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Abstract

VBFNLO is a flexible parton level Monte Carlo program for the simulation of vector
boson fusion (VBF), QCD-induced single and double vector boson production plus two
jets, and double and triple vector boson production (plus jet) in hadronic collisions at
next-to-leading order (NLO) in the strong coupling constant, as well as Higgs boson
plus two jet production via gluon fusion at the one-loop level. For the new version —
VERSION 2.7.1 — several major enhancements have been included into VBFNLO. The
following new production processes have been added: W~jj, Zvjj and HHjjin VBF,
W, Wi, WH, WHj, pp — Spin-2jj in VBF (with Spin-2 — WW/ZZ — leptons)
and the QCD-induced processes W Zjj, W~jj, WEW=*j4, ZZjj, Z~vjj and Wjj
production. The implementation of anomalous gauge boson couplings has been
extended to all triboson and VBF V'V jj processes, with an enlarged set of operators
yielding anomalous couplings. Finally, semileptonic decay modes of the vector bosons
are now available for many processes, including VVjj5 in VBF, VVV and VV~y
production.
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1 INTRODUCTION

The physics potential of the LHC depends heavily on our ability to provide accurate
cross section predictions for both signal and background processes. The latter are often
generated by parton radiation from processes with weak bosons in the final state. A
precise description of such hard QCD production processes is needed, as well as a method
for simulating the measurable hadronic final states. Reaching these goals requires next-
to-leading order (NLO) QCD calculations presented in the form of parton level Monte
Carlo (MC) generators, which are an efficient solution when it comes to final states
characterized by a high number of jets and/or identified particles. When kinematic cuts
are imposed, as is mandatory for processes involving QCD radiation, analytic phase-space
integration becomes impractical and implementation of results in the form of Monte Carlo
programs becomes the method of choice.

VBFNLO is a flexible MC program for vector boson fusion (VBF), QCD-induced single
and double vector boson production plus two jets, and double and triple vector boson (plus
jet) production processes at NLO QCD accuracy. Furthermore, the electroweak corrections
to Higgs boson production via VBF (which are of the same order of magnitude as the QCD
corrections in the experimentally accessible regions of phase-space) have been included.
Since real emission processes are part of the NLO cross sections, VBFNLO provides the
means to calculate cross sections for the corresponding process with one additional jet
at leading order (LO) in the strong coupling. In addition, the simulation of CP-even
and CP-odd Higgs boson production in gluon fusion, associated with two additional jets,
is implemented at LO QCD. The full top- and bottom-quark mass dependence of the
one-loop contributions in the Standard Model (SM), in the Minimal Supersymmetric
Standard Model (MSSM) and in a generic two-Higgs-doublet model is included. VBFNLO
can be run in the MSSM (with real or complex parameters), and anomalous couplings of
the Higgs boson and gauge bosons have been implemented for a multitude of processes.
Additionally, two Higgsless extra dimension models are included — the Warped Higgsless
scenario and a Three-Site Higgsless Model — for selected processes. These models can be
used to simulate the production of technicolor-type vector resonances in VBF and triple
vector boson production. Diboson plus two jets production via VBF can also be run in a
spin-2 model and in a model with two Higgs resonances.

Arbitrary cuts can be specified as well as various scale choices. Any currently available
parton distribution function (PDF) set can be used through the LHAPDF library. In
addition, CTEQ6L1 for LO and CT10 for NLO calculations, as well as MRST2004qed and
MSTW2008, are hard-wired into the code. For most processes implemented at leading
order the program is capable of generating event files in the Les Houches Accord (LHA)
and the HepMC format. When working in the MSSM, the SUSY parameters can be input
via a standard SLHA file.

This manual supersedes the previous versions |1H3| released with VBFNLO VERSION 2.0,
VERSION 2.5.0 and VERSION 2.6.0.

The new release, VBFNLO 2.7.1, extends the following parts of VBFNLO VERSION 2.6.3:

e The list of new processes includes the following EW processes: W~jj, Zvjj and
HHjjin VBF, W, W3, WH and W Hj production

e The following QCD-induced processes have been included: W Zjj, W~jj, WEW=j35,
2737, 4vjj, Wij and Zjj production



e The VBF processes with two massive gauge bosons can now be calculated in a model
with two CP-even Higgs resonances with arbitrary couplings to the gauge bosons.

e The production of a spin-2 resonance in VBF processes is now available not only
in the diphoton channel, but also for WW — 2[2v, ZZ — 4l and ZZ — 2[12v
production.

e For several processes, semileptonic decays of the vector bosons have been implemented.
This means that one vector boson decays hadronically, while the other(s) decay
leptonically. The complete list of processes which is available is WTW~= / W*Z /
Z 7 production, WTW = /W*W=/W=*Z/ZZ production + two jets in vector boson
fusion, Higgs boson production + two jets in VBF with decays into W*W ™~ or ZZ
and all triple vector boson production processes with zero or one final state photon.

e Anomalous triple and quartic gauge boson couplings are now included for all V'V jj
production processes via VBF.

e Anomalous triple and quartic gauge boson couplings are now included for ZZZ
production and all triple vector boson production processes containing a final state
photon.

e The set of operators leading to anomalous triple gauge boson couplings has been
extended for the processes WW Z, ZZW and WWW production.

e VBFNLO can now output results not only for a specific choice of final state leptons, but
also results summed over all possible combinations of two or three lepton generations.

e Higgs plus two jets production via gluon fusion, with the Higgs boson decaying into
WW or ZZ, can now be run with anomalous HV'V couplings in the decay as well
as for a mixed CP-even — CP-odd Higgs being produced.

e [t is now possible to specify a desired number of unweighted events for event output.
In case it is not possible to achieve the desired number of unweighted events due to
single events with very large weights one can opt for “partially unweighted events”,
where most of the weights will have weight 1, while a few will have larger weights.

e Linking with LHAPDF v6 has been enabled.

Several bugfixes and smaller improvements have also been included. The complete list can
be found in the NEWS file included in the tarball.

The VBFNLO webpage — http://www.itp.kit.edu/vbfnlo/ — contains, in addition
to the latest version of the code, extra information such as the explicit implementation of
the electroweak parameters and couplings, as well as optimised grid files for all processes
for a set of standard cuts. To enable a simple installation test VBFNLO is shipped with a
complete set of example results, together with input files, in the regress directory. On the
webpage, users can subscribe to a low-traffic mailing list, where new versions of VBFNLO
are announced.


http://www.itp.kit.edu/vbfnlo/

2 INSTALLING VBFNLO

The source code of the current version of VBFNLO can be downloaded from the VBFNLO
webpage

http://www.itp.kit.edu/vbfnlo/

and includes a GNU conforming build system for portability and an easy build and
installation procedure.

2.1 Prerequisites

The basic installation requires GNU make, a FORTRAN 95 E] and a C++ compiler. VBFNLO
offers the possibility of using the LHAPDH [4] library (versions 5 and 6) for parton
distribution functions. In order to include the electroweak corrections to VBF Higgs
production, the program LOOPTOOLﬂ [5,16] is required. Additionally, FEYNHIGGf]
[7510] can be linked to the code in order to calculate the Higgs boson sector of the MSSM,
although a SLHA file can be used as an alternative. If the simulation of Kaluza-Klein
resonances is enabled, an installation of the GNU Scientific Library (GSL)P]is required.
VBFNLO can also be linked to ROOTﬁ and HEPM(ﬂ to produce histograms and event files
in those formats.

2.2 Compilation and installation

After unpacking the source archive and entering the source directory, the configure
script can be invoked with several options, a complete list of which are available via
./configure --help. Among these, the most important ones are:

e --prefix=[path]
Install VBFNLO in the location given by [path]. If not specified, VBFNLO is installed
in the root directory.

e --enable-processes=[1list]
By default, the code for all available processes except those involving hexagon
contributions (i.e. triboson plus jet and QCD-induced Vjj/VVjj processes) is
compiledﬁ. Optionally, [1ist] gives a comma-separated list of selected process
classes to be compiled. Possible choices are:

lgfortran and ifort have been tested. Pure FORTRANT77 compilers like g77 are no longer supported.
2http://lhapdf .hepforge.org/

3http://www.feynarts.de/looptools/

“http://www.feynhiggs.de/

Shttp://www.gnu.org/software/gsl/

Shttp://root.cern.ch/

"http://lcgapp.cern.ch/project/simu/HepMC/

8This is simply due to the relatively long time required to compile the hexagon routines.


http://www.itp.kit.edu/vbfnlo/
http://lhapdf.hepforge.org/
http://www.feynarts.de/looptools/
http://www.feynhiggs.de/
http://www.gnu.org/software/gsl/
http://root.cern.ch/
http://lcgapp.cern.ch/project/simu/HepMC/

vbf Vector boson fusion processes

qcdvjj QCD-induced vector boson plus two jet production

qcdvvijj QCD-induced vector boson pair plus two jet production

diboson Double gauge boson production, including W and W H
production

triboson Triple gauge boson production

dibosonjet Double gauge boson production with a hadronic jet, includ-
ing W7 and W Hj production

tribosonjet Triboson production in association with a hadronic jet

hjjj Higgs boson plus three jet production via vector boson
fusion

ggf Higgs boson plus two jet production via gluon fusion

all_except_hexagons All the above processes except those with hexagon contri-
butions (default)
all All the above processes

e FC=/path/to/fortran/compiler
With the FC option a specific FORTRAN 95 compiler can be requested. Otherwise a
default compiler will be used, which will be most probably gfortran.

e —-disable-NLO
Disable the next-to-leading order QCD corrections.

e --enable-kk
Enable simulation of Kaluza-Klein resonances. Disabled by default, the Kaluza-Klein
option requires the installation of the GNU Scientific Library, which can be specified
via --with-gsl.

e --enable-spin2
Enable simulation of spin-2 models. Disabled by default.

e --enable-quad
Enable quadruple precision for difficult phase space points. Enabled by default, if
QCD-induced vector boson (pair) plus two jet processes are requested, otherwise

disabled by default.

e --with-gsl=[path]
Enable the use of the GNU Scientific Library. [path] specifies the location of the
GSL installation. If the GSL is available directly from the system libraries this flag
can be omitted.

e --with-LHAPDF=[path]
Enable the use of LHAPDF in addition to the built-in PDF sets. Disabled by default.
[path] specifies the location of the LHAPDF installation.

e --with-LOOPTOOLS=[path]
Enable the use of LOOPTOOLS in order to calculate the electroweak corrections. If
this option is not specified, the electroweak corrections cannot be included. Disabled
by default. [path] specifies the location of the LOOPTOOLS installation.



e --with-FEYNHIGGS=[path]
Enable the use of FEYNHIGGY to calculate the MSSM Higgs sector parameters.
Disabled by default. [path] specifies the location of the FEYNHIGGS installation.

e —-with-root=[path]
Enable the use of ROOT for histograms. [path] specifies the location of the RooT
installation.

e --with-hepmc=[path]
Enable the production of HEPMC format event files. [path] specifies the location
of the HEPMC installation.

