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Abstract

VBFNLO is a flexible parton level Monte Carlo program for the simulation of vector
boson fusion (VBF), double and triple vector boson (plus jet) production as well as
QCD-induced single and double vector boson production plus two jets in hadronic
collisions at next-to-leading order (NLO) in the strong coupling constant. Further-
more, Higgs boson plus two jet production via gluon fusion at the one-loop level is
included. This note briefly describes the main additional features and processes that
have been added in the new release — VBFNLO VERSION 2.7.0.

At NLO QCD several new processes are available. These are W*~ and HH
production in VBF, the QCD-induced single and double vector boson plus two jets
processes WEjj, WEZjj, WE~jj, same-sign WEW*jj, and the Higgs-strahlung
process WEH (plus jet) production. Anomalous couplings are now available for
all VBF, diboson and triboson (plus jet) processes including the new VBF W*~j;j
implementation, as well as in the Higgs-strahlung (plus jet) process.

Semi-leptonic decay modes are supported for the following diboson, triboson
and VBF processes: VV, VVV  VV~y production and VV production via VBF,
where V denotes a massive gauge boson, i.e. W* or Z. Additionally, the VBF-Higgs
production process with decay into WW or ZZ supports semi-leptonic decays of the
gauge bosons. All these semi-leptonic processes contain the possibility to include
anomalous gauge boson couplings.
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1 INTRODUCTION

VBFNLO [1-4] is a flexible Monte Carlo (MC) program for vector boson fusion (VBF),
double and triple vector boson (plus jet) as well as QCD-induced single and double vec-
tor boson plus two jets production processes at NLO QCD accuracy. The electroweak
corrections to on-shell Higgs boson production via VBF have been included. In addition,
the simulation of CP-even and CP-odd Higgs boson production in gluon fusion, associ-
ated with two additional jets, is implemented at the (one-loop) leading-order (LO) QCD
level. VBFNLO can be run in the Minimal Supersymmetric Standard Model (MSSM), and
anomalous couplings of the Higgs boson and gauge bosons have been implemented for a
large fraction of the available processes. Additionally, a model for spin-2 resonances, the
option to include two Higgs resonances and two Higgsless extra dimension models — the
Warped Higgsless scenario and a Three-Site Higgsless Model — are included for selected
processes.

Further information, and the latest version of the code, can be found on the VBFNLO
webpage

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

A complete process list is given in Appendix A.

2 New processes

For the latest version of VBFNLO we have implemented several new processes at NLO

QCD.

2.1 QCD-induced single and double vector boson production plus
two jets

The QCD-induced production of Vjj and VVjj events at O(a?) in the strong coupling
constant is a new process class available in VBFNLO 2.7.0. With the same final state parti-
cles as the corresponding VBF processes they are an irreducible background to the latter.
Hence, they play an important role when studying anomalous quartic gauge couplings.
They also form a relevant background in searches for physics beyond the Standard Model.
In VBFNLO 2.7.0, the production of W¥j; as single boson final state and the diboson final
states W£Z3j [5], Wvjj [6] and same-sign W*W = [7] have been included. They are
available at NLO QCD accuracy including leptonic decays of the vector bosons and full
off-shell and finite-width effects. Instabilities in the virtual amplitudes, which contain
diagrams up to hexagon loops, can be cured by resorting to quadruple precision for prob-
lematic points, if supported by the compile] The impact of the NLO QCD corrections
on the total cross section is modest for a reasonable choice of factorization and renormal-
ization scales, but reduces the scale uncertainty significantly. In kinematic distributions a
sizable phase-space dependence is observed, which leads to relevant changes in the shape
of distributions. The corresponding process IDs are given in Tables [I] and

!This has been tested with gfortran 4.7.3 and 4.8.2 as well as ifort 12.1.0.



ProcIp | PROCESS

3130 | pp — W jj — (i jj
3140 | p% — W~ jj = - 5,5j

Table 1: Process IDs for QCD induced vector boson + 2 jet production at NLO QCD
accuracy.

ProcIp | PROCESS

3220 | pp = WHZjj — (v t50; jj
3230 | pp — W Zjj — (700, 0505 jj
3250 | pp — WHW*jj — Fug vy, jj
3260 | pp — WW=jj — (774,05 74, jj
3270 | pp — Whvyjj — iy jj

3280 | pp — W vjj = £ 0y i

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

2.2 W=~y production via VBF

The list of implemented VBF processes has been extended by the new W=+ final state [8/[9]
in VBFNLO 2.7.0. As with other VBF processes, it allows for testing the structure of
electro-weak quartic gauge couplings and appears as a background in searches for physics
beyond the Standard Model. Scale uncertainties at NLO QCD are significantly reduced
compared to the LO prediction and K factors are typically close to unity. The process
IDs for these processes can be found in Table [3]

ProcIp | PROCESS

270 | pp — Wy jj = vy jj
=) . _ ..
280 pp = W™yjj = LUy ji

Table 3: Process IDs for W~ + 2 jet production via vector boson fusion at NLO QCD
accuracy.



