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BSM (NLO) PROCESS OVERVIEW IN MGoAMC  (ei8

» Colored particle production

* Colored scalar pair production  Degrande, Fuks, Hirschi, Proudom, HSS (PRD’15)
° Supersymmetrlc QCD Degrande, Fuks, Hirschi, Proudom, HSS (PLB’16)

® Vector_like quark Pa_'r Production Les Houches 2015 (1605.02684) ; Fuks, HSS (1610.04622)
° MSSM Degrande, Fuks, Goncalves-Netto, Hirschi, Lopez-Val, Mawatari, Pagani, Proudom, HSS, Zaro (in preparation)

- BSM Higgs production

Artoisenet et al. (JHEP’| 3); Maltoni, Mawatari, Zaro (EPJC’[4);

o H|ggs characterisation model Demartin, Maltoni, Mawatari, Page, Zaro (EPJC’ |4); Demartin, Maltoni,
Mawatari, Zaro (EPJC’I5)

° TWO-Hi S-DOUblet MOdel Degrande (CPC’15); Degrande, Ubiali, Wiesemann, Zaro (JHEP’|5); Degrande,
gg Frederix, Hirschi, Ubiali,Wiesemann, Zaro (1607.05291)

. Georgi_MaChacek model Degrande, Hartling, Logan, Peterson, Zaro (PRD’|6)
g Spin-2 Particle PI‘OdUCtiOI‘\ Das, Degrande, Hirschi, Maltoni, HSS (1605.09359)

 Dark matter collider production

* s-channel mediator
* spin 0 or | mediator

° Spin 2 mediator Das, Degrande, Hirschi, Maltoni, Mawatari, HSS et al. (in preparation)
o t_channel mediatOr Fuks, Hirschi, Mattelaer et al. (in preparation)

Mattelaer Vryonidou (EPJC’15); Backovic, Kramer, Maltoni, Martini, Mawatari, Pellen
(EPJC’15); Neubert,Wang, Zhang (JHEP’16); Arina et al. (JHEP’16)
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B (NLO) PROCESS OVERVIEW IN MGOAMC (e

5
a

* SM effective field theory

TOP FCNC Processes Durieux, Maltoni, Zhang (PRD’ I 5)

* Other colorless particle production

ttbarZ/gamma/Higgs production

Single-top

Degrande, Maltoni,Wang, Zhang (PRD’5);

Bylund, Maltoni, Tsinikos,Vryonidou, Zhang
(JHEP’16); Maltoni,Vryonidou, Cen (JHEP’ | 6)

broduction Zhang (PRL'16)

Top pair production via chromomagnetic dipole momenta Franzosi, Zhang (PRD'I5)

Higgs prod

uction with dimension-6 operators  Degrande, Fuks, Mawatari, Mimasu,
Sanz (1609.04833)

* Heavy neutrino production Degrande, Mattelaer, Ruiz, Tumer (PRD’6)

Number of BSM NLO paper
15 I T T

14 |
13
12 |
11 F
10 F

©
|
MadGraph5 aMC@NLO

Number of paper

MadGraph5_aMC@NLO paper

NLOCT paper

o = N W d OO0 O N ©
T T T T T T T T
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FEYNRULES: STRUCTURE

Christensen, Duhr (CPC’09); Alloul, Christensen, Duhr, Degrande, Fuks (CPC’14)

Model-file

Particles, parameters, ...

Lagrangian

FeynRules

|
Feynman Rules

|
Interfaces or UFO

l i | |
FeynArts CalcHep Sherpa Golem

Whizard MadGraph 5 HERWIG
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FEYNRULES: INPUT

Christensen, Duhr (CPC’09); Alloul, Christensen, Duhr, Degrande, Fuks (CPC’14)
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FEYNRULES: INPUT

Christensen, Duhr (CPC’09); Alloul, Christensen, Duhr, Degrande, Fuks (CPC’14)
» Definitions of particles

(% skokskokokok ok kKK KKk K KKKk Kk kKKK KkK % )
(% skkk Particle classes skkkk x)
(% skokokokokokk Kok okokokokokokokokokkkKKKKKK XK )
M$ClassesDescription = {

V[4] ==

ClassName
SelfConjugate
Indices

Mass

Width
ParticleName
PDG
PropagatorLabel
PropagatorType
PropagatorArrow
FullName

MINI-WORKSHOP, JUSSIEU

Tuesday, October 10, 17

G,
True,
{Index[Gluon]},
0,

0,
llgll'
21,
IIGII "
C,
None,
IlGll
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FEYNRULES: INPUT

