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• Part 2: Electro-Weak corrections in VBS
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Objectives

• Compare the various approximations employed in 
computer codes, in the VBS fiducial region and in a 
more inclusive phase space

• Assess the effect of higher-order (NLO) QCD 
corrections on these approximations

• Analyse how the matching to parton showers and the 
underlying details affect the results

• Use same-sign W+ production as a case study. 
Qualitative features similar in other VBS processes.
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Fig. 2: Di�erential distribution in the di-jet invariant mass mjj (left) and the di�erence of the jet rapidities |∆yjj|

(right) for the three LO contributions to the process pp æ µ
+

‹µe+
‹ejj. The EW contribution is in red, the QCD

one in orange, and the interference one in grey. The sum of all the contributions is in blue. The cuts applied are
the ones of Sec. 3.3 but no cuts on mjj and |∆yjj| are applied.
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Fig. 3: Double-di�erential distributions in the variables mjj and |∆yjj| for the three LO contributions of orders
O(–6) (top left), O(–s–

5) (top right), and O(–2
s –

4) (bottom). The cuts applied are the ones of Sec. 3.3 but no
cuts on mjj and |∆yjj| are applied.
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e+μ+ννjj production
• W+W+jj has three coupling combinations at LO, four at NLO (all computed in 

Biedermann et al, arXiv:1708.00268, see Part 2):

• The vector-boson scattering (VBS) contribution is typically considered the signal, while 
the QCD-induced is a background

• Within typical VBS cuts (large dijet invariant mass and rapidity separation), at LO the EW 
contribution to the cross-section is ~85%, QCD is ~10% and the interference is very 
small (<5%)

• However, the EW contribution is not just VBS…
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Figure 1: Sample tree-level diagrams that contribute to the process pp → µ+νµe+νejj.

of order O
(

α2
sα

4
)

, and interferences of the order O
(

αsα5
)

. Owing to the colour structure,

these interferences occur only if diagrams of different quark flow between initial and final state

are multiplied with each other. Thus, order-O
(

αsα5
)

contributions appear only in partonic

channels that involve contributions of two different kinematic channels (s, t, u). For example,

in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams

(top row) necessarily vanishes due to colour structure, while the corresponding contraction

with the EW s-channel background diagrams (bottom left and bottom middle) leads to a

non-zero interference contribution at order O
(

αsα5
)

. We stress that we include in our cal-

culation all possible contributions at the orders O
(

α6
)

, O
(

αsα5
)

, and O
(

α2
sα

4
)

that belong

to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels

is given in Table 1, which provides also information on contributing kinematic channels and

interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This

leads to four possible NLO orders: O
(

α7
)

, O
(

αsα6
)

, O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

. The situation

is represented graphically in Fig. 2.1 The order O
(

α7
)

contributions are simply the NLO EW

corrections to the EW-induced LO processes. They have already been presented in Ref. [15]

for a fixed scale. Similarly, the order O
(

α3
sα

4
)

contributions furnish the QCD corrections to

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

For the orders O
(

αsα6
)

and O
(

α2
sα

5
)

, a simple separation of the EW-induced process

and the QCD-induced process is not possible any more, also for the dominant uu partonic

channel. Indeed, the order O
(

αsα6
)

contains QCD corrections to the VBS process as well as

EW corrections to the LO interference. The QCD corrections have already been computed

in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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Anatomy of the EW contribution

• Besides diagrams involving VBS, tri-boson production and diagrams with 
off-shell bosons also lead to the same final-state

• After VBS cuts, the latter two contributions are strongly suppressed
• Approaches employed in different codes vary from being pragmatic (just 

including VBS-like, i.e. t/u channel diagrams) to being very rigorous (include 
everything)
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Fig. 1: Sample tree-level diagrams that contribute to the process pp æ µ
+

‹µe+
‹ejj at order O

!
–

6"
. In addition

to typical VBS contributions (left), this order also possesses s-channel contributions such as decay chain (middle)
and tri-boson contributions (right).

The second coupling combination of order O
!
–

2
s –

4"

corresponds to diagrams with a gluon connecting the
two quark lines, and with the W bosons radiated o�
the quark lines. Because of the di�erent colour struc-
ture, this contribution features a di�erent kinematic be-
haviour than VBS. Nonetheless it shares the same fi-
nal state, and therefore constitutes an irreducible back-
ground to the EW process.

Finally, the third contribution of order O
!
–s–

5"
is

the interference of the two types of amplitudes described
above. It is non-zero only for those partonic sub-processes
which involve identical quarks or anti-quarks. Such a
contribution is usually small (3%) within typical ex-
perimental cuts [18].

In experimental measurements, special cuts, called
VBS cuts, are designed to enhance the EW contribu-
tion over the QCD one and to suppress the interference.
These cuts are based on the di�erent kinematical be-
haviour of the contributions. The EW contribution is
characterised by two jets with large rapidities as well
as a large di-jet invariant mass. The two W bosons
are mostly produced centrally. This is in contrast to
the QCD contribution which favours jets in the central
region. Therefore, the event selection usually involves
rapidity-di�erence and invariant-mass cuts for the jets.
Note that, as pointed out in Ref. [18], when considering
full amplitudes, the separation between EW and QCD
production becomes ill defined. Hence, combined mea-
surements which are better theoretically defined should
be preferably performed by the experimental collabora-
tions at the LHC.

3 Details of the calculations

3.1 Theoretical predictions for VBS

We now discuss the various approximations which are
implemented in computer programs for the EW con-

tribution at order O
!
–

6"
. Since we are mostly inter-

ested in the scattering of two W bosons, which includes
the quartic gauge-boson vertex, it may appear justi-
fied to approximate the full process by considering just
those diagrams which contain the 2 æ 2 scattering pro-
cess as a sub-part. However, this set of contributions is
not gauge invariant. In order to ensure gauge invari-
ance, an on-shell projection of the incoming and out-
going W bosons should be performed. While this can
be done in the usual way for the time-like outgoing W
bosons, the treatment of the space-like W bosons emit-
ted from the incoming quarks requires some care. Fol-
lowing Refs. [21, 22] these W-boson lines can be split,
the W bosons entering the scattering process can be
projected on-shell, and the emission of the W bosons
from the quarks can be described by vector-boson lu-
minosities. Such an approximation is usually called ef-
fective vector-boson approximation (EVBA) [23–25].

An improvement of such an approximation consists
in considering all t- and u-channel diagrams and squar-
ing them separately, neglecting interference contribu-
tions between the two classes. These interferences are
expected to be small in the VBS fiducial region, as they
are both phase-space and colour suppressed [17, 11].
The s-channel squared diagrams and any interferences
between them and the t/u-channels are also discarded.
This approximation is often called t-/u- approximation,
VBF, or even VBS approximation. We adopt the latter
denomination in the following. This approximation is
gauge-invariant, a fact that can be appreciated by con-
sidering the two incoming quarks as belonging to two
di�erent copies of the SU(3) gauge group.

A further refinement is to add the squared matrix
element of the s-channel contributions to the VBS ap-
proximation.

The approximations performed at LO can be ex-
tended when NLO QCD corrections to the order O

!
–

6"

are computed. The VBS approximation can be extended
at NLO in a straightforward manner for what con-

5

Code O(–6) s, t, u O(–6) interf. Non-res. NLO NF QCD EW corr. to
order O(–s–5)

Bonsay t, u No Yes, virt. No Yes No No
Powheg t, u No Yes Yes No No

MG5_aMC s, t, u Yes Yes Yes virt. No No
MoCaNLO+Recola s, t, u Yes Yes Yes Yes Yes

PHANTOM s, t, u Yes Yes No - -
VBFNLO s, t, u No Yes Yes No No
Whizard s, t, u Yes Yes No - -

Table 1: Summary of the di�erent properties of the computer programs employed in the comparison.

ployed.6 Initial-state collinear singularities are factorised
according to the MS scheme, consistently with what is
done in NNPDF.

For the massive particles, the following masses and
decay widths are used:

mt = 173.21 GeV, ≈t = 0 GeV,

M
OS
Z = 91.1876 GeV, ≈

OS
Z = 2.4952 GeV,

M
OS
W = 80.385 GeV, ≈

OS
W = 2.085 GeV,

MH = 125.0 GeV, ≈H = 4.07 ◊ 10≠3 GeV.

(2)

The measured on-shell (OS) values for the masses and
widths of the W and Z bosons are converted into pole
values for the gauge bosons (V = W, Z) according to
Ref. [80],

MV = M
OS
V /

Ò
1 + (≈ OS

V /M
OS
V )2 ,

≈V = ≈
OS
V /

Ò
1 + (≈ OS

V /M
OS
V )2.

(3)

The EW coupling is renormalised in the Gµ scheme [30]
according to

– =
Ô

2
fi

GµM
2
W

3
1 ≠

M
2
W

M
2
Z

4
, (4)

with

Gµ = 1.16637 ◊ 10≠5 GeV≠2
, (5)

and where M
2
V corresponds to the real part of the squared

pole mass. The numerical value of –, corresponding to
the choice of input parameters is

1/– = 132.3572 . . . . (6)

The Cabibbo–Kobayashi–Maskawa matrix is assumed
to be diagonal, meaning that the mixing between di�er-
ent quark generations is neglected. The complex-mass
scheme [58, 60, 61] is used throughout to treat unstable
intermediate particles in a gauge-invariant manner.
6The corresponding identifier lhaid in the program
LHAPDF6 [79] is 260000.

