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Vector boson scattering at LHC (1)
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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
�

αsα
5
�

. 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

�

αsα
5
�

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

�

αsα
5
�

. We stress that we include in our cal-
culation all possible contributions at the orders O

�

α6
�

, O
�

αsα
5
�

, 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
�

αsα
6
�

, 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
�

αsα
6
�

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

�

αsα
6
�

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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Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,
the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the
order O

�

α2
sα

5
�

contains EW corrections to the QCD-induced contribution as well as QCD
corrections to the LO interference. These corrections have never been computed previously
and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer
code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-
mass scheme [22, 23] is used. All results have been obtained in two independent Monte
Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
�

αsα
5
�

kinematic channels
uu → µ+νµe+νedd yes t, u

uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s

ud̄/d̄u → µ+νµe+νesc̄ no s

us̄/s̄u → µ+νµe+νedc̄ no t

cd̄/d̄c → µ+νµe+νesū no t

cs̄/s̄c → µ+νµe+νedū no s

cs̄/s̄c → µ+νµe+νesc̄ yes t, s

d̄d̄ → µ+νµe+νeūū yes t, u

d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t

s̄s̄ → µ+νµe+νec̄c̄ yes t, u

Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference
contribution at O

�

αsα
5
�

or not. The right column specifies the contributing kinematic chan-
nels.
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VBS at NLO: technical aspects
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Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,
the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the
order O

�

α2
sα

5
�

contains EW corrections to the QCD-induced contribution as well as QCD
corrections to the LO interference. These corrections have never been computed previously
and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer
code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-
mass scheme [22, 23] is used. All results have been obtained in two independent Monte
Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
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αsα
5
�

kinematic channels
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uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s
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d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t
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Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference
contribution at O

�

αsα
5
�

or not. The right column specifies the contributing kinematic chan-
nels.
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Figure 3: Sample one-loop level diagrams contributing to the process pp → µ+νµe+νejj.
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Figure 4: Contribution to the squared matrix element at the order O
�

αsα
6
�

. It can be
viewed as an amplitude of order O

�

g2
s g6

�

interfered with the LO EW amplitude [cut (1)].
On the other hand, it can be seen as an EW correction to the EW amplitude interfered with
the LO QCD amplitude [cut (2)]. Owing to the colour structure, the illustrated contractions
necessarily connect t- and u-channel contributions.

at the orders O
�

g8
�

, O
�

g2
s g

6
�

, and O
�

g4
s g

4
�

. At the order O
�

α7
�

, the virtual corrections
consist simply of EW corrections to the EW tree-level amplitude interfered with the EW tree-
level amplitude. Concerning the order O

�

αsα
6
�

, there are different types of contributions. One
first considers the insertions of gluons into the purely EW tree-level amplitude as well as the
EW corrections to the QCD-induced tree-level amplitude leading to a one-loop amplitude at
O
�

g2
s g

6
�

(see middle diagram of Fig. 3 for a diagrammatic example). This one-loop amplitude
is then interfered with the EW tree-level amplitude at O

�

g6
�

. The contraction is illustrated
at the level of squared amplitudes in Fig. 4 via the cut along the dashed line number (1).
Second, the EW corrections to the EW tree-level amplitude at O

�

g8
�

contracted with the
QCD-induced LO amplitude at O

�

g2
s g4

�

lead to yet another contribution of order O
�

αsα
6
�

.
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NLO corrections to VBS
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Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,
the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the
order O

�

α2
sα

5
�

contains EW corrections to the QCD-induced contribution as well as QCD
corrections to the LO interference. These corrections have never been computed previously
and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer
code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-
mass scheme [22, 23] is used. All results have been obtained in two independent Monte
Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
�

αsα
5
�

kinematic channels
uu → µ+νµe+νedd yes t, u

uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s

ud̄/d̄u → µ+νµe+νesc̄ no s

us̄/s̄u → µ+νµe+νedc̄ no t

cd̄/d̄c → µ+νµe+νesū no t

cs̄/s̄c → µ+νµe+νedū no s

cs̄/s̄c → µ+νµe+νesc̄ yes t, s

d̄d̄ → µ+νµe+νeūū yes t, u

d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t

s̄s̄ → µ+νµe+νec̄c̄ yes t, u

Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference
contribution at O

�

αsα
5
�

or not. The right column specifies the contributing kinematic chan-
nels.
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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
�

αsα
4
�

]
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
�

αsα
6
�

,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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Figure 6: Differential distributions at a centre-of-mass energy
√

s = 13TeV at the LHC for
pp → µ+νµe+νejj: (a) rapidity for the anti-muon (top left), (b) rapidity for the hardest jet (top
right), (c) invariant mass for the two leading jets (bottom left), and (d) cosine of the angle
between the positron and the anti-muon (bottom 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 in per cent, defined as δi = δσi/

�

σLO, where
i = O

�

α7
�

,O
�

αsα
6
�

,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.

other hand, the contributions of order O
�

α2
sα

5
�

and O
�

α3
sα

4
�

display an opposite behaviour
with a small positive maximum in the central region and larger negative corrections in the
forward and backward directions, which is mainly caused by the increased relative size of
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POWHEG1

algorithm for the matching of NLO QCD corrections to QCD PS

implemented in the POWHEG-BOX-V2 framework
S. Frixione et al. arXiv:0709.2092, S. Alioli arXiv:1002.2581

generalized to NLO EW corrections+QED PS (with limitations)
L. Barze et al. arXiv:1302.4606,1202.0465, C. Carloni et al. arXiv:1612.02841

resonance-aware POWHEG algorithm implemented in POWHEG-BOX-RES
T. Ježo and P. Nason, arXiv:1509.09071

1P. Nason hep-ph/0409146
Mauro Chiesa pp→WWjj at NLO EW in POWHEG-BOX-RES



NLO EW+QED PS in POWHEG: current limitations

The implementation of NLO EW corrections in POWHEG-BOX-V2/RES
is not general:

it only works if a process can be identified using particle flavours
(NOT the case of pp→WWjj with LO contribs O(α6), O(α4α2

S),
O(α5αS) )

the subtraction for mixed interferences is missing
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Figure 3: Sample one-loop level diagrams contributing to the process pp → µ+νµe+νejj.
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Figure 4: Contribution to the squared matrix element at the order O
�

αsα
6
�

. It can be
viewed as an amplitude of order O

�

g2
s g6

�

interfered with the LO EW amplitude [cut (1)].
On the other hand, it can be seen as an EW correction to the EW amplitude interfered with
the LO QCD amplitude [cut (2)]. Owing to the colour structure, the illustrated contractions
necessarily connect t- and u-channel contributions.

at the orders O
�

g8
�

, O
�

g2
s g

6
�

, and O
�

g4
s g

4
�

. At the order O
�

α7
�

, the virtual corrections
consist simply of EW corrections to the EW tree-level amplitude interfered with the EW tree-
level amplitude. Concerning the order O

�

αsα
6
�

, there are different types of contributions. One
first considers the insertions of gluons into the purely EW tree-level amplitude as well as the
EW corrections to the QCD-induced tree-level amplitude leading to a one-loop amplitude at
O
�

g2
s g

6
�

(see middle diagram of Fig. 3 for a diagrammatic example). This one-loop amplitude
is then interfered with the EW tree-level amplitude at O

�

g6
�

. The contraction is illustrated
at the level of squared amplitudes in Fig. 4 via the cut along the dashed line number (1).
Second, the EW corrections to the EW tree-level amplitude at O

�

g8
�

contracted with the
QCD-induced LO amplitude at O

�

g2
s g4

�

lead to yet another contribution of order O
�

αsα
6
�

.
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Approximations

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
�

αsα
4
�

]
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
�

αsα
6
�

,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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Limitations of NLO-EW corrections in
POWHEG

Strategy:
consider only LO O(α6)

consider only corrections O(α7)