Note that, by default, both LooPT0OLS and FEYNHIGGS are installed as static libraries.
If this is the case, configure must be run with the option --enable-shared=no. Also note
that, in order to link to an external program such as LHAPDF, the external program needs
to have been compiled using the same compiler (e.g. gfortran) as VBFNLO. If no path
is specified, VBFNLO will attempt to find the desired program in the system directories.
Once configure has finished successfully, the make and make install commands will
compile and install VBFNLO, respectively.

If at any point include files, with a file name suffix .inc, are changed, the command
make clean must be run so that the changes are picked up correctly. For normal program
usage, this will not be necessary, but two cases where options can be altered in the
file global.inc will be mentioned later. When changing only Fortran source code files,
running make clean first is not mandatory. In both cases, make all install must be
run afterwards in the main directory to recompile and reinstall the altered code.

2.3 Source and installation directory layout

The VBFNLO source tree contains the following subdirectories:
e amplitudes/: Routines to calculate matrix elements for the processes provided.
e doc/: The source of this manual.
e helas/: HELAS [11] subroutines used to calculate helicity amplitudes.
e loops/: One-loop tensor integrals up to six-point functions [12].

e PDFsets/: Built-in parton distributions (CTEQ6L1 [13]| for LO and CT10 |14] for
NLO calculations, as well as MRST2004qed [15] and MSTW2008 [16]).

e phasespace/: Specialized phase-space generators for the processes provided.

e regress/: Folder containing example results, together with input files, for all
processes.

e src/ and lib/: Source code of the main programs and input files.

e utilities/: Routines for administrative tasks, cuts, scale choices and interfaces.

9Note that different versions of FEYNHIGGS give slightly different results as more corrections are added
to the calculations. VBFNLO has been tested with FEYNHIGGS versions 2.6.x, 2.7.x, 2.8.0 and 2.8.3.



The source does not need to be modified to change the simulation parameters. VBFNLO
offers several kinematic cuts and scale choices. This is illustrated in Sec. 4l In ad-
dition, it provides a few basic histograms. Cuts, histograms and scale choices not al-
ready provided may be added in the utilities/cuts.F, utilities/histograms.F and
utilities/scales.F files.

The installation is performed in a standard UNix-layout, i.e. the directory specified
with the --prefix option of the configure script contains the following directories:

e bin/: vbfnlo and ggflo executables.
e include/VBFNLO/: VBFNLO header files.

e 1ib/VBFNLO/: VBFNLO modules as dynamically loadable libraries. These can also
be used independently from one of the main programs.

e share/VBFNLO/: Input files and internal PDF tables.

2.4 Running the program

Both the vbfnlo and ggflo executables contained in the bin directory of the installation
path look for input files in the current working directory. An alternative path to input files
may be specified explicitly by passing the --input=[path] argument to the programs,
with path denoting the full path where input files are located. I.e. in order to run VBFNLO
from the installation (prefix) directory, the command is

./bin/vbfnlo --input=[path]

The input files contained in the share/VBFNLO directory are meant to represent default
settings and should not be changed. We therefore recommend that the user copies the
input files to a separate directory. Here, special settings may be chosen in the input files
and the program can be run from that directory without specifying further options.
VBFNLO outputs a running ‘log’ to the terminal, containing information about the
settings used. In addition, a file (named, by default, xsection.out) is produced, which
contains only the LO and NLO cross sections, with the associated statistical errors.
Histograms and event files, in various forms, can be output as described later.
The version number of VBFNLO can be obtained by appending the argument --version.
This will print out the string VBFNLO followed by the release number and then exit the
program.

2.4.1 Parallel jobs and optimised grids

Owing to the complexity of the calculations involved, some of the processes implemented
in VBFNLO (in particular the spin-2, triboson plus jet and QCD-induced diboson plus two
jets processes) require a significant amount of time in order to obtain reasonable results.
There are, however, methods which can be used in order to reduce the necessary run time.

By using an optimised grid, the number of iterations needed in order to improve
the efficiency of the MC integration can be reduced. Optimised grids are provided on
the VBFNLO webpage for all processes using standard cuts and parameter settings. The
variables used to set the input grid files and number of iterations are described in Sec. [4.1.1]

Another method of improving the run time is to run several jobs in parallel and
then combine the results. In order to do this, several input directories need to be set



up containing all the necessary .dat input files for the process. The variable SEED in
random.dat (Sec. needs to be set to a different integer value in each directory. A
short example of the results of a parallel run, together with their combination, is provided
in the regress directory regress/100_Hjj_parallel. On the VBFNLO website there is a
shell script which can be used to combine the cross sections and histograms from parallel
runs.

2.5 MacOSX

The current version of VBFNLO has been compiled successfully on the current MacOSX
version (10.9.2) as well as on an older one (10.6.8), if only static libraries are used. This can
be requested with the configure-option --enable-shared=no . However, linking with the
library LOOPTOOLS, which is only needed for the calculation of the electroweak corrections
in the Hjj process, was not successful.

2.6 Bug reports

Please report any problems to
vbfnlo@itp.kit.edu

with a short report including the configure options used to build VBFNLO, as well as the
versions of compilers and external libraries used.

2.7 License

VBFNLO is distributed under the GNU General Public License (GPL) version 2. This
ensures that the source code will be available to users, grants them the freedom to use
and modify the program and sets out the conditions under which it can be redistributed.
However, it was developed as part of an academic research project and is the result of
many years of work by the authors, which raises various issues that are not covered by the
legal framework of the GPL. It is therefore distributed together with a set of guidelineq'}
which were originally formulated and agreed on by the MCnet collaboration for event
generator software. In particular, the original literature on which the program is based
should be cited along with the reference to VBFNLO.

Some parts of the VBFNLO matrix elements are based on automatically generated code
from MADGRAPH [17,/18] and FEYNARTS/FORMCALC [5,6,{19-24]. The routine which
reads in SLHA [25] files is largely based on SLHALIB-2.2 [26]. VBFNLO ships with a copy
of FF 2.0 |27| for the evaluation of one-loop integrals.

10These guidelines are contained in the GUIDELINES file distributed with the release.
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3 PROCESSES

In the following sections, we describe all production processes and decay modes implemented
in VBFNLO, together with references to more detailed discussions of the underlying
calculations.

In the phase-space regions that are accessible at hadron colliders, VBF reactions are
dominated by t-channel electroweak gauge boson exchange. In this class of processes in
VBFNLO s-channel exchange contributions and kinematically suppressed fermion inter-
ference contributions [28-30] are therefore disregarded. “Final state” weak bosons decay
into massless leptons or quarks, depending on the process ID set. Numerically small
contributions from Pauli-interference effects for identical charged fermions in the final
state are neglected. For final-state identified photons we employ the isolation criterion
of Ref. [31]. This ensures that divergences from collinear emission of a photon from a
final-state massless quark or anti-quark are avoided, while the cancellation of the infrared
divergences between the virtual and the real part is kept intact. With the inclusion of
semileptonic diboson and triboson production processes the missing s-channel gauge boson
exchange contributions of several VBF processes can be calculated within VBFNLO as well.
This topic is described briefly in Section

Higgs contributions (and interference effects) are included in all appropriate processes,
using a fixed Higgs width. The Higgs propagator is given by

1
. 1

In VBFNLO external quarks are treated as massless. By default, external bottom quarks
are excluded in those processes where their inclusion could lead to the presence of a top
quark. L.e. in charged current processes such as WW diboson production, external bottom
quarks are not allowed, as this would lead to a (massless) ¢-channel top quark, but in ZZ
diboson production external bottom quarks are included. In the VBF processes such as
pp — Hjj there are both neutral and charged current components (when the external
quark lines emit Z and W bosons respectively) — by default, external bottom quarks are
excluded from this class of processes. A message is printed in the log file stating whether
external bottom quarks are included or excluded. In neutral current processes, bottom
quarks in the final state are at present treated no differently from other final state quarks.
The number of external quark flavours considered is set in the file utilities/global. inc.
By changing the parameter nfl from 5 to 4, bottom quarks will not be included in any
processes. By changing the parameter vbfNFLb from false to true, external bottom
quarks will be included in the neutral current diagrams in VBF processes if nfl is set to

Ll

3.1 VBF Higgs boson production in association with two jets

H j7 production via VBF mainly proceeds via electroweak quark-quark scattering processes
such as q¢' — ¢q¢'H and crossing-related reactions. In VBFNLO, tree level cross sections,
NLO QCD corrections and one-loop electroweak corrections (in the Standard Model and
the MSSM) to the ¢-channel production process are provided. The subsequent decay
of the Higgs boson is simulated in the narrow width approximation (NWA). For the

HNote that, if these parameters are changed, make clean must be run in the folders utilities and
amplitudes, and then make all install must be run for the VBFNLO code.
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H — W*W~ and the H — ZZ modes, full off-shell effects and spin correlations of the
decay leptons are included. The available production process and decay modes are listed
with the corresponding process IDs in Table [I] Anomalous couplings between a Higgs
boson and a pair of vector bosons are implemented in the code and can be input via the
file anom_HVV.dat. Details of the calculations can be found in Refs. [32-34].

Furthermore, semileptonic decay modes of the vector bosons are implemented for the
WW and ZZ decay modes [35].

ProcIbp | PROCESS BsMm

100 | pp — Hjj \
101 | pp — Hjj —77jj
102 | pp — Hijj — ptp jj
103 | pp — Hijj— vt jj
104 p(ﬁ) s H jj— bbjj anomalous HVV couplings, MSSM
105 | pp — Hjj— WIW™jj = (Fvg, by, jj
106 | pp — Hjj— ZZjj — (F07050; jj

107 | pp = Hjj— ZZjj — (7 v, jj

108 | plp — Hjj = WHW= jj = qql 7]
() .. .. _ ..

