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Abstra
tThe physi
s potential of the Lh
 depends heavily on our ability to provide a

u-rate simulations of both signal and ba
kground pro
esses. The pro
ess of running fullNLO-events plus a shower plus dete
tor simulation plus 
uts is, however, a lengthyone. In order to avoid re-running the entire sequen
e for anomalous HV V 
ouplings,or for a spin-2 parti
le, as opposed to a Standard Model (SM) Higgs boson, it wasproposed that SM Higgs events were simply reweighted for di�erent BSM s
enar-ios. Repolo � REweighting POwheg events at Leading Order � uses the Vbfnloframework and reweights ea
h SM event by a fa
tor
|MBSM|2

|MSM|2
.The method does, however, have severe limitations, as a single event with a highreweighting fa
tor (i.e. where |MSM|2 ≪ |MBSM|2) 
an destroy a distribution. Thismeans that, in pra
ti
e, only SM-like distributions 
an be safely reweighted usingRepolo.
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1 Introdu
tionA full simulation of a Higgs produ
tion pro
ess at the Large Hadron Collider (Lh
) �involving simulating full NLO-events plus a shower plus dete
tor simulation plus 
uts �is very time 
onsuming. In order to avoid re-running the entire sequen
e for Beyond theStandard Model (Bsm) s
enarios, it has been proposed that existing Standard Model (SM)Higgs events are simply reweighted for di�erent BSM s
enarios. Repolo � REweightingPOwheg events at Leading Order � reads an input Les Hou
hes event (LHE) �le and,using the Vbfnlo framework [1�3℄ and a perl s
ript, 
reates a new event �le where ea
hSM event is reweighted by a fa
tor
|MBSM|2
|MSM|2 . (1)At present, Repolo 
an reweight VBF produ
tion of a �Higgs-like� boson in the followingBsm s
enarios:

• MSSM (with real or 
omplex parameters),
• anomalous HV V 
ouplings,
• spin-2 parti
le (where the spin-2 parti
le de
ays into two photons).The reweighting method does, however, have limitations in regions where

|MSM|2 ≪ |MBSM|2.In these regions a single point, with a high reweighting fa
tor, 
an e�e
tively destroy adistribution. Due to these limitations, Repolo is only semi-publi
 � to obtain a 
opy ofthe sour
e 
ode, email the Vbfnlo team atvbfnlo�parti
le.uni-karlsruhe.deRepolo 
ontains example input and output �les in the regress dire
tory for thepro
ess pp → Hjj → γγjj with anomalous HV V 
ouplings.
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2 Installing RepoloThe sour
e 
ode of the 
urrent version of Repolo 
an be obtained by emailing theVbfnlo team at vbfnlo�parti
le.uni-karlsruhe.deand in
ludes a GNU 
onforming build system for portability and an easy build andinstallation pro
edure.2.1 PrerequisitesThe basi
 installation requires GNU make, a FORTRAN771 and a C++ 
ompiler. Re-polo o�ers the possibility of using the Lhapdf2 [4℄ library for the parton distributionfun
tions. Additionally, FeynHiggs3 [5�8℄ 
an be linked to the 
ode in order to 
al
ulatethe Higgs boson se
tor of the MSSM, although a SLHA �le 
an be used as an alternative.In order to 
al
ulate the Higgs propagator fa
tors in the MSSM if FeynHiggs is notlinked, the program LoopTools4 [9, 10℄ is required.2.2 Compilation and installationAfter unpa
king the sour
e ar
hive and entering the sour
e dire
tory, the 
onfigures
ript 
an be invoked with several options, a 
omplete list of whi
h are available via./
onfigure ��help. Among these, the most important ones are:
• ��prefix=[path℄Install Repolo in the lo
ation given by [path℄. If not spe
i�ed, Repolo is in-stalled in the root dire
tory.
• ��enable-spin2Enable simulation of spin-2 models. Enabled by default.
• ��with-LHAPDF=[path℄Enable the use of Lhapdf in addition to the built-in PDF sets. Disabled by default.[path℄ spe
i�es the lo
ation of the Lhapdf installation.
• ��with-FEYNHIGGS=[path℄Enable the use of FeynHiggs5 to 
al
ulate the MSSM Higgs se
tor parameters.Disabled by default. [path℄ spe
i�es the lo
ation of the FeynHiggs installation.
• ��with-LOOPTOOLS=[path℄Enable the use of LoopTools in order to 
al
ulate the MSSM Higgs propagatorfa
tors if FeynHiggs is not linked. Disabled by default. [path℄ spe
i�es thelo
ation of the LoopTools installation.1g77, ifort and gfortran have been tested.2http://proje
ts.hepforge.org/lhapdf/3http://www.feynhiggs.de/4http://www.feynarts.de/looptools/5Note that di�erent versions of FeynHiggs give slightly di�erent results as more 
orre
tions are addedto the 
al
ulations. Repolo has been tested with FeynHiggs versions 2.6.x, 2.7.x, 2.8.0 and 2.8.3.3