The central value of the renormalisation and factori-
sation scales is set to

µren = µfac = Ô
pT,j1 pT,j2 , (7)

defined via the transverse momenta of the two hardest
jets (identified with the procedure outlined in the fol-
lowing), event by event.7 This choice of scale has been
shown to provide stable NLO-QCD predictions [11].

Following experimental measurements [1, 4, 2, 81],
the event selection used in the present study is:
– The two same-sign charged leptons are required to

fulfil cuts on transverse momentum, rapidity, and
separation in the rapidity–azimuthal-angle separa-
tion,

pT,¸ > 20 GeV, |y¸| < 2.5, ∆R¸¸ > 0.3 . (8)

– The total missing transverse momentum, computed
from the vectorial sum of the transverse momenta
of the two neutrinos, is required to be

pT,miss > 40 GeV . (9)

– QCD partons (light quarks and gluons) are clustered
together using the anti-kT algorithm [82], possibly
using the FastJet implementation [83], with dis-
tance parameter R = 0.4. We impose cuts on the
jets’ transverse momenta, rapidities, and their sep-
aration from leptons,

pT,j > 30 GeV, |yj| < 4.5, ∆Rj¸ > 0.3 .

(10)
VBS cuts are applied on the two jets with largest
transverse momentum, unless otherwise stated. In
particular, we impose a cut on the invariant mass
of the di-jet system, as well as on the rapidity sep-
aration of the two jets,

mjj > 500 GeV, |∆yjj| > 2.5, (11)

if not explicitly stated otherwise.
7By default, the renormalisation and factorisation scales em-
ployed in the Powheg-Box slightly di�er from the ones de-
fined in Eq. (7), as the momenta of two final-state quarks in
the underlying Born event are employed instead of those of the
two hardest jets.
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Anatomy of the EW contribution
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t-channel s-channel Factorizable  
QCD corr.

Non-Factorizable  
QCD corr.

Off-shell and non resonant
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Table 1: Summary of the di�erent properties of the computer programs employed in the comparison.

ployed.6 Initial-state collinear singularities are factorised
according to the MS scheme, consistently with what is
done in NNPDF.

For the massive particles, the following masses and
decay widths are used:

mt = 173.21 GeV, ≈t = 0 GeV,

M
OS
Z = 91.1876 GeV, ≈

OS
Z = 2.4952 GeV,

M
OS
W = 80.385 GeV, ≈

OS
W = 2.085 GeV,

MH = 125.0 GeV, ≈H = 4.07 ◊ 10≠3 GeV.

(2)

The measured on-shell (OS) values for the masses and
widths of the W and Z bosons are converted into pole
values for the gauge bosons (V = W, Z) according to
Ref. [80],

MV = M
OS
V /

Ò
1 + (≈ OS

V /M
OS
V )2 ,

≈V = ≈
OS
V /

Ò
1 + (≈ OS

V /M
OS
V )2.

(3)

The EW coupling is renormalised in the Gµ scheme [30]
according to

– =
Ô

2
fi

GµM
2
W

3
1 ≠

M
2
W

M
2
Z

4
, (4)

with

Gµ = 1.16637 ◊ 10≠5 GeV≠2
, (5)

and where M
2
V corresponds to the real part of the squared

pole mass. The numerical value of –, corresponding to
the choice of input parameters is

1/– = 132.3572 . . . . (6)

The Cabibbo–Kobayashi–Maskawa matrix is assumed
to be diagonal, meaning that the mixing between di�er-
ent quark generations is neglected. The complex-mass
scheme [58, 60, 61] is used throughout to treat unstable
intermediate particles in a gauge-invariant manner.
6The corresponding identifier lhaid in the program
LHAPDF6 [79] is 260000.

The central value of the renormalisation and factori-
sation scales is set to

µren = µfac = Ô
pT,j1 pT,j2 , (7)

defined via the transverse momenta of the two hardest
jets (identified with the procedure outlined in the fol-
lowing), event by event.7 This choice of scale has been
shown to provide stable NLO-QCD predictions [11].

Following experimental measurements [1, 4, 2, 81],
the event selection used in the present study is:
– The two same-sign charged leptons are required to

fulfil cuts on transverse momentum, rapidity, and
separation in the rapidity–azimuthal-angle separa-
tion,

pT,¸ > 20 GeV, |y¸| < 2.5, ∆R¸¸ > 0.3 . (8)

– The total missing transverse momentum, computed
from the vectorial sum of the transverse momenta
of the two neutrinos, is required to be

pT,miss > 40 GeV . (9)

– QCD partons (light quarks and gluons) are clustered
together using the anti-kT algorithm [82], possibly
using the FastJet implementation [83], with dis-
tance parameter R = 0.4. We impose cuts on the
jets’ transverse momenta, rapidities, and their sep-
aration from leptons,

pT,j > 30 GeV, |yj| < 4.5, ∆Rj¸ > 0.3 .

(10)
VBS cuts are applied on the two jets with largest
transverse momentum, unless otherwise stated. In
particular, we impose a cut on the invariant mass
of the di-jet system, as well as on the rapidity sep-
aration of the two jets,

mjj > 500 GeV, |∆yjj| > 2.5, (11)

if not explicitly stated otherwise.
7By default, the renormalisation and factorisation scales em-
ployed in the Powheg-Box slightly di�er from the ones de-
fined in Eq. (7), as the momenta of two final-state quarks in
the underlying Born event are employed instead of those of the
two hardest jets.
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Setup, cuts and parameters

• Couplings, masses and widths

• NNPDF 3.0 PDFs, αs(MZ)=0.118, μ2R/F=pT(j1)·pT(j2)

• Selection cuts:
• At least two (anti-kT,R=0.4) jets with pT>30 GeV, |y|<4.5, with jet-lepton 

distance ΔRjl>0.3
• The two hardest jet must have Δy>2.5, mjj>500 GeV
• Two leptons with pT>20 GeV, |y|<2.5, ETmiss>40 GeV
• Lepton-lepton distance: ΔRll>0.3

0.1 Input parameters

- Centre-of-mass energy of 13TeV at the LHC.
- Parton distribution function (PDF): NNPDF-3.0 at NLO with ↵s (MZ) = 0.118
(we use it at both LO and NLO). The LHAPDF ID for this set is 260000.
- Flavour scheme: fixed NF = 5 flavour scheme ( no bottom quark appear in the
final or initial state). This means that the bottom quark is considered massless.
- Photon induced are neglected (for now).
- Renormalisation scheme: complex-mass scheme if possible. If other schemes
are used, we have to estimate the possible differences. - Factorisation scheme:
MS as for NNPDF.
- Scales: factorisation and renormalisation scale, µR = µF = MW.
- ↵: Gµ scheme with:

↵ =

p
2

⇡
GµM

2

W

✓
1�

M2

W
M2

Z

◆
with Gµ = 1.16637⇥ 10�5 GeV. (1)

The numerical value is: ↵ = 7.555310522369⇥ 10�3.
- Mass and width of the massive particles:

mt = 173.21GeV, �t = 0GeV,

MOS
Z = 91.1876GeV, �OS

Z = 2.4952GeV,

MOS
W = 80.385GeV, �OS

W = 2.085GeV,

MH = 125.0GeV, �H = 4.07⇥ 10�3 GeV. (2)

The pole masses and widths entering the calculation are expressed in terms of
the measured on-shell (OS) values for the W and Z bosons according to

MV = MOS
V /

q
1 + (�OS

V /MOS
V )2 , �V = �OS

V /
q

1 + (�OS
V /MOS

V )2. (3)

Hence the numerical values are

MZ = 91.1534806191827GeV, �Z = 2.494266378772824GeV,

MW = 80.3579736098775GeV, �W = 2.084298998278219GeV. (4)

- Experimental signature: two equally charged leptons, missing transverse en-
ergy and at least two jets.
- Clustering: QCD partons are clustered into jets using the anti-kT algorithm
with jet-resolution parameter R = 0.4. Photons from real radiation are re-
combined with the final-state quarks into jets or with the charged leptons into
dressed leptons, in both cases via the anti-kT algorithm and a resolution pa-
rameter R = 0.1 (this applies only when computing the EW corrections).
- Rapidity definition: y = 1

2
ln E+pz

E�pz
where E is the energy of the parton and pz

the component of its momentum along the beam axis.
- Distance definition:

�Rij =
q

(��ij)2 + (�yij)2, (5)

with

��ij =

(
|�i � �j | if |�i � �j | < ⇡

2⇡ � |�i � �j | else
(6)
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VBS approximation vs.
full computation
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Fig. 4: Ratios for double-di�erential distributions in the variables mjj and |∆yjj| at LO i.e. order O(–6) of approx-
imated squared amplitudes over the full matrix element. The approximated squared amplitudes are computed as
|A|

2
≥ |t|

2 + |u|
2 (left) and |A|

2
≥ |s|

2 + |t|
2 + |u|

2 (right). The cuts applied are the ones of Sec. 3.3 and no cuts
on mjj and |∆yjj| are applied.