109 pp = Hjj = WTW™jj = (Tvpqqjj anomalous HVV couplings, MSSM

1010 | pp — Hjj — ZZjj — qql+0 jj

Table 1: Process IDs for p([?) — Hjj production via vector boson fusion at NLO (QCD
and electroweak) accuracy in the SM and MSSM. Anomalous couplings between the Higgs
boson and vector bosons are implemented for all decay modes.

3.2 VBF Higgs boson production in association with three jets

Adding an extra parton to the Higgs production processes of Sec. gives rise to Hjjj
final states. The corresponding cross sections are implemented at NLO QCD accuracy
(with certain approximations) in VBFNLO. A list of all available modes and corresponding
process IDs is given in Table [2] Details of the calculation can be found in Ref. [36].

3.3 VBF Higgs boson production with a photon and two jets

The emission of an additional photon in VBF Higgs boson production (Sec. results
in H~jj final states. These are implemented at NLO QCD accuracy in VBFNLO, with
process IDs as given in Table |3| Details of the calculation can be found in Ref. [37].
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ProcIp | PROCESS

110 | pp — H jjj

111 | pp = H jjj = vviji

112 | pp = Hjjj = ptp jjj

113 | pp = Hjjj — vt jjj

114 | pp — Hjjj — bbjjj

115 | pp = Hjjj — WHW= jjj — 6 ve, 5 v, jj7
116 | pp — Hjjj = 22 jjj — (06505 jjj

117 | pp = Hjjj = ZZjjj — 06 ve,ip, i)

Table 2: Process IDs for p(ﬁ) — Hjjj production via VBF at NLO QCD accuracy.

ProcIp | PROCESS

2100 | pp — H~jj

2101 | pp — Hyjj — vyvij

2102 | pp — Hyjj — whp )

2103 | pp — Hyjj — mHr v jj

2104 | p'P — Hryjj — bbyjj

2105 | pp — Hyjj — WEW =y jj — € v, by 00,y i
2106 | pp — Hyjj — ZZvjj — L0650y ]
2107 | pp — Hyjj = Z2yjj — 0 6 viybe,y

Table 3: Process IDs for p(j)) — H~jj production via VBF at NLO QCD accuracy.

3.4 VBF production of a single vector boson and two jets

Vector boson fusion processes can also produce final states with two leptons plus two jets,
which are generically referred to as “VBF Zjj and W¥jj production”. These reactions
and the one with a photon plus two jets in the final state are implemented to NLO QCD
accuracy in VBFNLO, with the process IDs given in Table dl Anomalous triboson couplings
are input via anomV.dat and can be included in all processes of this class. Details of the
calculations can be found in Refs. [38,39].

13



ProcIp | PROCESS Bswm

120 | plp = Zjj — 6 jj
121 | pp = Zjj — v jj
130 p(p ) W ij = i anomalous couplings
140 | pp = W jj — -5 jj

(=) .
150 pp — V73]

Table 4: Process IDs for vector boson + 2 jet production via vector boson fusion at NLO
QCD accuracy.

ProcIp | PROCESS Bsm

191 | pp = Sojj — 773

195 | pp = Sojij — WHIW ™ jj — £ ve, by g, jj
196 p(B Sy — 274 — fffff;f; ij spin-2 resonant production
197 | pp = Sojj — ZZ jj — U vy, G

Table 5: Process IDs for a spin-2 particle So+2 jet production via vector boson fusion at
NLO QCD accuracy.

3.5 VBF production of a spin-2 particle

VBFNLO can simulate the production of a spin-2 particle via VBF, which then decays
into two photons, with the process ID 191 (see Table . This process is only available
if it has been enabled at compilation (using the configure flag --enable-spin2), and
will only run if the switch SPIN2 in vbfnlo.dat is set to true. Furthermore, spin-2
production is also available in the WW and ZZ modes given in Table [3 if the switch
SPIN2 in vbfnlo.dat is set to true. If SPIN2 is set to false, VBF Higgs production is
simulated instead, similarly to the processes 105, 106 or 107 of Table[I|for a SM Higgs. The
parameters of the spin-2 model are input via spin2coupl.dat. Details of the calculations
can be found in Refs. [40-42].

3.6 VBF production of two vector bosons and two jets

The production of four leptons plus two jets in the final state at order O(a®) is dominated
by VBF contributions. In VBFNLO, all resonant and non-resonant ¢-channel exchange
contributions (including contributions from Higgs bosons) giving rise to a specific leptonic
final state are considered. For simplicity, we refer to these reactions as “VBF diboson
production”. Finite width effects of the weak bosons and spin correlations of the decay
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leptons are fully retained.

The available processes and corresponding process IDs are listed in Table[6] Anomalous
gauge boson couplings, input via anomV.dat, are implemented for all processes in this class,
as well as a simplified model with two Higgs resonances. This process class can also be run
in the Higgsless and spin-2 models implemented in VBFNLO, with the exception of W~ and
same-sign WW production. Details of the calculations can be found in Refs. [40,43-48|.

Furthermore, semileptonic decay modes of the vector bosons are implemented for the
opposite-sign WW, same-sign WW, WZ and ZZ production processes in VBF [35]. In
this case only anomalous couplings are available as BSM options.

ProcIp | PROCESS BSM

200 | pp — WHW=jj = v by 7, 35 | )
210 p(l? > Z7§j = 0T 00 anomalous couplings,
two-Higgs model,

O 3 Lol Kaluza-Klein models,
220 pp = WHZjj— {vely by jj spin-2 models

230 | pp = W Zjj — b0, 0505

250 | pp — WHW™ jj = £ v 0 ve, j }
=) _ .. _ _ ..

260 pp - W-"W~™ 33 —>€11/51€2ug2jj

211 | pp = ZZjj — 0H 7 v,

anomalous couplings, two-Higgs model

270 | pp — Wy jj = rumy i
280 | pp — Wy jj = € o ,
290 p(]5> S 2y = Oy anomalous couplings
201 | pp — Zvjj — vy jj

201 | pp = WHW=jj — g7l 7 jj
202 | p'p = WHW—jj — ttuqdij
212 | pp = ZZjj — qqbte jj
221 | pp = WHZjj — qzbte—jj
222 | pp = WHZjj — ttuqdij
231 | pp = W—Zjj — qgbt0jj
232 | pp = W—Zjj = 0 Dpqdjj
251 | p'p = WHW*jj — qi v jj
261 | pp = W-W~jj — qil 7 jj

anomalous couplings,
two-Higgs model

Table 6: Process IDs for diboson + 2 jet production via vector boson fusion at NLO QCD
accuracy.
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3.7 VBF production of two Higgs bosons and two jets

Higgs pair production plus two jets via VBF mainly proceeds via electroweak quark-quark
scattering processes such as q¢’ — q¢' H H and crossing-related reactions. In VBFNLO, tree
level cross sections and NLO QCD corrections to the ¢-channel production process are
provided. Two decay modes for the subsequent decays of the Higgs bosons are implemented
as well. The processes and corresponding process IDs are listed in Table [7] Details of the
calculations can be found in Refs. [49,50].

ProcID | PROCESS

160 | pp — HHjj
161 | pp — HHjj — bbrtrjj
162 | pp — HHjj — bbyyjj

Table 7: Process IDs for Higgs pair + 2 jet production via vector boson fusion at NLO
QCD accuracy.

3.8 W production with up to one jet

The production of a W boson with up to one jet is implemented in VBFNLO at NLO QCD.
The W boson decays leptonically and full off-shell effects and spin correlations of the final
state leptons are included. The processes are listed in Table [§] Details of the calculation
can be found in Ref. [51].

3.9 Double vector boson production

The production of four-lepton final states mainly proceeds via double vector boson produc-
tion with subsequent decays. Additionally, there are processes where one or more decaying
boson is replaced by an on-shell photon, giving rise to lepton production in association with
a photon and double photon production. In VBFNLO, the processes listed in Table [9] are
implemented to NLO QCD accuracy, including full off-shell effects and spin correlations
of the final state leptons and photons. Anomalous vector boson couplings, input via
anomV.dat, are implemented for WW, W*Z and W=~ production. The processes with
a neutral final state (WW, ZZ, Z~ and v7) also include the gluon-induced fermionic
loop diagrams by default at NLO — both continuum production via box diagrams and the
s-channel Higgs boson contributions are included, and anomalous HV'V couplings (input
via anom_HVV.dat) can be used. Details of the calculations can be found in Ref. [52].

Furthermore, semileptonic decay modes of the vector bosons are implemented for the
WW, ZZ and W Z production processes |35|. Both anomalous VV'V and HVV couplings
are available as BSM options.
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ProcIp | PROCESS

1330 | plp — W+ = ity
1340 | pp W =iy
1630 | p'p = WHj = 6Ty,
1640 | p'p = W—j = -5

Table 8: Process IDs for the W production processes with up to one jet at NLO QCD
accuracy.

ProcIp | PROCESS BSM

300 p([)) — WHTW= — ¢fv, 651, | anomalous HVV and VV'V couplings
310 | pp o> W+Z = vy 5t
320 | pp > W2 = (1 5t
330 p([)) — 27 — (0050 anomalous HV'V couplings

340 p(]}) — Wty = vy

} anomalous VVV couplings

) } anomalous VV'V couplings
350 pp — W™y = L] vpy

) r
360 pf ) = oy = b4 } anomalous HV'V couplings
370 | pp =y

301 | pp = WHW— = qql
302 | pp = WHW— = (tuqq
312 | pp = WHZ = qgeti
313 p<]3) —WTZ =1 vqq
322 | pp = W2 = qgbti
323 | pp = W~Z = (~q]
331 | pp — ZZ — qgl—t* anomalous HV'V couplings

} anomalous VVV and HV'V couplings

anomalous VVV couplings

Table 9: Process IDs for the diboson production processes at NLO QCD accuracy.