Christensen, Duhr (CPC’09); Alloul, Christensen, Duhr, Degrande, Fuks (CPC’14)
» Definitions of particles

» Definitions of parameters

(5 skokokokokokokokokokkokokkokokkkkkkokkkokk %k )
(% skokokokok Parameters *okkkK Xk )
(k  skokokokokokskokkokkk kKKK kK kKK KkKK X )
M$Parameters = {

(% skokskokokok ok kKK KKk K KKKk Kk kKKK KkK % )
(% *x%kxx Particle classes xxkxx x)
(3 skokokokokokokkokkKK KK KKK KK KKK KKK %)
M$ClassesDescription = {

aS ==

Vi4 == ParameterType

External,

ClassName
SelfConjugate

Indices
Mass
Width

ParticleName

PDG

PropagatorLabel
PropagatorType
PropagatorArrow
FullName

G,
True,
{Index[Gluon]},
0,

0,
llgll -
21,
IIGII ;
C,
None,
IIGII

BlockName
OrderBlock

Value
InteractionOrder
TeX

Description

SMINPUTS,

3,

0.1184,

{QCp, 2},

Subscript [\ [Alpha],s],

"Strong coupling constant at the Z p
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FEYNRULES: INPUT

Christensen, Duhr (CPC’09); Alloul, Christensen, Duhr, Degrande, Fuks (CPC’14)

» Definitions of particles

(5 skokokokok ok ok Kok K K K KK KKK KK KKK KKKK XK )
(% *xxxx Particle classes xxxx x)
(3 skokokokokokokkokkKK KK KKK KK KKK KKK %)

M$ClassesDescription

VI4] ==
ClassName
SelfConjugate
Indices
Mass
Width
ParticleName
PDG
PropagatorLabel
PropagatorType
PropagatorArrow
FullName

},
| &

= {

G,
True,
{Index[Gluon]},
0,

0,
llgll -
21;
IIGII ;
C,
None,
llGlI

» Definitions of gauge groups

(* sekdssskkkkrrprkRtrrkRkesrr *)
RooRokoR % )
(% skdksskkkkrrkrkrrrrkrkesrs *)

(% spex  Gauge groups

M$GaugeGroups = {

SU3C ==
Abelian

CouplingConstant

GaugeBoson

StructureConstant
Representations
SymmetricTensor

MINI-WORKSHOP, JUSSIEU
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-> False,

- gs'

- G'

-> f,

-> {T,Colour},
-> dSUN

» Definitions of parameters

(5 skokokokokokokokokokkokokkokokkkkkkokkkokk %k )

(% kokokokok

Parameters

*kkkK k)

(5 skokskokskokskokskok sk ok kK kK kKoK koK kKK kK X )
M$Parameters = {

as

ParameterType
BlockName
OrderBlock

Value
InteractionOrder
TeX

Description

External,

SMINPUTS,

3,

0.1184,

{qQcpo, 2},
Subscript [\ [Alpha],s],

"Strong coupling constant at the Z p

HUA-SHENG SHAO




* Definrtions of

FEYNRULES: INPUT

Christensen, Duhr (CPC’09); Alloul, Christensen, Duhr, Degrande, Fuks (CPC’14)
» Definitions of parameters

particles

(5 skokokokok ok ok Kok K K K KK KKK KK KKK KKKK XK )
(% *xxxx Particle classes xxxx x)
(3 skokokokokokokkokkKK KK KKK KK KKK KKK %)

M$ClassesDescription

VI4] ==
ClassName
SelfConjugate
Indices
Mass
Width
ParticleName
PDG
PropagatorLabel
PropagatorType
PropagatorArrow
FullName

¥
}f
e Definitions

(* sekdssskkkkrrprkRtrrkRkesrr *)
(% soricex Gauge groups oeskk x)
(% skdksskkkkrrkrkrrrrkrkesrs *)
M$GaugeGroups = {
SU3C ==
Abelian
CouplingConstant
GaugeBoson

StructureConstant

Representations
SymmetricTensor

MINI-WORKSHOP, JUSSIEU
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= {

G,
True,
{Index[Gluon]},
0,

0,
llgll -
21;
IIGII ;
C,
None,
llGlI

of gauge groups

-> False,

- gs'

- G'