Code ‡[fb]

Bonsay 1.43636 ± 0.00002
MG5_aMC 1.4304 ± 0.0007

MoCaNLO+Recola 1.43476 ± 0.00009
PHANTOM 1.4374 ± 0.0006

Powheg-Box 1.44092 ± 0.00009
VBFNLO 1.43796 ± 0.00005
Whizard 1.4381 ± 0.0002

Table 3: Cross sections at LO accuracy and order
O(–6). The predictions are obtained in the fiducial re-
gion described in Sec. 3.3. The uncertainties shown refer
to the estimated statistical errors of the Monte Carlo
integrations.

tagging jets which are key observables for VBS mea-
surements. In both cases we show the absolute distri-
butions in the upper plot, while the lower plot displays
the ratio over the predictions of MoCaNLO+Recola,
for which we also display the scale-uncertainty band
(seven-points variation as in Eq. (3.11) of Ref. [18]).
For both observables we find a relatively good agree-
ment among the various tools, which confirms the fact
that contributions from s-channel diagrams as well as
interferences are suppressed in the fiducial region. In
general, the agreement is at the level of 1% or below in
each bin. We have checked that the same level of agree-
ment holds for other standard di�erential distributions
such as rapidity, invariant mass, or transverse momen-
tum. This means that at LO, in the fiducial volume and
for energies relevant to the LHC, the VBS approxima-
tion is good to a per cent. This is in agreement with
the findings of Sec. 4.2 as the present comparison com-

pletely excludes the phase-space region where tri-boson
contributions could have a noticeable impact.

5 Next-to-leading order QCD

5.1 Inclusive comparison

According to the results of Secs. 4.1 and 4.2, the VBS
approximation at LO fails drastically in the region mjj <

200 GeV, |∆yjj| < 2. Therefore, we present an inclusive
study at NLO QCD for the EW component, namely the
order O(–s–

6) for the set-up described in Sec. 3.3 but
imposing the requirements mjj > 200 GeV and |∆yjj| >

2.
We compare three di�erent predictions at NLO QCD:

the VBS approximation implemented in Bonsay (dubbed
|t|

2 + |u|
2), the VBS approximation with the s-channel

contributions from VBFNLO (dubbed |s|
2+|t|

2+|u|
2),

and the full computation. The full computation em-
ploys exact matrix elements meaning that t/u/s inter-
ferences, factorisable and non-factorisable QCD correc-
tions, as well as EW corrections to the order O(–s–

5)
are included.

The total cross sections within the above-mentioned
kinematic cuts are shown in Tab. 4. The |t|

2 + |u|
2

approximation for NLO QCD predictions is lower by
about 6% than the full calculation. The inclusion of s-
channel diagrams improves the approximate prediction,
leading to an excess at the 3% level.

These di�erences are more evident in di�erential
distributions. In Fig. 6, we show the di�erential dis-
tributions in the di-jet invariant mass mjj and rapid-
ity separation |∆yjj|. For large mjj and large |∆yjj|, as
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plots provide the absolute value for each prediction while the lower plots present all predictions normalised to
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Fig. 7: Ratios for double-di�erential distributions in the variables mjj and |∆yjj| at NLO QCD i.e. at order O(–s–
6)

of the approximated squared amplitudes over the full matrix element. The approximated squared amplitudes are
computed as |A|

2
≥ |t|

2 + |u|
2 (left) and |A|

2
≥ |s|

2 + |t|
2 + |u|

2 (right). In addition to the cuts of Sec. 3.3, the
VBS cuts take the values mjj > 200 GeV and |∆yjj| > 2.

momentum, they have a similar behaviour. They both
diverge from the full computation towards larger trans-
verse momentum (about 10% at 1000 GeV). Regard-
ing the rapidity of the hardest jet, the two approxima-
tions have opposite behaviours. In the central region,
the |t|

2 + |u|
2 approximation di�ers by 12% with re-

spect to the full computation, while the |s|
2 + |t|

2 + |u|
2

one is good within 5%. In the peripheral region, the
|t|

2 + |u|
2 approximation is rather close to the full com-

putation (5%), while the |s|
2 + |t|

2 + |u|
2 one di�ers by

10%.

Concerning leptonic observables, we show in Fig. 9
the distributions in the di-lepton invariant mass and in
the Zeppenfeld variable of the electron, defined as

ze+ =
ye+ ≠

yj1 +yj2
2

|∆yjj |
. (12)

Analogous definitions are later also used for the Zeppen-
feld variable of the muon and of the third jet. The |s|

2 +
|t|

2 + |u|
2 predictions for me+µ+ agree rather well with

the full curve, obtained from MoCaNLO+Recola.
The prediction from Bonsay is about 10% lower around

LO
N

LO

• Very small differences at 
LO in the VBF-selection 
region

• s-channel (triboson) 
contribution mostly at 
low mjj-Δyjj

• interference visible at 
large mjj- low Δyjj

•At NLO, the impact of s-
channel contribution, 
even in the VBF-selection 
region, is larger

•Extra radiation reduces 
suppression at large mjj
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Comparison of codes at fixed-order
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Fig. 5: Di�erential distributions in the invariant mass (left) and rapidity di�erence of the two tagging jets (right)
at LO accuracy i.e. at order O(–6). The description of the di�erent programs used can be found in Sec. 3.2. The
upper plots provides the absolute value for each prediction while the lower plots presents all predictions normalised
to MoCaNLO+Recola which is one of the programs that provide the full prediction. The band corresponds to
a seven-point variation of the renormalisation and factorisation scales. The predictions are obtained in the fiducial
region described in Sec. 3.3.

Prediction ‡tot [fb] ”[%]

full 1.733 ± 0.002 -
|t|2 + |u|

2 1.6292 ± 0.0001 ≠6.0
|s|

2 + |t|2 + |u|
2 1.7780 ± 0.0001 +2.6

Table 4: Cross sections at NLO QCD i.e. at order
O(–s–

6) for the full computation and two approxima-
tions. In addition to the cuts of Sec. 3.3, the VBS cuts
take the values mjj > 200 GeV and |∆yjj| > 2. The
uncertainties shown refer to the estimated statistical
errors of the Monte Carlo programs.

expected, the VBS approximation is performing well
and its s-channel extension agrees with the full calcu-
lation within 10%. This is in contrast with the regions
200 GeV < mjj < 500 GeV and 2 < |∆yjj| < 2.5, where
the di�erence between the |t|

2 + |u|
2 approximation and

the full computation can be above 30%. The inclusion of
s-channel contributions cures partly this behaviour by
improving the approximation to about 10%. This tends
to indicate that interference contributions and/or non-
factorisable QCD corrections play a non-negligible role
in this phase-space region.

In order to investigate further the jet-pair kinemat-
ics, we study the double-di�erential distribution in the

variables mjj and |∆yjj|. In particular, in Fig. 7, we
compute in each bin the ratios of the approximated
cross sections over the full ones [‡(|t|2 + |u|

2)/‡(full)
and ‡(|s|

2 + |t|
2 + |u|

2)/‡(full)]. As expected, in the low
invariant-mass and low rapidity-separation region of the
jet pair (200 GeV < mjj < 500 GeV, 2 < |∆yjj| < 2.5)
the VBS approximation fails significantly (by more than
40%). Including the s-channel contributions leads to a
di�erence of less than 10% in this very region. How-
ever, in the region of large di-jet invariant mass and
low rapidity separation of the jets, the |s|

2 + |t|
2 + |u|

2

approximation overestimates the full computation by
more than 40%.9 Again, this seems to support the fact
that interferences and non-factorisable corrections can
be non-negligible in this region. On the other hand, in
the typical VBS region, the VBS approximation shows
a good agreement with the full computation as docu-
mented in detail in Sec. 5.2.

In Fig. 8, the distributions in the transverse momen-
tum of the hardest jet and its rapidity are shown. At
low transverse momentum, |t|

2+|u|
2 and |s|

2+|t|
2+|u|

2

approximations are lower and higher than the full com-
putation by about 20%, respectively. At high transverse
9The bin in the top-left corner of the right-hand-side plot of
Fig. 7 su�ers from large uncertainty (30%) while the other er-
rors are at the per-cent level.
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Fig. 10: Di�erential distributions in the invariant mass (left) and rapidity di�erence (right) of the two tagging jets
at NLO accuracy i.e. at order O(–s–

6). The description of the di�erent programs used can be found in Sec. 3.2. The
upper plots provide the absolute value for each prediction while the lower plots present all predictions normalised
to MoCaNLO+Recola which is the full prediction. The band corresponds to a seven-point variation of the
renormalisation and factorisation scales. The predictions are obtained in the fiducial region described in Sec. 3.3.

verse momentum between the latter predictions and the
full computation can be attributed to EW Sudakov log-
arithms that become large in this phase-space region.
While the predictions of Bonsay and Powheg are
rather close over the whole range, the one of VBFNLO
is very di�erent at low transverse momentum where it
is even higher than the full computation. We note that
for the transverse momentum of the second hardest jet,
the predictions from MG5_aMC are in good agree-
ment with the other VBS-approximated predictions.
Concerning the rapidity of the hardest jet, VBFNLO
is in good agreement with MoCaNLO+Recola in the
rapidity range |yj1 | < 3. For larger rapidity, the other
codes constitute a better description of the full process
at order O(–s–

6).
The last set of di�erential distributions is the invari-

ant mass of the two charged leptons (left) and the Zep-
penfeld variable for the anti-muon (right). Concerning
the comparison of the predictions, both distributions
display a rather similar behaviour. Indeed, the hier-
archy mentioned previously is here respected and en-
hanced towards high invariant mass or high Zeppenfeld
variable. The predictions of MoCaNLO+Recola and
VBFNLO are in rather good agreement for both dis-
tributions for the kinematic range displayed here. The
other three VBS approximations are close to each other
within few per cent.