Note that, by default, both LoopTools and FeynHiggs are installed as stati
 li-braries. If this is the 
ase, 
onfigure must be run with the option ��enable-shared=no.Also note that, in order to link to an external program su
h as Lhapdf, the externalprogram needs to have been 
ompiled using the same 
ompiler (e.g. gfortran) as Re-polo. If no path is spe
i�ed, Repolo will attempt to �nd the desired program in theroot dire
tory. On
e 
onfigure has �nished su

essfully, the make and make install
ommands will 
ompile and install Repolo, respe
tively.2.3 Sour
e and installation dire
tory layoutThe Repolo sour
e tree 
ontains the following subdire
tories:
• amplitudes/: Routines to 
al
ulate matrix elements for the pro
esses provided.
• do
/: The sour
e of this manual.
• helas/: Helas [11℄ subroutines used to 
al
ulate heli
ity amplitudes.
• PDFsets/: Built-in parton distributions (CTEQ6L1 [12℄ for LO and CT10 [13℄ forNLO 
al
ulations, as well as MRST2004qed [14℄ and MSTW2008 [15℄).
• regress/: Folder 
ontaining example results, together with input �les.
• sr
/ and lib/: Sour
e 
ode of the main programs and input �les.
• utilities/: Routines for administrative tasks, s
ale 
hoi
es and interfa
es.The sour
e does not need to be modi�ed to 
hange the simulation parameters.The installation is performed in a standard Unix-layout, i.e. the dire
tory spe
i�edwith the ��prefix option of the 
onfigure s
ript 
ontains the following subdire
tories:
• bin/: repolo exe
utable.
• in
lude/VBFNLO/: Repolo header �les.
• lib/VBFNLO/: Repolo modules as dynami
ally loadable libraries.
• share/VBFNLO/: Input �les, perl s
ript and internal PDF tables.2.4 Running the programThe repolo exe
utable, 
ontained in the bin dire
tory of the installation path, looks forinput �les in the 
urrent working dire
tory. An alternative path to input �les may bespe
i�ed expli
itly by passing the ��input=[path℄ argument to the programs, with pathdenoting the full path where input �les are lo
ated. I.e. in order to run Repolo from theinstallation (prefix) dire
tory, the 
ommand is./bin/repolo ��input=[path℄The input �les 
ontained in the share/VBFNLO dire
tory are meant to represent defaultsettings and should not be 
hanged. We therefore re
ommend that the user 
opies theinput �les to a separate dire
tory. Here, spe
ial settings may be 
hosen in the input �lesand the program 
an be run in that dire
tory without spe
ifying further options.4



Repolo outputs a running `log' to the terminal, 
ontaining information about thesettings used. In addition, two output �les are produ
ed � rew_sm.dat and rew_bsm.dat� 
ontaining the matrix elements in the SM and the 
hosen BSM s
enario for ea
h eventin the input LHE �le. The s
ript reweighting.perl (provided in share/VBFNLO) usesthe information in rew_sm.dat and rew_bsm.dat and 
reates a new LHE �le, using the
ommand ./reweighting.perl input_events.lhe reweighted_events.lhewhere input_events.lhe is the original event �le, and reweighted_events.lhe is thenew, reweighted, event �le.2.5 Ma
OSXUnfortunately, owing to the library set-up, at the moment Repolo does not run onMa
OSX. It has, however, been tested su

essfully on a virtual box on a Ma
OSX.2.6 Bug reportsPlease report any problems tovbfnlo�parti
le.uni-karlsruhe.dewith a short report in
luding the 
onfigure options used to build Repolo, as well asthe versions of 
ompilers and external libraries used.2.7 Li
enseRepolo is distributed under the GNU General Publi
 Li
ense (GPL) version 2. Thisensures that the sour
e 
ode will be available to users, grants them the freedom to useand modify the program and sets out the 
onditions under whi
h it 
an be redistributed.However, it was developed as part of an a
ademi
 resear
h proje
t and is the result ofmany years of work by the authors, whi
h raises various issues that are not 
overed by thelegal framework of the GPL. It is therefore distributed together with a set of guidelines6,whi
h were originally formulated and agreed on by the MCnet 
ollaboration for eventgenerator software.