O(αSα
6) in PS approximation or

via combination with
NLO-QCD+QCD PS results
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Approximations: important remark

the exact matrix elements at O(α6) and O(α7) are used

NO on-shell approximation for the W bosons

the approximation consists in neglecting all contributions but the O(α6)
one at LO (and O(α7) at NLO)

Even if POWHEG generates events in the full phase-space, the code MUST be
used ONLY for VBS-like event selections. Otherwise the selected
contributions might not be the dominant ones.
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Tools

Recola: ME provider (full matrix elements O(α6) and O(α7))
s. Actis et al. arXiv:1211.6316, arXiv:1605.01090

Collier: library for the calculation of one-loop tensor and scalar
integrals

A. Denner and S. Dittmaier arXiv:1604.06792

POWHEG-BOX-RES: phase-space generation, integration, event generation
T. Ježo and P. Nason, arXiv:1509.09071

PYTHIA8.2: QED and QCD PS, hadronization
T. Sjöstrand et al. hep-ph/0603175, arXiv:1410.3012
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Resonance histories (1)

O
�

αsα
5
�

O
�

α6
�

O
�

α2
sα

4
�

LO

O
�

α7
�

O
�

αsα
6
�

O
�

α2
sα

5
�

O
�

α3
sα

4
�

NLO

EW

QCD

EW

QCD

EW

QCD

Figure 2: All contributing orders at both LO and NLO for the process pp → µ+νµe+νejj.

well as the interference of t- and u-channel diagrams are neglected. In this approximation,
the interferences of the LO VBS and QCD-induced contribution are vanishing. Similarly, the
order O

�

α2
sα

5
�

contains EW corrections to the QCD-induced contribution as well as QCD
corrections to the LO interference. These corrections have never been computed previously
and are presented here for the first time.

All the tree-level and one-loop matrix elements have been obtained from the computer
code Recola [18, 19] based on the Collier [20, 21] library. Throughout, the complex-
mass scheme [22, 23] is used. All results have been obtained in two independent Monte
Carlo programs that have already been used for the computations of NLO QCD and EW

partonic channel interferences at O
�

αsα
5
�

kinematic channels
uu → µ+νµe+νedd yes t, u

uc/cu → µ+νµe+νeds no t

cc → µ+νµe+νess yes t, u

ud̄/d̄u → µ+νµe+νedū yes t, s

ud̄/d̄u → µ+νµe+νesc̄ no s

us̄/s̄u → µ+νµe+νedc̄ no t

cd̄/d̄c → µ+νµe+νesū no t

cs̄/s̄c → µ+νµe+νedū no s

cs̄/s̄c → µ+νµe+νesc̄ yes t, s

d̄d̄ → µ+νµe+νeūū yes t, u

d̄s̄/s̄d̄ → µ+νµe+νeūc̄ no t

s̄s̄ → µ+νµe+νec̄c̄ yes t, u

Table 1: Leading-order partonic channels contributing to the hadronic process pp →
µ+νµe+νejj. The middle column indicates whether the channel gives rise to an interference
contribution at O

�

αsα
5
�

or not. The right column specifies the contributing kinematic chan-
nels.

– 5 –
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Resonance histories (2)

Richest s-channel history: the others can be obtained by removing internal
propagators

ν�/j

�/j

ν��

��

j/ν�

j/�
W

Z

W

W

W

ν�/j

�/j

ν��

��

j/ν�

j/�
W

H

W

W

W

Figure 1: Graphical representation of the four diagrams with the highest number of massive
resonances for pp → �±1 ν�1�

±
2 ν�2 jj. The resonances of any other contribution can be matched to

one of the resonances in these two diagrams.