In the end, the quality of the VBS approximations is
good up to 10% in the fiducial region. These di�erences
are larger than those at LO.

The contributions from the s-channel amplitude can
be sizeable especially at low invariant mass for the two
tagging jets (comparing the predictions of VBFNLO
against the ones of Bonsay and Powheg). This can
be explained by the fact that s-channel contributions
are less suppressed at NLO. As real radiation, an ex-
tra gluon-jet can be radiated from any of the strongly-
interacting particles while the two quarks originating
from the W-boson decay can be recombined in a single
jet. Therefore, the jet requirements (mjj > 500 GeV and
|∆yjj| > 2.5) that were suppressing s-channel contribu-
tions at LO are partially lifted with the inclusion of a
third jet at NLO. Such an e�ect has also been observed
for top–antitop production in the lepton+jet channel at
NLO QCD [84].

In phase-space regions where the s-channel contri-
butions are sizeable their interference with the t/u-
channel can be of similar size. This can be observed
by comparing the predictions of VBFNLO against the
ones of MG5_aMC.

Finally, the e�ect of EW corrections and non-factoris-
able contributions in the virtual corrections are usually
small. But they can be relatively large (about 10%) for
large transverse momentum of the hardest jet. These

•Baseline for comparison is 
MoCaNLO+Recola, most 
complete computation at LO 
and NLO (with scale-
uncertainty band)

•Different approximations give 
identical results at LO, within 
VBS cuts

•Larger differences (still below 
10%) appear at NLO:
•Powheg and Bonsay do not 

include tri-boson contributions 
→ suppression at small mjj

•VBFNLO includes tri-boson, 
but not the interference  
→ enhancement at small mjj
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Fig. 13: Di�erential distribution in the exclusive jet multiplicity from predictions matched to parton showers, at
LO (left) or NLO (right) accuracy (upper plot), compared with the fixed-NLO result computed with VBFNLO
(lower plot). At NLO+PS accuracy, for VBFNLO+Herwig7-Dipole, the three-point scale uncertainties are
shown, while for MG5_aMC+Pythia8 the darker and lighter bands correspond respectively to the nine-point
scale uncertainty and the scale and PDF uncertainties combined linearly. The predictions are obtained in the
fiducial region described in Sec. 3.3.
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Fig. 14: Di�erential distribution in the invariant mass of the two tagging jets from predictions matched to parton
showers, at LO (left) or NLO (right) accuracy (upper plot), compared with the fixed-NLO result computed
with VBFNLO (lower plot). At NLO+PS accuracy, for VBFNLO+Herwig7-Dipole, the three-point scale
uncertainties are shown, while for MG5_aMC+Pythia8 the darker and lighter bands correspond respectively
to the nine-point scale uncertainty and the scale and PDF uncertainties combined linearly. The predictions are
obtained in the fiducial region described in Sec. 3.3.
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N
LO

• The inclusion of NLO corrections improve 
the description of the extra radiation at 
large mjj (undershot by LOPS)

•Scale and PDF uncertainties are not 
representative of spread of different 
predictions 

• For NLO-accurate observables, NLOPS 
predictions typically lie within ±10%  
(an exception in the next slide)
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Fig. 15: Di�erential distribution in the rapidity separation of the two tagging jets from predictions matched to
parton showers, at LO (left) or NLO (right) accuracy (upper plot), compared with the fixed-NLO result computed
with VBFNLO (lower plot). At NLO+PS accuracy, for VBFNLO+Herwig7-Dipole, the three-point scale
uncertainties are shown, while for MG5_aMC+Pythia8 the darker and lighter bands correspond respectively
to the nine-point scale uncertainty and the scale and PDF uncertainties combined linearly. The predictions are
obtained in the fiducial region described in Sec. 3.3.
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Fig. 16: Di�erential distribution in the transverse momentum of the hardest jet from predictions matched to
parton showers, at LO (left) or NLO (right) accuracy (upper plot), compared with the fixed-NLO result computed
with VBFNLO (lower plot). At NLO+PS accuracy, for VBFNLO+Herwig7-Dipole, the three-point scale
uncertainties are shown, while for MG5_aMC+Pythia8 the darker and lighter bands correspond respectively
to the nine-point scale uncertainty and the scale and PDF uncertainties combined linearly. The predictions are
obtained in the fiducial region described in Sec. 3.3.

Matching to parton shower:
Δyjj

 12
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N
LO

• The inclusion of NLO corrections improve 
the description of the extra radiation at 
large mjj (undershot by LOPS)

•Powheg predictions show a suppression at 
large Δyjj, due to the Powheg handling of the 
first radiation (internal Sudakov factor)
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Fig. 19: Di�erential distribution in the Zeppenfeld variable of the third-hardest jet from predictions matched to
parton showers, at LO (left) or NLO (right) accuracy (upper plot), compared with the fixed-NLO result computed
with VBFNLO (lower plot). At NLO+PS accuracy, for VBFNLO+Herwig7-Dipole, the three-point scale
uncertainties are shown, while for MG5_aMC+Pythia8 the darker and lighter bands correspond respectively
to the nine-point scale uncertainty and the scale and PDF uncertainties combined linearly. The predictions are
obtained in the fiducial region described in Sec. 3.3.

ison to the SM would be straightforward and still
be sensitive to the EW component. In addition, the
QCD component could be subtracted based on a
well-defined Monte Carlo prediction.

– Since the inclusion of NLO QCD corrections gives
a better control of extra QCD radiation and re-
duces the ambiguities related to the matching de-
tails and/or the parton shower employed, we encour-
age the use of NLO-accurate event generators in ex-
perimental analyses. In doing so, special care should
be employed in order to estimate the theoretical un-
certainties, as the standard prescription based on
renormalisation and factorisation-scale variation is
clearly inadequate. Rather, di�erent combinations
of generators and parton showers should be em-
ployed.

– The present study has focused on the orders O
!
–

6"

at LO and O
!
–s–

6"
at NLO. NLO computations

and publicly-available tools also exist for the QCD-
induced process [12–16, 18, 32].

– For practical reasons, we have focused on the W+W+

signature. Nonetheless, the observed features (e.g.
validity of the VBS approximation or comparison of
theoretical predictions matched to parton shower)
should be qualitatively similar for other VBS signa-
tures with massive gauge bosons. For these other
signatures, similar quantitative studies should be
performed.
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• At LOPS, the third jet is described only by the PS 
→ Very large differences among tools

• PY8 gives large enhancement in the central region. 
Unphysical effect due to not-so accurate treatment 
of initial-final color connections.  Can be cured 
with SpaceShower:dipoleRecoil=on 
(version≥8.230)

• Central enhancement by PY8 survives also at NLO, 
although somehow reduced

• Smaller effect in Powheg, because of the treatment 
of the 1st emission

• Note that dipoleRecoil=on is not compatible 
with MC@NLO-type matching as implemented in 
MG5_aMC

• Besides PY8, differences remain much larger than 
for NLO-accurate observables

z3 =
y3 � (y1 + y2)/2

|�yjj |

Central j3

Forward j3
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Central j3 enhancement in PY8
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•Same feature observed for similar 
processes, e.g. Zjj production in VBF 
or Higgs VBF production

Hjj@NLO in VBF Hjjj@NLO in VBF

•Reduction of shower scale (dashed) only partly 
compensates central enhancement

•A NLO description of j3 greatly reduces the 
effect (may be feasible also for VBS)
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Part 2:
Electro-Weak corrections in VBS

arXiv:1611.02951 & arXiv:1708.00268
Benedikt Biedermann, Ansgar Denner, Mathieu Pellen,

+ preliminary results from
Ansgar Denner, Stefan Dittmaier, Philipp Maierhofer, Mathieu Pellen, Christopher Schwan
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Coupling structure of W+W+jj
• W+W+jj has three coupling combinations at LO, four at NLO

• In Part 1, we focused on NLO QCD corrections to VBS (order α6αs). At the same 
order, also EW corrections on the interference contribute (small in practice).

• When NLO corrections are included, the QCD/interference/VBS separation 
becomes more blurry

• The hierarchy expected from the coupling constants is violated already at LO. 
What happens at NLO?

• Modern automated tools (and very smart people) make it possible to compute all 
NLO contributions together

3

31 2

1 2 4

LO

NLO

α4αs α5αs α6

α5αs2 α6αs α7α4αs

QCD EW
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Complete NLO corrections to  
W+W+ scattering
Biedermann, Denner, Pellen, arXiv:1708.00268

• The complete-NLO corrections for this 2→6 process have been computed with 
Recola+Collier, including all contributions (non/single/double-resonant diagrams, s/
t/u-channel diagrams, …) and employing the complex-mass scheme  
Recola: Actis et al, arXiv:1211.6316 &1605.01090 Collier: Denner et al, arXiv:1407.0087 &1604.6792

• EW corrections to VBS are (much) larger than the QCD ones!
• The coupling hierarchy is violated also at NLO
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Order O
(

α6
)

O
(

αsα5
)

O
(

α2
sα

4
)

Sum

σLO [fb] 1.4178(2) 0.04815(2) 0.17229(5) 1.6383(2)

σmax
LO [fb] 1.5443(2) 0.05680(3) 0.22821(6) 1.8293(2)

σmin
LO [fb] 1.3091(2) 0.04135(2) 0.13323(3) 1.4836(2)

Table 2: Fiducial cross section at LO for the process pp → µ+νµe+νejj, stated separately

for the orders O
(

α6
)

, O
(

αsα5
)

, and O
(

α2
sα

4
)

and for the sum of all the LO contributions

expressed in femtobarn. The cross section σLO corresponds to the central scale choice, while

the cross sections σmax
LO and σmin

LO correspond to the scale choices leading to the maximum

and minimum cross section, respectively. The statistical uncertainty from the Monte Carlo

integration on the last digit is given in parenthesis.