6These guidelines are 
ontained in the GUIDELINES �le distributed with the release.5



3 Pro
essesIn the following se
tions, we des
ribe the produ
tion pro
esses and de
ay modes imple-mented inRepolo, together with referen
es to more detailed dis
ussions of the underlying
al
ulations.In the phase-spa
e regions that are a

essible at hadron 
olliders, VBF rea
tions aredominated by t-
hannel ele
troweak gauge boson ex
hange. In this 
lass of pro
esses inRepolo s-
hannel ex
hange 
ontributions and kinemati
ally suppressed fermion inter-feren
e 
ontributions [16�18℄ are therefore disregarded. �Final state� weak bosons de
ayinto massless leptons. Numeri
ally small 
ontributions from Pauli-interferen
e e�e
ts foridenti
al 
harged leptons are negle
ted.3.1 VBF Higgs boson produ
tion in asso
iation with two jets
Hjj produ
tion via VBF mainly pro
eeds via ele
troweak quark-quark s
attering pro-
esses su
h as qq′ → qq′H and 
rossing related rea
tions. In Repolo, tree level 
rossse
tions and LO 
ross se
tions with one additional jet of the t-
hannel produ
tion pro
essare provided. The subsequent de
ay of the Higgs boson is simulated in the narrow widthapproximation (NWA). For theH → W+W− and theH → ZZ modes, full o�-shell e�e
tsand spin 
orrelations of the de
ay leptons are in
luded. The available produ
tion pro
essand de
ay modes are listed with the 
orresponding pro
ess IDs in Table 1. Anomalous
ouplings between a Higgs boson and a pair of ve
tor bosons are implemented in the 
ode,as is the MSSM. Details of the 
al
ulations 
an be found in Refs. [19�21℄.Pro
Id Pro
ess Bsm100 p

(�)
p → H jj





anomalous HVV 
ouplings, MSSM101 p
(�)
p → H jj → γγ jj102 p
(�)
p → H jj → µ+µ− jj103 p
(�)
p → H jj → τ+τ− jj104 p
(�)
p → H jj → bb̄ jj105 p
(�)
p → H jj → W+W− jj → ℓ+1 νℓ1ℓ

−
2 ν̄ℓ2 jj106 p

(�)
p → H jj → ZZ jj → ℓ+1 ℓ

−
1 ℓ

+
2 ℓ

−
2 jj107 p

(�)
p → H jj → ZZ jj → ℓ+1 ℓ

−
1 νℓ2 ν̄ℓ2 jjTable 1: Pro
ess IDs for p

(�)
p → Hjj produ
tion via ve
tor boson fusion in the SM andMSSM. Anomalous 
ouplings between the Higgs boson and ve
tor bosons are implementedfor all de
ay modes.

3.2 VBF produ
tion of a spin-2 parti
leRepolo 
an simulate the produ
tion of a spin-2 parti
le via VBF, whi
h then de
aysinto two photons, with the pro
ess ID give in Table 2. This pro
ess is only available if6



it has been enabled at 
ompilation (using the 
onfigure �ag ��enable-spin2), and willonly run if the swit
h SPIN2 in vbfnlo.dat is set to true. Details of the 
al
ulation 
anbe found in Ref. [23℄.Pro
Id Pro
ess Bsm191 p
(�)
p → spin-2 jj → γγ jj spin-2 resonant produ
tion onlyTable 2: Pro
ess ID for a spin-2 parti
le + 2 jet produ
tion via ve
tor boson fusion atNLO QCD a

ura
y.
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4 Input files and parametersRepolo is steered through the following input �les:
• repolo.dat: General parameters for a Repolo run.
• susy.dat: Parameters des
ribing the MSSM s
enario.
• anom_HVV.dat: Parameters for anomalous Higgs boson 
ouplings.
• spin2
oupl.dat: Settings for the spin-two models.The following subse
tions give a detailed des
ription of all available parameters.4.1 repolo.datrepolo.dat is the main input �le for Repolo. The following inputs are required:
• PROCESS: Pro
ess ID as des
ribed in Se
. 3. Default is 100: Higgs boson produ
tionvia VBF.
• LEPTONS: Choi
e of the �nal state leptons (de
ay produ
ts of W and Z bosons)a

ording to the MC parti
le numbering s
heme [24℄:

11 : e−

12 : νe

13 : µ−

14 : νµ

15 : τ−

16 : ντIf the sele
ted 
on�guration is not available, the appropriate �rst-generation leptonsare used as default values.
• INPUT_FILE: Name of input Les Hou
hes Event �le. Default is pwgevents.lhe.
• ID_MUF: Choi
e of the fa
torization s
ale. See Table 3 for a list of available options.Default is 0.
• ID_MUR: Choi
e of the renormalization s
ale. See Table 3 for a list of availableoptions. Default is 0.
• MUF_USER: If ID_MUF is set to 0, this parameter sets the user de�ned 
onstantfa
torization s
ale measured in GeV. Default is 100 GeV.
• MUR_USER: If ID_MUR is set to 0, this parameter sets the user de�ned 
onstantrenormalization s
ale measured in GeV. Default is 100 GeV.
• XIF: Fa
tor by whi
h the fa
torization s
ale is multiplied. May be used to analyzethe s
ale dependen
e of di�erential 
ross se
tions. Default is 1.
• XIR: Fa
tor by whi
h the renormalization s
ale is multiplied. May be used toanalyze the s
ale dependen
e of di�erential 
ross se
tions. Default is 1.Note that alternative s
ale 
hoi
es 
an be implemented in the �le utilities/s
ales.F.8