2.3 Double Higgs production via VBF

The production of two Higgs bosons in VBF [10,/11] contains Feynman diagrams with
triple Higgs couplings and therefore allows to study the Higgs self-coupling. The NLO
QCD corrections are modest, of the order of several percent for the total cross section,
and theory uncertainties due to scale variation are reduced compared to LO. Decays of
the Higgs bosons are not implemented so far, and the Higgs bosons are produced on-shell.
The corresponding process ID is listed in Table [4]

ProcIp | PROCESS

160 | p'p — HHjj

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

2.4 W-Higgs associated production with up to one jet

Associated production of a Higgs boson and a W=, also known as Higgsstrahlung, is one
of the main Higgs production modes at the LHC. It is particularly important when the
Higgs boson decays into bottom quarks, which has the largest branching ratio. There,
boosted topologies allow one to enhance this process over the background and deduce in-
formation on the bottom Yukawa coupling. In VBFNLO 2.7.0, this process is implemented
at NLO QCD, both without and with an additional hard jet in the final-state [12]. The
corrections to the integrated cross section show K factors of approximately 1.5 and 1.2,
respectively, which is a typical size for diboson processes, and lead to reduced scale vari-
ation uncertainties. As a cross-check, also the processes without a Higgs boson in the
final-state, i.e. W=+ and W* 4 jet production at NLO QCD have been calculated and are
made available in this release. The implementation of all these processes includes leptonic
decays and off-shell effects of the W boson. The Higgs is produced on-shell, but one can
include its decays into a variety of final states. The new process IDs are given in Tables [5]

6] and [7]

3 New and extended features

In addition to the new processes described above, several existing calculations have been
extended and new features added.

3.1 Semi-leptonic decays

Besides the fully leptonic decays, which are implemented by default in VBFNLO, vector
bosons can also decay into a quark—anti-quark pair. For several processes VBFNLO has
been extended to also include semi-leptonic final states, i.e. final states with one vector
boson decaying into a quark-anti-quark pair and the other(s) into leptons [13]. As in

3



ProcIp | PROCESS

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

Table 5: Process IDs for the W production processes with up to one jet at NLO QCD
accuracy.

ProcIDp | PROCESS

1300 | pp — WHH — (+ty,H

1301 p([)) — WTH — (Typyy

1302 p([)) —WTH = (Tvutp~

1303 p(]a) — WYtH — (Tyrt7r™

1304 | pp — WHH — (+u,bb

1305 | pp — WHH — WHWW = = 0 v, (3 v, 5 7y,
1306 | pp — WHH = WHZZ — v (5050505
1307 | pp = WHH = WHZZ = 0 vy, 0305 vy, 0,

1310 | p'p = W—H — ¢~ H

1311 | p'p = W—H — vy

1312 | p'p = W—H = oty

1313 | p'p = W—H — (—prtr

1314 | p'p = W—H — ¢~ bb

1315 | pp — W—H = W-WHW— — 05 7, v4, 03 7,
1316 | pp — W—H = W22 — 5 50, (3050305
1317 | pp = W—H = W22 — {5 00, (3 05 vg, 7,

Table 6: Process IDs for the WH production processes at NLO QCD accuracy.

the fully leptonic decay modes, finite-width effects of the vector bosons as well as off-
shell and non-resonant contributions are included. These processes have several types of
applications. In experimental analyses of the VBF processes, when looking for anomalous
quartic gauge couplings for example, both leptonic and semi-leptonic decay modes are



ProcIp | PROCESS

1600 | p'p = WHHj — (tiyHj

1601 p(p> — WTHj — {Tvpyy g

1602 p(p> —WTHj — (typptu=j

1603 | pp = WHHj — tryrtrj

1604 | p'p — WHHj — (+ubbj

1605 | pp — WHHj — WHWW=j = (v, 05 ve, 05 7y, j
1606 | pp — WHHj = WHZZj — tivp 656, 0505 j
1607 | pp — WHHj = WHZZj — 0 vp 65ty vy, 7, j