VBS cuts defined in the previous section, the EW-induced process is clearly dominating over

its irreducible background processes. It amounts to 87% of the cross section of the full process

pp → µ+νµe+νejj, while the O
(

α2
sα

4
)

contributions add up to about 10%. The impact of

the interferences on the fiducial cross section is small, at the level of 3%. The contribution of

individual channels is actually larger since interferences enter with positive and negative sign

(e.g. +4% for the uu channel and −1.2% for the ud̄ channels) and not all channels involve

interferences. The smallness of the interferences is not unexpected, since by construction,

resonances in interfered t–u-channel or s–t/u-channel diagrams are suppressed with respect

to kinematic topologies from squared resonant s-, t- or u-channel diagrams present in the

order O
(

α6
)

and O
(

α2
sα

4
)

contributions. At leading order, we find a scale dependence of

[+8.9%;−7.7%], [+17.9%;−14.1%], [+32.5%;−22.7%] for the contributions of orders O
(

α6
)

,

O
(

α1
sα

5
)

, O
(

α2
sα

4
)

, respectively, leading to

σLO = 1.6383(2)+11.66(2)%
−9.44(2)% fb. (3.12)

Naturally the scale dependence is larger for contributions depending on the strong coupling.

In Table 3, all NLO corrections to the fiducial cross sections split into contributions of the

different orders in the strong and EW coupling are presented. In the following, the relative

NLO corrections are always normalised to the sum of all LO contributions. The total correction

to the full process is large and negative, amounting to −17.1%. The bulk of the correction

with −13.2% stems from the order O
(

α7
)

, the EW correction to the EW-induced process.

Note that the correction is smaller than the −16.0% stated in Ref. [15], mainly owing to the

normalisation to the sum of all LO contributions instead of to the O
(

α6
)

contribution alone.

The remaining additional difference due to the dynamical scale choice is small (+0.7%) as this

affects the purely EW contribution only via the evolution of the PDF and not via the running

in αs. The second-largest corrections with −3.5% occur at order O
(

αsα6
)

. The contribution of

order O
(

α3
sα

4
)

with a correction of −0.4% is suppressed by another order of magnitude. The

contribution of order O
(

α2
sα

5
)

is even more suppressed and phenomenologically unimportant

– 11 –

Order O
(

α7
)

O
(

αsα6
)

O
(

α2
sα

5
)

O
(

α3
sα

4
)

Sum

δσNLO [fb] −0.2169(3) −0.0568(5) −0.00032(13) −0.0063(4) −0.2804(7)

δσNLO/σLO [%] −13.2 −3.5 0.0 −0.4 −17.1

Table 3: NLO corrections for the process pp → µ+νµe+νejj at the orders O
(

α7
)

, O
(

αsα6
)

,

O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

and for the sum of all NLO corrections. The contribution δσNLO

corresponds to the absolute correction for the central scale choice while δσNLO/σLO gives the

relative correction normalised to the sum of all LO contributions at the central scale. The

absolute contributions are expressed in femtobarn while the relative ones are expressed in per

cent. The statistical uncertainty from the Monte Carlo integration on the last digit is given

in parenthesis.

at the fiducial cross-section level. The hierarchy of the NLO corrections follows roughly the

pattern observed at LO: at the integrated cross-section level, each NLO correction is roughly

one order of magnitude smaller than the corresponding LO contribution. Thus, one expects

that the bulk of the O
(

αsα6
)

corrections stems from the QCD corrections to the EW-induced

process, while only a small contribution results from the EW corrections to the interference.

We emphasise, however, again that QCD corrections to the EW-induced process and EW

corrections to the LO interference cannot be defined independently. Indeed, using the full

matrix element, they both contribute at the order O
(

αsα6
)

as discussed in Sect. 2.2. The

contributions at the order O
(

α2
sα

5
)

are small because the corresponding LO contributions are

already suppressed and moreover the EW corrections to the QCD-induced LO contribution

and the QCD corrections to the LO interference cancel to a large extent. Upon calculating

the NLO cross section with the different scales of Eq. (3.11), we find

σNLO = 1.3577(7)+1.2(1)%
−2.7(1)% fb, (3.13)

i.e. a reduction of the LO scale dependence by a factor five.

We have also calculated the photon-induced NLO contributions as shown in Table 4. Since

the photon PDF from the NNPDF-3.0 QED set is known to give rather sizeable contributions

with a large error, we have also calculated these contributions using the PDF of the recent

LUXqed_plus_PDF4LHC15_nnlo_100 set [51]. For LUXqed we use the MS factorisation

scheme throughout, while we have verified that the effect of the factorisation scheme is irrel-

evant at the level of accuracy of the results given. The photon-induced NLO contributions

are dominated by those of order O
(

α7
)

and amount to 2.7% based on NNPDF-3.0 QED and

1.5% based on LUXqed. The photon-induced contributions of orders O
(

αsα6
)

and O
(

α2
sα

5
)

are negligible. Hence in the following, only the photon-induced contributions of order O
(

α7
)

are displayed in the distributions. Note that in our definition of the NLO corrections at order

O
(

α7
)

, the photon-induced contributions are not included but are shown separately. This

means that for the combined distributions (Fig. 7), the NLO predictions do not include the

photon-induced contributions.
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where E is the energy of the particle, pz the component of its momentum along the beam

axis, and px, py the components perpendicular to the beam axis.

The charged leptons ℓ are required to fulfil the acceptance cuts

pT,ℓ > 20GeV, |yℓ| < 2.5, ∆Rℓℓ > 0.3. (3.6)

The distance ∆Rij between two particles i and j in the rapidity–azimuthal-angle plane reads

∆Rij =
√

(∆φij)2 + (∆yij)2, (3.7)

with ∆φij = min(|φi−φj |, 2π−|φi−φj|) being the azimuthal-angle difference and ∆yij = yi−yj
the rapidity difference. The missing transverse energy is required to fulfil

ET,miss = pT,miss > 40GeV (3.8)

and is computed as the transverse momentum of the sum of the two neutrino momenta. A

QCD parton system after recombination is called a jet if it obeys the jet-identification criteria

pT,j > 30GeV, |yj| < 4.5, ∆Rjℓ > 0.3, (3.9)

where the last condition requires a minimal distance between a jet and each of the charged

leptons. The identified jets are then ordered according to the size of their transverse momenta.

On the invariant mass and rapidity separation of the leading and sub-leading jets, i.e. on the

two jets with largest transverse momenta, the following VBS cuts are applied:

mjj > 500GeV, |∆yjj| > 2.5. (3.10)

Note that the two leading jets are used in the definition of the dynamical scale in Eq. (3.1)

and are also referred to as tagging jets.

3.2 Integrated cross section

We start by reporting the fiducial cross section at leading order in Table 2. The scale de-

pendence of the results has been studied upon varying the factorisation and renormalisation

scales independently. Specifically, the central scale defined in Eq. (3.1) has been scaled by

factors ξfac and ξren for the combinations

(ξfac, ξren) ∈
{

(1/2, 1/2) , (1/2, 1) , (1, 1/2) , (1, 1) , (1, 2) , (2, 1) , (2, 2)
}

, (3.11)

where (ξfac, ξren) = (1, 1) corresponds to the central scale. For each cross section, three values

are given: the one corresponding to the central scale, the maximum, and the minimum. For

the fiducial cross section, the sum of the contributions of all orders is computed for each

scale choice separately, and then the maximum and the minimum are extracted. The order

O
(

α6
)

corresponds to the EW-induced contribution, the order O
(

α2
sα

4
)

to the QCD-induced

contribution, and the order O
(

αsα5
)

represents the interferences. For the fiducial volume with
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V
BS

 c
ut

s

VBS (86%) Int. (3%) QCD (11%) 

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

σLO [fb] 1.2230(4) 1.2218(2)

σNLO [fb] 1.2975(15) 1.2917(8)

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

α6
)

] and NLO [order O
(

αsα4
)

]

for the process pp → µ+νµe+νejj against the literature in the set-up of Ref. [9]. DHK denotes

the results of Ref. [9]. The cross sections are expressed in femtobarn and the statistical

uncertainty from the Monte Carlo integration on the last digit is given in parenthesis.
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Figure 5: Transverse-momentum distributions at a centre-of-mass energy
√
s = 13TeV at

the LHC for pp → µ+νµe+νejj: (a) for the anti-muon (left) and (b) the hardest jet (right).

The upper panels show the three LO contributions as well as the sum of all NLO predictions.

The two lower panels show the relative NLO corrections with respect to the full LO, defined

as δi = δσi/
∑

σLO, where i = O
(

α7
)

,O
(

αsα6
)

,O
(

α2
sα

5
)

,O
(

α3
sα

4
)

. In addition, the NLO

photon-induced contributions of order O
(

α7
)

computed with LUXqed is provided separately.