ID_MUF and ID_MUR Fa
torization and Renormalization S
ale0 user de�ned 
onstant s
ale set by MUF_USER1 momentum transfer of ex
hanged gauge boson2 min(pT(ji))6 
onstant s
ale = Higgs boson massTable 3: Fa
torization and renormalization s
ale options.4.1.1 repolo.dat − BSM 
hoi
eRepolo 
an reweight Standard Model events to three di�erent types of BSM s
enario: theMSSM, anomalous HV V 
ouplings and a spin two model. The parti
ular BSM s
enariois 
hosen using the following inputs.
• MODEL: This �ag determines whether we are working in the SM (1) or MSSM (2).Default is SM (1).
• ANOM_CPL: If set to true, anomalous Higgs boson 
ouplings are used. Anomalous
oupling parameters are set via the �le anom_HVV.dat. Default is set to true.
• SPIN2: Option for the spin-2 models. This is available for the pro
ess pp → S2jj →
γγjj (pro
ess ID 191). Default is set to false. Spin-2 parameters are set via the�le spin2
oupl.dat.4.1.2 repolo.dat − physi
s parameters

• HMASS: Standard Model Higgs boson mass in GeV. Default value is 126 GeV.
• HTYPE: Type of Higgs boson produ
ed:� HTYPE = 0 : SM Higgs boson, with mass HMASS� HTYPE = 1 : Light CP-even MSSM Higgs boson� HTYPE = 2 : Heavy CP-even MSSM Higgs boson� HTYPE = 3 : CP-odd MSSM Higgs boson (Note: this is not produ
ed at LOunless we are working in the MSSM with 
omplex parameters and in
ludeHiggs-propagator e�e
ts at LO.)Note that for HTYPE = 1-3, the input HMASS is not used. Default value is 0 (SMHiggs boson).
• HWIDTH: Although Repolo 
an 
al
ulate the Higgs total and partial widths, it isalso possible to set the Higgs boson width with this input parameter. Default is-999 GeV, whi
h means that the internally 
al
ulated value of the width is used.If a SLHA �le is being used, the SLHA value will be taken rather than the inputHWIDTH. 9



• TOPMASS: Top-quark mass in GeV. Default value is 172.4 GeV. If a SLHA �le isbeing used, the SLHA value will be taken rather than the input TOPMASS.
• BOTTOMMASS: Bottom-quark pole mass in GeV, used in the 
al
ulation of the Higgsboson width and bran
hing ratios. Default value is 4.855 GeV, whi
h 
orresponds to
mMS

b (mb) = 4.204 GeV. The expli
it formula used is given on the Vbfnlo webpage.If a SLHA �le is being used, the SLHA value will be taken rather than the inputBOTTOMMASS.
• CHARMMASS: Charm-quark pole mass in GeV used in the 
al
ulation of the Higgsboson width and bran
hing ratios. Default value is 1.65 GeV, 
orresponding to
mMS

c (mc) = 1.273 GeV. If a SLHA �le is being used, the SLHA value will be takenrather than the input CHARMMASS.
• TAU_MASS: Tau mass in GeV used in the 
al
ulation of the Higgs boson width andbran
hing ratios. Default value is 1.77684 GeV. If a SLHA �le is being used, theSLHA value will be taken rather than the input TAUMASS.
• EWSCHEME: Sets the s
heme for the 
al
ulation of ele
troweak parameters. A sum-mary of the six available options is given in Table 4. The expli
it formulae usedare available on the Vbfnlo webpage. Note that if EWSCHEME = 4 is 
hosen, allvariables in Table 4 are taken as inputs. As the parameters are not independent,this 
an lead to problems if the input values are not 
onsistent. In this s
heme,all photon 
ouplings are set a

