e

+
e
�
⌫e⌫̄e. Their final states are indistinguishable

on an event-wise level, as the produced neutrinos can only be detected as missing transverse energy
and their flavours cannot be resolved. Consequently, predictions for e+e�+ 6ET production originate
as the incoherent sum over all three possible neutrino-flavour contributions.

The SF process pp ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ is dominated by resonant ZZ production in qq̄ annihi-

lation and subsequent Z ! e
+
e
� and Z ! ⌫⌫̄ decays. Such double-resonant contributions are

accompanied by all allowed topologies with sub-leading resonance structures, including diagrams
with �

⇤
! e

+
e
� subtopologies, as well as other single- and non-resonant topologies. The full set of

Feynman diagrams contributing to pp ! e
+
e
�
⌫µ/⌧ ⌫̄µ/⌧ will be referred to as SFZZ channel. Sample

tree-level diagrams are depicted in Fig. 2.
Finally, the SF process pp ! e

+
e
�
⌫e⌫̄e proceeds both via W

+
W

� and ZZ diboson resonances.
The corresponding amplitudes are built by coherently summing over all diagrams entering the
two previously discussed DFWW and SFZZ channels. Consequently, this channel is referred to as
SFWW/ZZ channel, and all diagrams shown in Figs. 1–2 are representatives of the tree-level diagrams
contributing here.

Due to the fact that the phase-space regions with resonant intermediate W
+
W

� and ZZ states
are typically distinct, the assumption is justified that the SFWW/ZZ cross section is dominated by
the incoherent sum of double-resonant contributions of one and the other type, while the effect of
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• very large NLO QCD  
corrections (back-to-back  
opens up)  

• large gamma-induced 
(also here Bremsstrahlung  
opens up back-to-back)

inclusive
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Figure 9. Distributions in the transverse missing momentum in ZZ (left), WW (center) and ZW (right)
production at 13TeV subject to the jet veto defined in eq. (??). Predictions and labels as in Fig. 1.
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jet-veto

jet veto yields reduced  
uncertainties due to  
O(as a) uncertainties at 
large MET



Conclusions

measure

 

• NNLO QCD + NLO EW available in MATRIX+OpenLoops for all (massive) diboson processes
• soon public
• V+gamma in the making 

• QCD uncertainties at NNLO often reach few percent level.
• EW corrections enhanced at high energies reaching several tens of percent.
• In observables subject to ‘giant K-factors’: QCD+EW vs. QCDxEW introduces O(1) uncert.
• Can be cured via jet-veto.
• Relevant contribution of photon-induced processes

‣ Open issues:
‣ When measuring diboson processes at large pTV1/MET/mVV  
 should always a jet veto be considered? Increased sensitivity to aTGCs?
‣ How to obtain reliable inclusive predictions? In particular relevant for background simulations.
➡ MEPS@NLO multi-jet merging including EW corrections (see V+jets, 1511.08692)
➡ how to retain NNLO QCD precision?
‣ How to estimate NNLO EW - O(α2)?
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Relevance of EW higher-order corrections I

Numerically                                     NLO EW ~ NNLO QCD  

Possible large (negative) enhancement due to soft/collinear logs from virtual EW gauge bosons: 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Figure 5: Transverse-momentum distribution for W -boson production at the LHC.
(a) LO distribution for pp→W+j and pp→W−j. (b) Relative NLO (dotted), NLL
(thin solid), NNLL (squares) and NNLO (thick solid) electroweak correction wrt. the
LO distribution for pp→W+j. (c) Relative NLO (dotted), NLL (thin solid), NNLL
(squares) and NNLO (thick solid) electroweak correction wrt. the LO distribution
for pp→W−j.
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Figure 5: Transverse-momentum distribution for W -boson production at the LHC.
(a) LO distribution for pp→W+j and pp→W−j. (b) Relative NLO (dotted), NLL
(thin solid), NNLL (squares) and NNLO (thick solid) electroweak correction wrt. the
LO distribution for pp→W+j. (c) Relative NLO (dotted), NLL (thin solid), NNLL
(squares) and NNLO (thick solid) electroweak correction wrt. the LO distribution
for pp→W−j.
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pp → W++j

[Kühn et. al.; 2007]

co
rr.

O(↵) ⇠ O(↵2
s) )EW Sudakov logarithms at Q ⇠ TeV � MW

Soft/collinear logarithms from virtual EW bosons [Bauer, Becher, Ciafaloni,

Comelli, Denner, Fadin, Kühn, Lipatov, Manohar Martin, Melles, Penin, S.P., Smirnov, . . . ]

Z, W
± bosons ⇠ light particles at ŝ � M

2

W,Z

) large logarithms of IR type

�,Z, W±

Universality and factorisation [Denner,S.P. ’01]
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) EW corrections important for SM tests and BSM searches at TeV scale
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Universality and factorisation: [Denner, Pozzorini; ’01] 

➜ overall large effect in the tails of distributions: pT, minv, HT,…

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



Relevance of EW higher-order corrections II

Real photon radiation
• soft/coll. photon unresolved
• needed to cancel QED singularities

Photon initial states
• QED factorisation needed to absorb IS photon singularities
• possible strong enhancement, e.g. for VV

Real W,Z,h radiation (HBR)
• partial cancellation with virtual Sudakov logs (KLN theorem not applicable) 

(strongly dependent on experimental selection)
• free from singularities ⟹ separate processes 
• themselves receive large virtual EW corrections  

& inclusion requires care (double-counting issues) 

        

EW Sudakov logarithms III

Real photon emission

mandatory since soft/collinear � unresolved

cancels QED singularities

�

Real Z,W emission [Ciafaloni,. . . ]

not mandatory since Z,W always resolved (in principle)

even for inclusive case: only partial ln(ŝ/MW ) cancellation

$ free SU(2) charges, collinear IS logs, kinematic MZ,W e↵ects

Z,W
±

W,Z emissions in practice

free from singularities ) trivial LO implementation as separate processes with extra
W/Z (di↵erent physics!)

typically modest ln(ŝ/MW ) cancellation (strongly process/observable dependent)
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Other physically/technically nontrivial NLO EW features I

Cancellation of FS Photon singularities

requires IR subtraction method [Catani,Dittmaier,Seymour,

Trocsanyi; Frixione, Kunszt, Signer]

QED–QCD IR interplay requires nontrivial definition of
unresolved photons (e.g. q ! q� fragmentation)

leptons can receive significant corrections

�

Cancellation of IS Photon singularities

requires QED factorisation and PDF evolution [MRST2004, NNPDF2.3]

�-induced processes ) possible TeV scale enhancements (large uncertainty)

�

�

S. Pozzorini (Zurich University) Top Physics Top2014 12 / 36


