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Overview

• VBFNLO 
- Processes and features 
- Implementation of NLO corrections 

• Z𝛾jj Production 
- Production mechanisms 
- EW production: 

uncertainties & differential results 
- Anomalous gauge couplings
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VBFNLO
A parton level Monte Carlo for processes with electroweak bosons

Processes: 
• VBF Hjj, Hjjj, HHjj, H𝛾jj 
• Gluon Fusion Hjj (@LO) 
• Higgs-Strahlung: HW, HWj 

• VBF Vjj, VVjj (new: Z𝛾jj) 
• QCD-induced Vjj, VVjj 

• di/tri-boson: VV, VVV 
• Bosons + 1j:  

Wj, VVj (new: WWj, ZZj), W𝛾𝛾j 
• Gluon Fusion (@LO): VV, VVj 

New in VBFNLO-3-beta

Features 
• processes implemented at NLO 
• fully differential (cuts&histograms) 
• including leptonic decays with all 

off-shell effects, 
semi-leptonic decay for selected 
processes 

• fast 
• BSM effects for many processes: 

aGC, 2HDM, KK, spin-2 
• K-matrix unitarisation for  
• BLHA interface for VBF processes 
• MPI parallelization

OS,0 OS,1
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NLO implementation

factorize amplitude into EW part (leptonic tensor) and parts involving partons

leptonic tensors

=               +            +             + …

• possibly involving anomalous gauge couplings 
• evaluated once per phase-space point 

used for all subprocesses → speedup
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NLO implementation

factorize amplitude into EW part (leptonic tensor) and parts involving partons

QCD part — virtual corrections

=             +           +           +

grouped into building blocks with fixed order of bosons 
• universal, can be used for many processes 
• VBF processes: up to pentagon diagrams 

W𝛾𝛾j, QCD-induced VVjj: up to hexagons 
• tensor reduction: [Passarino, Veltman; Denner, Dittmaier] 
• ward identities → test of stability, if fails:  

discard point, expand in small Gram determinant, 
or reevaluate in quadruple precision (process dep.) 

• implementation: [Campanario `11] 
real radiation: Dipole subtraction [Catani, Seymour `96]
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VBF approximation

VBF processes peak at large mjj  
→ t- and u-channels are dominant 
→ s-channel and t-/u-channel interferences are suppressed 
→ QCD corrections to both quark lines can be treated separately

Q1

only contributes to  
t-/u-channel interference 

+ corrections to lower quark line 
   with momentum transfer Q2
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Z𝛾jj Production Channels
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[Campanario, MK, Ninh, Zeppenfeld `14]

• typically high mjj, large Δyjj 

• small scale uncertainty 
• quartic gauge couplings

• gluon-induced subprocesses 
→ relatively soft events 

• relatively large scale uncertainty

• s-channel decay V→jj peaks at mjj≈mV 

→ small contribution at high mjj 

contributes            to Z𝛾jj 
contributes           to Z𝛾jjjO(1%)
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Cuts
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FIG. 2: Left: Dependence of the total cross section on the variation of the factorization and renormalization scale,
as well as the combined variation. Results are shown using the central scales Qi and MZ . Right: Combined

variation of the two scales for di↵erent choices of the central value.

via tree-level relations, i.e., we use

GF = 1.16637 ⇥ 10�5 GeV�2,

MW = 80.385 GeV, MZ = 91.1876 GeV,

↵�1 = ↵�1
GF

= 132.23422, sin2(✓W ) = 0.22289722.

The widths of the bosons are taken as

�Z = 2.50773065 GeV, �W = 2.09666458 GeV. (3)

As default, we use the PDF4LHC15 nlo 100 [19] PDF set
both at LO and NLO. The jets are defined with the anti-
kt algorithm [20] with radius R = 0.4 and are required
to have a transverse momentum pT,j > 30 GeV and ra-
pidity |yj | < 4.5. The jets are ordered by transverse
momenta and the tagging jets at NLO are defined as the
two hardest jets. To simulate typical VBF searches and
LHC detector capabilities, we use

pT,`(�) > 20(30) GeV, |y`(�)| < 2.5,

Rj` > 0.4, R`� > 0.4,

Rj� > 0.4, R`` > 0.0,

m``� > 120 GeV, m`` > 15 GeV. (4)

The last cut in Eq. (4) eliminates the singularity arising
from a virtual photon, �⇤ ! `+`�. Additionally, we
impose the typical VBF cuts on the tagging jets,

mj1j2 > 600 GeV, |⌘j1 � ⌘j2 | > 4 ⌘j1 ⇥ ⌘j2 < 0. (5)

Furthermore, as a photon isolation cut, following the
”tight isolation accord” presented in Ref. [21], events are
accepted if they satisfy

X

i2partons

pT,i✓(R � R�i)  ✏pT,�
1 � cos R

1 � cos �0
8R < �0(6)

with �0 = 0.4 and e�ciency, ✏ = 0.05.
As default factorization and renormalization central

scale, we chose the absolute value of the momentum
transfer Qi from quark line “i” to the EW process,

µF = µR = µ0 = Qi. (7)

A. Total Cross Section

In the following, we present results for the integrated
cross section at the LHC at a center of mass energy of
13 TeV for di↵erent scale choices and PDF sets. In the
left panel of Fig. 2, we vary independently the factor-
ization and renormalization scale µ = ⇠µ0 in the range
⇠ 2 (0.1, 10) around the central scales µ0 = MZ (or-
ange line) and µ0 = Qi (blue line). At ⇠ = 1, we
find for µ0 = Qi �LO = 2.9378(7)�8%

+9% fb and �NLO =

2.837(1)�0.3%
�1% fb with a K-factor, defined as the ratio of

the NLO over the LO predictions, of K = 0.97. Corre-
spondingly, for µ0 = MZ we find �LO = 3.083(2)�8%

+10% fb

and �NLO = 2.848(4)+0.3%
�2% fb with a K-factor of K =

0.92. The upper(sub)-scripts correspond to the scale un-
certainty taken at ⇠ = 2(⇠ = 0.5) being of order 10% at
LO and few percent at NLO. The numbers in parenthesis
quote MC statistical errors. Note that at leading order,
we only have factorization scale uncertainties and that
the di↵erences of the LO and NLO predictions of about
5% and 0.5%, correspondingly, at the central scale for the
two di↵erent scale choices are contained in the scale un-
certainties. This is, however, not always the case at LO
as we can see in the right panel of Fig. 2 where we have
plotted additionally, setting µF = µR = ⇠µ0 for simplic-
ity, the curves for µ0 2 (HT , HT⇤ , ET ), which are often
used in the corresponding QCD V V jj induced processes,

3
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via tree-level relations, i.e., we use

GF = 1.16637 ⇥ 10�5 GeV�2,

MW = 80.385 GeV, MZ = 91.1876 GeV,

↵�1 = ↵�1
GF

= 132.23422, sin2(✓W ) = 0.22289722.

The widths of the bosons are taken as

�Z = 2.50773065 GeV, �W = 2.09666458 GeV. (3)

As default, we use the PDF4LHC15 nlo 100 [19] PDF set
both at LO and NLO. The jets are defined with the anti-
kt algorithm [20] with radius R = 0.4 and are required
to have a transverse momentum pT,j > 30 GeV and ra-
pidity |yj | < 4.5. The jets are ordered by transverse
momenta and the tagging jets at NLO are defined as the
two hardest jets. To simulate typical VBF searches and
LHC detector capabilities, we use

pT,`(�) > 20(30) GeV, |y`(�)| < 2.5,

Rj` > 0.4, R`� > 0.4,

Rj� > 0.4, R`` > 0.0,

m``� > 120 GeV, m`` > 15 GeV. (4)

The last cut in Eq. (4) eliminates the singularity arising
from a virtual photon, �⇤ ! `+`�. Additionally, we
impose the typical VBF cuts on the tagging jets,

mj1j2 > 600 GeV, |⌘j1 � ⌘j2 | > 4 ⌘j1 ⇥ ⌘j2 < 0. (5)

Furthermore, as a photon isolation cut, following the
”tight isolation accord” presented in Ref. [21], events are
accepted if they satisfy

X

i2partons

pT,i✓(R � R�i)  ✏pT,�
1 � cos R

1 � cos �0
8R < �0(6)

with �0 = 0.4 and e�ciency, ✏ = 0.05.
As default factorization and renormalization central

scale, we chose the absolute value of the momentum
transfer Qi from quark line “i” to the EW process,