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

α7
)

. The

latter are computed for the LUXqed PDF and are thus normalised to the Born contributions

obtained with the corresponding PDF. Remember that these photon-induced contributions

are not included in our definition of the NLO corrections of order O
(

α7
)

.

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

bution in the transverse momentum of the anti-muon, the upper panel in Fig. 5a shows that

the EW-induced contribution is dominant over the whole phase space. Concerning the relative

NLO corrections in the lower panel, the largest contribution is the one of order O
(

α7
)

. It

ranges from −10% at 20GeV (the cut on the transverse momentum of the charged lepton) to

−40% at 800GeV. The large corrections for high transverse momenta are due to logarithms of
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VBS, EW corr. VBS, QCD corr.
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! Large negative corrections for the full process
! Corrections dominated by EW correction to EW process

! Bands do not overlap

Mathieu PELLEN Theory developments in VBS simulations 14 / 27

M. Pellen, SM@LHC2018
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What is happening?

• Already without VBS cuts, VBS is comparable to the QCD 
background despite the coupling powers. This is due to the larger 
number of diagrams in VBS Kulesza, Stirling, hep-ph/9912232

• VBS cuts are designed to enhance VBS over QCD background, 
further reducing also the VBS-QCD interference. 

• EW corrections are dominated by corrections in the WW→WW 
scattering process, which probes large scales (m4l~400 GeV).  
The bulk of the EW corrections is due to Sudakov logarithms 
details can be found in Biedermann et al, arXiv:1611.02951

• QCD corrections affect only the quark lines
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Figure 1: Sample tree-level diagrams that contribute to the process pp → µ+νµe+νejj.

of order O
(

α2
sα

4
)

, and interferences of the order O
(

αsα5
)

. Owing to the colour structure,

these interferences occur only if diagrams of different quark flow between initial and final state

are multiplied with each other. Thus, order-O
(

αsα5
)

contributions appear only in partonic

channels that involve contributions of two different kinematic channels (s, t, u). For example,

in Fig. 1, the contraction of the QCD-induced diagram (bottom right) with the VBS diagrams

(top row) necessarily vanishes due to colour structure, while the corresponding contraction

with the EW s-channel background diagrams (bottom left and bottom middle) leads to a

non-zero interference contribution at order O
(

αsα5
)

. We stress that we include in our cal-

culation all possible contributions at the orders O
(

α6
)

, O
(

αsα5
)

, and O
(

α2
sα

4
)

that belong

to the hadronic process in Eq. (2.1). A list of all contributing independent partonic channels

is given in Table 1, which provides also information on contributing kinematic channels and

interferences.

At NLO, we compute both the QCD and EW corrections to each LO contribution. This

leads to four possible NLO orders: O
(

α7
)

, O
(

αsα6
)

, O
(

α2
sα

5
)

, and O
(

α3
sα

4
)

. The situation

is represented graphically in Fig. 2.1 The order O
(

α7
)

contributions are simply the NLO EW

corrections to the EW-induced LO processes. They have already been presented in Ref. [15]

for a fixed scale. Similarly, the order O
(

α3
sα

4
)

contributions furnish the QCD corrections to

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

For the orders O
(

αsα6
)

and O
(

α2
sα

5
)

, a simple separation of the EW-induced process

and the QCD-induced process is not possible any more, also for the dominant uu partonic

channel. Indeed, the order O
(

αsα6
)

contains QCD corrections to the VBS process as well as

EW corrections to the LO interference. The QCD corrections have already been computed

in the VBS approximation in Refs. [7–9, 13, 14]. This means that the s-channel diagrams as

1Such a classification in powers of αs and α can also be found in Ref. [16].
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FIG. 3: Schematic representation of the double-pole approx-
imation for the VBS process. The black blobs represent the
factorized subprocesses while the grey gauge boson represents
a non-factorizable correction.
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FIG. 4: Schematic representation of the EVBA. The white
blob represents the VBS subprocess.

approximation (DPA) [23, 34]. In the DPA two on-shell
W bosons are requested, and the matrix elements are
split into those for production and decay of the reso-
nant W bosons. This is illustrated in Fig. 3 where the
blobs represent the production and decay processes of the
W bosons including the factorizable corrections, while
the explicit neutral gauge boson (Z, �) constitutes a typ-
ical non-factorizable correction in this framework. We
found that the DPA reproduces the full process within
1% and thus provides a su�ciently good approximation
for practical purposes. In the DPA, the factorizable cor-
rections constitute ⇠ 95% of the subtracted virtual cor-
rections and are thus responsible for the large EW correc-
tions. Moreover, the non-factorizable corrections result
exclusively from photon exchange and are compensated
upon adding the corresponding real photonic corrections.

To further simplify the discussion, we use the EVBA,
depicted schematically in Fig. 4, where two W bosons are
radiated o↵ the quark lines to scatter. In this picture,
most of the energy is transferred to the two back-to-back
jets while the rest of the energy goes into the scattering
of the two W bosons in the central region. The invariant
masses of the radiated W bosons are space-like but of the
order of the W-boson mass to enhance the cross section
[13, 35, 36]. While the EVBA constitutes a crude approx-
imation valid only in the very-high-energy limit [36, 37],
it is su�cient to discuss the origin of the enhanced EW
corrections.

To proceed, we combine the EVBA with the Sudakov
approximation in a similar way as pioneered in Ref. [37]

for VBS in electron–positron annihilation. In the Su-
dakov limit, where all invariants are large, the domi-
nant EW corrections result from double and single loga-
rithms involving ratios of the large invariants and the
vector-boson masses squared [38, 39]. In the EVBA
the large logarithms in the factorizable corrections re-
sult only from the vector-boson-scattering subprocess,
W+W+

! W+W+. To keep things simple, we only con-
sider the double EW logarithms, the collinear single EW
logarithms, and the single logarithms resulting from pa-
rameter renormalization. Following Ref. [39], we obtain

�LL = �LO


1�

↵

4⇡
4Cew

W log2
✓

Q2

M2
W

◆

+
↵

4⇡
2bewW log

✓
Q2

M2
W

◆�
, (11)

where the EW Casimir operator and the �-function co-
e�cient for W bosons read

Cew
W =

2

s2w
, bewW =

19

6s2w
(12)

with the sine of the weak mixing angle sw. Using
hm4`i ⇠ 390GeV as a typical scaleQ for the VBS subpro-
cess leads to an EW correction of about �16%. Applying
this logarithmic approximation di↵erentially to the dis-
tribution in the invariant mass of the four leptons yields
about �15%. These numbers reproduce remarkably well
the full correction of �16% given the fact that they in-
clude only logarithmic corrections resulting from the VBS
subprocess, neglecting even the angular-dependent lead-
ing logarithms.

The resulting EW corrections are by a factor of 3–
4 larger compared to processes like vector-boson pair
production or top-quark pair production for the follow-
ing reasons. First, the EW Casimir operator Cew is
larger for vector bosons than for fermions. This enhances
the double logarithmic corrections by a factor of 1.5 for
WW ! WW with respect to qq̄ ! WW. Second, the
typical scale of the hard scattering process Q is larger for
WW ! WW. For a typical pair-production process the
scale is more or less of the order of the pair production
threshold, i.e. Q ⇠ 250GeV for qq̄ ! WW/ZZ, since
the cross sections drop with 1/ŝ above threshold. For
WW ! WW, on the other hand, the cross section drops
much slower (c.f. Fig. 1) owing to the massive t-channel
vector-boson exchange in these processes [40]. Without
cuts, the cross section would even approach a constant
for high energies. The scale Q = hm4`i ⇠ 390GeV en-
hances the double logarithmic corrections by a factor of
1.9 with respect to a scale Q ⇠ 250GeV. Third, the can-
cellation between single and double logarithms is weaker
for external vector bosons than for external fermions.
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rameter renormalization. Following Ref. [39], we obtain
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where the EW Casimir operator and the �-function co-
e�cient for W bosons read

Cew
W =

2

s2w
, bewW =

19

6s2w
(12)

with the sine of the weak mixing angle sw. Using
hm4`i ⇠ 390GeV as a typical scaleQ for the VBS subpro-
cess leads to an EW correction of about �16%. Applying
this logarithmic approximation di↵erentially to the dis-
tribution in the invariant mass of the four leptons yields
about �15%. These numbers reproduce remarkably well
the full correction of �16% given the fact that they in-
clude only logarithmic corrections resulting from the VBS
subprocess, neglecting even the angular-dependent lead-
ing logarithms.