1610 | pp = W-Hj — (-5Hj

1611 | pp = W-Hj — -7y j

1612 | pp — W Hj — (ot p j

1613 | pp > W Hj — (" ortrj

1614 | p'p = W-Hj — (~7bbj

1615 | pp = W Hj = W WHW=j = 05 05, (3 v, (5 D, j
1616 | pp = W Hj = W-ZZj — ({0 05051305 ]
1617 p(j)) W Hj—W=ZZj — l] g lF by v, 7

Table 7: Process IDs for the WH plus jet production processes at NLO QCD accuracy.

studied and the new implementation allows to get precise predictions for these processes.
Also, the semi-leptonic decay modes of the triboson processes form the s-channel part of
the corresponding VBF processes. When studying phase-space regions where the VBF
approximation is not completely valid anymore, in particular for small invariant masses
of the two jets of the order of the W and Z mass, these can give relevant contributions.
The new implementation now allows to study their effects. Semi-leptonic decays for
the vector bosons have been added for the diboson processes with two massive vector
bosons (WEWF, W+Z, ZZ), the VBF diboson processes with two massive vector bosons
(WEWTFj4, WEW=j4, W*Z3j4, ZZjj), VBF Higgs boson production with decays into
W*WT and ZZ and all triple vector boson production processes with zero or one final
state photon. NLO QCD corrections to the production part are fully included. NLO
QCD effects in the hadronic vector boson decay can be estimated in all cases by switching
on multiplication with the corresponding overall K factor for V' — ¢¢. A complete list
of process IDs, where semi-leptonic decays are implemented, is given in Tables [§] and [9
The flavour of the final-state quarks can be chosen by setting the variable DECAY_QUARKS
in vbfnlo.dat to the corresponding PDG IDs.

Several issues arise with respect to the application of cuts for semi-leptonic decays.
The first one concerns the definition of the two tagging jets. Choosing the two jets with



ProcIDp | PROCESS

108 | pp = Hjj— WW=jj — qGl v jj
109 | pp = Hjj— WTW=jj — (tuqdij
1010 | p'p = Hjj— ZZjj — qg+i—jj

201 | pp = WHW=jj — q@l 7 jj
202 | pp = WHW= jj — ttuqdij
212 | pY = ZZjj - qGlti jj
221 | pp = WHZjj — qibte jj
222 | pY = WHZjj = (trriqdij
231 | pp = W—Zjj — q@l*e jj
232 | pp o> W-Zjj = 0 0rqdjj
251 | pp = WHW*jj — qil v jj
261 | pp = W-W~jj — qil 7 jj

Table 8: Process IDs for the VBE production processes at NLO QCD accuracy with
semileptonic decays.

the largest transverse momentum might not be the most advantageous choice, as this will
occasionally select a vector boson decay product as tagging jet, which alters the distinct
shape of the tagging jet distributions. Therefore, several new definitions and further
options to define the tagging jets have been added. Also, the two partons which are decay
products of the vector boson might be grouped into a single jet by the jet algorithm, or
one of them might get combined with one of the tagging jets in VBF processes. In both
cases there is no QCD singularity associated when these two partons become collinear.
Hence, a flag has been implemented to select whether such configurations are allowed
or not. There is, however, a problem with contributions from virtual photons, which
are part of the processes with hadronically decaying Z bosons. If their invariant mass
approaches zero, a QED singularity arises. This can happen either when the two partons
are allowed to form a single jet, or in the real emission process, when the actual extra
emission is identified as a separate jet, again allowing the two decay products to become
collinear. To handle these cases, a cut on the minimal invariant mass of the vector boson
can be placed. Alternatively, a cut on mg; is estimated for each final-state quark flavour
such that the NLO approximation for o(eTe™ — hadrons) gives the same contribution as
the experimental continuum data plus the contribution from the sharp resonances of the
respective quark flavours [14]. This procedure approximates the correct rates from low-¢?
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. For a more detailed discussion of the various options



ProcIp | PROCESS

301 | pp = WHW— = gl 7
302 p(p) — WTW~ = 4Tvqq
312 | pp > WHZ = qglte-
313 p(p) —WTZ = Tvqq
322 | pp 5> WZ = qglte-
323 | pp 5 WZ = iqq
331 | pp = ZZ - qgl 0+

401 | pp > WHW—Z = qqly o, 0305
402 p(f)) — WIW=Z — ({vp, qq b5 05
403 p(f)) — WHIW=Z — v b5 04, qq
411 | pp = ZZWH = 0H7 65t qq