µF = µR = µ0 = Qi. (7)

A. Total Cross Section

In the following, we present results for the integrated
cross section at the LHC at a center of mass energy of
13 TeV for di↵erent scale choices and PDF sets. In the
left panel of Fig. 2, we vary independently the factor-
ization and renormalization scale µ = ⇠µ0 in the range
⇠ 2 (0.1, 10) around the central scales µ0 = MZ (or-
ange line) and µ0 = Qi (blue line). At ⇠ = 1, we
find for µ0 = Qi �LO = 2.9378(7)�8%

+9% fb and �NLO =

2.837(1)�0.3%
�1% fb with a K-factor, defined as the ratio of

the NLO over the LO predictions, of K = 0.97. Corre-
spondingly, for µ0 = MZ we find �LO = 3.083(2)�8%

+10% fb

and �NLO = 2.848(4)+0.3%
�2% fb with a K-factor of K =

0.92. The upper(sub)-scripts correspond to the scale un-
certainty taken at ⇠ = 2(⇠ = 0.5) being of order 10% at
LO and few percent at NLO. The numbers in parenthesis
quote MC statistical errors. Note that at leading order,
we only have factorization scale uncertainties and that
the di↵erences of the LO and NLO predictions of about
5% and 0.5%, correspondingly, at the central scale for the
two di↵erent scale choices are contained in the scale un-
certainties. This is, however, not always the case at LO
as we can see in the right panel of Fig. 2 where we have
plotted additionally, setting µF = µR = ⇠µ0 for simplic-
ity, the curves for µ0 2 (HT , HT⇤ , ET ), which are often
used in the corresponding QCD V V jj induced processes,

Jets:   anti-kT , R = 0.4

|yj | < 4.5pT,j > 30GeV,

Leptons:

VBF-cuts:

Smooth photon isolation [Frixione `98]
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VBF Z𝛾jj — Scale Dependence
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impose the typical VBF cuts on the tagging jets,

mj1j2 > 600 GeV, |⌘j1 � ⌘j2 | > 4 ⌘j1 ⇥ ⌘j2 < 0. (5)

Furthermore, as a photon isolation cut, following the
”tight isolation accord” presented in Ref. [21], events are
accepted if they satisfy
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with �0 = 0.4 and e�ciency, ✏ = 0.05.
As default factorization and renormalization central

scale, we chose the absolute value of the momentum
transfer Qi from quark line “i” to the EW process,

µF = µR = µ0 = Qi. (7)

A. Total Cross Section

In the following, we present results for the integrated
cross section at the LHC at a center of mass energy of
13 TeV for di↵erent scale choices and PDF sets. In the
left panel of Fig. 2, we vary independently the factor-
ization and renormalization scale µ = ⇠µ0 in the range
⇠ 2 (0.1, 10) around the central scales µ0 = MZ (or-
ange line) and µ0 = Qi (blue line). At ⇠ = 1, we
find for µ0 = Qi �LO = 2.9378(7)�8%

+9% fb and �NLO =

2.837(1)�0.3%
�1% fb with a K-factor, defined as the ratio of

the NLO over the LO predictions, of K = 0.97. Corre-
spondingly, for µ0 = MZ we find �LO = 3.083(2)�8%

+10% fb

and �NLO = 2.848(4)+0.3%
�2% fb with a K-factor of K =

0.92. The upper(sub)-scripts correspond to the scale un-
certainty taken at ⇠ = 2(⇠ = 0.5) being of order 10% at
LO and few percent at NLO. The numbers in parenthesis
quote MC statistical errors. Note that at leading order,
we only have factorization scale uncertainties and that
the di↵erences of the LO and NLO predictions of about
5% and 0.5%, correspondingly, at the central scale for the
two di↵erent scale choices are contained in the scale un-
certainties. This is, however, not always the case at LO
as we can see in the right panel of Fig. 2 where we have
plotted additionally, setting µF = µR = ⇠µ0 for simplic-
ity, the curves for µ0 2 (HT , HT⇤ , ET ), which are often
used in the corresponding QCD V V jj induced processes,
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with Vi 2 (Z, �). mVi denotes the invariant mass of the
corresponding leptons (mVi = 0 for on-shell photons) and
y12 = (y1 + y2)/2 the average rapidity of the two hard-
est (or tagging) jets, ordered by decreasing transverse
momenta. ET (jj) and ET (V V ) stand for the transverse
energy of the two tagging jets and of the V V system,
respectively. In the last two scale choices of Eq. (8),
the first term interpolates between mjj and

P
pT,jets for

large and small �yjj = |y1 � y2| values, respectively.
First, we note that the LO predictions for the di↵erent
central scale choices are not covered by the scale uncer-
tainties. At, ⇠ = 1, we found at LO di↵erences of about
40% for µ0 = MZ and µ0 = HT⇤ , while the NLO di↵er-
ences are about 5% for µ0 = HT and µ0 = HT⇤ . Also,
note, that the K-factor varies from 0.92 for µ0 = MZ to
1.24 for µ0 = HT⇤ , and greatly depends on the value of
the LO predictions. Even larger di↵erences can be seen in
di↵erential distributions, thus, pointing out the necessity
of using NLO predictions for obtaining robust results.

The order 5% uncertainty found above for the more ex-
treme scale choices is, in fact, a better, but still a low esti-
mate for the error induced by missing NNLO corrections.
As was found for VBF Higgs production, cross sections
and various distributions within VBF cuts are lowered
by another 5 to 10% by NNLO corrections as compared
to NLO results [22]. This e↵ect is due to a wider en-
ergy flow within NNLO quark jets as compared to the
NLO approximation: the narrow R = 0.4 jets capture
less of the jet energy at NNLO and thus have a harder
time passing the mjj > 600 GeV requirement [23]. Since
this e↵ect should be universal for all VBF processes, we
expect another order 5% reduction of the fiducial cross
section at NNLO, which is not accounted for by the scale
considerations.

In Fig. 3, we plot the scale variation, for equal factor-
ization and renormalization scale, i.e. µF = µR = ⇠Qi,
as well as the associated PDF uncertainty at NLO for
the PDF4LHC15 nlo 100 and HERAPDF20 [24] (EIG)
sets. In addition, we show the scale variation for the
ABM11 [25] (5 flavors), CT14 [26], MMHT2014 [27], and
NNPDF30 [28] (with ↵s(MZ) = 0.118) sets used at the
corresponding order, if available. For NNPDF30 and
ABM11, we use the NLO sets for the LO curves and
for the CT14 curve at LO, we use the LO CT10 [29]
sets. At LO, we observe at the central point an 8%
maximum di↵erence between the MMHT2014 and the
CT10 predictions, which is of the same order as the scale
uncertainty reported previously, while the error of the

FIG. 3: Combined variation of the factorization and
renormalization scale for di↵erent PDF sets. For the

NLO results obtained with the PDF4LHC15 and
HERAPDF20 sets, the corresponding PDF

uncertainties are shown as bands.

PDFs is around the few percent level and, thus, do not
cover the uncertainty observed. At NLO, at the central
point, a 6% maximum di↵erence between HERAPDF20
and AMB11 is found. It is neither covered by the scale
uncertainty, varying only one of the particular scales, nor
by the PDF uncertainties, which are 2% and 1% for these
PDFs, respectively. When comparing our default PDF
set (PDF4LHC15 nlo 100), with a 2% PDF uncertainty,
with the HERAPDF20 predictions, they almost overlap
with a di↵erence of 4.7%. The size of the PDF uncertain-
ties is of the same order in the whole range ⇠ 2 (0.1, 10).
In Table I, one finds the values at NLO obtained with
the di↵erent PDFs as well as the associated asymmetric
error at ⇠ = 1.

In Fig. 4, we plot the cross sections for di↵erent ener-
gies. In addition to our default PDF set, we plot the lines
for the AMB11 and NNPDF30 sets, where larger di↵er-
ences of about 20% are seen at a center of mass energy
of 100 TeV. The bands include the scale and PDF uncer-
tainties, which are added in quadrature. The combined
uncertainty at 100 TeV rounds the 8% for the AMB11 set,
dominated by the PDF uncertainty of about 7%, and 3%
for the NNPDF30 and our default PDF4LHC15 nlo 100
set.