-> f,

-> {T,Colour},
-> dSUN

(5 skokokokokokokokokokkokokkokokkkkkkokkkokk %k )

(% kokokokok

Parameters

*kkkK k)

(5 skokokokokokokokokokkokokokkkkokokkkkokokkk ok )

M$Parameters = {

ParameterType
BlockName
OrderBlock
Value
InteractionOrder
TeX
Description

},

as

55

he Lagrangian

Lqcp =
| =

4 H

1
_ G GQa.nv

External,
SMINPUTS,
3,
0.1184,
{qQcpo, 2},

Subscript [\ [Alpha],s],
"Strong coupling constant at the Z p

+1qv" Dyg — Myqq

-1/4 FS[G,mu,nu,a] FS[G,mu,nu,a]
+ | gbar.Ga[mu].DC[qg,mu]

- MQ gbar.q
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FEYNRULES: DERIVATION

C.hristensen, Du.hr (CPC’O9);AIIou!, Christensen, Duhr, Dc?grande, Fuks (CPC’14)
» Above Information can be incorporated in .fr files and load

the file via

LoadModel[ < file.fr >, < file2.fr >, ...
* Extracting the Feynman rules

FeynmanRules| L ]
» Output the model files for various generators

WriteCHOutput| L > CalcHep

WriteFeynArtsOutput| L > FeynArts
WriteSHOutput| L | - Sherpa
WriteWOOutput| L > Whizard

MadGraph>_aMC@NLC
WriteUFO[ L | - Sherpa

GoSam
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FEYNRULES: DERIVATION

C.hristensen, Du.hr (CPC’O9);AIIou!, Christensen, Duhr, Dc?grande, Fuks (CPC’14)
» Above Information can be incorporated in .fr files and load

the file via

LoadModel[ < file.fr >, < file2.fr >, ...
* Extracting the Feynman rules

FeynmanRules| L ]
» Output the model files for various generators

WriteCHOutput| L > CalcHep

WriteFeynArtsOutput| L > FeynArts
WriteSHOutput| L | - Sherpa
WriteWOOutput| L > Whizard

MadGraph>_aMC@NLC
WriteUFO[ L | NEW. S¢andardherpa

GoSam
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FEYNRULES: STRUCTURE

Christensen, Duhr (CPC’09); Alloul, Christensen, Duhr, Degrande, Fuks (CPC’14); Degrande (CPC’|

Model-file

Particles, parameters, ...

Lagrangian

NLOCT

FeynArts

| Needed for the
Feynman Rules SE——

| and R2 counterterms

D de (CPC’15
Interfaces or UFO egrande ( )

! | | |
FeynArts CalcHep Sherpa Golem

FeynRules

Whizard MadGraph 5 HERWIG
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FEYNRULES: DERIVATION@NLO 1

Degrande (CPC’15)

Load FeynRules and Model file
S$FeynRulesPath = SetDirectory["~/feynrules/trunk/feynrules-development"]; << FeynRules"
LoadModel ["~/feynrules/trunk/feynrules-development/Models/SM/SM. fr",

"~ /Dropbox/aMCatNLO-MSSM/FeynRulesInput/coloredscalars.fr"];

Load restrict card

LoadRestriction["~/feynrules/trunk/feynrules-development/Models/SM/Masslessbuttb.rst"]
LoadRestriction["~/feynrules/trunk/feynrules-development/Models/SM/DiagonalCKM.rst"]

Derive Feynman rule (optional)

FeynmanRules [LSM + LagNP]

Get renormalization Lagrangian

Lren = OnShellRenormalization[LSM + LagNP (+«ExpandIndices [LSM,FlavorExpand-+True)
{u[_ 1-0,¢c[ 1-0,d[ ]1-0,s8[ ]-0,ve[ ]-0,vm[ ]-0,e[ ]-0,mu|[ ]-0)}«), QCDOnly -» True, FlavorMixing -» False]; //

Timing
Generate NLO FeynArts Model

SetDirectory["~/FeynArts-3.8/Models"];
WriteFeynArtsOutput [Lren, Output -» "colscalarsnomixgs"]

MINI-WORKSHOP, JUSSIEU HUA-SHENG SHAO
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FEYNRULES: DERIVATION@NLO 11

Degrande (CPC’15)

Quit kernel
Quit[]

Load FeynArts and NLOCT

SetDirectory(["~/FeynArts-3.8"];