3.10 Triple vector boson production

The production of six-lepton final states mainly proceeds via triple vector boson production
with subsequent decays. Additionally, there are processes where one or more decaying
boson is replaced by an on-shell photon, giving rise to lepton production in association
with photon(s) and triple photon production. In VBFNLO, the processes listed in Tables
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ProcIp | PROCESS BSM

400 | p'p = WHW=Z = (v, 0y g, 05 05
410 | plp = ZZWH = 0760y .
420 pipj — ZIZW ™ — (50750 B?z ?fs ?{Y;C{umzzl_(;?; iﬁo;zggi&
430 pp = WIW W — (v b 0,0 vp,

440 | pp = W WHW™ = 67 54,5 vy 5 7y,
450 | pp — ZZ27 — (6500505 0F )
460 p(p> — W Wy — €70 b v,y
470 | pp = 22y = 070t 0y

472 p(]? — 27y — 07 vy g,y
480 p(]? — WHZy = v, 0505~
490 p(f)> - W™ Z~y— 61_54162_6;}/
500 p(f)> — WHyy — £tupyy

anomalous couplings

© anomalous couplings
510 pp = W=yy = L ppyy

520 p(f)> — Zyy — 40 yy

521 p(f)> — 2y — velpyy /
=)
530 PP =YYy

Table 10: Process IDs for the triboson production processes at NLO QCD accuracy with
fully leptonic decays.

and [11} are implemented to NLO QCD accuracy, including full off-shell effects and spin
correlations of the final state leptons and photons. For processes with three massive
gauge bosons the Higgs boson contributions are included. Anomalous vector boson
couplings{?] are implemented for all triboson processes, with the anomalous parameters
input via anomV.dat. The processes WW Z, ZZW=* and WEW+W~ can also be run in
the implemented higgsless Kaluza-Klein models. Details of the calculations can be found
in Refs. [53-58|.

Furthermore, semileptonic decay modes of the vector bosons are implemented for all
triple vector boson production processes with zero or one final state photon [35]. In this
case only anomalous couplings are available as BSM options.

3.11 Double vector boson production in association with a hadronic
jet
W~ and W Z production in association with a hard hadronic jet are available in VBFNLO

at NLO QCD accuracy under the process IDs of Table [12] All off-shell and finite width
effects are included. The processes can be run with anomalous WW Z and W W+~ couplings,

12Some anomalous VVV (fy and fp or, equivalently, Ak~ and Ag?) couplings also imply anomalous
HVYV couplings — these are automatically taken into account.
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ProcIp | PROCESS BSM

401 | pp = WHW—Z = qq by g, 0505

402 p(p) — WHYW=Z — v, qa byt

403 p(p) — WYW~=Z — v b5 0, qq

411 | pp = ZZW+ = eHer sty qq

412 p(p) — ZZWT — qq bt b5 vp,

421 | pp = ZZW~ = 075t qq

422 | pp = ZZW™ = qqli ity by oy,

431 | pp > WHW-WH - qq ty ve, 5 vy,

432 | pp > WHWWH - Cve, qq v,
(=) _ _ —_ o

441 pp = W WHYW™ = {71y, qq Ly 1y, anomalous couplings

442 p(]}) — W WHTW™ — qqt v, b5 0,

451 | pp — ZZZ — qqli L0y 08

461 p(]}) — WETW =y = qq 0~ vy

462 p(]}) — WHTW =y = (Tupqqry

471 p(f))%ZZW%E_£+qQV

481 p(]}) — Wt Zy — qql= 0ty

482 p(]}) — Wt Zy = Tuyqqy

491 p(]}) — W=Zy — qql 0ty

492 p(]}) - W=Z~y = 0"Upqq~

Table 11: Process IDs for the triboson production processes at NLO QCD accuracy with
semileptonic decays.

ProcIb | PROCESS BsMm

610 | p'p = Wrj — - 7pvyj
620 | p'p — Whaj — ttupyg
630 | pp o WZj — (75,0505
640 | pp = W+Zj — (Fug 0505

anomalous couplings

Table 12:  Process IDs for W~j and W Zj production at NLO QCD.

input via anomV.dat. Details can be found in Refs. [59-62].
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ProcIp | PROCESS Bsm

©) oy :
800 pp = Whyyj = v } anomalous couplings

=) _ . _ .
810 pp — Woyyj — £ pyy]

Table 13:  Process IDs for triboson production in association with a hadronic jet at NLO

QCD.

3.12 Triple vector boson production in association with a hadronic
jet

W~ production in association with a hard hadronic jet is available in VBFNLO at NLO

QCD accuracy under the process IDs of Table [13] All off-shell and finite width effects

are included. Anomalous vector boson couplings are implemented, with the anomalous

parameters input via anomV.dat. Details can be found in Ref. [63]. Note that this class

of processes is not enabled by default and so, in order to run these processes, they must

be enabled at compilation, using the configure option --enable-processes=all or
--enable-processes=tribosonjet.

3.13 Higgs production in association with a W

The production of a Higgs boson in association with a W boson proceeds via the production
of a single off-shell W boson which radiates the Higgs boson. The W boson decays
leptonically, while the Higgs boson can decay in several channels.

In VBFNLO, the processes listed in Table [14] are implemented to NLO QCD accuracy,
including full off-shell effects and spin correlations of the final state leptons. Anomalous
couplings can be input via anomV.dat and are used both in the production process as well
as the decay of the Higgs boson. Details of the calculation can be found in Ref. [51].

3.14 Higgs production in association with a W and a hadronic
jet

W H production in association with a hadronic jet is available at NLO QCD accuracy in

VBFNLO under the process IDs of Table [I5]

Full off-shell effects and spin correlations of the final state leptons are included. Anoma-
lous couplings can be input via anomV.dat and are used both in the production process as
well as the decay of the Higgs boson.

The virtual contributions of the NLO calculation include diagrams where the Higgs is
radiated off a top quark loop attached to a gluon. They are calculated including the full
top mass dependence. These contributions can be disabled using the flag dotoploops in
utilities/global. inﬂ Details of the calculation can be found in Refs. [51,|64].

13Note that, if this parameter is changed, make clean must be run in the folder utilities, and then
make all install must be run for the VBFNLO code.

20



ProcIDp | PROCESS BSM

1300 | pp — WHH — (ty,H

1301 p<p) — WHH — (Tvpyy

1302 p<p) —WYH — (Tvpptu~

1303 | pp — WHH — (tyrtr

1304 | pp — WHH — £+u,bb

1305 | pp — WHH — WWHW— — 0 v, (5 vi, 05 7,
1306 | pp — WHH = WHZZ — 0ivy, (5050505
1307 | pp = WHH = WHZZ = 0 vy, 0305 vy, 0,

anomalous gauge couplings

1310 | pp — W—H — (~iyH ~
1311 | pp = W—H — (- 0y

1312 | pp = W H = ¢ ot~

1313 | pp = W—H = -prtr

1314 | p'p = W—H — ¢~ b

1315 | pp = W—H = W-WW~ = 05 75, (3 v, (5 7y,
1316 | pp = W—H = W—ZZ — (705, (3050505
1317 | pp = W—H = W—ZZ — 0] 05, (305 vy, 70,

anomalous gauge couplings

Table 14: Process IDs for the W H production processes at NLO QCD accuracy.

3.15 QCD-induced production of a vector boson in association
with two jets

A vector boson in association with two jets can be produced at order O(a?a?). This QCD-
induced process is available in VBFNLO for the production of a W boson in association
with two jets at NLO QCD accuracy, including leptonic decays of the vector boson. The
process IDs can be found in Table[16] These processes are not included by default and they
have to be enabled at compilation, using the configure option --enable-processes=X
where X is one of qcdvjj,qcdvvjj,all. These processes use quadruple precision to handle
instabilities in the virtual amplitudes. If quadruple precision is not supported by the
compiler it can be disabled by adding the configure option --disable-quad. An estimate
of the error due to unstable points is printed out at the end of program execution.

3.16 QCD-induced diboson production in association with two
jets

The QCD-induced production of two vector bosons in association with two jets is avail-
able in VBFNLO at NLO QCD accuracy for the processes listed in Table [I7 All spin
correlations and finite width effects are included. These processes are not included
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ProcID | PROCESS BSM
1600 | p'p = WHHj — (i Hj
1601 | p'p = WHHj — g
1602 p&f—% WYHj — {Tvu™ ™ j
1603 | p'p = WHHj = ttuprtrj
1604 pa;_% WHH j = (T ugbb j anomalous couplings
1605 | pp — WHHj — WHWHW = j = 0§ vy 0 v, 05 7, j
1606 | pp — WHHj —» WHZZj — tFu, 65,6505 j
1607 | pp — WHHj — WHZZj — tFug 656y ve, v, j
1610 | pp > W-Hj — (~iH j ~
1611 | pp = W Hj = 0oy j
1612 | pp — W Hj — oty j
1613 | pp = W Hj — (~mprtrj
1614 p%)—éVV_}Yj«—>€_ﬂﬂ$j anomalous couplings
1615 | pp = W Hj = W-WW~= j = ({0l vi,l5 70, j
1616 | pp = W Hj = W=ZZj — (70,05 l; (305
1617 | pp = W Hj = W-ZZj — {0y 0503 v, 0, j

Table 15: Process IDs for the WH plus jet production processes at NLO QCD accuracy.

ProcIbp

PROCESS

3120
3121
3130
3140

PP = Zjj = £H jj
PP = Zjj = vivg jj
pp = WHjj = v jj
PP = W™ jj = i jj

Table 16: Process IDs for QCD-induced vector boson + 2 jet production at NLO QCD

accuracy.

by default and they have to be enabled at compilation, using the configure option
--enable-processes=qcdvvjj or --enable-processes=all. These processes use quadru-
ple precision to handle instabilities in the virtual amplitudes. If quadruple precision
is not supported by the compiler it can be disabled by adding the configure option
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ProcID | PROCESS

3210 | pp — ZZjj — 076505 5j
3211 | pp — ZZjj — 0} 67 v, i
3220 | pp — WHZjj — Fv t505 ji
3230 | p'p = W—Zjj — (70,0505 jj
3250 | p'p = WEW*jj — ¢ vy vy, jj
3260 | p'p — W W~ jj — 670,05 7y, jj
3270 | pP — Wty jj — Lty ji

3280 | pP — W jj — 05y i

3290 | pP — Zvjj — 0T

3201 | pp — Zvjj = vy jj

Table 17: Process IDs for QCD-induced diboson + 2 jet production at NLO QCD accuracy.