In order to remove contributions not relevant for the
study of anomalous coupling e↵ects, in Fig. 5, we plot
the integrated cross section depending on the minimum
value required for the invariant mass, mZ� , of the EW
system both for the Z`�jj and Z⌫�jj channels, neglect-
ing the corresponding cut specified in Eq. (4). For lep-
tonic decays of the Z-boson, two lepton generations are
counted while for Z ! ⌫⌫ only one generation is consid-
ered, which gives roughly equal cross sections for easier
comparison. When applying cuts, we treat the neutrinos
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with Vi 2 (Z, �). mVi denotes the invariant mass of the
corresponding leptons (mVi = 0 for on-shell photons) and
y12 = (y1 + y2)/2 the average rapidity of the two hard-
est (or tagging) jets, ordered by decreasing transverse
momenta. ET (jj) and ET (V V ) stand for the transverse
energy of the two tagging jets and of the V V system,
respectively. In the last two scale choices of Eq. (8),
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large and small �yjj = |y1 � y2| values, respectively.
First, we note that the LO predictions for the di↵erent
central scale choices are not covered by the scale uncer-
tainties. At, ⇠ = 1, we found at LO di↵erences of about
40% for µ0 = MZ and µ0 = HT⇤ , while the NLO di↵er-
ences are about 5% for µ0 = HT and µ0 = HT⇤ . Also,
note, that the K-factor varies from 0.92 for µ0 = MZ to
1.24 for µ0 = HT⇤ , and greatly depends on the value of
the LO predictions. Even larger di↵erences can be seen in
di↵erential distributions, thus, pointing out the necessity
of using NLO predictions for obtaining robust results.

The order 5% uncertainty found above for the more ex-
treme scale choices is, in fact, a better, but still a low esti-
mate for the error induced by missing NNLO corrections.
As was found for VBF Higgs production, cross sections
and various distributions within VBF cuts are lowered
by another 5 to 10% by NNLO corrections as compared
to NLO results [22]. This e↵ect is due to a wider en-
ergy flow within NNLO quark jets as compared to the
NLO approximation: the narrow R = 0.4 jets capture
less of the jet energy at NNLO and thus have a harder
time passing the mjj > 600 GeV requirement [23]. Since
this e↵ect should be universal for all VBF processes, we
expect another order 5% reduction of the fiducial cross
section at NNLO, which is not accounted for by the scale
considerations.

In Fig. 3, we plot the scale variation, for equal factor-
ization and renormalization scale, i.e. µF = µR = ⇠Qi,
as well as the associated PDF uncertainty at NLO for
the PDF4LHC15 nlo 100 and HERAPDF20 [24] (EIG)
sets. In addition, we show the scale variation for the
ABM11 [25] (5 flavors), CT14 [26], MMHT2014 [27], and
NNPDF30 [28] (with ↵s(MZ) = 0.118) sets used at the
corresponding order, if available. For NNPDF30 and
ABM11, we use the NLO sets for the LO curves and
for the CT14 curve at LO, we use the LO CT10 [29]
sets. At LO, we observe at the central point an 8%
maximum di↵erence between the MMHT2014 and the
CT10 predictions, which is of the same order as the scale
uncertainty reported previously, while the error of the

FIG. 3: Combined variation of the factorization and
renormalization scale for di↵erent PDF sets. For the
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PDFs is around the few percent level and, thus, do not
cover the uncertainty observed. At NLO, at the central
point, a 6% maximum di↵erence between HERAPDF20
and AMB11 is found. It is neither covered by the scale
uncertainty, varying only one of the particular scales, nor
by the PDF uncertainties, which are 2% and 1% for these
PDFs, respectively. When comparing our default PDF
set (PDF4LHC15 nlo 100), with a 2% PDF uncertainty,
with the HERAPDF20 predictions, they almost overlap
with a di↵erence of 4.7%. The size of the PDF uncertain-
ties is of the same order in the whole range ⇠ 2 (0.1, 10).
In Table I, one finds the values at NLO obtained with
the di↵erent PDFs as well as the associated asymmetric
error at ⇠ = 1.

In Fig. 4, we plot the cross sections for di↵erent ener-
gies. In addition to our default PDF set, we plot the lines
for the AMB11 and NNPDF30 sets, where larger di↵er-
ences of about 20% are seen at a center of mass energy
of 100 TeV. The bands include the scale and PDF uncer-
tainties, which are added in quadrature. The combined
uncertainty at 100 TeV rounds the 8% for the AMB11 set,
dominated by the PDF uncertainty of about 7%, and 3%
for the NNPDF30 and our default PDF4LHC15 nlo 100
set.

In order to remove contributions not relevant for the
study of anomalous coupling e↵ects, in Fig. 5, we plot
the integrated cross section depending on the minimum
value required for the invariant mass, mZ� , of the EW
system both for the Z`�jj and Z⌫�jj channels, neglect-
ing the corresponding cut specified in Eq. (4). For lep-
tonic decays of the Z-boson, two lepton generations are
counted while for Z ! ⌫⌫ only one generation is consid-
ered, which gives roughly equal cross sections for easier
comparison. When applying cuts, we treat the neutrinos
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with Vi 2 (Z, �). mVi denotes the invariant mass of the
corresponding leptons (mVi = 0 for on-shell photons) and
y12 = (y1 + y2)/2 the average rapidity of the two hard-
est (or tagging) jets, ordered by decreasing transverse
momenta. ET (jj) and ET (V V ) stand for the transverse
energy of the two tagging jets and of the V V system,
respectively. In the last two scale choices of Eq. (8),
the first term interpolates between mjj and

P
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large and small �yjj = |y1 � y2| values, respectively.
First, we note that the LO predictions for the di↵erent
central scale choices are not covered by the scale uncer-
tainties. At, ⇠ = 1, we found at LO di↵erences of about
40% for µ0 = MZ and µ0 = HT⇤ , while the NLO di↵er-
ences are about 5% for µ0 = HT and µ0 = HT⇤ . Also,
note, that the K-factor varies from 0.92 for µ0 = MZ to
1.24 for µ0 = HT⇤ , and greatly depends on the value of
the LO predictions. Even larger di↵erences can be seen in
di↵erential distributions, thus, pointing out the necessity
of using NLO predictions for obtaining robust results.

The order 5% uncertainty found above for the more ex-
treme scale choices is, in fact, a better, but still a low esti-
mate for the error induced by missing NNLO corrections.
As was found for VBF Higgs production, cross sections
and various distributions within VBF cuts are lowered
by another 5 to 10% by NNLO corrections as compared
to NLO results [22]. This e↵ect is due to a wider en-
ergy flow within NNLO quark jets as compared to the
NLO approximation: the narrow R = 0.4 jets capture
less of the jet energy at NNLO and thus have a harder
time passing the mjj > 600 GeV requirement [23]. Since
this e↵ect should be universal for all VBF processes, we
expect another order 5% reduction of the fiducial cross
section at NNLO, which is not accounted for by the scale
considerations.

In Fig. 3, we plot the scale variation, for equal factor-
ization and renormalization scale, i.e. µF = µR = ⇠Qi,
as well as the associated PDF uncertainty at NLO for
the PDF4LHC15 nlo 100 and HERAPDF20 [24] (EIG)
sets. In addition, we show the scale variation for the
ABM11 [25] (5 flavors), CT14 [26], MMHT2014 [27], and
NNPDF30 [28] (with ↵s(MZ) = 0.118) sets used at the
corresponding order, if available. For NNPDF30 and
ABM11, we use the NLO sets for the LO curves and
for the CT14 curve at LO, we use the LO CT10 [29]
sets. At LO, we observe at the central point an 8%
maximum di↵erence between the MMHT2014 and the
CT10 predictions, which is of the same order as the scale
uncertainty reported previously, while the error of the

FIG. 3: Combined variation of the factorization and
renormalization scale for di↵erent PDF sets. For the

NLO results obtained with the PDF4LHC15 and
HERAPDF20 sets, the corresponding PDF

uncertainties are shown as bands.

PDFs is around the few percent level and, thus, do not
cover the uncertainty observed. At NLO, at the central
point, a 6% maximum di↵erence between HERAPDF20
and AMB11 is found. It is neither covered by the scale
uncertainty, varying only one of the particular scales, nor
by the PDF uncertainties, which are 2% and 1% for these
PDFs, respectively. When comparing our default PDF
set (PDF4LHC15 nlo 100), with a 2% PDF uncertainty,
with the HERAPDF20 predictions, they almost overlap
with a di↵erence of 4.7%. The size of the PDF uncertain-
ties is of the same order in the whole range ⇠ 2 (0.1, 10).
In Table I, one finds the values at NLO obtained with
the di↵erent PDFs as well as the associated asymmetric
error at ⇠ = 1.