<< FeynArts’
SetDirectory["~/feynrules/trunk/feynrules-development”];
<< NLOCT"

SetDirectory["~/feynrules/trunk/R2"];

Compute UV and R2 CT

WriteCT["colscalarsnomix/colscalarsnomix", "colscalarsnomix/colscalarsnomix"”, Output -> "colscalartest"”,
LabelInternal -» True, QCDOnly -» True, CTparameters -» False, KeptIndices -» {}, ZeroMom -» {{aS, {(F[7], V[4], -F[7]},
Assumptions -> {MT > 0},

GenericVertexList -» {{F, F}, (8, 8}, (V, V}, (F,F,V}, (P,FP,8), (F,P,V,V}(»,{V,vV,S8},6 {V,s5,8},(8,8,8},(v,v,V},
(v,v,v,v},{(V,v,8,8)«)}, MaxDim » 5, EvenOnly -» False, IsFeynmanGauge -» False] // Timing

MINI-WORKSHOP, JUSSIEU HUA-SHENG SHAO
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FEYNRULES: DERIVATION@NLO 111

Quit kernel
Quit (]

Load FeynRules and Model file again

S$FeynRulesPath = SetDirectory["~/feynrules/trunk/feynrules-development"]; << FeynRules"
LoadModel ["~/feynrules/trunk/feynrules-development /Models/SM/SM. fr",
"~/Dropbox/aMCatNLO-MSSM/FeynRulesInput/coloredscalars.fr"];

Load restrict card again

LoadRestriction["~/feynrules/trunk/feynrules-development/Models/SM/DiagonalCKM.rst"]

LoadRestriction["~/feynrules/trunk/feynrules-development/Models/SM/Masslessbuttb.rst"]

Get the UV and R2 computed by NLOCT

SetDirectory["~/feynrules/trunk/R2"];
Get["colscalartest.nlo"];

Write out NLO UFO model

FRSLoop = False;
SetDirectory["~/2.2.0/models"];
WriteUFO[LSM + LagNP, UVCounterterms -» (UVSvertlist /. FRSIR -+ 1), R2Vertices -» R2Svertlist, Output -» "ColScalarFull”,

Debug - False]

MINI-WORKSHOP, JUSSIEU HUA-SHENG SHAO
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UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)

4 The UFO is a set of PYTHON files

% Particle information (particles.py)

% Interaction information (vertices.py, couplings.py, lorentz.py, couplings orders.py)
% Parameter information (parameters.py)

% Propagator information (propagators.py)

% Tools (function_library.py, object_library.py, write param_card.py, decays.py)

% NLO counterterms (CT couplings.py, CT parameters.py, CT vertices.py)

For example: SUSY QCD

bogon:SUSYQCD_CTprm_UFO erdissshaw$ 1s

CT_couplings.py SUSYQCD_CTprm_UFO0. log couplings.py object_library.py propagators.py
CT_parameters.py __init__.py function_library.py parameters.py vertices.py
CT_vertices.py coupling_orders.py lorentz.py particles.py write_param_card.py

MINI-WORKSHOP, JUSSIEU HUA-SHENG SHAO
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UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)

4 The UFO is a set of PYTHON files

% Particle information (particles.py)

% Interaction information (vertices.py, couplings.py, lorentz.py, couplings orders.py)
% Parameter information (parameters.py)

% Propagator information (propagators.py)

% Tools (function_library.py, object_library.py, write param_card.py, decays.py)

% NLO counterterms (CT couplings.py, CT parameters.py, CT vertices.py)

For example: SUSY QCD

bogon:SUSYQCD_CTprm_UFO erdissshaw$ 1s

CT_couplings.py SUSYQCD_CTprm_UFO0. log couplings.py object_library.py propagators.py
CT_parameters.py __init__.py function_library.py parameters.np vertices.py
CT_vertices.py coupling_orders.py lorentz.py write_param_card.py

Particles

MINI-WORKSHOP, JUSSIEU HUA-SHENG SHAO
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UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)

4 The UFO is a set of PYTHON files

% Particle information (particles.py)

% Interaction information (vertices.py, couplings.py, lorentz.py, couplings orders.py)
% Parameter information (parameters.py)

% Propagator information (propagators.py)

% Tools (function_library.py, object_library.py, write param_card.py, decays.py)

% NLO counterterms (CT couplings.py, CT parameters.py, CT vertices.py)