3.3 Powheg+Recola

For each of the hadronic processes pp → �±1 ν�1�
±
2 ν�2 jj with �1, �2 = e, µ, there are 12 partonic

processes (see Table 1 of Ref. [8]). Several of them share the same matrix element. Upon
applying the relevant parton-distribution function (PDF) factor, these can be merged. Using
crossing of particles in the initial state, one can reduce the set of matrix elements to be declared
in POWHEG to seven. For the two sets of differently charged final-state leptons, these are given
by:

d̄d̄ → �+1 ν�1�
+
2 ν�2 ūū, ūū → �−1 ν�1�

−
2 ν�2 d̄d̄,

d̄u → �+1 ν�1�
+
2 ν�2 ūd, ūd → �−1 ν�1�

−
2 ν�2 d̄u,

uu → �+1 ν�1�
+
2 ν�2dd, dd → �−1 ν�1�

−
2 ν�2uu,

s̄d̄ → �+1 ν�1�
+
2 ν�2 c̄ū, c̄ū → �−1 ν�1�

−
2 ν�2 s̄d̄,

s̄u → �+1 ν�1�
+
2 ν�2 c̄d, c̄d → �−1 ν�1�

−
2 ν�2 s̄u,

uc → �+1 ν�1�
+
2 ν�2ds, ds → �−1 ν�1�

−
2 ν�2uc,

ud̄ → �+1 ν�1�
+
2 ν�2 c̄s, c̄s → �−1 ν�1�

−
2 ν�2ud̄. (9)

Among these, the first three and the last four partonic processes are related by initial–final-state
crossing. Therefore, even if declared in the interface, only the amplitudes of Eq. (8) have to be
generated by Recola2.

The partonic processes described in Eq. (9), can be divided into three categories according
to their resonance structure. Some processes involve only t-channel (and u-channel) diagrams,
some involve only s-channel diagrams, and some receive contributions from s- and t-channel
diagrams (see Table 1 in Ref. [8]). The t-channel diagrams have a simple resonance structure
with only two resonant W bosons which decay leptonically. For s-channel diagrams, the resonance
structure can be more intricate. The four most complicated resonance structures for the given
hadronic processes are displayed in Fig. 1, and each one contains five potentially resonant massive
propagators in total. One of them can either be a Z boson or a Higgs boson. Moreover, two
different assignments of the quarks (denoted as j in Fig. 1) to W resonances are possible. Any
other occurring resonance structure can be obtained from one of the resonance structures in
Fig. 1 by discarding one or several resonant propagators.

As mentioned in Sect. 2, our generator can compute the four hadronic processes (1)–(4)
covering all possible same-sign W-scattering channels. In addition, we provide an interface to
PYTHIA [30, 31] to perform the QED as well as the QCD PS matching. Besides the PS

6

in principle, all possible histories should be declared
each history is integrated as an independent process:
too many histories slow down the calculation considerably
the history will be written in the LHE event:
simplified histories could lead to (small) recoil mismodeling in the PS
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Validation: LHE level
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Figure 3: Comparison of differential distributions between Powheg+Recola (this work) and
MoCaNLO+Recola (Ref. [7]) at NLO EW [order O

�
α7

�
] at a centre-of-mass energy

√
s =

13 TeV at the LHC for pp → µ+νµe+νejj: (a) invariant mass of the two leading jets (left), and
(b) rapidity difference of the two leading jets (right). The upper panels show the two NLO
predictions. The lower panels display the relative difference between the two computations with
the corresponding statistical error bars dominated by the Powheg+Recola predictions.

of the two tagging jets (Fig. 3b). These two observables are typically used in experimental anal-
yses to enhance EW components over their QCD counterparts. The level of agreement is around
few per cent for all bins. This corresponds to the statistical error of the Powheg+Recola
computation. Other distributions display a similar level of agreement.

5.3 Predictions at NLO EW accuracy in association with parton shower

In this section, we show results at NLO EW and NLO EW+PS accuracy for illustrative purposes
for the process pp → µ+νµe+νejj. As explained in Sect. 3.1, the NLO EW corrections are
matched to a QED PS and interfaced to a QCD PS. In particular, besides the PS evolution,
hadronisation and decays of unstable hadrons are also taken into account. In Fig. 4, we restrict
ourselves to a handful of distributions for brevity, but any distributions can be obtained from
the code presented here. The phenomenological results concerning the PS effects are not new
with respect to the in-depth study of Refs. [20, 43]. There, the effects of various PS and their
matching to NLO QCD computations have been investigated in detail. The key improvement
here is the combination of NLO EW corrections with PS and their availability in a public Monte
Carlo program. We stress again that the present computation features the full matrix element
at order O

�
α6

�
, meaning that tri-boson and interference contributions are included throughout.