In Fig. 4, we plot the cross sections for di↵erent ener-
gies. In addition to our default PDF set, we plot the lines
for the AMB11 and NNPDF30 sets, where larger di↵er-
ences of about 20% are seen at a center of mass energy
of 100 TeV. The bands include the scale and PDF uncer-
tainties, which are added in quadrature. The combined
uncertainty at 100 TeV rounds the 8% for the AMB11 set,
dominated by the PDF uncertainty of about 7%, and 3%
for the NNPDF30 and our default PDF4LHC15 nlo 100
set.

In order to remove contributions not relevant for the
study of anomalous coupling e↵ects, in Fig. 5, we plot
the integrated cross section depending on the minimum
value required for the invariant mass, mZ� , of the EW
system both for the Z`�jj and Z⌫�jj channels, neglect-
ing the corresponding cut specified in Eq. (4). For lep-
tonic decays of the Z-boson, two lepton generations are
counted while for Z ! ⌫⌫ only one generation is consid-
ered, which gives roughly equal cross sections for easier
comparison. When applying cuts, we treat the neutrinos

Dependence on      and µF µR Various central scales

µFNo     dependence at LO Stable results at NLO: 
Differences of 5% at           (40% @LO)⇠ = 1NLO scale dependence: ~1%
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VBF Z𝛾jj — Dependence on PDF set

µF = µr = ⇠QiScale dependence using different PDF sets

differences/uncertainties of PDF sets ~2%
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Estimation of NNLO QCD and NLO EW effects

5

III. RESULTS

In Fig. 1 we first show the integrated cross section as a function of the jet clustering
radius R. At LO, where only two partons are available, the cross section is independent of
the value of R, as discussed above. The NLO cross section then exhibits a dependence on R,
leading to an 8.5% reduction at the reference value R = 0.4. Going to larger values, the NLO
cross section rises, at about R = 1.0 it coincides with the LO value, and surpasses it when R
becomes even larger. Going one order higher in the perturbative expansion, the NNLO cross
section exhibits an even stronger R dependence. At the reference value, R = 0.4, a further
6% reduction of the cross section compared to NLO takes place. Again around R = 1.0,
the NNLO cross section agrees with both the LO and NLO results. Therefore, we choose
R = 1.0 as a matching point in the following, when studying di↵erential distributions. For
all three curves, we also show the e↵ect of varying the scale by a factor between 0.5 and
2 around the central scale given in Eq. (3), indicated by the underlying band. The sizable
scale dependence of the LO results is significantly reduced when going to NLO, while going
one order further to NNLO yields only a small additional reduction. For all combinations,
the scale variation bands are not overlapping at the reference value. We also note that for
NLO, the position of the plateau coincides well with the central scale choice when taking
the matching point, R = 1.0.

Looking at distributions, we first consider the transverse momentum of the leading jet,
shown in Fig. 2. The left panel shows the results for R = 0.4, where the NNLO curve has
been taken from Ref. [1]. The center panel uses the matching point with an R value of 1.0,
and in the right panel we present results with R = 1.6 for comparison. Using the reference
value R = 0.4, we see a reduction of the di↵erential cross section over most of the shown
range, which is approximately a constant factor for transverse momenta larger than 100 GeV.
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FIG. 1. Integrated cross section for VBF-H production as function of the jet clustering radius
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R = 0.4 is taken from Ref. [1].
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FIG. 2. Transverse momentum distribution of the leading jet. Results are shown for R values of
0.4 (left), 1.0 (center) and 1.6 (right).

For smaller transverse momenta, the corrections decrease and in the first bin the additional
NNLO e↵ects give a positive contribution to the cross section. Employing our matching
value, R = 1.0, we see that for jet transverse momenta above 80 GeV, the NLO and NNLO
results roughly agree within the statistical errors. For comparison, we have again plotted
the R=0.4 NLO curve in the upper panel. It shows that both the NLO and NNLO curves
have shifted upwards, consistent with the behavior seen for the integrated cross section in
Fig. 1. Only in the first two bins there is still a significant positive correction, but with
a smaller relative size than for R = 0.4. In the right panel with R = 1.6, we finally see
that the NNLO contributions are always positive. In the lower ratio panels, we additionally
show the e↵ect from using the Cambridge/Aachen and kT clustering algorithm instead of
our default choice of anti-kT . The e↵ects due to di↵erent cluster algorithms are tiny. We
have checked that this also holds for all other distributions. Therefore, we will show further
distributions only for the anti-kT algorithm.

In Fig. 3, we show the distribution of the rapidity di↵erence of the two tagging jets,
again for the three jet clustering radii of R = 0.4, 1.0 and 1.6. For the reference value, the
ratio of NNLO over NLO cross sections is below one for values close to the lower cut at
�yj1,j2 = 4.5. They then become gradually larger until a large positive correction is reached
at the upper limit of 9, which is given by the requirement that the absolute value of the
jet rapidity is below 4.5. Moving to the larger R = 1.0 clustering, the additional NNLO
corrections become small up to a rapidity di↵erence of about 7. Only for larger values do
we see significant remaining contributions, which are positive in size. Thereby, the phase-
space region of large rapidity di↵erence and small transverse momenta of the leading jet is
connected. As the cut on the invariant mass of the two tagging jets requires the jets to be
very energetic, a small transverse momentum causes a large rapidity of each jet, and thus
a large rapidity di↵erence. The distribution for R = 1.6 exhibits a behavior similar to the
one for R = 1.0, namely a constant correction factor for lower rapidity di↵erences with a
rise towards larger ones. Due to the larger jet radius, the correction factor is larger than
one throughout.
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FIG. 2. Transverse momentum distribution of the leading jet. Results are shown for R values of
0.4 (left), 1.0 (center) and 1.6 (right).

For smaller transverse momenta, the corrections decrease and in the first bin the additional
NNLO e↵ects give a positive contribution to the cross section. Employing our matching
value, R = 1.0, we see that for jet transverse momenta above 80 GeV, the NLO and NNLO
results roughly agree within the statistical errors. For comparison, we have again plotted
the R=0.4 NLO curve in the upper panel. It shows that both the NLO and NNLO curves
have shifted upwards, consistent with the behavior seen for the integrated cross section in
Fig. 1. Only in the first two bins there is still a significant positive correction, but with
a smaller relative size than for R = 0.4. In the right panel with R = 1.6, we finally see
that the NNLO contributions are always positive. In the lower ratio panels, we additionally
show the e↵ect from using the Cambridge/Aachen and kT clustering algorithm instead of
our default choice of anti-kT . The e↵ects due to di↵erent cluster algorithms are tiny. We
have checked that this also holds for all other distributions. Therefore, we will show further
distributions only for the anti-kT algorithm.

In Fig. 3, we show the distribution of the rapidity di↵erence of the two tagging jets,
again for the three jet clustering radii of R = 0.4, 1.0 and 1.6. For the reference value, the
ratio of NNLO over NLO cross sections is below one for values close to the lower cut at
�yj1,j2 = 4.5. They then become gradually larger until a large positive correction is reached
at the upper limit of 9, which is given by the requirement that the absolute value of the
jet rapidity is below 4.5. Moving to the larger R = 1.0 clustering, the additional NNLO
corrections become small up to a rapidity di↵erence of about 7. Only for larger values do
we see significant remaining contributions, which are positive in size. Thereby, the phase-
space region of large rapidity di↵erence and small transverse momenta of the leading jet is
connected. As the cut on the invariant mass of the two tagging jets requires the jets to be
very energetic, a small transverse momentum causes a large rapidity of each jet, and thus
a large rapidity di↵erence. The distribution for R = 1.6 exhibits a behavior similar to the
one for R = 1.0, namely a constant correction factor for lower rapidity di↵erences with a
rise towards larger ones. Due to the larger jet radius, the correction factor is larger than
one throughout.

• NNLO and N3LO corrections known for Hjj

[Rauch, Zeppenfeld]

[Bolzoni, Maltoni, Moch, Zaro `10] [Dreyer, Karlberg `16] 

Effects of similar size expected for VVjj production
Higher order correction introduce dependence on jet radius (no jet shape @LO)

• NLO EW corrections for Hjj:
[Ciccolini, Denner, Dittmaier `07] 
[Figy, Palmer, Weiglein `10] 

O(10%)

5-10% 
effect

→
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FIG. 6: Dependence of the total cross section on the
photon isolation parameter ✏ for di↵erent sizes of the

cone size �0.