412 | pp = ZZW* = qq b 67w,

421 | pp = ZZW~ = 0765t qq

422 | pp = ZZW™ = qqli 67ty

431 p(f)) — WIW-W* — qq by, l3 v,
432 p(f)) — WIW-W* = (v, q3 5 vy,
441 | pp > W WHW— = ({1, g4ty 7,
442 | pp 5> W WW— = qq i ve, b5 7,
451 | pp = 227 — qqli iy 0f

461 p(i)) — WHYW =y — qq " gy

462 p(i)) — WHTW =y = LT vpqqy

471 p(i)) — ZZy = L0 qqy

481 p(i)) — Wt Zy — qql 0ty

482 p(i)) — Wt Zy = uqqy

491 p(i)) — W2y = qql {ty

492 p(i)) - W=Z~y =" vqqy

Table 9: Process IDs for the diboson and triboson production processes at NLO QCD
accuracy with semileptonic decays.

and their default values we refer the reader to the manual of VBFNLO-2.7.0El

Zhttp:/ /www.itp.kit.edu/~vbfnloweb/wiki/doku.php?id=documentation:manual


http://www.itp.kit.edu/~vbfnloweb/wiki/doku.php?id=documentation:manual

3.2 Anomalous couplings

Anomalous triple and quartic gauge boson couplings have been implemented for the re-
maining processes of double vector boson production via VBF, W*Zjj, ZZjj, WEW*jj
and the newly added W*~jj. Also in the triboson processes, anomalous couplings are
now available for all final-state configurations, namely the ZZZ process, which was the
only process with three massive bosons still missing, and in all with one or more final-
state photons, including the triboson+jet process W*~vj. Additionally, for the triboson
processes WEWTW=, WEWTZ and W*ZZ the set of operators leading to anomalous
triple gauge boson couplings has been extended. The gluon-fusion production of a Higgs
plus two jets with decays into WW or ZZ can now be used with anomalous Higgs cou-
plings. To run VBFNLO with anomalous couplings, the switch ANOM_CPL in the input
file vbfnlo.dat must be switched to true. The anomalous coupling parameters are then
input via anomV.dat or (for HV'V couplings) anom_HVV.dat. The process IDs for the pro-
cesses where anomalous couplings have been newly implemented or extended are collected

in Table [0

3.3 Two-Higgs model

For the diboson VBF processes with two massive vector bosons (200-260), which contain
a Higgs propagator, a model with two CP-even Higgs bosons has been added. This can
be used for example when studying heavy Higgs resonances, to account for both the
discovered resonance at around 126 GeV and an additional heavy resonance. Setting the
couplings appropriately, the high-energy behaviour can be adjusted so that no unitary
violation occurs. This model is chosen by setting MODEL = 3. The mass and width of the
first Higgs boson are given by HMASS and HWIDTH, while those of the second one are steered
by H2MASS and H2WIDTH, respectively. The squared coupling of the Higgs to electro-weak
gauge bosons can be altered by a multiplicative factor, namely SIN2BA for the first one
and COS2BA for the second one. The unitarity requirement mentioned above is fulfilled by
setting SIN2BA + COS2BA = 1. All variables can be found in vbfnlo.dat.

3.4 Spin-2 model

The list of processes available within the spin-2 model, introduced in Refs. [15,/16], has
been extended. The model uses an effective Lagrangian to describe the interactions of
spin-2 particles with electroweak gauge bosons. Both an isospin singlet spin-2 state and a
spin-2 triplet are available. In the previous release the possibility of an additional spin-2
resonance besides Higgs and continuum diagrams has been added to the diboson VBF
processes 200-230, and a spin-2 resonance decaying into a pair of photons is available
with process ID 191. With VBFNLO-2.7.0, also a single spin-2 resonance decaying into
WW — 202v, ZZ — 4 or ZZ — 202v is added. This complements the existing full
processes by allowing to study the signal process separately on its own. Note that the
switch SPIN2 in vbfnlo.dat needs to be set to true for these processes. If this switch is
set to false, the same process but with a Higgs resonance is calculated, allowing for an

easy comparison between the two possibilities. The process IDs of the new processes are
listed in Table [I11



ProcIb

PROCESS

210
211
220
230
250
260
270
280

PP = ZZjj s U0l i

PP = 22 jj = 6y vey e, G
pipj — W’“Zj:]: > v, 0305 Ji
p(p) —W=Zjj— € g, b3 05 55
pp = WIWTjj — v b3y, jj
PP = W W™ jj = €0, by 0, jj
PP = Wy jj — oy jj