--disable-quad. An estimate of the error due to unstable points is printed at the end of
program execution. Details of the calculation can be found in Refs. [65-70].

3.17 Higgs boson production in gluon fusion with two jets

CP-even and CP-odd Higgs boson production in gluon fusion, associated with two ad-
ditional jets, are processes that first appear at the one-loop level which, therefore, are
counted as leading order in the strong coupling constant. These processes are simulated
(via the ggflo executable) with the full mass dependence of the top- and bottom—quarkﬁ
running in the loop in the Standard Model, in the (complex) MSSM and in a generic
two-Higgs-doublet model. Anomalous HV'V couplings (for decays into W or Z bosons) can
be input via anom_HVV.dat and the input file ggflo.dat can be used to define additional
settings for these processes. The relevant process IDs are given in Table [I§ Details of the
calculations can be found in Refs. |71}76].

3.18 Gluon-induced diboson production

Gluon-induced diboson production can be studied separately in VBFNLO at LO with the
ggflo executable, using the process IDs in Table . Continuum production via box
diagrams as well as production via an s-channel Higgs boson resonance are included, with
interference effects fully taken into account. Anomalous HV'V couplings can be included,
using anom_HVV.dat. In the loop diagrams, first and second generation quarks are taken
to be massless and third generation quark massed'| are included.

4The value my(Mp) in the MS scheme is used for both the mass and the Yukawa coupling of the
bottom quark, while for the top quark we use its on-shell value.

>These are also included by default as higher order corrections to diboson production.

16 Again, my(My) in the MS scheme is used.
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ProcIDp | PROCESS Bswm
4100 p(p) — Hjj MSSM, general 2HDM
o) . .
4101 | pp = Hjj—vvjJ
4102 | plp — Hjj — whp™ jj
Q) iy I MSSM
4103 pp = Hjj— 7177737
4104 | p% — Hjj — bbjj
©) . . .
4105 S Hjj—>WtW=jj — 0T ¢
p(p) j] - ‘7'7+ 3 1+VZ_1 ‘2‘W2 I MSSM, general 2HDM,
4106 | pp — Hjj — ZZjj — {505 5] anomalous HVV
4107 | pp = Hjj— ZZjj — (0 ve, v,

Table 18: Process IDs for LO Higgs boson plus 2 jet production via gluon fusion. Note
that these processes are accessed via the ggflo executable.

ProcIp | PROCESS BSM

4300 | pp — WHW~ = vy b5 iy,

(=) —_ _
4330 | pp — ZZ — ({07505 anomalous HV'V couplings

4360 p(f)) — Zy = 0y
4370 p(f)) — vy

4301 | p'p = WHW— = g3l

4302 p(f?) S WAWT =ty qg anomalous HV'V couplings

4331 | p'p — 27 — qqt— 0t

Table 19: Process IDs for the gluon-induced diboson production at LO (one-loop) QCD.
Note that these processes are accessed via the ggflo executable.

Furthermore, semileptonic decay modes of the vector bosons are implemented for the
WW and ZZ production processes [35]. Anomalous HV'V couplings are available.
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4 INPUT FILES AND PARAMETERS

VBFNLO is steered through the following input files:

vbfnlo.dat: General parameters for a run.

cuts.dat: Values for kinematic cuts.

ggflo.dat: Additional parameters for the ggflo program.

susy.dat: Parameters describing the MSSM scenario.

anom_HVV.dat: Parameters for anomalous Higgs boson couplings.

anomV.dat: Parameters for anomalous gauge boson couplings.

kk_input.dat: Settings for the Warped Higgsless and Three-Site Higgsless Models.

kk_coupl_inp.dat: Numerical values if externally calculated Kaluza-Klein cou-
plings and masses should be used.

spin2coupl.dat: Settings for the spin-two models.
histograms.dat: Histogram options.

random.dat: Seed for the random number generator.

The following subsections give a detailed description of all available parameters.

4.1

vbfnlo.dat

vbfnlo.dat is the main input file for VBFNLO.

4.1.1

vbfnlo.dat — general parameters

PROCESS: Process ID as described in Sec. [3] Default is 100: Higgs boson production
via VBF.

LOPROCESS_PLUS_JET: If set to true, the leading order process with one additional
jet is generated, i.e. only the real radiation contribution is generated. This option is
available for all but gluon-induced processes. Default is false.

LEPTONS: Choice of the final state leptons (decay products of W and Z bosons)
according to the MC particle numbering scheme [77]:

11 : e
12 : v,
13 @ u™
14 : y,
15 77
16 : v,
98 : leptons are either generation 1 or generation 2

99 : any lepton
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If the selected configuration is not available, the appropriate first-generation leptons
are used as default values. If 99(98) is set, results are output summed over all
possible lepton combinations (all possible lepton combinations of generation 1 or 2) —
for individual events (in the cuts, histograms and Les Houches event output) the
specific leptons for that particular event are generated randomly.

e DECAY_QUARKS: Choice of the final state quarks from hadronic vector boson decays
(decay products of W and Z bosons) according to the MC particle numbering
scheme |77]:

[ B U N R S
>0 w2 oo

93 : all possible combinations of u, @, d,d, s, 3, c, ¢

94 : all possible combinations of w, %, d, d, s, 3, ¢, ¢, b,b

If 93 is set, results are output summed over all possible quark / anti-quark combi-
nations of the first and second generation. For DECAY_QUARKS = 94 additionally b
and b are considered. For individual events in the Les Houches event output, the
specific quarks for that particular event are generated randomly, weighted by the
contribution of that specific quark combination. If the selected configuration is not
available, all possible combinations of first and second generation quarks are used as
default values (DECAY_QUARKS = 93).

e LO_ITERATIONS: Sets the number of iterations for the integration of LO cross sections.
Usually more than one iteration is used in order to adapt the integration grid and
thus improve the efficiency of the MC integration algorithm["| For an adapted grid
file (see LO_GRID) this parameter can be set to 1. Default is 4.

e NLO_ITERATIONS: Analogous to LO_ITERATIONS, but for the real emission part of
an NLO calculation. Since the corresponding phase-space is different from the LO
configuration, a second independent MC integration has to be performed. Default is

4.

e LO_POINTS: Determines the number of phase-space points that are generated in
each iteration. In the last iteration there are 2V points, where N = LO_POINTS. In
each previous iteration, the number of points is half the value of the following one.
Example: For 4 iterations (LO_ITERATIONS = 4) and LO_POINTS = 20, there are
217 generated points in the first, 2! in the second , 2! in the third and 22° ~ 10° in
the last iteration[] Default is N = 20.

e NLO_POINTS: Similar to LO_POINTS, but for the real emission part of an NLO
calculation. Default is 20.

"For all NLO calculations the virtual contributions are calculated using the already optimized leading
order grid.
18The virtual contributions are calculated for 2V points only.
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LO_GRID: Sets the name of the grid files that are generated at the end of each
iteration. Choosing name as the input parameter, in each iteration X a grid file
name.out.X will be produced in the working directory. If a grid file name is already
present in the input directory (specified by --input=INPUT), the program reads
in this file when executed. Note that optimised grids for all processes (using the
standard cuts given in the regress files) are provided on the VBFNLO webpage.

FLOOP_GRID: Similar to LO_GRID, but for the gluon-induced fermion loop contribu-
tions (the kinematics of which can differ significantly from the LO kinematics). The
number of iterations used is given by LO_ITERATIONS and the number of points used
is LO_POINTS-8.

NLO_GRID: Similar to LO_GRID, but for the real emission part of an NLO calculation.

PHTN_GRID: Similar to NLO_GRID, but for the real photon emission part of an NLO
electroweak calculation.

NLO_SWITCH: Switch for the NLO part of a process, if available. If set to true, cross
sections and histograms are calculated to NLO QCD accuracy. Default is set to
false.

EWCOR_SWITCH: Switch for the electroweak corrections (note that this is only available
for VBF Higgs boson production). If set to true, cross sections and histograms are
calculated to NLO electroweak accuracy. This option can only be used if LOOPTOOLS
was enabled at compilation. Default is set to false.

FERMIONLOOP: Flag for the gluon-induced fermionic loop processes, such as gg —
WW (currently only available for neutral diboson processes in the ranges 300-370
and 4300-4370). The options are:

— 0 switches off these processes

— 1 includes only the box contribution

— 2 includes only diagrams via an s-channel Higgs resonance

— 3 includes both contributions including interference effects.
The default value is 3 (all contributions included).

NLO_SEMILEP_DECAY: This flag defines how the hadronic decay in processes with
semileptonic vector boson decay should be calculated:
— 0 the hadronic decay V' — ¢q is calculated at leading order QCD

— 1 the hadronic decay V' — qgq is calculated including approximate next-to
leading order QCD effects: A factor of |78]

14 O‘S(Q2>
s

is applied onto the full matrix element (includes off-shell and singly / non-
resonant contributions), which resembles the NLO corrections for the on-shell
V' — qq decay. The real emission of a gluon is not resolved.

The default value is 0 (leading order calculation for the decay).
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ECM: The center-of-mass energy, /s, of the collider, measured in GeV. Default is
13000 GeV.

BEAM1, BEAM2: Define the type of particle of each beam. Possible options are +1
for proton beams and —1 for anti-proton beams. Default is proton-proton collisions,
(+1, +1).

ID_MUF: Choice of the factorization scale. See Table [20|for a list of available options.
Default is 0.
For the QCD-induced processes, the following definitions are used:

Hr= Y pri+ BEr(Vi)+ Er(Va) 2)
i€partons
HY = Z pT,ie|yi*y12‘ + Er(Vi) 4+ Er(Va) (3)
i€jets

with .
Er =1\/pp+m?, and y;p = 5(?/1 + ).

ID_MUR: Choice of the renormalization scale. See Table for a list of available
options. Default is 0.
For the QCD-induced processes the definitions of Eqgs. and (3)) are used.

MUF_USER: If ID_MUF is set to 0, this parameter sets the user defined constant
factorization scale measured in GeV. Default is 100 GeV.

MUR_USER: If ID_MUR is set to 0, this parameter sets the user defined constant
renormalization scale measured in GeV. Default is 100 GeV.