TABLE II: Cross section of the EW and QCD
production process at di↵erent center-of-mass energies.

EW QCD

8 TeV 0.808(1)�1%
�0.9% fb 0.735(6)�14%

+15% fb

13 TeV 2.837(1)�0.3%
�1% fb 2.764(2)�13%

+13% fb

14 TeV 3.359(6)�0.2%
�0.9% fb 3.31(2)�12%

+13% fb

B. Di↵erential Distributions

In the following, we show results for di↵erential distri-
butions at

p
s = 13 TeV for the QCD and EW induced

Z`�jj processes using our default settings described in
section II. In the top panels, we show the EW LO (red)
and NLO (dark-blue) curves, including the scale uncer-
tainties. In light-blue, we show the QCD induced process
at NLO, including its scale uncertainties. In the bottom
panels, we show the corresponding EW K-factor as well
as the scale uncertainty band compared to the LO result
at the central scale. PDF uncertainties of the EW pro-
cess are shown as hatched bands. In Fig. 7, we show in
the upper row the di↵erential distribution of the invari-
ant mass of the electroweak system (left) and the min-
imum R-separation between the photon and one of the
leptons (right). In the lower row, we show jet observ-
ables for the tagging jets, the dijet invariant mass (left)
and the rapidity separation (right). Given the appropri-
ate scale choice, Qi, we observed modest K-factors, close
to one, in the whole spectrum, with larger variation in
the rapidity separation plot, ranging from 0.90-1.10, and
a drastic reduction of the scale uncertainties. In the top-
right plot, we show in addition the curve (green) without
the mZA > 120 GeV cut. As expected, the cut only re-
duces events with photons emitted close to the charged
leptons. In the bottom-left plot, one can observe clearly

the distinct behaviour of the invariant mass distribution
of the tagging jets for the EW vs QCD channels, with a
steeper fall-o↵ of the cross section for the QCD induced
process.

In Fig. 8, we show the normalized centralized rapidity
distribution of the reconstructed Z boson system (left)
and the photon (right) with respect to the tagging jests,

z⇤(V ) =
yV � 1

2 (y1 + y2)

y1 � y2
. (9)

Whereas for the EW process, the electroweak particles
are nearly exclusively produced in the central region be-
tween the two tagging jets located at z⇤ = ±1/2, they
are produced in a broader rapidity range for the QCD
process. Note that the distributions are not symmetric
because the jets are pT -ordered. In particular for the
QCD process, larger contributions can be found in the
vicinity of the hardest jet. The particular shape of the
QCD distributions can be explained by kinematic con-
figurations, where the hardest jet recoils against the EW
system, and a second jet, possibly stemming from gluon
radiation, is produced at large separation to fulfill the
VBF cuts.

C. Anomalous Couplings

In our implementation of the Z`�jj production cross
section, we allow for modified gauge couplings in the
framework of an e↵ective Lagrangian

LEFT = LSM +
X

d>4

X

i

fi
⇤d�4

O(d)
i , (10)

where the operators of dimension 6 and 8 have first been
defined in Refs. [30–32]. Due to minor di↵erences in the
definition of the field strength tensors in VBFNLO, our
conventions for the dimension 8 operators di↵er from the
ones given in Ref. [32]. The exact definition, as well as the
corresponding conversion rules can be found in Ref. [7].
While all operators given in Refs. [30–32] a↵ect the Z`�jj
production cross section, the operators

OT,8 = bBµ⌫
bBµ⌫ bB↵�

bB↵� and (11)

OT,9 = bB↵µ
bBµ� bB�⌫

bB⌫↵ (12)

with

bBµ⌫ = i
g0

2
Ba

µ⌫ (13)

are of particular interest for Z`�jj production since they
only involve neutral gauge bosons. Hence, they can first
be constrained in vector boson scattering pp ! V V jj or
triboson production pp ! V V V of neutral gauge bosons
(V 2 (Z, A)). Current experimental constraints on these
operators can be found in Refs. [33, 34].

Including anomalous gauge couplings, the amplitude
rises as M(s) / s2 for large invariant masses s = m2

Z� of

• EW production: EW bosons  
produced in central region 

• QCD production: EW bosons 
closer to hardest jet
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FIG. 7: Di↵erential cross sections of the EW and QCD induced process, showing the dependence on mZ� , min(R�l),
mjj , and �yjj . For the min(R�l) distributions, we also show the NLO EW cross section without applying a cut on
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the underlying vector boson scattering process, leading to
unitarity violation for large invariant masses. Unitarity
of the scattering amplitude can be restored by multiply-
ing the amplitude with a form factor of the form

F(s) =

✓
1 +

s

⇤2
FF

◆�2

. (14)

A di↵erent approach to unitarize the amplitude, via K-
matrix unitarization, has been explored in Ref. [35], lead-
ing to a modification of the normalized eigen-amplitudes
aIJ according to

aIJ ! aIJ

1 � iaIJ
. (15)

In the large s limit, K-matrix unitarization leads to a
behavior similar to applying a modified, complex form

factor [36],

Fc(s) =

✓
1 � i

s2

⇤c
FF

4

◆�1

, (16)

and in the following we compare this complex form fac-
tor with the conventional form factor defined in Eq. (14).
The form factor scales ⇤FF and ⇤c

FF are set according
to the unitarity constraint, such that the helicity combi-
nation with the largest contribution to the zeroth partial
wave fulfills the unitarity condition for all vector boson
scatterings V V ! V A and WW ! V A (V 2 (Z, A)).

In Fig. 9, we show the dependence of the Z`�jj cross
section on the invariant mass mZ� of the electroweak
system for di↵erent values of fT8. It can be seen that
well below the form factor scale, the results using the
complex form factor (dashed lines) closely follows the re-
sults where no unitarization is applied. Only close to
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FIG. 6: Dependence of the total cross section on the
photon isolation parameter ✏ for di↵erent sizes of the

cone size �0.

TABLE II: Cross section of the EW and QCD
production process at di↵erent center-of-mass energies.

EW QCD

8 TeV 0.808(1)�1%
�0.9% fb 0.735(6)�14%

+15% fb

13 TeV 2.837(1)�0.3%
�1% fb 2.764(2)�13%

+13% fb

14 TeV 3.359(6)�0.2%
�0.9% fb 3.31(2)�12%

+13% fb

B. Di↵erential Distributions

In the following, we show results for di↵erential distri-
butions at

p
s = 13 TeV for the QCD and EW induced

Z`�jj processes using our default settings described in
section II. In the top panels, we show the EW LO (red)
and NLO (dark-blue) curves, including the scale uncer-
tainties. In light-blue, we show the QCD induced process
at NLO, including its scale uncertainties. In the bottom
panels, we show the corresponding EW K-factor as well
as the scale uncertainty band compared to the LO result
at the central scale. PDF uncertainties of the EW pro-
cess are shown as hatched bands. In Fig. 7, we show in
the upper row the di↵erential distribution of the invari-
ant mass of the electroweak system (left) and the min-
imum R-separation between the photon and one of the
leptons (right). In the lower row, we show jet observ-
ables for the tagging jets, the dijet invariant mass (left)
and the rapidity separation (right). Given the appropri-
ate scale choice, Qi, we observed modest K-factors, close
to one, in the whole spectrum, with larger variation in
the rapidity separation plot, ranging from 0.90-1.10, and
a drastic reduction of the scale uncertainties. In the top-
right plot, we show in addition the curve (green) without
the mZA > 120 GeV cut. As expected, the cut only re-
duces events with photons emitted close to the charged
leptons. In the bottom-left plot, one can observe clearly

the distinct behaviour of the invariant mass distribution
of the tagging jets for the EW vs QCD channels, with a
steeper fall-o↵ of the cross section for the QCD induced
process.