The resulting EW corrections are by a factor of 3–
4 larger compared to processes like vector-boson pair
production or top-quark pair production for the follow-
ing reasons. First, the EW Casimir operator Cew is
larger for vector bosons than for fermions. This enhances
the double logarithmic corrections by a factor of 1.5 for
WW ! WW with respect to qq̄ ! WW. Second, the
typical scale of the hard scattering process Q is larger for
WW ! WW. For a typical pair-production process the
scale is more or less of the order of the pair production
threshold, i.e. Q ⇠ 250GeV for qq̄ ! WW/ZZ, since
the cross sections drop with 1/ŝ above threshold. For
WW ! WW, on the other hand, the cross section drops
much slower (c.f. Fig. 1) owing to the massive t-channel
vector-boson exchange in these processes [40]. Without
cuts, the cross section would even approach a constant
for high energies. The scale Q = hm4`i ⇠ 390GeV en-
hances the double logarithmic corrections by a factor of
1.9 with respect to a scale Q ⇠ 250GeV. Third, the can-
cellation between single and double logarithms is weaker
for external vector bosons than for external fermions.
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approximation (DPA) [23, 34]. In the DPA two on-shell
W bosons are requested, and the matrix elements are
split into those for production and decay of the reso-
nant W bosons. This is illustrated in Fig. 3 where the
blobs represent the production and decay processes of the
W bosons including the factorizable corrections, while
the explicit neutral gauge boson (Z, �) constitutes a typ-
ical non-factorizable correction in this framework. We
found that the DPA reproduces the full process within
1% and thus provides a su�ciently good approximation
for practical purposes. In the DPA, the factorizable cor-
rections constitute ⇠ 95% of the subtracted virtual cor-
rections and are thus responsible for the large EW correc-
tions. Moreover, the non-factorizable corrections result
exclusively from photon exchange and are compensated
upon adding the corresponding real photonic corrections.

To further simplify the discussion, we use the EVBA,
depicted schematically in Fig. 4, where two W bosons are
radiated o↵ the quark lines to scatter. In this picture,
most of the energy is transferred to the two back-to-back
jets while the rest of the energy goes into the scattering
of the two W bosons in the central region. The invariant
masses of the radiated W bosons are space-like but of the
order of the W-boson mass to enhance the cross section
[13, 35, 36]. While the EVBA constitutes a crude approx-
imation valid only in the very-high-energy limit [36, 37],
it is su�cient to discuss the origin of the enhanced EW
corrections.

To proceed, we combine the EVBA with the Sudakov
approximation in a similar way as pioneered in Ref. [37]

for VBS in electron–positron annihilation. In the Su-
dakov limit, where all invariants are large, the domi-
nant EW corrections result from double and single loga-
rithms involving ratios of the large invariants and the
vector-boson masses squared [38, 39]. In the EVBA
the large logarithms in the factorizable corrections re-
sult only from the vector-boson-scattering subprocess,
W+W+

! W+W+. To keep things simple, we only con-
sider the double EW logarithms, the collinear single EW
logarithms, and the single logarithms resulting from pa-
rameter renormalization. Following Ref. [39], we obtain
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where the EW Casimir operator and the �-function co-
e�cient for W bosons read
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W =
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19

6s2w
(12)

with the sine of the weak mixing angle sw. Using
hm4`i ⇠ 390GeV as a typical scaleQ for the VBS subpro-
cess leads to an EW correction of about �16%. Applying
this logarithmic approximation di↵erentially to the dis-
tribution in the invariant mass of the four leptons yields
about �15%. These numbers reproduce remarkably well
the full correction of �16% given the fact that they in-
clude only logarithmic corrections resulting from the VBS
subprocess, neglecting even the angular-dependent lead-
ing logarithms.

The resulting EW corrections are by a factor of 3–
4 larger compared to processes like vector-boson pair
production or top-quark pair production for the follow-
ing reasons. First, the EW Casimir operator Cew is
larger for vector bosons than for fermions. This enhances
the double logarithmic corrections by a factor of 1.5 for
WW ! WW with respect to qq̄ ! WW. Second, the
typical scale of the hard scattering process Q is larger for
WW ! WW. For a typical pair-production process the
scale is more or less of the order of the pair production
threshold, i.e. Q ⇠ 250GeV for qq̄ ! WW/ZZ, since
the cross sections drop with 1/ŝ above threshold. For
WW ! WW, on the other hand, the cross section drops
much slower (c.f. Fig. 1) owing to the massive t-channel
vector-boson exchange in these processes [40]. Without
cuts, the cross section would even approach a constant
for high energies. The scale Q = hm4`i ⇠ 390GeV en-
hances the double logarithmic corrections by a factor of
1.9 with respect to a scale Q ⇠ 250GeV. Third, the can-
cellation between single and double logarithms is weaker
for external vector bosons than for external fermions.
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Are the large EW corrections  
peculiar to W+W+jj?

• Preliminary results show large EW corrections for WZjj too, almost 
-20% within VBS cuts
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Introduction NLO EW corrections Results Summary

Integrated cross section

Integrated xs for pp æ e+‹e µ+µ≠jj + X @
Ôs = 13 TeV for the fiducial PS volume:

LO [fb] NLO [fb] ” = O(–7)
O(–6)

[%]

0.2362+9.433%
≠8.022% 0.1899+8.356%

≠7.575% ≠19.6%

Uncertainty is the range given by varying µF = MW by (1/2,2)
No dep. on –s � no dep. on µR
Huge corrections (≥ 5◊ larger than e.g. EW corr. for di-boson prod.) on the integrated
cross section, larger than even like-sign W-scattering (-16%)
corrections are even larger in specific regions of pT distributions

13 / 16

Introduction NLO EW corrections Results Summary

Fiducial phase space volume for pp æ e+‹e µ+µ≠jj + X

Cuts chosen similar to the ATLAS
8 TeV-analysis [CERN-EP-2016-017]:

At least two R = 0.4 anti-kt jets with
pT > 30 GeV, |÷| < 4.5, and �Rj¸ > 0.3

Mj1j2
> 500 GeV, no �÷j1j2

cut1

pT,¸ > 20 GeV and |y¸| < 2.5
pT,miss > 30 GeV
|Mµµ̄ ≠ MZ | < 10 GeV
�R¸¸ > 0.3

Other:
Photons recombined with charged
particles using anti-kt algorithm with
R = 0.1
PDFs: NNPDF30_nlo_as_0118_qed
Ôs = 13 TeV

Complex mass scheme [Denner, Dittmaier, Roth,
Wackeroth][Denner, Dittmaier, Roth, Wieders], input
parameters:

Gµ = 1.663 787 ◊ 10≠5 GeV≠2

MW = 80.357 97 GeV, �W = 2.084 30 GeV
MZ = 91.153 48 GeV, �Z = 2.494 27 GeV

MH = 125.0 GeV, �H = 4.07 ◊ 10≠3 GeV
with coupling calculated as:

– =
Ô

2
fi

GµM2
W

A
1 ≠

M2
W

M2
Z

B

Scale choice: µF = (1/2, 1, 2) · MW
� No dependence on µR, since processes do
not depend on –s!

1Unused in the ATLAS 8 TeV-analysis, but used both in the ATLAS and CMS 13 TeV analyses
11 / 16

Ansgar Denner, Stefan Dittmaier, Philipp Maierhofer, 
Mathieu Pellen, Christopher Schwan

From Christopher Schwan’s talk at LoopFest 18
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Part 3:
Electro-Weak corrections to 

multi-(massive)-boson production 

 21
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Four-lepton production

• EW corrections for 4lep production have 
been available for some time, for the different 
production channels (4lep±, 3lep±+met, 2lep±

+met)  
Billoni et al, arXiv:1310.1564, Biedermann et al, 
arXiv:1601.07787, Biedermann et al, arXiv:
1605.03419, Biedermann et al, arXiv:1704.05783, 
Kallweit et al, arXiv:1705.00598, Biedermann et al, 
arXiv:1708.06938, Frederix et al, arXiv:1804.10017

• Tuned comparison shows good agreement 
among different codes 
LesHouches 2017, arXiv:1803.07977

• EW corrections amount to few %s (in 
absolute value). Sign and pattern of EW 
corrections show different behaviour 
depending on the process: Sudakov 
suppression for ZZ / enhancement due to 
initial γ for WW 

• Approximate matching with shower available 
with Sherpa, valid for photon-inclusive 
observables

 22

pp æ e+e≠µ+µ≠ ‡LO ‡NLO

EW
�‡LO �‡NLO

EW

[fb] [fb] [‡] [%�] [‡] [%�]

average 11.49675[8] 10.88697[15]

MCBB+Recola 11.49648[12] 10.88669[22] ≠2.9 ≠0.02 ≠1.7 ≠0.03
Munich+OpenLoops 11.49702[11] 10.88720[25] +3.2 +0.02 +1.2 +0.02
MoCaNLO+Recola 11.49666[26] 10.88734[56] ≠0.3 ≠0.01 +0.7 +0.03
Sherpa+GoSam/OpenLoops/Recola 11.49670[34] 10.88737[77] ≠0.1 ≠0.00 +0.5 +0.04
MadGraph5_aMC@NLO+MadLoop 11.4956[22] 10.8860[63] ≠0.5 ≠0.10 ≠0.1 ≠0.09

Table I.14: Comparison of integrated cross sections for hadronic e+e≠µ+µ≠ (o�-shell ZZ) pro-
duction, obtained with di�erent integration frameworks.

pp æ e+‹eµ≠‹̄µ ‡LO ‡NLO

EW
�‡LO �‡NLO

EW

[fb] [fb] [‡] [%�] [‡] [%�]

average 448.5414[31] 438.1902[56]

Munich+OpenLoops 448.5468[45] 438.1920[75] +1.6 +0.01 +0.4 +0.00
MoCaNLO+Recola 448.538[10] 438.193[13] ≠0.4 ≠0.01 +0.2 +0.01
Sherpa+GoSam/OpenLoops/Recola 448.5364[46] 438.186[11] ≠1.4 ≠0.01 ≠0.4 ≠0.01
MadGraph5_aMC@NLO 448.541[40] 438.113[70] ≠0.0 ≠0.00 ≠1.1 ≠0.18

Table I.15: Comparison of integrated cross sections for hadronic e+‹eµ≠‹̄µ (o�-shell WW )
production, obtained with di�erent integration frameworks.

from the individual cross sections ‡x
i and their standard deviations ”‡x

i via

‡̄x = (”‡̄x)2 ÿ

i

‡x
i

(”‡x
i )2 , ”‡̄x =

Q

a
ÿ

i

1
(”‡x

i )2

R

b
≠

1

2

x = LO, NLO EW . (I.66)

The deviations for both LO (�‡LO) and NLO EW (�‡NLO
EW ) cross sections with respect to the

averaged cross sections are quantified both in terms of standard deviations [‡]30 and as relative
deviations in permille [%�] in order to validate both the statistical agreement and the level of
precision on which this agreement could be achieved.