ording to the input variable INVALFA and all other
ouplings are set a

ording to FERMI_CONST. Default value is 3.
• FERMI_CONST: Fermi 
onstant, used as input for the 
al
ulation of ele
troweak pa-rameters in EWSCHEME = 1-4. Default value is 1.16637×10−5 GeV−2. If a SLHA �leis being used, the SLHA value will be taken rather than the input FERMI_CONST.
• INVALFA: One over the �ne stru
ture 
onstant, used as input for EWSCHEME = 1,4, 5 and 6. Within the other s
hemes this parameter is 
al
ulated. The defaultvalue depends on the 
hoi
e of EWSCHEME, as given in Table 4. If EWSCHEME = 5 is
hosen, the value of α should be α(MZ), whereas if EWSCHEME = 6 is 
hosen, thevalue of α should be α(0). In order to ensure ba
kwards 
ompatibility with previousversions of Vbfnlo, as an alternative ALFA, the �ne stru
ture 
onstant, 
an be usedas an input in repolo.dat, whi
h is read and used only if INVALFA is not present.If a SLHA �le is being used, the SLHA value will be taken rather than the inputINVALFA or ALFA.
• SIN2W: Sinus squared of the weak mixing angle. Used as input for EWSCHEME = 2and 4. Within the other s
hemes this parameter is 
al
ulated. Default input valueis 0.222646. If a SLHA �le is being used, the SLHA value will be taken rather thanthe input SIN2W.
• WMASS: W boson mass in GeV. This parameter is 
al
ulated in EWSCHEME = 1 and2. Default input value is 80.398 GeV. If a SLHA �le is being used, the SLHA valuewill be taken rather than the input WMASS.
• ZMASS: Z boson mass in GeV. Default value is 91.1876 GeV. If a SLHA �le is beingused, the SLHA value will be taken rather than the input ZMASS.10



EWSCHEME Parameter Default Value Input/Cal
ulatedFERMI_CONST 1.16637× 10−5 GeV−2 InputINVALFA 128.944341122 Input1 SIN2W 0.230990 Cal
ulatedWMASS 79.9654 GeV Cal
ulatedZMASS 91.1876 GeV InputFERMI_CONST 1.16637× 10−5 GeV−2 InputINVALFA 132.340643024 Cal
ulated2 SIN2W 0.222646 InputWMASS 80.3980 GeV Cal
ulatedZMASS 91.1876 GeV InputFERMI_CONST 1.16637× 10−5 GeV−2 InputINVALFA 132.340705199 Cal
ulated3 SIN2W 0.222646 Cal
ulatedWMASS 80.3980 GeV InputZMASS 91.1876 GeV InputFERMI_CONST 1.16637× 10−5 GeV−2 InputINVALFA 137.035999679 Input4 SIN2W 0.222646 InputWMASS 80.3980 GeV InputZMASS 91.1876 GeV InputINVALFA(ZMASS) 128.944341122 Input5 SIN2W 0.222646 Cal
ulatedWMASS 80.3980 GeV InputZMASS 91.1876 GeV InputINVALFA(0) 137.035999679 Input6 SIN2W 0.222646 Cal
ulatedWMASS 80.398 GeV InputZMASS 91.1876 GeV InputTable 4: Ele
troweak input parameter s
hemes.
11



4.2 susy.dat − parameters in the MSSMThe �le susy.dat is used to spe
ify the supersymmetri
 parameters when working in theMSSM. This �le is used if MODEL = 2 in repolo.dat in repolo.dat. As des
ribed earlier,if MODEL = 2 the 
ode will run in the MSSM, whi
h means that the Higgs boson masses,widths and 
ouplings will all be set to the MSSM values. If MODEL = 1 but HTYPE = 1-3,the 
ode will run in the Standard Model, and only the Higgs boson mass will be a�e
ted.
• FEYNH_SWITCH: Determines whether FeynHiggs is used to 
al
ulate the MSSMHiggs boson se
tor. Default is false. It is re
ommended that FeynHiggs is used.
• SLHA_SWITCH: Determines whether the MSSM parameters are taken from a SLHA�le. Default is true. If set to true the values in the SLHA input �le are usedinstead of internal settings or 
al
ulations7.
• SLHA_FILE: Name of the SLHA input �le. An example �le � sps1a.slha � isprovided, whi
h is the default.
• BENCH: Various ben
hmark s
enarios are pre-programmed in the 
ode, as an alter-native to using a SLHA �le. These are:� 0: User-input s
enario (see below for further inputs)� 1: Mmax

h s
enario [25℄� 2: No-mixing s
enario [25℄� 3: Gluophobi
 s
enario [25℄� 4: Small αeff s
enario [25℄� 5: CPX s
enario [26℄� 10: SPS1a8 [27℄� 11: SPS1b� 12-19: SPS 2 � 9Default is 1 � the Mmax
h s
enario.