For example: SUSY QC

bogon:SUSYQCD_CTprm_UFO0 erdissshaw$ ls

CT_couplings.py SUSYQCD_CTprm_UFO0. log couplings.p object_library.py
CT_parameters.py in i nction L\ 3 harameter
rentz.py

n « U ’
CT_vertices.py coupling_orders.py 0

Interactions Particles
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UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)

4 The UFO is a set of PYTHON files

% Particle information (particles.py)

% Interaction information (vertices.py, couplings.py, lorentz.py, couplings orders.py)
% Parameter information (parameters.py)

% Propagator information (propagators.py)

% Tools (function_library.py, object_library.py, write param_card.py, decays.py)

% NLO counterterms (CT couplings.py, CT parameters.py, CT vertices.py)

For example: SUSY QCD

Parameters

bogon:SUSYQCD_CTprm_UFO0 erdissshaw$ ls

CT_couplings.py SUSYQCD_CTprm_UFO0. log couplings.p
CT_parameters.py ini 2 0 nction library.py

CT_vertices.py coupling_orders.py

Interactions Particles
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UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)

4 The UFO is a set of PYTHON files

% Particle information (particles.py)

% Interaction information (vertices.py, couplings.py, lorentz.py, couplings orders.py)
% Parameter information (parameters.py)

% Propagator information (propagators.py)

% Tools (function_library.py, object_library.py, write param_card.py, decays.py)

% NLO counterterms (CT couplings.py, CT parameters.py, CT vertices.py)

For example: SUSY QCD

ropagators

Parameterls:

bogon:SUSYQCD_CTprm_UFO0 erdissshaw$ ls

CT_couplings.py SUSYQCD_CTprm_UFO0. log couplings.p ] i .
CT_parameters.py ini Drary.py parameters.p

1N . [ nction 1
CT_vertices.py coupling_orders.py

Interactions Particles
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UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)

4 The UFO is a set of PYTHON files

% Particle information (particles.py)

% Interaction information (vertices.py, couplings.py, lorentz.py, couplings orders.py)
% Parameter information (parameters.py)

% Propagator information (propagators.py)

% Tools (function_library.py, object_library.py, write param_card.py, decays.py)

% NLO counterterms (CT couplings.py, CT parameters.py, CT vertices.py)

For example: SUSY QCD

ropagators

Parameterls:

bogon:SUSYQCD _CTprm_UFO0 erdissshaw$ 1s

T_couplings.py SUSYQCD_CTprm_UFO0. log couplings.p ] i .
CT_parameters.py ini Drary.py parameters.p

1N . D nction |
CT_vertices.p coupling_orders.py

Interactions Particles
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UFO: UNIVERSAL FEYNRULEN OUTPUT @

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)
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UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)
* Particles are in particles.py

* Instances of the particle class

* spin, color, mass, width, PDG etc

go = Particle(pdg_code = 1000021,
name = ’
antiname = ’
spin = 2,
color = 8,
mass = Param.Mgo,
width = Param.Wgo,
texname = ’
antitexname =
charge = 0,
GhostNumber = 0,
LeptonNumber = 0,
Y =0)

MINI-WORKSHOP, JUSSIEU HUA-SHENG SHAO
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UFO: UNIVERSAL FEYNRULEN OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)
* Particles are in particlespy  * Parameters are in parameters.py

* Instances of the particle class ¢ External parameters are in LHA-like

* spin, color, mass, width, PDG etc ¢ Python-compliant formula for int. para

go = Particle(pdg_code = 1000021, 1S = Parameter(name = ’
name = , nature =

antiname = : tyge = il
spin = 2, value = 0.1184,

color iy texname =
’ lhablock =
mass = Param.Mgo, lhacode = [ 3 1)

width = Param.Wgo,
texname = . G = Parameter(name =
antitexname = Hpbncdagn

ype =
charge = 0, value =
GhostNumber = 0, texname = )
LeptonNumber = 0,
Y = 0)

MINI-WORKSHOP, JUSSIEU HUA-SHENG SHAO
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UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)
* Interactions are in vertices.py, couplings.py, lorentz.py, coupling_orders,py

* Vertices are decomposed In a spin x color basis, coupling being coordinates

Example: the quartic gluon vertex can be written as

b pb b pbaga, b pba:
?gs fcna bfbagcu (nplp,,npw:, _7’p1“377u2“4) (fa1ae f aaa,a’ falas f 2a¢.fa1a4 f 203)