In Fig. 8, we show the normalized centralized rapidity
distribution of the reconstructed Z boson system (left)
and the photon (right) with respect to the tagging jests,

z⇤(V ) =
yV � 1

2 (y1 + y2)

y1 � y2
. (9)

Whereas for the EW process, the electroweak particles
are nearly exclusively produced in the central region be-
tween the two tagging jets located at z⇤ = ±1/2, they
are produced in a broader rapidity range for the QCD
process. Note that the distributions are not symmetric
because the jets are pT -ordered. In particular for the
QCD process, larger contributions can be found in the
vicinity of the hardest jet. The particular shape of the
QCD distributions can be explained by kinematic con-
figurations, where the hardest jet recoils against the EW
system, and a second jet, possibly stemming from gluon
radiation, is produced at large separation to fulfill the
VBF cuts.

C. Anomalous Couplings

In our implementation of the Z`�jj production cross
section, we allow for modified gauge couplings in the
framework of an e↵ective Lagrangian

LEFT = LSM +
X

d>4

X

i

fi
⇤d�4

O(d)
i , (10)

where the operators of dimension 6 and 8 have first been
defined in Refs. [30–32]. Due to minor di↵erences in the
definition of the field strength tensors in VBFNLO, our
conventions for the dimension 8 operators di↵er from the
ones given in Ref. [32]. The exact definition, as well as the
corresponding conversion rules can be found in Ref. [7].
While all operators given in Refs. [30–32] a↵ect the Z`�jj
production cross section, the operators

OT,8 = bBµ⌫
bBµ⌫ bB↵�

bB↵� and (11)

OT,9 = bB↵µ
bBµ� bB�⌫

bB⌫↵ (12)

with

bBµ⌫ = i
g0

2
Ba

µ⌫ (13)

are of particular interest for Z`�jj production since they
only involve neutral gauge bosons. Hence, they can first
be constrained in vector boson scattering pp ! V V jj or
triboson production pp ! V V V of neutral gauge bosons
(V 2 (Z, A)). Current experimental constraints on these
operators can be found in Refs. [33, 34].

Including anomalous gauge couplings, the amplitude
rises as M(s) / s2 for large invariant masses s = m2

Z� of

→ only quartic couplings of neutral bosonsOperator:

aGC lead to unitarity violation for large             , because
Unitarisation with
• dipole form factor (dotted lines)

• modified form factor (dashed lines)

→ modified form factor has same same high-s behavior as K-matrix unitarisation 

s = m2
Z�

inspired by K-matrix unitarisation, 
where partial waves are replaced by

⇤, ⇤c set according to unitarity bound
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FIG. 6: Dependence of the total cross section on the
photon isolation parameter ✏ for di↵erent sizes of the

cone size �0.

TABLE II: Cross section of the EW and QCD
production process at di↵erent center-of-mass energies.

EW QCD

8 TeV 0.808(1)�1%
�0.9% fb 0.735(6)�14%

+15% fb

13 TeV 2.837(1)�0.3%
�1% fb 2.764(2)�13%

+13% fb

14 TeV 3.359(6)�0.2%
�0.9% fb 3.31(2)�12%

+13% fb

B. Di↵erential Distributions

In the following, we show results for di↵erential distri-
butions at

p
s = 13 TeV for the QCD and EW induced

Z`�jj processes using our default settings described in
section II. In the top panels, we show the EW LO (red)
and NLO (dark-blue) curves, including the scale uncer-
tainties. In light-blue, we show the QCD induced process
at NLO, including its scale uncertainties. In the bottom
panels, we show the corresponding EW K-factor as well
as the scale uncertainty band compared to the LO result
at the central scale. PDF uncertainties of the EW pro-
cess are shown as hatched bands. In Fig. 7, we show in
the upper row the di↵erential distribution of the invari-
ant mass of the electroweak system (left) and the min-
imum R-separation between the photon and one of the
leptons (right). In the lower row, we show jet observ-
ables for the tagging jets, the dijet invariant mass (left)
and the rapidity separation (right). Given the appropri-
ate scale choice, Qi, we observed modest K-factors, close
to one, in the whole spectrum, with larger variation in
the rapidity separation plot, ranging from 0.90-1.10, and
a drastic reduction of the scale uncertainties. In the top-
right plot, we show in addition the curve (green) without
the mZA > 120 GeV cut. As expected, the cut only re-
duces events with photons emitted close to the charged
leptons. In the bottom-left plot, one can observe clearly

the distinct behaviour of the invariant mass distribution
of the tagging jets for the EW vs QCD channels, with a
steeper fall-o↵ of the cross section for the QCD induced
process.

In Fig. 8, we show the normalized centralized rapidity
distribution of the reconstructed Z boson system (left)
and the photon (right) with respect to the tagging jests,

z⇤(V ) =
yV � 1

2 (y1 + y2)

y1 � y2
. (9)

Whereas for the EW process, the electroweak particles
are nearly exclusively produced in the central region be-
tween the two tagging jets located at z⇤ = ±1/2, they
are produced in a broader rapidity range for the QCD
process. Note that the distributions are not symmetric
because the jets are pT -ordered. In particular for the
QCD process, larger contributions can be found in the
vicinity of the hardest jet. The particular shape of the
QCD distributions can be explained by kinematic con-
figurations, where the hardest jet recoils against the EW
system, and a second jet, possibly stemming from gluon
radiation, is produced at large separation to fulfill the
VBF cuts.

C. Anomalous Couplings

In our implementation of the Z`�jj production cross
section, we allow for modified gauge couplings in the
framework of an e↵ective Lagrangian

LEFT = LSM +
X

d>4

X

i

fi
⇤d�4

O(d)
i , (10)

where the operators of dimension 6 and 8 have first been
defined in Refs. [30–32]. Due to minor di↵erences in the
definition of the field strength tensors in VBFNLO, our
conventions for the dimension 8 operators di↵er from the
ones given in Ref. [32]. The exact definition, as well as the
corresponding conversion rules can be found in Ref. [7].
While all operators given in Refs. [30–32] a↵ect the Z`�jj
production cross section, the operators

OT,8 = bBµ⌫
bBµ⌫ bB↵�

bB↵� and (11)

OT,9 = bB↵µ
bBµ� bB�⌫

bB⌫↵ (12)

with

bBµ⌫ = i
g0

2
Ba

µ⌫ (13)

are of particular interest for Z`�jj production since they
only involve neutral gauge bosons. Hence, they can first
be constrained in vector boson scattering pp ! V V jj or
triboson production pp ! V V V of neutral gauge bosons
(V 2 (Z, A)). Current experimental constraints on these
operators can be found in Refs. [33, 34].

Including anomalous gauge couplings, the amplitude
rises as M(s) / s2 for large invariant masses s = m2

Z� of

no unitarization

high-s region determined by unitarisation procedure

nearly no  
suppression 
with modified FF
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fT8 = 1200 TeV�4,

FIG. 10: Cross section of Z`�jj production in the SM and including various anomalous couplings in dependence on
mZA and transverse momentum of the final state particles.

the Z boson with all o↵-shell e↵ects and spin correlations
taken into account. While, at LO, the results greatly de-
pend on the scale choice, with up to 40% di↵erences at
the central value, the NLO results reduce considerably
the scale uncertainties, to the few percent level. PDF
uncertainties of individual sets have been studied yield-
ing errors of a few percent, which are propagated quite
homogeneously over the available phase space. However,
the central values of the predictions for the di↵erent sets
di↵er by up to 6%, which is not covered by the com-
bined uncertainty associated to the pdf sets and scale
variation. Furthermore, we have presented results for

anomalous couplings and we pointed out the necessity to
constrain anomalous couplings with data well below the
form factor scale only.
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di↵er by up to 6%, which is not covered by the com-
bined uncertainty associated to the pdf sets and scale
variation. Furthermore, we have presented results for

anomalous couplings and we pointed out the necessity to
constrain anomalous couplings with data well below the
form factor scale only.
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FIG. 8: Di↵erential cross sections of the EW and QCD induced process, showing the dependence on z⇤ defined in
Eq. (9). The bands show uncertainties associated with the scale and PDF set as described in Fig. 7.

FIG. 9: Cross section of Z`�jj production in the SM
and for di↵erent values of fT8. The line styles are as

given in Fig. 10.

and above the form factor scale, the modified form factor
leads to a significant suppression, removing the unitarity
violating tail of the distribution. The di↵erent values of
fT8 influence the shape of the distribution well below the
form factor scale, but for very high invariant masses they
lead to identical results, given by the unitarity condition.
In contrast, the conventional form factor (dotted lines)
also leads to a significant reduction of the cross section
well below the form factor scale, reducing the e↵ect of
the anomalous coupling in a larger region of the phase
space.