• PROPLEVEL: Level at whi
h Higgs propagator 
orre
tions are in
luded:� 0: E�e
tive Higgs-mixing angle used.� 1: Propagator fa
tors in
luded at leading order.Default is 1. These options are dis
ussed in more detail on the Vbfnlo webpage,as well as in [21℄.
• DELMB_SWITCH: Swit
h determining whether or not to 
orre
t the bottom-quarkYukawa 
oupling. Default is false.If a SLHA �le is not being used, and BENCH = 0-5, the following inputs are also needed.7Note that a SLHA �le 
an also be used as the input for FeynHiggs by setting both FEYNH_SWITCHand SLHA_SWITCH to true.8The SPS points are de�ned with low-energy parameters, as given athttp://www.ippp.dur.a
.uk/∼georg/sps/). 12



• TANB: Value of tanβ. Default value is 10. Note that for the SPS ben
hmarks (BENCH= 10-19), this value of tanβ is not used.
• MASSA0: Mass of CP-odd Higgs boson MA. This should be used when working inthe MSSM with real parameters. Default value is 400 GeV. Note that for the SPSben
hmarks (BENCH = 10-19), this value of MA is not used.
• MASSHP: Mass of 
harged Higgs boson MH± . This should be used when working inthe MSSM with 
omplex parameters. Default value is -1 GeV.Note that it is standard to use as input the mass of the CP-odd Higgs boson, MA, whenworking in the MSSM with real parameters and the mass of the 
harged Higgs boson,

MH±, when working in the MSSM with 
omplex parameters9. The mass that is not beingused as input should be set to -1 GeV.If desired, the SUSY breaking parameters that de�ne the s
enario 
an be input by theuser, by sele
ting BENCH = 0. Default values are those for SPS1a. These parameters are(in the notation used by FeynHiggs):
• M3SQ et
.: The soft SUSY breaking parameters for the sfermion se
tion.
• AT et
.: Trilinear 
oupling parameters.
• MUE: Higgs boson mixing parameter.
• M_1 et
.: Gaugino mass parameters.By default, lower generation parameters are set to the 
orresponding higher generationparameters � e.g. A
 = At.4.3 Parameters for anomalous 
ouplingsRepolo supports anomalousHV V 
ouplings, where V = W,Z, γ, in both the produ
tionand the de
ay of a Higgs boson in VBF-type rea
tions, i.e. for pro
ess IDs 100-107. Theanomalous HV V 
ouplings 
an be spe
i�ed in the anom_HVV.dat input �le.4.3.1 anom_HVV.dat − anomalous HV V 
ouplingsThe �le anom_HVV.dat 
ontrols the anomalous Higgs boson 
oupling parameters. It isused if the input ANOM_CPL in repolo.dat is set to true. Among the anomalous 
ouplinginput parameters, the user 
an 
hoose between three di�erent parameterizations.The anomalousHV V 
ouplings 
an be des
ribed by the following e�e
tive Lagrangianinvolving the dimension �ve operators
L =

gHZZ
5e

2Λ5

HZµνZ
µν +

gHZZ
5o

2Λ5

HZ̃µνZ
µν +

gHWW
5e

Λ5

HW+
µνW

µν
− +

gHWW
5o

Λ5

HW̃+
µνW

µν
− +

gHZγ
5e

Λ5

HZµνA
µν +

gHZγ
5o

Λ5

HZ̃µνA
µν +

gHγγ
5e

2Λ5

HAµνA
µν +

gHγγ
5o

2Λ5

HÃµνA
µν (2)9This is be
ause, when working with 
omplex parameters, there is mixing between all three neutralHiggs bosons, and thus all neutral Higgs boson masses re
eive loop 
orre
tions.13



where the subs
ript e or o refers to the CP-even or CP-odd nature of the individualoperators [28℄.An alternative approa
h is to write the e�e
tive Lagrangian in terms of the operators
OWW , OBB, OW andOB and their 
orresponding CP-odd operators a

ording to Refs. [29,30℄:

Leff =
fW
Λ2

6

OW +
fB
Λ2

6

OB +
fWW

Λ2
6

OWW +
fBB

Λ2
6

OBB + CP-odd part (3)The expli
it form of the operators is
OW = (Dµφ

†)Ŵ µν(Dνφ)

OB = (Dµφ
†)B̂µν(Dνφ)

OWW = φ†ŴµνŴ
µνφ

OBB = φ†B̂µνB̂
µνφ, (4)with

Ŵµν = igT aW a
µν

B̂µν = ig′Y Bµν , (5)where g and g′ are the SU(2) and U(1) gauge 
ouplings, T a are the SU(2) generators and
Wµν and Bµν are the �eld strength tensors. The CP-odd part of the Lagrangian has thesame form, although only three parameters (denoted with a tilde) are needed.The di�erent parameterizations, and the relationships between them, are dis
ussed inmore detail on the Vbfnlo webpage, where the expli
it forms of the HV V 
ouplings aregiven.1. A parameterization in terms of 
ouplings in the e�e
tive Lagrangian approa
h givenby Eq. 2.