PP = Wy jj — oy jj

400
410
420
430
440
450
460
470
480
490
500
510
520
521
530

PP = WHW=Z = 0 vy 05 0,05 0
PP = ZIWT = tHe7 0505 g,

PP = ZZW— — (He7 0505 65y,

PP = WHW=W+ = b vy, 65 5,0 v,
PP = W WHW™ = (7, v, 05
PP = ZZZ — 070 0505 0%

PP = W Wty = 075, (Fvp,y

PP = ZZy — (7 0F0 0

p(]}) — WHZy — tfvg b5 05y

p(];) - W™Z~y — 61_174162_637

pp = WHyy = gy

PP = Wy = gy

PP = Zyy = Ly

PP = Zyy = vy

PP =17y

4105
4106
4107

) .. .. ..
pp = Hjj—WYW~jj = v 504, )
pp = Hjj = ZZjj — (5676505 i

=) .. .. _ L.
pp = Hjj— ZZjj — (707 ve, g, jj

Table 10: Process IDs for existing processes which have been extended to include anoma-

lous couplings.

3.5 Final state summed over generations

Besides decays into a single generation, results can now also be calculated summed over
different generations. This applies to both the final-state leptons and, for the semileptonic



ProcIp | PROCESS

195 | pp — Sajj — WHW = jj — Fve by 4, i
196 | pp — Sojj — ZZjj — CHe 0505 5j

) . . oo
197 pp —>ngj—>ZZj]—>€f€1ngl/g2]j

Table 11: Process IDs for a spin-2 particle Sy+2 jet production via vector boson fusion at
NLO QCD accuracy.

decay modes, also the final-state quarks appearing as decay product of vector bosons. The
cross section will then be summed over all possibilities, and Les Houches event files will
contain events with all included generations and correct relative weights. This new option
is controlled in vbfnlo.dat by setting the final-state lepton and quark switches LEPTONS
and DECAY_QUARKS, respectively. Setting the former variable to 99 includes leptons of all
three generations, while 98 uses only those of the first and second generation. The latter
variable can be set to 93 to allow only first and second generation decay products, or 94
to include (massless) bottom quarks as well.

3.6 Event output

Some options have been added to make generating Les Houches event files easier. It is now
possible to specify a desired number of unweighted events by setting DESIRED_EVENT_COUNT
in vbfnlo.dat to the corresponding value. If this number is not yet reached after having
completed the requested number of integration iterations, event generation will continue
until this is completed. For some processes or parameter settings it might be difficult
to get the desired number of unweighted events, because single events with large weights
spoil the unweighting efficiency. For this case PARTIAL_UNWEIGHTING = true will give
the desired number of events with unit weight and additionally a few events with weight
> 1 which occured during the event generation.

4 Other changes

Since the previous release, VERSION 2.6.0, some changes have been made that alter
previous results (events, cross sections and distributions).

4.1 Running scales in NLO calculations

In release 2.7.0 a problem with certain dynamical renormalization and factorization scales
has been fixed, which lead to wrong results at NLO QCD in the subtraction part of the real
emission calculation. In particular, the scale choices “min(pr(j;))” (ID=2) and “minimal
transverse energy of the bosons” (ID=7) did not give correct results in previous releases.

10



4.2 Jet cuts in VBF /gluon fusion Higgs boson production with
H — bb

Starting with VBFNLO 2.7.0 the jet cuts will be applied to the b-quarks from Higgs boson

decay.

4.3 NLO calculation of W™W~Z production

A bug in the calculation of the virtual contributions for WW Z production has been fixed
while comparing with the results of Ref. [17]. The new results are roughly one per cent
smaller, and agree between both codes for squared amplitudes at the level of the machine
precision and for integrated cross sections at the per mill level.

4.4 LO and NLO calculation of W*jj / Zjj production in VBF

The particle-anti-particle-assignment in W*jj, Zjj has been fixed. In case of WTjj
production this leads to an increase in cross section of roughly one per cent with basic
cuts.

4.5 Event output

Several bugs have been fixed concerning the event output to Les Houches or HepMC files:
e The color information in the event output for W~W =357 in VBF has been fixed.

e The momenta assignment in the event output for W~W W~ has been corrected.

4.6 Previous changes — version 2.6.3

The release VERSION 2.6.3 includes some changes that alter previous results:

4.6.1 Event output

Several bugs have been fixed concerning the event output to Les Houches or HepMC files:

e Fixed bugs in output of particle IDs for processes 191 and 43xx: In previous versions
some particles had the particle ID 0.

e Parton and beam particle IDs have been fixed for process 260.

e The tau mass can now be included in the event output of all processes. Furthermore,
several bugs have been fixed in the existing implementation of tau mass inclusion.

e Several bugs have been fixed in the helicity output.