XIF: Factor by which the factorization scale is multiplied. May be used to analyze
the scale dependence of differential cross sections. Default is 1.

XIR: Factor by which the renormalization scale is multiplied. May be used to analyze
the scale dependence of differential cross sections. Default is 1.

Note that alternative scale choices can be implemented in the file utilities/scales.F.

4.1.2

vbfnlo.dat — physics parameters

HMASS: Standard Model Higgs boson mass in GeV. Default value is 126 GeV.
HTYPE: Type of Higgs boson produced:

— HTYPE = 0 : SM Higgs boson, with mass HMASS

— HTYPE = 1 : Light CP-even MSSM Higgs boson

— HTYPE = 2 : Heavy CP-even MSSM Higgs boson
3:

— HTYPE = CP-odd MSSM Higgs boson (Note: this is not produced at LO
unless we are working in the MSSM with complex parameters and include
Higgs-propagator effects at LO.)
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ID_MUF | FACTORIZATION SCALE PROCESS CLASS
0 user defined constant scale set a1l
by MUF_USER
momentum transfer of exchanged .
1 gange boson vbf (except Hjjj)
2 min(pr(J;)) vbf, tribosonjet
3 or 4 invariant mass of the electroweak system | diboson, dibosonjet,
(V/VVv /VH | VVV) triboson, tribosonjet
5 \/pT(jl) X pT(j2) get
6 constant scale = Higgs boson mass all
Minimum transverse energy of the , dlbosc?n (excep 6 W),
7 - ” dibosonjet, triboson,
primary” bosons . .
tribosonjet
8 $Hr as defined in Eq. vbf,qcdvjj,qcdvvijj
9 %H’T as defined in Eq. vbf,qcdvjj,qcdvvijj
10 L (Br(jijs) + Er(ViV)) vbf,qcdvjj,qcdvvjj

Table 20: Factorization scale options. The definition of the process classes can be found in

Section [2.2.

Note that for HTYPE = 1-3, the input HMASS is not used. Default value is 0 (SM
Higgs boson).

HWIDTH: Although VBFNLO can calculate the Higgs total and partial widths, it is
also possible to set the Higgs boson width with this input parameter. Default is
-999 GeV, which means that the internally calculated value of the width is used. If a
SLHA file is being used, the SLHA value will be taken rather than the input HWIDTH.

MODEL: This flag determines whether we are working in the SM (1), the MSSM (2)
or the Two-Higgs model (3). Default is SM (1). Note that if HTYPE = 1-3 is chosen
with MODEL = 1, the code will run in the Standard Model, but with a Higgs boson
mass equal to that given by the specified MSSM parameters.

H2MASS: Mass of the second Higgs boson for MODEL = 3. Default value is 126 GeV.

H2WIDTH: Width of the second Higgs boson for MODEL = 3. Default is -999 GeV,
which means that an internally calculated value of the width is used.
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ID_MUR | RENORMALIZATION SCALE PROCESS CLASS
0 user defined constant scale set a1l
by MUR_USER
momentum transfer of exchanged
1 bf t Hjjj
gauge boson vbf (except Hjjj)
2 min(pr(J;)) vbf, tribosonjet
3 or 4 invariant mass of the electroweak system | diboson, dibosonjet,
(V/VVv /VH | VVV) triboson, tribosonjet
5 ay = as(pe (1)) X as(pr(2)) ¥ o (mu) gef
6 constant scale = Higgs boson mass all
Minimum transverse energy of the , dlbosc?n (excep 6 W),
7 - ” dibosonjet, triboson,
primary” bosons . .
tribosonjet
8 $Hr as defined in Eq. vbf,qcdvjj,qcdvvijj
9 %H’T as defined in Eq. vbf,qcdvjj,qcdvvijj
10 L (Br(jijs) + Er(ViV)) vbf,qcdvjj,qcdvv]j

Table 21: Renormalization scale options. The definition of the process classes can be found
in Section [2.2.

e SIN2BA: Multiplicative factor for the squared HV'V-coupling of the first Higgs boson
for MODEL = 3. Default value is 1.

e COS2BA: Multiplicative factor for the squared HV'V-coupling of the second Higgs
boson for MODEL = 3. Note that unitarity requires that SIN2BA + COS2BA = 1.
Default value is -999, which means that the value which fulfills the unitarity relation
is chosen.

e TOPMASS: Top-quark mass in GeV. Default value is 172.4 GeV. If a SLHA file is
being used, the SLHA value will be taken rather than the input TOPMASS.

e BOTTOMMASS: Bottom-quark pole mass in GeV, used in the calculation of the Higgs
boson width and branching ratios. In the gluon fusion processes and gluon-induced
contributions to diboson production, m(Mj) in the M.S scheme is used (which is
calculated internally from the input pole mass). Default value is 4.855 GeV, which

corresponds to mé‘TS(mb) = 4.204 GeV. The explicit formula used is given on the
VBFNLO webpage. If a SLHA file is being used, the SLHA value will be taken rather

than the input BOTTOMMASS.
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e CHARMMASS: Charm-quark pole mass in GeV used in the calculation of the Higgs
boson width and branching ratios. Default value is 1.65 GeV, corresponding to
mM3(m.) = 1.273 GeV. If a SLHA file is being used, the SLHA value will be taken
rather than the input CHARMMASS.

e TAU_MASS: Tau mass in GeV used in the calculation of the Higgs boson width and
branching ratios. Default value is 1.77684 GeV. If a SLHA file is being used, the
SLHA value will be taken rather than the input TAU_MASS.

e EWSCHEME: Sets the scheme for the calculation of electroweak parameters. A summary
of the six available options is given in Table Note that if ENSCHEME = 4 is chosen,
all variables in Table [22] are taken as inputs. As the parameters are not independent,
this can lead to problems if the input values are not consistent. In this scheme,
all photon couplings are set according to the input variable INVALFA and all other
couplings are set according to FERMI_CONST. Note also that the choice of EWSCHEME
can have a large effect on the relative size of the electroweak corrections, as the
charge renormalization depends on the way in which the electromagnetic coupling in
the LO cross section is parametrized. Full details of all changes and their effects,
together with the explicit formulae used, are available on the VBFNLO webpage.
Default value is 3.

e FERMI_CONST: Fermi constant, used as input for the calculation of electroweak
parameters in EWSCHEME = 1-4. Default value is 1.16637 x 107> GeV 2. If a SLHA
file is being used, the SLHA value will be taken rather than the input FERMI_CONST.

e INVALFA: One over the fine structure constant, used as input for EWSCHEME = 1, 4,
5 and 6. Within the other schemes this parameter is calculated. The default value
depends on the choice of ENSCHEME, as given in Table 22 If EWSCHEME = 5 is chosen,
the value of « should be (M), whereas if EWSCHEME = 6 is chosen, the value of «
should be «(0). In order to ensure backwards compatibility with previous versions of
VBFNLO, as an alternative ALFA, the fine structure constant, can be used as an input
in vbfnlo.dat, which is read and used only if INVALFA is not present. If a SLHA file
is being used, the SLHA value will be taken rather than the input INVALFA or ALFA.

e DEL_ALFA: Value of A«, where

a(0)
4
1— A« (4)
This is used as input for EWSCHEME = 6. Default value is 0.059047686. Note that

this is only used for the electroweak corrections during the calculation of the charge
renormalization constant.

Oé(Mz) =

e SIN2W: Sinus squared of the weak mixing angle. Used as input for EWSCHEME = 2
and 4. Within the other schemes this parameter is calculated. Default input value is
0.222646. If a SLHA file is being used, the SLHA value will be taken rather than
the input SIN2W.

e WMASS: W boson mass in GeV. This parameter is calculated in ENSCHEME = 1 and
2. Default input value is 80.398 GeV. If a SLHA file is being used, the SLHA value
will be taken rather than the input WMASS.
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EWSCHEME PARAMETER DEFAULT VALUE INPUT/CALCULATED

FERMI_CONST | 1.16637 x 107° GeV 2 INPUT
INVALFA 128.944341122 INPUT

1 SIN2W 0.230990 CALCULATED

WMASS 79.9654 GeV CALCULATED
ZMASS 91.1876 GeV INPUT
FERMI_CONST | 1.16637 x 107° GeV 2 INPUT

INVALFA 132.340643024 CALCULATED
2 SIN2W 0.222646 INPUT

WMASS 80.3980 GeV CALCULATED
ZMASS 91.1876 GeV INPUT
FERMI_CONST | 1.16637 x 107° GeV 2 INPUT

INVALFA 132.340705199 CALCULATED

3 SIN2W 0.222646 CALCULATED
WMASS 80.3980 GeV INPUT
ZMASS 91.1876 GeV INPUT
FERMI_CONST | 1.16637 x 107° GeV 2 INPUT
INVALFA 137.035999679 INPUT
4 SIN2W 0.222646 INPUT
WMASS 80.3980 GeV INPUT
ZMASS 91.1876 GeV INPUT
INVALFA(ZMASS) | 128.944341122 INPUT

5 SIN2W 0.222646 CALCULATED
WMASS 80.3980 GeV INPUT
ZMASS 91.1876 GeV INPUT
INVALFA(O) 137.035999679 INPUT

6 SIN2W 0.222646 CALCULATED
WMASS 80.398 GeV INPUT
ZMASS 91.1876 GeV INPUT

Table 22: Electroweak input parameter schemes.
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e ZMASS: Z boson mass in GeV. Default value is 91.1876 GeV. If a SLHA file is being
used, the SLHA value will be taken rather than the input ZMASS.

e ANOM_CPL: If set to true, anomalous Higgs boson or gauge boson couplings are used
if available for the selected process. Anomalous coupling parameters are set via the
files anom_HVV.dat and anomV.dat. These are available for

— Hjj, single and double vector production processes in VBF
— diboson production processes, including W H

— diboson + jet production processes, including W Hj

— triple vector boson production processes

— triboson -+ jet production processes

— Hjj — V'V 37 production via gluon fusion

— gluon-induced (contributions to) diboson production
Default is set to false.

e KK_MOD: Option for the Warped Higgsless Model and Three-Site Higgsless Model.
This is available for all V'V jj production modes in VBF except W~ and same
sign W*W# production and for the triboson processes W*W W=, W+W~Z and
W*ZZ. Default is set to false. Note that this needs to be enabled at compilation,
using the configure option --enable-kk. Kaluza-Klein parameters are specified
via the files kk_input.dat or kk_coupl_inp.dat.

e SPIN2: Option for the spin-2 models. This is available for the V'V 75 production
modes in VBF except same sign W*W* production. Default is set to false.
Note that this needs to be enabled at compilation, using the configure option
--enable-spin2. Spin-2 parameters are set via the file spin2coupl.dat.

e EW_APPROX: Option controlling the electroweak corrections in Hjj production via
VBF.