• PARAMETR1: Parameter that swit
hes on the e�e
tive Lagrangian parameteri-zation of Eq. 2. The default value is true.
• LAMBDA5: Mass s
ale Λ5 in units of GeV with 480 GeV 
hosen as default.
• G5E_HWW, G5E_HZZ, G5E_HGG, G5E_HGZ: Parameters that determine the 
ou-plings gHV V

5e of the CP-even dimension �ve operators. Their default values are:� G5E_HWW = -0.182� G5E_HZZ = -0.044� G5E_HGG = 0� G5E_HGZ = -0.178These default values are those used in the anomalous gauge boson 
ouplings,whi
h are approximately the 
entral values in the three-parameter �t given inRef. [31℄.
• G5O_HWW, G5O_HZZ, G5O_HGG, G5O_HGZ: Parameters that determine the 
ou-plings gHV V

5o of the CP-odd dimension �ve operators. Their default values areset to 0. 14



2. The parameterization of the anomalous 
ouplings by the L3 Collaboration as givenin Ref. [32℄. The parameters are d, dB, ∆gZ1 and ∆κγ , whi
h are related to the
oe�
ients fi/Λ2 of the e�e
tive Lagrangian of Eq. 3 in the following manner [33℄:
d = −

m2
W

Λ2
fWW , d̃ = −

m2
W

Λ2
fW̃W ,

dB = −
m2

W

Λ2

sin2 θw
cos2 θw

fBB , d̃B = −
m2

W

Λ2

sin2 θw
cos2 θw

fB̃B ,

∆κγ = κγ − 1 =
m2

W

2Λ2
(fB + fW ) , κ̃γ =

m2
W

2Λ2
fB̃ ,

∆gZ1 = gZ1 − 1 =
m2

Z

Λ2

fW
2

.

(6)
• PARAMETR2: Parameter that swit
hes on the above mentioned parameterizationof Eqs. 6. The default value is false.
• D_EVEN, DB_EVEN, DKGAM_EVEN, DG1Z_EVEN: Parameters that are the CP-even 
ouplings in this parameterization. Default values are:� D_EVEN = 0� DB_EVEN = 0� DG1Z_EVEN = -0.06� DKGAM_EVEN = 0.077
• D_ODD, DB_ODD, KGAM_ODD: Parameters that are the CP-odd 
ouplings in thisparameterization with default values equal to 0.
• HVV1: Parameter that determines whi
h anomalous HV V 
ouplings are usedfor the run. For HVV1 = 0, only the HZγ 
oupling, for HVV1 = 1, only the Hγγ
oupling, for HVV1 = 2, only the HZZ 
oupling and for HVV1 = 3, only the
HWW 
oupling is used. If HVV1 is set to 4, all possible anomalous 
ouplingsare used. This is also the default value.3. The parameterization of the anomalous 
ouplings in terms of 
oe�
ients fi/Λ

2 ofthe e�e
tive Lagrangian in Eq. 3.
• PARAMETR3: Parameter that swit
hes on the parameterization stated above.The default value is false.
• FWW_EVEN, FBB_EVEN, FW_EVEN, FB_EVEN: Parameters that represent the 
o-e�
ients of the CP-even operators � i.e. fi/Λ2 � with default values equal to� FWW_EVEN = 0 GeV−2� FBB_EVEN = 0 GeV−2� FW_EVEN = -1.44 × 10−5 GeV−2� FB_EVEN = 3.82 × 10−5 GeV−2

• FWW_ODD, FBB_ODD, FB_ODD: Parameters that are the 
oe�
ients of the CP-odd operators � i.e. fi/Λ2 � with default values 0 GeV−2.
• HVV2: Parameter that allows the user to 
hoose whi
h anomalous HVV 
ou-plings are used. For HVV2 = 0, only the HZγ 
oupling, for HVV2 = 1, only the
Hγγ 
oupling, for HVV2 = 2, only the HZZ 
oupling and for HVV2 = 3, onlythe HWW 
oupling is used. If set to 4 all possible anomalous 
ouplings areused. The default value is 4. 15



Moreover, for all parameterizations, two di�erent form fa
tors 
an be 
hosen as des
ribedin Refs. [28, 33℄. They model e�e
tive, momentum dependent HV V verti
es, motivatedby new physi
s entering with a large s
ale Λ at the loop level.
F1 =

Λ2

q21 − Λ2

Λ2

q22 − Λ2
, (7)

F2 = −2Λ2C0

(
q21, q

2
2, (q1 + q2)

2,Λ2
)
. (8)Here the qi are the momenta of the ve
tor bosons and C0 is the s
alar one-loop threepoint fun
tion in the notation of Ref. [34℄.