While Fig. 9 illustrates the di↵erences of the two form
factors over a broad range of mZ� , it is clear that the
phase-space region above the form factor scale is deter-
mined by the unitarization procedure and shouldn’t be
used to constrain anomalous couplings. In Fig. 10 we fo-

cus on smaller invariant masses and, in addition, we show
the cross section di↵erential in the final state transverse
momenta. Similar to the mZ� distribution, we observe
that the conventional form factor (dotted lines) leads to
a large suppression, whereas its complex version (dashed
lines) leads to results much closer to the results without
unitarization. However, also for the complex form factor,
the deviations from the result without unitarization start
already at small transverse momentum. In particular for
the transverse momentum of the softer lepton, we obtain
a large suppression already for very small values of pT,l2 .

Since anomalous gauge couplings lead to an increased
cross section in the tails of the distributions, experimen-
tal limits are often obtained from a comparison of the
observed event count with the cross section

�(mmin
Z� ) =

Z 1

mmin
Z�

dmZ�
d�(mZ�)

dmZ�
, (17)

where a lower cut on the invariant mass of the elec-
troweak system is applied. We therefore show the depen-
dence of the cross section on this cut in Fig. 11, where it
can be seen that a large fraction of the cross section re-
sults from contributions with invariant masses above the
form factor scales. We want to point out that theoreti-
cal predictions in this phase space region highly depend
on the unitarization procedure. A preferred procedure
to compare experimental results with theoretical predic-
tions should therefore be a comparison based on di↵er-
ential distributions, restricted to invariant masses of the
electroweak system well below the form factor scale.

IV. CONCLUSIONS

In this article, we have reported results at NLO QCD
for VBF Z� production, including the leptonic decay of

experimental aGC limits usually set by  �(mV V > mmin
V V )

→ consider

significant contribution to xsec 
determined by unitarisation method→

modified form factor: 
• results closer to results without 

unitarisation → better description of 
aGC kinematics (?) 

• large contribution from high-s region 
→ not clear which FF is preferable

Setting limits on aGC can be done using form factors. 
Disentangling effects of different aGC best done on level of differential 

distributions in phase space regions below unitarity bound.
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Conclusions
VBFNLO 

• NLO predictions for various processes 
involving EW bosons 

• Inclusion of BSM effects for many processes 

Z𝛾jj Production 
• Theory uncertainties: 

  - scale variation: ~1-5% 
  - PDF uncertainties: ~2% 
  - higher order effects possibly relevant   

• Differential results 
• Anomalous Gauge Couplings 

new unitarisation method inspired by K-matrix unitarisation 

O(10%)

Thank you for your attention!
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Total Cross Section

6

FIG. 6: Dependence of the total cross section on the
photon isolation parameter ✏ for di↵erent sizes of the

cone size �0.

TABLE II: Cross section of the EW and QCD
production process at di↵erent center-of-mass energies.

EW QCD

8 TeV 0.808(1)�1%
�0.9% fb 0.735(6)�14%

+15% fb

13 TeV 2.837(1)�0.3%
�1% fb 2.764(2)�13%

+13% fb

14 TeV 3.359(6)�0.2%
�0.9% fb 3.31(2)�12%

+13% fb

B. Di↵erential Distributions

In the following, we show results for di↵erential distri-
butions at

p
s = 13 TeV for the QCD and EW induced

Z`�jj processes using our default settings described in
section II. In the top panels, we show the EW LO (red)
and NLO (dark-blue) curves, including the scale uncer-
tainties. In light-blue, we show the QCD induced process
at NLO, including its scale uncertainties. In the bottom
panels, we show the corresponding EW K-factor as well
as the scale uncertainty band compared to the LO result
at the central scale. PDF uncertainties of the EW pro-
cess are shown as hatched bands. In Fig. 7, we show in
the upper row the di↵erential distribution of the invari-
ant mass of the electroweak system (left) and the min-
imum R-separation between the photon and one of the
leptons (right). In the lower row, we show jet observ-
ables for the tagging jets, the dijet invariant mass (left)
and the rapidity separation (right). Given the appropri-
ate scale choice, Qi, we observed modest K-factors, close
to one, in the whole spectrum, with larger variation in
the rapidity separation plot, ranging from 0.90-1.10, and
a drastic reduction of the scale uncertainties. In the top-
right plot, we show in addition the curve (green) without
the mZA > 120 GeV cut. As expected, the cut only re-
duces events with photons emitted close to the charged
leptons. In the bottom-left plot, one can observe clearly

the distinct behaviour of the invariant mass distribution
of the tagging jets for the EW vs QCD channels, with a
steeper fall-o↵ of the cross section for the QCD induced
process.

In Fig. 8, we show the normalized centralized rapidity
distribution of the reconstructed Z boson system (left)
and the photon (right) with respect to the tagging jests,

z⇤(V ) =
yV � 1

2 (y1 + y2)

y1 � y2
. (9)

Whereas for the EW process, the electroweak particles
are nearly exclusively produced in the central region be-
tween the two tagging jets located at z⇤ = ±1/2, they
are produced in a broader rapidity range for the QCD
process. Note that the distributions are not symmetric
because the jets are pT -ordered. In particular for the
QCD process, larger contributions can be found in the
vicinity of the hardest jet. The particular shape of the
QCD distributions can be explained by kinematic con-
figurations, where the hardest jet recoils against the EW
system, and a second jet, possibly stemming from gluon
radiation, is produced at large separation to fulfill the
VBF cuts.

C. Anomalous Couplings

In our implementation of the Z`�jj production cross
section, we allow for modified gauge couplings in the
framework of an e↵ective Lagrangian

LEFT = LSM +
X

d>4

X

i

fi
⇤d�4

O(d)
i , (10)

where the operators of dimension 6 and 8 have first been
defined in Refs. [30–32]. Due to minor di↵erences in the
definition of the field strength tensors in VBFNLO, our
conventions for the dimension 8 operators di↵er from the
ones given in Ref. [32]. The exact definition, as well as the
corresponding conversion rules can be found in Ref. [7].
While all operators given in Refs. [30–32] a↵ect the Z`�jj
production cross section, the operators

OT,8 = bBµ⌫
bBµ⌫ bB↵�

bB↵� and (11)

OT,9 = bB↵µ
bBµ� bB�⌫

bB⌫↵ (12)

with

bBµ⌫ = i
g0

2
Ba

µ⌫ (13)

are of particular interest for Z`�jj production since they
only involve neutral gauge bosons. Hence, they can first
be constrained in vector boson scattering pp ! V V jj or
triboson production pp ! V V V of neutral gauge bosons
(V 2 (Z, A)). Current experimental constraints on these
operators can be found in Refs. [33, 34].

Including anomalous gauge couplings, the amplitude
rises as M(s) / s2 for large invariant masses s = m2

Z� of



1

2

3

4

5

d
�
/d

z⇤
(�

)
[f
b
]

EW LO
EW NLO
QCD NLO

-1.0 -0.5 0.0 0.5 1.0

z⇤(�)

0.80

0.88

0.96

1.04

1.12

K
-f
ac

to
r

1.5

2.0

2.5

3.0

3.5

4.0

�
(m

m
in

Z
�

)[
fb

]

LO EW Zl�jj

NLO EW Zl�jj

NLO EW Z⌫�jj

0.90

0.95

1.00

1.05

1.10

K
-f
ac

to
r

40 60 80 100 120 140 160 180 200

mmin
Z� [GeV]

1.05

1.08

1.11

1.14

1.17

�
(Z

l�
jj

)/
�
(Z

⌫
�
jj

)



same-sign WWjj
5

 [ 
fb

/T
eV

 ]
T,

j1
/d

p
σd

-210

-110

1

10

14TeV, Inc, LO
full
EW+QCD
EW
VBF
QCD
Int

jj+Xµν
+µeν

+ e→pp 

 [ TeV ]
T,j1

p
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

 [%
]

δ

0
20
40
60

 [ 
fb

/T
eV

 ]
T,

j2
/d

p
σd

-210

-110

1

10

210

14TeV, Inc, LO
full
EW+QCD
EW
VBF
QCD
Int

jj+Xµν
+µeν

+ e→pp 

 [ TeV ]
T,j2

p
0.1 0.2 0.3 0.4 0.5 0.6

 [%
]

δ

0
20
40
60

 [ 
fb

/T
eV

 ]
jj

/d
m

σd

0

5

10

15

20

14TeV, Inc, LO
full
EW+QCD
EW
VBF
QCD
Int

jj+Xµν
+µeν

+ e→pp 

 [ TeV ]jjm
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

 [%
]