In general the effects of PS are around ten per cent or more along the findings of Ref. [20]. Note

12

MoCaNLO is the fixed-order integrator used in B. Biedermann et al. arXiv:1611.02951,

arXiv:1708.00268
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Validation: LHE

dσ =
∑
fb

B̄fb(Φn)dΦn

{
∆fb(Φn,p

min
T )

+
∑

αr∈{αr|fb}

[
dΦrad θ(kT −pminT )∆fb(Φn,kT )R(Φn+1)

]Φ̄αr
n =Φn

αr

Bfb(Φn)

}

In principle, LHE events and fixed-order NLO results are NOT comparable :

contribution from Sudakov form factor at the LHE

additional radiative kinematics (RES radiations)

POWHEG and MoCaNLO agree very well because the NLO EW corrections are
dominated by virtual corrections
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Approximated O(αSα
6) corrections: 1st strategy (1)
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Figure 6: Differential distributions at a centre-of-mass energy
√

s = 13TeV at the LHC for
pp → µ+νµe+νejj: (a) rapidity for the anti-muon (top left), (b) rapidity for the hardest jet (top
right), (c) invariant mass for the two leading jets (bottom left), and (d) cosine of the angle
between the positron and the anti-muon (bottom 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 in per cent, defined as δi = δσi/

�

σLO, where
i = O

�

α7
�

,O
�

αsα
6
�

,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.

other hand, the contributions of order O
�

α2
sα

5
�

and O
�

α3
sα

4
�

display an opposite behaviour
with a small positive maximum in the central region and larger negative corrections in the
forward and backward directions, which is mainly caused by the increased relative size of
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O(αSα
6) corrections < 0.25

O(α7) ones

We can approximate O(αSα
6)

corrections running a QCD PS

Starting scale for the QCD-PS:
scalup=LO_scale6=pt_rad_powheg
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Approximated O(αSα
6) corrections: 1st strategy (2)

scalup=LO_scale6=pt_rad_powheg

we don’t have ME for real QCD radiation:
POWHEG Sudakov only tries to generate γ radiation

setting scalup to pt_rad_powheg for the QCD-PS will unphysically
suppress the QCD radiation

LO_scale

It is set to √pTj1pTj2 (NOT
√
s), as the relevant invariants for the QCD

corrections are t/u (NOT s)
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Approximated O(αSα
6) corrections: 1st strategy (3)
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Figure 4: Differential distributions at LO [order O
�
α6

�
], NLO EW [order O

�
α7

�
] and NLO

EW+PS at a centre-of-mass energy
√

s = 13 TeV at the LHC for pp → µ+νµe+νejj: (a) invari-
ant mass of the two leading jets (top left), (b) rapidity difference of the two leading jets (top
right), (c) transverse momentum of the hardest jet (bottom left), and (d) missing transverse
energy (bottom right). The upper panels show the LO prediction as well as the NLO predictions
with and without PS. The lower panels show the relative NLO corrections with respect to the
corresponding LO in per cent.
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Approximated O(αSα
6) corrections: 2nd strategy

Combination with the results at NLO QCD+QCD-PS accuracy

[ dσ
dO

]
EW&QCD

=
[ dσ

dO

]
EW+PS

+
[ dσ

dO

]
QCD+QCDPS

−
[ dσ

dO

]
LO+QCDPS

[
dσ
dO

]
QCD+QCDPS

can be computed with other tools
(e.g. POWHEG-BOX-V2/vbf_wp_wp/)