• FORMFACTOR: Flag that swit
hes on the above form fa
tor. The default value is setto false.
• MASS_SCALE: Chara
teristi
 mass s
ale, Λ, of new physi
s in units of GeV. Thedefault value is 200 GeV.
• FFAC: Parameter that is used to sele
t one parti
ular form fa
tor out of Eqs. (7)and (8). If FFAC = 1, the form fa
tor F1 is used for the parameterization. FFAC =2 sele
ts F2, whi
h is also the default value.Finally, the following parameters 
an be used to res
ale the SM HV V 
ouplings.
• TREEFACW: Parameter that multiplies the HWW tensor present in the SM La-grangian. Default is 1.
• TREEFACZ: Parameter that multiplies theHZZ tensor present in the SM Lagrangian.Default is 1.
• LOOPFAC: Parameter that multiplies the HZγ and Hγγ verti
es indu
ed by SMloops. The default is 
hosen to be 1.Alternatively, an input TREEFAC 
an be used, and both TREEFACW and TREEFACZ are setto this input.Note that, when working in the SM, the loop-indu
ed 
ouplingsHZγ andHγγ are usedonly in the 
al
ulation of the Higgs width and de
ays, not in the produ
tion amplitude.If anomalous 
ouplings are swit
hed on (ANOM_CPL = .true.), these 
ontributions arein
luded in the produ
tion as well as the de
ay.4.4 spin2
oupl.dat − parameters for spin-2 modelsThe �le spin2
oupl.dat is used to set the parameters for the spin-2 models. It is readif the swit
h SPIN2 in repolo.dat is set to true, and will only run if the spin-2 modelswere enabled at 
ompilation using the 
onfigure option ��enable-spin2.Repolo uses an e�e
tive model to des
ribe the intera
tions of spin-2 parti
les withele
troweak gauge bosons for two 
ases: an isospin singlet spin-2 state and a spin-2 tripletin the adjoint representation, as des
ribed in Ref. [23℄. For the singlet spin-2 �eld, T µν ,the e�e
tive Lagrangian is

Lsinglet = 1

Λ
Tµν

(
f1B

ανBµ
α + f2W

αν
i W i,µ

α + f3B̃
ανBµ

α + f4W̃
αν
i W i,µ

α + 2f5(D
µΦ)†(DνΦ)

)
,(9)16



and for the spin-2 triplet �eld, T µν
j , the e�e
tive Lagrangian is given by

Ltriplet = 1

Λ
Tµνj

(
f6(D

µΦ)†σj(DνΦ) + f7W
j,µ
α Bαν

)
, (10)where W and B are the usual ele
troweak �eld strength tensors, W̃ and B̃ the dual �eldstrength tensors, Φ is the Higgs �eld and Dµ is the 
ovariant derivative. fi are variable
oupling parameters and Λ is the 
hara
teristi
 energy s
ale of the new physi
s.In order to preserve unitarity, a formfa
tor is introdu
ed to multiply the amplitudes.The formfa
tor has the form:

f(q21, q
2
2, p

2sp2) = ( Λ2
ff

|q21 |+ Λ2
ff

·
Λ2

ff

|q22 |+ Λ2
ff

·
Λ2

ff∣∣p2sp2∣∣ + Λ2
ff

)nff

. (11)Here p2sp2 is the invariant mass of a virtual s-
hannel spin-2 parti
le and q21,2 are theinvariant masses of the ele
troweak bosons. The energy s
ale Λff and the exponent nffdes
ribe the s
ale of the 
uto� and the suppression power.The input parameters used by Repolo are
• F1,F2,F3,F4,F5: Coupling parameters for the spin-2 singlet �eld. Default valuesare F1=F2=F5=1, F3=F4=0.
• F6,F7: Coupling parameters for the spin-2 triplet �eld. Default values are set to 1.
• LAMBDA: Energy s
ale of the 
ouplings in GeV. Default value is 20000 GeV.
• LAMBDAFF: Energy s
ale of the formfa
tor in GeV. Default value is 4000 GeV.
• NFF: Exponent of the formfa
tor. Default value is 3.Repolo also needs the masses and bran
hing ratios of the spin-2 parti
les into SMgauge bosons.
• SP2MASS: Mass of the spin-2 singlet parti
le in GeV. Default value is 120 GeV.
• MSP2TRIPPM: Mass of 
harged spin-2 triplet parti
les in GeV. Default value is120 GeV.
• MSP2TRIPN: Mass of neutral spin-2 triplet parti
le in GeV. Default value is 120 GeV.
• BRRAT: Bran
hing ratio for spin-2 singlet parti
le into SM gauge bosons. Defaultvalue is 1.
• BRRATTRIPPM: Bran
hing ratio for 
harged spin-2 triplet parti
les into SM gaugebosons. Default value is 1.
• BRRATTRIPN: Bran
hing ratio for neutral spin-2 triplet parti
le into SM gaugebosons. Default value is 1.
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