δ

0
20
40
60
80

 [f
b]

ta
gs

y
∆

/d
σd

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

14TeV, Inc, LO
full
EW+QCD
EW
VBF
QCD
Int

jj+Xµν
+µeν

+ e→pp 

tags
y∆

0 1 2 3 4 5 6 7

 [%
]

δ

0
20
40
60
80

100

FIG. 8: Differential cross sections with inclusive cuts for the transverse momenta (top row) and the invariant mass
(bottom left) of the two tagging jets ordered by pT . The distributions of the rapidity separation between the two
jets are in the bottom right panel. The relative EW, QCD and interference contributions compared to the full LO

results are also plotted in the small panels.

the following questions: (i) are the interference effects
between the EW-induced and the QCD-induced mech-
anisms important? (ii) what are the cuts for the VBF
contribution to be dominant? To answer these questions,
the full LO cross section is divided into various contribu-
tions: the QCD-induced contribution of order O
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includes only t and
u channels. The VBF approximation, as implemented
in the VBFNLO program, neglects the interference effects
between the t and u channels for processes with two iden-
tical quark lines. This has been shown to be a very good
approximation if VBF cuts are applied, see e.g. Ref. [5].
Hereafter, results of the VBF contribution are calculated

using the VBF approximation. In Fig. 8 we show those
various contributions as functions of the transverse mo-
mentum (top row panels) and invariant mass (bottom
left panel) of the two tagging jets ordered by pT . The
distributions of the rapidity separation between the two
jets are also displayed in the bottom right panel. Here we
define ∆ytags = |yj1 − yj2|. The relative EW, QCD and
interference contributions compared to the full LO results
are also plotted in the small panels. Our results obtained
by using the VBFNLO framework have been cross checked
against the program Sherpa [48] using the Comix [49]
matrix element generator. Results at the cross section
level for those contributions with different cuts are given
in Table I. The loose VBF cuts include the inclusive cuts
and two additional cuts

mjj > 200GeV, ∆ytags > 2.5. (6)
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the following questions: (i) are the interference effects
between the EW-induced and the QCD-induced mech-
anisms important? (ii) what are the cuts for the VBF
contribution to be dominant? To answer these questions,
the full LO cross section is divided into various contribu-
tions: the QCD-induced contribution of order O
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includes only t and
u channels. The VBF approximation, as implemented
in the VBFNLO program, neglects the interference effects
between the t and u channels for processes with two iden-
tical quark lines. This has been shown to be a very good
approximation if VBF cuts are applied, see e.g. Ref. [5].
Hereafter, results of the VBF contribution are calculated

using the VBF approximation. In Fig. 8 we show those
various contributions as functions of the transverse mo-
mentum (top row panels) and invariant mass (bottom
left panel) of the two tagging jets ordered by pT . The
distributions of the rapidity separation between the two
jets are also displayed in the bottom right panel. Here we
define ∆ytags = |yj1 − yj2|. The relative EW, QCD and
interference contributions compared to the full LO results
are also plotted in the small panels. Our results obtained
by using the VBFNLO framework have been cross checked
against the program Sherpa [48] using the Comix [49]
matrix element generator. Results at the cross section
level for those contributions with different cuts are given
in Table I. The loose VBF cuts include the inclusive cuts
and two additional cuts

mjj > 200GeV, ∆ytags > 2.5. (6)
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The tight VBF cuts are the inclusive cuts together with

mjj > 500GeV, ∆ytags > 4, yj1 · yj2 < 0, (7)

and the charged leptons must be in the rapidity gap of
the two tagging jets.

TABLE I: LO cross sections (in fb) for various
contributions with different cuts as defined in the text.

The statistical errors are below 1 ab.

VBF EW QCD Int Full

Inclusive 2.189 2.784 1.810 0.234 4.828

Loose VBF 1.784 1.783 0.362 0.058 2.203

Tight VBF 0.971 0.970 0.040 0.013 1.023

The numerical results for the inclusive cuts tell us that
the interference effect between the QCD and EW induced
channels is largest when the jets are produced with large
pT and when ∆ytags is small. The transverse momentum
distributions show a steady increase of this effect, reach-
ing about 20% for pT,j1 about 800GeV or pT,j2 about
600GeV. It reduces to below 10% (3%) for the loose
(tight) VBF cuts. For the ∆ytags distribution, the effect
is almost constant for small separation, about 6%, and
then gradually decreases for ∆ytags > 2. The interfer-
ence effect is more democratic in the mjj distribution,
about 6% for a large range of mjj > 300GeV. We have
also looked at the pT,l, with l = e+, µ+, and the mll

distributions (not shown) and observed that the effect
is always smaller than 6%, being largest in the low en-
ergy regime. Thus, the interference effect can be large
in the pT,j distributions at high transverse momentum.
However, in this phase space region, the cross section is
suppressed. Moreover, there is another well-known effect
of EW Sudakov corrections due to the exchange of a mas-
sive gauge boson in loop diagrams, which can introduce
negative corrections of about −5% at pT,j ≈ 800GeV,
see e.g. Ref. [50].
Fig. 8 and Table I show also other interesting features

of the QCD and EW mechanisms. Their contributions
are of the same level despite the hierarchy of the cou-
pling constants. The reason is that the EW mechanisms
are more dynamically enhanced compared to the QCD
mechanism. For instance, the s channel diagram in Fig. 7
can have simultaneously three resonatingW propagators,
dominating in the region of small mjj ≈ 80GeV. The
VBF contribution including only t and u channels dom-
inates at large mjj and large ∆ytags. For inclusive cross
section, the VBF contribution is slightly larger than the
QCD one. This is because initial and final state W emis-
sions interfere destructively for QCD-induced processes
in the central region, which is kinematically favored due
to the substantial mass of the W bosons. This suppres-
sion does not occur in the VBF channels because of an
additional sign flip in the EW charge between the ini-
tial and final state W emissions. Therefore, if we want
to observe the VBF signature, then we can impose loose

or tight VBF cuts as defined in Eq. (6) and Eq. (7), re-
spectively. The QCD contribution to the cross section
reduces from 37% for the inclusive cuts to 16% (4%) for
loose (tight) VBF cuts. The effects of the VBF cuts are
twofold: reducing the QCD-induced contribution and im-
proving the VBF approximation. With these cuts, we
can obtain a very good prediction using the VBF ap-
proximation at NLO QCD, the QCD-induced contribu-
tion at NLO QCD and the interference terms calculated
at LO. However, if one wants to have more events with
same-charge W bosons, then measurements with inclu-
sive cuts should also be considered. In this context, NLO
QCD corrections to the QCD-induced channels are more
important and this is the topic of the next section. We
note that the full EW contribution at LO has been cal-
culated in Ref. [5] with slightly different VBF cuts and
a different scale choice. Despite these differences, we can
see that their results are consistent with ours.
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FIG. 9: Scale dependence of the LO and NLO cross
sections at the LHC. The curves with and without stars

are for W−W−jj and W+W+jj productions,
respectively.

B. NLO QCD results for the QCD-induced
channels

We now focus on the inclusive cuts and study the NLO
QCD corrections to the QCD-induced channels. The de-
pendence of the cross section on the scales µF and µR,
which are set equal for simplicity, is shown in Fig. 9. The
central value µ0 is defined in Eq. (5). As expected, we
observe a significant reduction in the scale dependence
around µ0 when the NLO contribution is included. The

[Campanario, MK, 
 Ninh, Zeppenfeld 13]
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FIG. 10: Cross section of Z`�jj production in the SM and including various anomalous couplings in dependence on
mZA and transverse momentum of the final state particles.

the Z boson with all o↵-shell e↵ects and spin correlations
taken into account. While, at LO, the results greatly de-
pend on the scale choice, with up to 40% di↵erences at
the central value, the NLO results reduce considerably
the scale uncertainties, to the few percent level. PDF
uncertainties of individual sets have been studied yield-
ing errors of a few percent, which are propagated quite
homogeneously over the available phase space. However,
the central values of the predictions for the di↵erent sets
di↵er by up to 6%, which is not covered by the com-
bined uncertainty associated to the pdf sets and scale
variation. Furthermore, we have presented results for

anomalous couplings and we pointed out the necessity to
constrain anomalous couplings with data well below the
form factor scale only.
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