For both processes we find good statistical agreement between all compared codes on
the sub-permille level. For MCBB+Recola (only for o�-shell ZZ), Munich+OpenLoops,
MoCaNLO+Recola, and Sherpa+GoSam/OpenLoops/Recola we are able to validate
integrated results even on the remarkable level of better than a tenth of a permille throughout,
which corresponds to a relative agreement of the integrated EW corrections at least at the level
of a permille.

7.3.4 Di�erential cross sections
In order to validate the di�erent calculations not only in the resonance regions that dominate the
integrated cross sections discussed in the previous section, we perform also a comparison at the

30To compensate for the fact that this average depends on each single calculation i, this comparison is performed
in units of 

(”‡
x
i )2 ≠ (”‡̄x)2, (I.67)

which corresponds to comparing each single calculation with the average of the remaining ones, with result and
standard deviation of this average defined according to Eq. (I.66).
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Figure 7: Transverse momentum of the hardest same-flavour dressed-lepton pair in the

processes of eq. (6.17) (left panel), and Higgs transverse momentum in the processes of

eq. (6.18) (right panel).

We have chosen the two processes in eq. (6.17) in order to be definite, as representatives of

the class of reactions with four final-state leptons; both have been studied before [26, 27,

30, 35, 130, 131]. In fact, without any additional complications, MG5 aMC is able to deal

with any process that belongs to this class, regardless of the particular flavour and charge

combinations.

In detail, the definitions of the pT (ll) (relevant to pp ! e+e�µ+µ�) and pT (l⌫) (relevant

to pp ! e+⌫eµ�⌫̄µ) observables are the following. For the former, one uses dressed leptons;

the e+e� and µ+µ� pairs transverse momenta are then computed, and the largest of the

two is set equal to pT (ll). In the latter case, charged leptons are again dressed first;

then, the transverse momenta of the e+⌫e and µ�⌫̄µ pairs are computed (by using the MC

truth information to find the neutrinos), and the largest of the two is set equal to pT (l⌫).

The NLO EW corrections behave rather di↵erently for the two processes. While for the

four charged lepton process they display the typical Sudakov behaviour at high pT , for

the other process the corrections are positive and growing for pT & 40 GeV, starting to

decrease only towards pT ' 400 GeV. We point out that the two processes have significant

di↵erences in their underlying mechanisms. Firstly, although both 2l2⌫ and 4l production

are dominated by di-boson resonant contributions (namely, di-W and di-Z, respectively),

it is only the former case that features diagrams with t-channel spin-one exchanges (thus

enhanced at large momentum transfers). These appear in ��-initiated processes, owing

to the direct �W+W� coupling. Secondly, partonic processes such as �q ! W+⇤W�⇤q0

that give rise to 2l2⌫ final states may be enhanced at large lepton-pair pT ’s owing to

quasi-collinear q⇤ ! W ⇤q0 splittings (see e.g. ref. [121]). While a similar mechanism also

occurs in 4l production, in that case its e↵ects are balanced by a stronger suppression

than in the case of 2l2⌫ production37. Finally, at the NLO 2l2⌫ production features a

37The overall impact of quasi-collinear enhancements on observable cross sections ultimately depends on

the interplay between their kinematics characteristics, the partonic matrix elements, and PDF e↵ects – see
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Figure 12. Distribution in the invariant mass of the e+µ� pair, m``, for pp ! e+µ�⌫e⌫̄µ at 13TeV. Details
as in Fig. 9.

threshold, we observe that QCD corrections are almost insensitive to the presence of EW resonances
and thresholds. Photon-induced contributions are on the level of 1–3%, while EW corrections feature
sizeable shape distortions due to � bremsstrahlung off the charged leptons. Such shape corrections
can be understood as a net migration of events from the peak and threshold regions towards the low-
mass tails and, in the case of the m``⌫⌫ distribution, towards the local minimum above the Z ! ``⌫⌫

peak. In these observables, apart from the region of very high m``⌫⌫ , the NLO QCD⇥EWVI ⌦YFS
approximation is found to reproduce exact results with fairly good accuracy. In particular, in
the off-shell regime, i.e. for m`⌫ < MW or m``⌫⌫ < 2MW , the offset between NLO QCD⇥EWVI

approximation and exact results indicates the presence of QED radiation effects beyond 10%, which
turn out to be well described by the YFS approach. The remaining differences are below 5% or so.
They can be attributed to higher-order corrections, missing in the fixed-order calculations, and to
ambiguities related to the YFS resummation for highly off-shell decays. In contrast, QED radiative
corrections to m`⌫ and m``⌫⌫ are strongly overestimated in the NLO QCD⇥EWVI⌦CSS approach.
This is most likely due to the fact that the Csshower is unaware of resonance structures.

Fig. 14 also displays the multi-TeV region of the m``⌫⌫ distribution, where large negative EW
Sudakov corrections are observed, as well as �-induced contributions beyond 10%, with large de-
viations between the different �PDF sets. At the same time the NLO QCD⇥EWVI ⌦ YFS and
NLO QCD⇥EWVI ⌦ CSS predictions grow gradually worse when compared with the exact NLO
QCD⇥EW calculation due, respectively, to the missing or limited accuracy in the description of
� ! qq̄-splittings in the initial state.

Finally, in Fig. 15 we show the distribution in the azimuthal separation of the e
+
µ
� pair,

��``. For this observable, EW corrections and �-induced effects are almost flat and similarly small
as for the integrated cross section. As for QCD corrections, we observe a pronounced kinematic
dependence for ��`` ! ⇡. This can be understood as a statistical effect related to the migration
of events form highly populated to poorly populated bins.

– 18 –

Frederix et al, arXiv:1804.10017

Kallweit et al, arXiv:1705.00598
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VVV and six-lepton production

• Several results on triple massive-vector 
boson production are available for stable Vs 
Nhung et al, arXiv:1307.7403, Shen et al, arXiv:
1507.03693, Shen et al, arXiv:1605.00554, Wang et al, 
arXiv:1610.05876, Dittmaier et al, arXiv:1705.03722, 
Frederix et al, arXiv:1804.10017

• Recently, results appeared including the 
vector boson decay (note that VBS includes 
WWW with VV→lep and V→hadr)  
Schonherr, arXiv:1806.00307

• EW corrections amount up to 10% (in 
absolute value). Sign and pattern of EW 
corrections show different behaviour 
depending on the process (as for VV)

• Partial cancelations between γ-initiaded 
contributions and Sudakov effects for 
WWW. Both grow with energy.
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Figure 1: Electroweak corrections to the trilepton invariant mass distribution.
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Conclusions

Part 1:
• Various approximations employed for VBS processes have been thoroughly 

compared and validated
• VBS approximation works quite well (within 10% from the full compuation 

at NLO) with typical VBS cuts. For more inclusive setups, a complete 
computation is better suited

• NLO+PS tools are available, with good overall agreement for NLO-
accurate observables. Note however that scale (and PDF) uncertainties are 
not representative of the spread of predictions

• Larger discrepancies appear for observables related to j3. The most 
pronounced ones are due to the recoil scheme in Pythia8
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Conclusions

Part 2 & 3:
• EW corrections to VBS are large. This seems a common feature of VBS 

processes (the exact numbers may vary) due to the large scale probed and to 
the Casimirs of the vector bosons

• For multiple-V productions (VV and VVV), EW corrections are known including 
the vector-boson decay. Their impact is typically moderate and very process-
dependent. Competition between Sudakov suppression and photon-initiated 
contributions

• EW corrections for VBS have not yet implemented in event generators, they can 
be included in exp’s analyses by reweighting

• Since NLO corrections mix contributions (QCD, VBS, interference) combined 
measurement of QCD+VBS+interference in the fiducial region should be 
preferred 
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VBSCan - COST action
! EU network lead by Pietro Govoni focused on VBS

WG1: Theoretical understanding (Pellen and Zaro)
WG2: Analysis techniques (Manjarres and Mozer)
WG3: Experimental techniques (Duric and Stella Bruni)

! Money for: short-term travels, meetings, school

Preliminary website:
https://govoni.web.cern.ch/govoni/VBSCan/

EWSB Spring school (next week)
https://indico.cern.ch/event/673580/

Meeting in June in Thessaloniki
https://indico.cern.ch/event/706178/

Contact us!

Mathieu PELLEN Theory developments in VBS simulations 27 / 27

• Several on-going activities, contact us if you  
want to join!
• EFT implementations for VBS
• VBS polarization
• … and much more!