4.6.2 Calculation of the H — gg partial width

Higher-order corrections to the H — gg partial width have been included which lead to
slightly smaller branching ratios for all other decay channels. Therefore cross sections of
processes involving Higgs bosons can be up to a few per cent smaller.

11



4.6.3 Electroweak corrections in the VBF Hjj processes

Some bugs have been fixed in the calculation of electroweak corrections for the processes
10x.

4.7 Previous changes — version 2.6.2

The release VERSION 2.6.2 included some changes that altered previous results:

4.7.1 Distributions and cross section for H — WW in VBF and gluon fusion

Due to a bug which has been fixed in the lepton assignment for H — WW/ZZ — 44
distributions (and cross sections after the my, cut) were off for the 1x5 and 4105 processes
in the previous versions. This bug has been fixed in v.2.6.2.

4.7.2 Les Houches event output for processes with more than one phase space

The fraction of events coming from the different phase spaces was not sampled correctly
in previous versions. Processes affected are W~, Zv, W~yj, Zvj, ZZZ, WW~, W Z~,

Wy, Zoyy, yyy and Wayyj.

4.7.3 ZZZ production

The QCD real emission part of the NLO computation gave no reliable result in previous
versions due to a bug in the dipole subtraction. This bug has been fixed in v.2.6.2.
4.7.4 Form factor in v jj production with anomalous couplings

For the v jj production in VBF (procID 150) a different form factor is used.

4.8 Previous changes — version 2.6.1

The release VERSION 2.6.1 included some changes that altered previous results:

4.8.1 Anomalous Higgs couplings

A bug was found and fixed in the implementation of the TREEFACZ and TREEFACW, the
factors which multiply the SM HZZ and HWW couplings. Note that this bug was only
present in VERSION 2.6.0, not in earlier versions. Additionally, a small bug was found
and fixed in the coefficient of the input FB_ODD in the a£4Z coupling.

4.8.2 Symmetry factor ZZ — (T (10~

In the processes pp — H~vjj — ZZ~jj — LT 410 ~jj (ID 2106) and gluon fusion
pp — Hjj — ZZjj — (T 0T j5 (ID 4106) a symmetry factor was missing when
identical final-state leptons were chosen.

12
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Appendix A: Process list

The following is a complete list of all processes available in VBFNLO, including any Beyond
the Standard Model (BSM) effects that are implemented. Firstly, the processes that are
accessed via the vbfnlo executable are given.

O S Qo >
@ o Qéo 3% S O
S ®%®%% $>L~ )
4 Q &Q ’ &Q ’ o \0 R
ProcID PROCESS @‘b& S & &

100 pp — Hjj NV
101 p'p = Hjj— v7jj Y
102 pp = Hjj— ptp=jj Y
103 PP = Hijj =t jj N
104 pp — Hjj— bbjj N Y
105 pp — Hjj— WHW= jj = 6 v by o, jj S
106 pp — Hjj— ZZjj — G700 jj N
107 PP = Hjj— 272jj — (Five,im, jj P
108 pp = Hjj—WHW=jj = qql 7jj Y Y
109 pp = Hjj— WW= jj = rueqqj A
1010 pp — Hijj— ZZjj — qq bt jj oY - v - = =y
110 pYp = Hjjj _ v - - - o
11 pp = Hijjj — v iji N
112 pYp = Hjjj— ptu jjj _ v - - o _
113 pp = Hjjj— 7 jjj _ v - - _ o _
114 pp - Hjjj — bbjjj _ v - - o _
115 pp = Hjjj = WHW= jjj — 6 ve, by o, i - -
116 pp — Hjjj — ZZjjj — 0765ty jjj _ v - - - _ _ _
117 pp = Hjjj = 22 jjj — 05 6 ve,vu, i .
120 PP = Zjj— tt0 jj _ v v - - - _ _
121 pp = Zjj— v ji S
130 p'p = WHjj— g jj Y
140 p'p = W= jj = o jj Y
150 pp —~jj Y
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S e ST