— EW_APPROX = 0 : No approximations involved. This option is not available
when working in the MSSM.

— EW_APPROX = 1 : Ouly top/bottom (and stop/sbottom in the MSSM) loops are
calculated.

— EW_APPROX = 2 : All fermion (and sfermion in the MSSM) loops are calculated.

— EW_APPROX = 3 : MSSM option — all SM-type (i.e. fermions, gauge and Higgs
bosons) and sfermion loops are calculated.

— EW_APPROX = 4 : MSSM option — all MSSM corrections to the Higgs boson vertex
are calculated, together with all SM-type and sfermion corrections elsewhere.

— EW_APPROX = 5 : MSSM option —all MSSM corrections to the Higgs boson vertex,
the quark vertex and the vector boson self energies are calculated, together
with all SM-type boxes and pentagons (i.e. only chargino and neutralino box
and pentagon diagrams are neglected).

When working in the SM, EW_APPROX options 3-5 are equivalent to EW_APPROX = 0.
Default is 5: full corrections in the SM, and the most complete available corrections
in the MSSM.
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4.1.3 vbfnlo.dat — parameters for event output

VBFNLO generates parton level events according to the most recent Les Houches Ac-
cord (LHA) format |79] and in the HEPMC format [80] for all processes at leading order,
except for Wj, WZj and W~~vj production. For W H(j) production the event output is
only available in the case of a non-decaying Higgs boson.

e LHA_SWITCH: Switch on or off output of LHA event files. Default is set to false.
Note that LHA event file output is not yet available for diboson plus jet or triboson
plus jet processes.

e LHA_FILE: Name of output LHA event file. Default is ‘‘event.lhe’’.

e HEPMC_SWITCH: Switch on or off output of HEPMC event files. Default is set to
false. Note that HEPMC event file output is not yet available for diboson plus jet
or triboson plus jet processes.

e HEPMC_FILE: Name of output HEPMC event file. Default is ‘‘event.hepmc’’.

e UNWEIGHTING_SWITCH: Option for event weights. If set to true, events are un-
weighted (event weight = +1). If set to false, events are weighted. Default is set
to true.

e DESIRED_EVENT_COUNT: With UNWEIGHTING_SWITCH = true, the number of un-
weighted events written out to disk can be specified. For multi-channel processes
(for example diboson / triboson production with a final-state photon) this can be
time-consuming.

DESIRED_EVENT_COUNT = O stands for collecting all events generated during the
normal integration (behaviour of VBFNLO up to version 2.7 beta 2).
Default is DESIRED_EVENT_COUNT = 0.

e PARTIAL_UNWEIGHTING: For some processes or parameter settings it may not be
possible to get the desired number of unweighted events: Single events with large
weights in some problematic phase space regions can spoil the unweighting efficiency.
For this case PARTIAL_UNWEIGHTING = true will give the desired number of events
with weight 1 and additionally a few events with weight > 1 which occured during
the event generation.

Default is PARTIAL_UNWEIGHTING = false.

e TAUMASS: Option to include the mass of 7 leptons in the event files. Default is set
to false.
All calculations (except for branching ratios) are done with massless 7 leptons.
However, as subsequent programs need the non-zero mass for the 7 decay, VBFNLO
can include the 7 mass in the output and rescale the momentum consistently. The
7 leptons in the events have to fulfill m,, > 2-m, and m,,_ > m,, otherwise the
inclusion of m. is not possible. All events where this requirement is not fulfilled will
be dismissed. Usually this criterium should be always met when using reasonable
cuts. To ensure that no events are thrown away please use a cut on the invariant
lepton pair mass of at least my > 2m,.
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Important note for processes with more than one phase space (usually pro-
cesses involving a final state photon):

VBFNLO writes the events of different phase spaces block-wise into the event file. Therefore
the event file should always be used completely, otherwise some parts of phase space are
underrepresented. Using only parts of the event file gives only correct results if the events
are taken randomly from the whole file. This note is put out at the end of the VBFNLO
run for the relevant processes if event output is requested.

4.1.4 vbfnlo.dat — PDF parameters

VBFNLO can use either built-in parton distribution functions (PDFs) or the LHAPDF [4]
library, either in version 5 or 6.

e PDF_SWITCH: Flag to choose which PDFs are used. The options are

— 0 : built-in PDFs CTEQ6L1 [13] for LO and CT10 [14] for NLO calculations
— 1 : an interface to LHAPDF is provided

— 2 : built-in PDFs MRST2004qed [15] are used at LO and NLO (if this option
is chosen, photon-induced processes can be included when calculating the
electroweak corrections to Hjj production via VBF)

3 : the built-in PDFs MSTW2008 [16] are used

Default is 0.
The following options are used only if LHAPDF has been selected (i.e. PDF_SWITCH = 1).
e LO_PDFNAME: Name of the LO PDF set. Default is “‘cteq611.LHpdf’’ (cteq6ll).
e NLO_PDFNAME: Name of the NLO PDF set. Default is ““CT10.LHgrid’’ (CT10).
e LO_PDFMEMBER: Member PDF of the LO PDF set. Default is 0.
e NLO_PDFMEMBER: Member PDF of the NLO PDF set. Default is 0.

The names of the PDF sets can be found on the LHAPDF websitd™™l In case of LHAPDF 6
the file ending (.LHgrid/.LHpdf) is no longer needed, but using the LHAPDF 5 naming
scheme is still supported. The list of PDF sets which are already available in LHAPDF 6
can be obtained from the LHAPDF website as well?®l The PDF name can also be obtained
from the file PDFsets. index, which is located in the LHAPDF 5 subfolder share/lhapdf@

For compatibility with earlier versions of VBFNLO, the following two variables are also
supported for setting the PDF sets when using LHAPDF. If both are present, LO_PDFNAME
and NLO_PDFNAME take precedence over LO_PDFSET and NLO_PDFSET, respectively.

e LO_PDFSET: LHAGLUE number for the LO PDF set.
e NLO_PDFSET: LHAGLUE number for the NLO PDF set.

The LHAGLUE numbers can be found on the LHAPDF websitéI or in the file PDFsets . index,
which is located in the LHAPDF 5 subfolder share/lhapdfZL.

Ynttp://lhapdf .hepforge.org/pdfsets
2Onttp://www.hepforge.org/archive/lhapdf/pdfsets/6.0/
2'When using LHAPDF 6 this file is located at <LHAPDF-PATH>/share/LHAPDF/pdfsets.index .
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4.1.5 vbfnlo.dat — parameters for output and histograms

VBFNLO provides output for histograms in the following formats: GNUPLOT, ROOT|
and TOPDRAWERPY as well as raw data tables. Options controlling the histogram ranges
and smearing are defined in histograms.dat. Additional histograms can be defined by
the user in the file utilities/histograms.F.

e XSECFILE: Name of output file containing LO and NLO cross sections with the
associated errors. Default is xsection.

e ROOT: Enable output of histograms in ROOT format. Default is set to false.
Additionally, custom ROOT histograms can be defined by the user with the file
utilities/rootuserhists.cpp, which are filled with the weighted events from
Monte Carlo integration. This option needs to be enabled when building VBFNLO
using the option --with-root.

e TOP: Enable output of histograms in TOPDRAWER format. Default is set to false.
e GNU: Enable output of histograms in GNUPLOT format. Default is set to true.

e DATA: Enable output of raw data in a directory hierarchy. Additionally, a GNUPLOT
command file is written into the data output directory. Default is set to true.

e REPLACE: Switch to overwrite existing histogram output files. Default is set to true.
e ROOTFILE: Name of the ROOT output file. Default is histograms.

e TOPFILE: Name of the TOPDRAWER output file. Default is histograms.

e GNUFILE: Name of the GNUPLOT output file. Default is histograms.

e DATAFILE: Name of the data output directory. Default is histograms.

4.2 cuts.dat — parameters for kinematic cuts

The following general set of cuts has been implemented in VBFNLO. Alternative cuts can
be added in the file utilities/cuts.F.

A brief documentation on how to implement additional cuts into the file cuts.F can
be found on the VBFNLO webpage, http://www.itp.kit.edu/vbfnlo/ .

4.2.1 cuts.dat — jet-specific cuts

e RJJ_MIN: Minimum separation of two identified jets, AR;; = ,/ijzj +A jzj, used
by the generalised &, jet finding algorithm [81] that combines all partons. Default is
0.8.

e Y_P_MAX: Maximum allowed (pseudo)rapidity[*”] for observation of final state partons
(detector edge). Default is 5.0.

Znttp://www.gnuplot.info/

Zhttp://root.cern.ch/

24nttp://www.pa.msu.edu/reference/topdrawer-docs/

25 As all quarks and leptons are considered massless in VBFNLO, pseudorapidity and rapidity coincide
for almost all final state particles, with one exception: Jets which consist of more than one parton have a
non-vanishing mass and therefore rapidity # pseudorapidity.

36


http://www.itp.kit.edu/vbfnlo/
http://www.gnuplot.info/
http://root.cern.ch/
http://www.pa.msu.edu/reference/topdrawer-docs/

4.2.2

4.2.3

PGENKTJET: Exponent of the generalised %k, algorithm. This yields the k&, algorithm
when setting the variable to 1, the Cambridge/Aachen algorithm [82] for 0 and the
anti-k, algorithm [83] when setting it to —1. Default value of the floating-point
number is 1.0.

PT_JET_MIN: List of minimum transverse momenta for identified jets in descending

order. The later values can be omitted if they are the same as previous values.
Default is 20 GeV.

Y_JET_MAX: Maximum allowed rapidity for identified jets. Default is 4.5.

cuts.dat — lepton specific cuts

Y_L_MAX: Maximum (pseudo)rapidity for charged leptons. Default is 2.5.