The LO contribution is subtracted to avoid the double counting of the QCD
PS in

[
dσ
dO

]
EW+PS

Non-factorizable QCD corrections are NOT included
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Conclusions and perspectives

We developed a MC event generator for pp→ lνl′ν ′jj at NLO EW
accuracy matched to QED PS in the POWHEG-BOX-RES framework

only O(α7) corrections to the LO O(α6) are included

O(αSα
6) can be included in a approximated way (PS or combination

with factorizable NLO QCD corrections+PS)

our approximated treatment can be easily applied to the other VBS
processes at the LHC

in order to implement the full NLO corrections to VBS at the LHC, the
general structure of POWHEG-BOX has to be generalized and the
subtraction formulas for the mixed interferences should be derived
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Backup Slides
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Approximated O(αSα
6) corrections: 1st strategy (4)
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Fig. 13: Differential 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: Differential 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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Fig. 15: Differential 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: Differential 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.
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Resonance histories

To implement a process in POWHEG-BOX-V2, the user should provide

B, V , R matrix elements

phase-space

list of Born and real processes (flavour lists)

In POWHEG-BOX-RES the user should also provide the resonance histories for
each process
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NLO PS matching

NLO QCD corrections: dσ = dσ0 [1 + δαS ]

QCD-PS: all order parton radiation in leading log approx.

dσ = dσ0
[
1 +∑∞

n=1 δ
′
αnS

]
NLO QCD+QCD-PS: dσ = dσ0

[
1 + δαS +∑∞

n=2 δ
′
αnS

]
matching replaces first PS radiation with NLO real radiation

many matching strategies are available in the literature: we used the
POWHEG2 method

2P. Nason hep-ph/0409146, S. Frixione et al. arXiv:0709.2092, S. Alioli arXiv:1002.2581
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NLO PS matching (2)

POWHEG matching:

the PS must be pT ordered:

pPS
T,1 > pPS

T,2 > pPS
T,3 > pPS

T,4 > · · ·

POWHEG generates one parton radiation at NLO accuracy

the scale of the POWHEG radiation (pPWG
T ) is set as starting scale for

the PS
pPWG

T > pPS
T,1 > · · ·
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POWHEG (1)

R=
∑
αr

Rαr

Rαr = SαrR

Sαr = 1 in αr

Sαr ' 0 outside αr

B̄fb(Φn) = [B (Φn) +V (Φn)]fb

+
∑

αr∈{αr|fb}

∫ [
dΦrad {R (Φn+1)−C (Φn+1)}

]Φ̄αr
n =Φn

αr

+
∑

α⊕∈{α⊕|fb}

∫
dz

z
G
α⊕
⊕ (Φn,⊕) +

∑
α	∈{α	|fb}

∫
dz

z
G
α	
	 (Φn,	)
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POWHEG (2)

dσ =
∑
fb

B̄fb(Φn)dΦn

{
∆fb(Φn,p

min
T )

+
∑

αr∈{αr|fb}

[
dΦrad θ(kT −pminT )∆fb(Φn,kT )R(Φn+1)

]Φ̄αr
n =Φn

αr

Bfb(Φn)

}

∆fb(Φn,pT) =
∏

αr∈{αr|fb}

∆αr(Φn,pT) =

∏
αr∈{αr|fb}

exp

−
∫ [

dΦradR (Φn+1) θ (kT(Φn+1)−pT)
]Φ̄αr

n =Φn

αr

Bfb (Φn)
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POWHEG (3)

POWHEG-BOX-V2

try to generate one radiation from
each αr (pαr

T )

find the hardest radiation (pmaxT )

pmaxT is the starting scale of the PS

POWHEG-BOX-RES(∗)

try to generate one radiation from
each αr (pαr

T )

for each resonance r, find the
hardest radiation emitted by the
resonance (pmaxT,r )

pmaxT,r is the starting scale of the
PS radiation from r

(∗) T. Ježo and P. Nason, arXiv:1509.09071

Mauro Chiesa pp→WWjj at NLO EW in POWHEG-BOX-RES