ProcID PROCESS L P F T E XY
191 pp = Sajj =i N
195  pp — Sajj = WEW= jj — vy b3 7y, _ v - - o _ oy o
196 pp = Sajj — ZZjj — CH7 050 jj v - - s o
197 pp = S2jj = 22 jj — O veyn, G Y
160  pp — HHjj N
2100  pp — Hyjj _ v - - - _ _ _
2101 pp = Hyjj =177 A
2102 pYp = Hyjj = whpyjj N
2103 p'p — Hyjj— rtrjj Y
2104  p'p — Hyjj — bbyjj _ v - - - - _ _
2105 pp — Hyjj — WW—y3jj — b ve, 5 76,7 jj S S
2106 pp — Hryjj — ZZyjj — (7030~ ) N
2107 p'P — Hryjj — ZZvjj — 507 ve, 00, ji _ v - - - o o _
200 pp - WHW jj = v, b o, G N 2 VR
201 p'p = WHW jj — qgl 70 jj S v v - v - - -
202 PP = WEWjj = (ruqdij S v v - v - - -
210 PP = ZZjj — (HT e i v v - v v v _
211 PP = ZZjj = Ol v, i N 2 VA
212 PP = ZZjj = qqtt jj vV VY v - v - - -
220 PP - WZjj - (v b5 jj N 2 VA
221 pY = WHZjj - qgtte jj v v - v - - -
222 pp = WtZjj = (ruqdj S v v - v - - -
230 pp = WZjj— (0,05l i N Y VA
231 pp = W Zjj = qqltejj Y
232 PP S W Zjj = qdji S v v - v - - -
250 P = WIWTjj — v (v, jj N VA
251 PP = WHWH i = gl jj v v - v - - -
260  pp > WW jj — (700,05 7, ji N V.
261 pp = W W jj = qal g VoV v - v - - -
270 p'p - Whyjj = vy jj _ v v - - -
280  pp = W jj = €0 jj - v v - - - -
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ProcID PROCESS L FSE D
3130 PP = Wt ij — T j - o o
3140 pp = W jj = -7 jj -
3220 pY o WHZjj— v 65ty jj -
3230  pp > W Zjj - (7o 5ly ji .
3250  pp — WHW jj = (Fve, 5w, 5 .
3260 pp — W W< jj = 6775, 5 - - - -
3270 pY = Whyjj — Cruey i - -
3280 pp = Wi — 0y .
1330 PP = Wt oty -
1340 pp =W =l _ o o _ o_
1630 pp = W*j = (i) .
1640 pp =W j =05 j _ o o _ o
300 PP = WHW— = (fu, b5, Y
301 p(yS) S WHTW~ = qqt" v, - v v - - - _
302 pp = WHW— =ty qq S - v v - o o
310 pp = WHZ = tFu, 0565 _ - s - - _ _ _
312 pp = WTZ = qglte S - v - - _ _ _
313 p(fo) —WTZ = 0ty qq S - v - - - - _
320 PP o WZ (7ol Y
322 PP = WZ = qqltim v - v - - _ _ _
323 PP oW Z—=qq /S - v - - _ _ _
330 pp = ZZ - (7600 R
331 pp = ZZ = qgl 0t - - v - - _
340 p(ja) = Why = vy - - v - - - - _
350 p(i)) = W=y = vy - - v = = - - =
360 p(fo) — Zy = 070y - - - Y = - -
370 pp =y - - - v - - - -
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R