PT_L_MIN: List of minimum transverse momenta for charged leptons in descending
order. The later values can be omitted if they are the same as previous values.
Default is 10 GeV.

MLL_MIN: Minimum invariant mass for pairs of charged leptons. Whether this applies
only to opposite-sign leptons or to all pairs is chosen by the variable MLL_0OSONLY.
Default is 15 GeV.

MLL_MAX: Maximum invariant mass for pairs of charged leptons. Whether this applies
only to opposite-sign leptons or to all pairs is chosen by the variable MLL_0SONLY.
Default is 10%° GeV.

MLL_OSONLY: If set to true, the variables MLL_MIN and MLL_MAX only apply to pairs
of oppositely signed leptons, otherwise to all pairs of charged leptons. Default is
true.

RLL_MIN: Minimum separation of charged lepton pairs, ARy. Default is 0.4.

RLL_MAX: Maximum separation of charged lepton pairs, ARy. Default is 50.

cuts.dat — photon specific cuts

Y_G_MAX: Maximum (pseudo)rapidity for photons. Default is 1.5.

PT_G_MIN: List of minimum transverse momenta for photons in descending order.
The later values can be omitted if they are the same as previous values. Default is
20 GeV.

RGG_MIN: Minimum separation of photon pairs, AR,,. Default is 0.6.

RGG_MAX: Maximum separation of photon pairs, AR,,. Default is 50.

VBFNLO has a photon isolation cut implemented as defined in Ref. |31],

1 —cosd
Zi: ET16<(5 — R’W) <e pTVToséo for all 0 < 60, (5)

where 7 is a parton with transverse energy Fr, and a separation R;, with a photon of
transverse momentum pr,. The parameters dp and € can be adjusted:
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4.2.4

4.2.5

PHISOLCUT: Photon isolation ¢y. Default is 0.7.

EFISOLCUT: Efficiency € of photon isolation cut. Default is 1.

cuts.dat — additional cuts

RJL_MIN: Minimum separation of an identified jet and a charged lepton, AR;,.
Default is 0.6.

RJG_MIN: Minimum separation of an identified jet and a photon, AR,,. Default is
0.6.

RLG_MIN: Minimum separation of a charged lepton and a photon, AR;,. Default is
0.6.

MLG_MIN: Minimum invariant mass for any combination of a charged lepton and a
photon. Default is 0 GeV.

MLG_MAX: Maximum invariant mass for any combination of a charged lepton and a
photon. Default is 10%° GeV.

PTMISS_MIN: Minimum missing transverse momentum of the event
PR == pri,
i

summing over all visible jets, leptons and photons. Default is 0 GeV.

cuts.dat — jet veto

JVETO: If set to true, a jet veto is applied. For processes with fully leptonic decays
of the vector bosons the following criteria apply:

— For vbf and ggf processes it is applied to central jets beyond the two tagging
jets, where the central region is bounded by the rapidities of the two tagging
jets.

— For all other processes the jet veto is applied to additional jets beyond the

leading-order number, ordered by decreasing transverse momentum.

For processes with one hadronically decaying vector boson, one or two additional jets
are allowed, depending on the value of SINGLE_DECAYJET (one jet for SINGLE_DECAYJET
= 2, else two jets).

Default is false.

YMAX_VETO: Maximum rapidity of the additional jet. Default is 4.5.

PTMIN_VETO: Minimum transverse momentum of the additional jet. Default is
50 GeV.

DELY_JVETO: Minimum rapidity separation of a central jet from the two tagging jets
for vbf and ggf processes. Default is 0.
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4.2.6 cuts.dat — VBF specific cuts

These cuts apply only to vbf, qcdv(v) jj and ggf processes. Furthermore, they apply to
the processes with semileptonic decays if VBFCUTS_ALWAYS = true.

e ETAJJ_MIN: Minimum required rapidity gap, An;;, between two tagging jets, which
are the two leading jets in a pr ordering for fully leptonically decaying vector bosons.
For tagging jet definition in semileptonic decay processes see DEF_TAGJET. Default is
0.

e YSIGN: If set to true, the two tagging jets are required to be found in opposite
detector hemispheres. Default is false.

e LRAPIDGAP: If set to true all charged leptons are required to lie between the two
tagging jets in rapidity. Default is false.

e DELY_JL: Minimum rapidity distance of the charged leptons from the tagging jets,
if LRAPIDGAP is set to true. Default is 0.

e GRAPIDGAP: If set to true all photons are required to lie between the two tagging
jets in rapidity. Default is false.

e DELY_JG: Minimum rapidity distance of photons from tagging jets, if GRAPIDGAP is
set to true. Default is 0.

e MDIJ_MIN: Minimum dijet invariant mass of two tagging jets. Default is 0 GeV.

e MDIJ_MAX: Maximum dijet invariant mass of two tagging jets. Default is 10%° GeV.

4.2.7 cuts.dat — special cuts for semileptonic decays

These cuts apply only to processes with one hadronically decaying vector boson.

e DEF_TAGJET: Switch for different tagging jet definitions.

— DEF_TAGJET = 1: two jets with largest pp

— DEF_TAGJET = 2: two jets with largest py and |y| > ETA_CENTRAL. Furthermore
both jets have to lie in opposite detector hemispheres.

— DEF_TAGJET

— DEF_TAGJET = 4: two jets with largest py, except for the two jets (or one jet if
SINGLE_DECAYJET > 0 and the mass of a single jet is closer to my than any
two-jet combination) with an invariant mass closest to my .

3: two jets with largest separation in rapidity

Default is 1.

e ETA_CENTRAL: Defines the outer limit of the “central region” if DEF_TAGJET = 2.
For other values of DEF_TAGJET the “central region” is defined by the rapidity values
of the two tagging jets. Default is 2.

e PTMIN_TAG_1: Minimum transverse momentum for the harder tagging jet. Default
is 20 GeV.
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PTMIN_TAG_2: Minimum transverse momentum for the softer tagging jet. Default is
20 GeV.

HARD_CENTRAL: If set to true an additional jet is required within the central region.
Default is false.

PTMIN_CENTRAL: Minimum transverse momentum for the additional hard jet in the
central region if PTMIN_CENTRAL = true. Default is 20 GeV.

VBFCUTS_ALWAYS: Usually the VBF cuts are only applied for VBF processes. With
VBFCUTS_ALWAYS = true, the VBF cuts are applied to the semileptonic diboson and
triboson production processes as well, as they supplement the s-channel part of the
electroweak V (V') jj production to the VBF processes.

Default is false.

RECONST_HAD_V: Choose between different options for a cut on the reconstructed
invariant mass of the hadronically decaying vector boson. All possible jet combina-
tions are taken into account, the one which gives an invariant mass closest to the
vector boson mass is used to apply the cut.

— RECONST_HAD_V = 0: No cut on the reconstructed invariant vector boson mass.

— RECONST_HAD_V
ered.

— RECONST_HAD_V = 2: Use invariant mass of a single jet, tagging jets are not
considered (“subjet-analysis”, only needed when SINGLE_DECAYJET > 0).

1: Use two-jet invariant mass, tagging jets are not consid-

— RECONST_HAD_V = 3: Use one- or two-jet invariant mass, tagging jets are not
considered.

Default is 0.

V_MASS_RANGE: Mass range for the cut on the reconstructed invariant vector boson
mass: |m_V - m_reconst| < V_MASS_RANGE. Default is 20 GeV.

SINGLE_DECAYJET: This switch controls the number of additional jets which is
required for processes with semileptonic decay of the vector bosons with respect to
the fully leptonic process:

— SINGLE_DECAYJET = 0: two jets are required from the hadronic decay (plus
two tagging jets for the VBF processes).

— SINGLE_DECAYJET = 1: a single jet is allowed if both quarks from the hadronic
decay are collimated into one jet.

— SINGLE_DECAYJET = 2: a single jet is allowed for all phase space points.
SINGLE_DECAYJET = 2 can only be used with LOPROCESS_PLUS_JET set to false in

vbfnlo.dat.
Default is 0.

QSQAMIN_ZDEC: Minimal photon virtuality of hadronically decaying Z/~*.
Default is 0 GeV?. However, any values below the Q* threshold (see Section [4.2.8)
for u/d-quarks of (0.373 GeV)? have no effect.
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As the Higgs boson does not couple directly to photons, no special treatment or cut
is needed for process 1010. Therefore QSQAMIN_ZDEC is not evaluated there.

4.2.8 Treatment of hadronic decays of low-virtuality photons

As the hadronic decay of a Z boson also includes the hadronic decay of photons, a
divergence in v* — qq occurs, when the final state quarks are treated massless and no
cuts are applied. In the case of the semileptonic decays within VBFNLO, this can lead to
problems in two cases:

e In the real emission case with one additional visible jet from QCD radiation both
decay quarks are allowed to form a single jet.

e This can also happen already at leading order, when SINGLE_DECAYJET is set to
true.

Therefore we apply a cut on the minimal photon virtuality, which is estimated from
ete”™ — hadrons individually for each final state quark flavour. The threshold for each
quark is chosen such that the NLO approximation for o(e*e™ — hadrons) gives the same
contribution as the experimental continuum data plus the contribution from the sharp
resonances of the respective quark flavours [84].

This procedure approximates the correct rates from low-¢g?> photons. The kinematics of
the quarks in this region are not modeled correctly, but this is of minor importance as
the low-¢? region is only relevant for semileptonic decays when the decay products form a
single jet.

Unfortunately, this procedure can cause problems when interfacing VBFNLO with a parton
shower Monte Carlo program by using the Les Houches event output without jet cuts or
with SINGLE_DECAYJET = true. Events which involve ¢q pairs with an invariant mass
below 1 GeV or below 2 - m, may be dismissed by the parton shower Monte Carlo. This
can be avoided by using the option QSQAMIN_ZDEC.

4.3 ggflo.dat — general parameters for gluon fusion processes

In VBFNLO the double real-emission corrections to gg — ¢, which lead to ¢ + 2 jet events
at order o, are included [76]. Here, ¢ can be set to be a Standard Model Higgs boson
or any of the three neutral MSSM Higgs bosons (including mixing between h, H and A
in the real or complex MSSM) by using the variables HTYPE and MODEL in vbfnlo.dat,
or a mixture of scalar and pseudoscalar Higgs bosons as in a generic two-Hi