ProcID PROCESS L P F T E XY
1300  pp = WHH = ¢ty H .
1301 pY = WHH — (i - - v - - - -
1302 p(ja) —WTH — (tTypptu~ - - v - - - - -
1303 p(i)) — WTH = {Typrtr— - - v - = = - -
1304 pp = WHH — ttubb .
1305  pp = WHH = WHWHW= — 6 vy, (3 v, 05 70, - - v - - - - -
1306 p'p = WHH — W*ZZ — (fv, 05050505 2
1307 p'p = WHH — WHZZ — (f vy, 05 6y vy, 7, Y
1310 PP =W H — - inH .
1311 pY = W H = iy R
1312 p(fo) —W™H = £t~ - - v - - - - -
1313 pp = W H — (- pyrtr S
1314 PP = W H — 0~ iybb .
1315 pp »> W H = W-WW— — (] 5,65 v, 05 7, S
1316 pp > W H = W27 — (7 0y, 05 05 0505 2
1317 PP = W H = W—ZZ — (5, (305 vy, i, - - v - - - -
610 p(];) = W=vyj =L 0pyj - - v - - - - -
620 p(p) — WTyj = £Tvpyj - - v - - - - -
630 pp — WZj — (7l 05 O
640  pp — WHZj— (v, 5055 - - v - - == -
1600 pY > WHHj = (Y Hj - - v - - - -
1601 pp = WHHj — ttumyyj .
1602 p(i)) —WTHj = Toputu=j - - v - - - = -
1603 PP = WHHj — trurtr - - v - - - -
1604  pP = WHHj — (+ubbj S
1605  pp = WHHj —» WHWW=j = (fvg ivebo0,) - — v — — — — -
1606 pp — WHHj — WHZZj — Uiy (3050305 - - v - - - = -
1607  pp — WHHj — WTZZj — Crvg b5 by vg,ip, - - v - - -
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ProcIbD PROCES 0&0 . ég)eo %QO Obe O
s K& & & o
@\ < ¢ X *2;”6060 o :
&L & & & W " >
1610 -) & & & é& %%
pp —-W™Hj U @
o 4 j—= 0" Hj
pp ->W-"Hj -
o r J—= oy g -
1 pp = W Hj— L ipu™ -
& ’ E - - .
613 pp — W Hj o -
e » AR 7 o -
4 pp ->W-Hj ~,bb : =
o 4 j—= L Ubbj o o
pp =W Hj—W-WT+ -
1 o o - o
616 Pp)—>W—H~ W= j = by e, by vey b3 Ty, VR
: w27 - 142 Vi3 Ve - : : :
o 4 Zj—>€9€+7+ i Y
pp W Hj W~ 22 ) -
Zj — 07 0 U by v, 0 S :
1 Ve ly Uy Vey ey -
- - v = .
400 @ -
pp — WTW— -
oo Z — (v by g, 0305
p W=7 — qgly v b5 - ,
402 pp S WtwW-Z iy e v -t
403 ) — v, qqld 0y . -
pp = WHW~-Z * i -
410 oY% ™ Avals P ad Pl s
pp — ZIWT = 0f 7 by -
411 ©) GGGy i i
pp—)ZZW+—>€+_+2343 -
12 Yoz b e .
420 o) W = qq b 6 . o
PP = ZZW- +1_12% S
0 v N ey 7 CY -
pp — ZZW™ — 0He; o -
422 pp > L - .
30 o0 ZZW= = qq it by . o
) 14w o :
pp = WHW-W+ T - -
431 pp N — v by g, (3 v o -
! (17))—>W W-W+ —qqliv S . S
32 pp — WHW-W+ i, St |
o 4 — 0Ty, qq T o -
o e 1 Ve, 93l v, P
441 p%) —W-W* hntt _— .
442 (-) v KIDZ it | / : : _ _
e %W7W+W7 199 %9 Vi, y . } ’
450 ) Aty P g
pp — ZZZ — 070505 o -
451 O b GG . i
3 \/ }
pp — ZZ7 — qaly 005 3 -
qly ity @_ P -
v - v = o
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ProcID PROCESS L P F T E XY
460 p(ja) — WWhy — 07 0, 03 ve,y - -y - - -
461 pp = WHW oy = qgl ey - v - - - - _
462 pp = WHWy = Lruqqy R
470 PP = ZZy > T iy R
ATL P s ZZy 1 ggy Y
480 PP = WH Iy o G b5 05 e
481 pYp = WHZy = qqt iy Y
482 pp - WtZy - Fraqy v - v - - - - _
490 PP = W Zy = (T 0 0y - s -
491 pp = W2y qqllty v - v - - o
492 pp S W Zy = gy S - v - - _ _ _
500 pp - Wty = Loy - - v - - - -
510 pp — Wy = L ieyy - - v - - - - _
520 p(f)) — Zyy = 00T yy S
521 pp = Zyy = vy Y
530 pp =y Y
800  pp — Wi — (rupj S
810 pp = Wi — oy .
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The gluon-fusion processes accessed via the executable ggflo are given below.

&
@e@%%&dﬁ O\«,Q\x >
T 60%0 Q
& &
F & & &S
ProcID PROCESS g & F
4100 P = Hjj S - - v v
4101 PP = Hjj — vvjj v - - - v
4102 PP > Hjj— ptu jj o - - v
4103 pp = Hjj—rtr jj v - -
4104 p'p = Hjj — bbjj S - - - v
4105 PP S Hjj>WW—jj = Gol5o,ji v — « v
4106 p'p — Hjj — ZZjj — (7070305 5j S - v v
4107 pp = Hjj — ZZjj — €7 ve, i, jj S - v v v
4300  pp = WHW = v 05 o, o v - -
4301 pp S WHW— = gl S VoV - -
4302 PP = WHW = (g oV v - -
4330 pY = ZZ > (605 05 v - v - -
4331 pY = 27 — qql et VRV V.
4360  pp — Zy o (6 o- v - -
4370 p(f)) — vy v - v - -
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