+ ng falaabfbazmq (77;‘1}141)#2}13 _ nﬂl#zn#aﬂd) ﬂ Igg O O ) ( 7]“1“477“'2"‘3 —_ nul“SUuQ“‘d )

;2 s .
+ ig? fala4bfbanaa (piikepians _ ppiszppops) X 0 g3 ()0 1A pHap pi1H2 i3
S 0 0 'ig: 77“1“37)“ 2H 4 ,)IJI# 17#3#4

vertices.py: define all Feynman rules for vertices in the model

/_37 = Vertex(name =
particles = [ Pig; Pig; Pig;i Ps g 1,
color = [ , 4 ’ . 1,
lorentz = [ L. VVVV2 L. VVVV3 L VVVvVv4 ]
couplings = {(1,0):C.GC_20,(0,0):C.GC_20,(2,1):C.G6C_20,(0,1):C.G6C_19,(2,2):C.GC_19,(1,2):C.GC_19})

lorentz.py: define the Lorentz structure in the model

VVWV2 = Lorentz(name = 'V\
spins = [ 3 3 z (- G BN
structure = 'M )

COUD|IDQS Dy define the COUD|IHQ constant N the mode]

GC_20 = Coupling(name = -
value c
order

coupling_orders.py: defne ‘the coupling orders in the model

0CD = CouplingOrder(name =
expansion_ order = 99,
hierarchy = 1,
perturbative_expansion = 1) HUA-SHENG SHAO

Tuesday, October 10, 17



UFO: UNIVERSAL FEYNRULES OUTPUT

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)
* Interactions are in vertices.py, couplings.py, lorentz.py, coupling_orders,py

* Vertices are decomposed In a spin x color basis, coupling being coordinates

Example: the quartic gluon vertex can be written as

b pb b pbaga, b pba:
?gs fcna bfbagcu (nplp,,npw:, _7’p1“377u2“4) (fa1ae f aaa,a’ falas f 2a¢.fa1a4 f 203)

+ ng falaabfbazmq (77;‘1}141)#2}13 _ nﬂl#zn#aﬂd) ﬂ Igg O O ) ( 7]“1“477“'2"‘3 —_ nul“SUuQ“‘d )

;2 s .
+ ig? fala4bfbanaa (piikepians _ ppiszppops) X 0 g3 ()0 1A pHap pi1H2 i3
S 0 0 'ig: 77“1“37)“ 2H 4 ,)IJI# 17#3#4

vertices.py: define all Feynman rules for vertices in the model

/_37 = Vertex(name =
particles = [ Pig; Pig; Pig;i Ps g 1,
color = [ , 4 ’ . 1,
lorentz = [ L. VVVV2 L. VVVV3 L VVVvVv4 ]
couplings = {(1,0):C.GC_20,(0,0):C.GC_20,(2,1):C.G6C_20,(0,1):C.G6C_19,(2,2):C.GC_19,(1,2):C.GC_19})

lorentz.py: define the Lorentz structure in the model

VVWV2 = Lorentz(name = 'V\
spins = [ 3 3 z (- G BN
structure = 'M )

COUD|IDQS Dy define the COUD|IHQ constant N the mode]

GC_20 = Coupling(name = -
value c
order

couplmg orders.py: defne ‘the coupling orders in the model

QCD = cOupungOrder(g:r‘r)lgn;lon e Make sure > o fOI" NLO QCD

hierarchy = 1,
perturbative_expansion m HUA-SHENG SHAO
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Prowde renormalization scale In parameters.py

= Parameter(name =
nature =
type =
value = 91. 188
texname =
lhablock =
Lhacode = [1])
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UFO@NLO

* Provide renormalization scale In parameters.py

U R = Parameter(name = ’
nature =
type = ’
value = 91,188,
texname =
lhablock =
lhacode = [1])

» CT_vertices.py:UV, R2 counter term vertices

= CTVertex(name = ’

type = ’

particles = [ P.g, P.g, P.g, P.g ],

color = [ ' ’

’ ’ ’ ’ ]'

lorentz = [ L.VVVWV2, L.VVVV3, L.VVVV4 ],

loop_particles = [ [ [(P.b], [P.c], [P.d], [P.s], [(P.t], [P.u]l ), [ [(P.g) ], [ [P.go] ] ],
couplings = {(2,0,0):C.R26C_101_4,(2,0,1):C.R2GC_100_3,(2,0,2):C.R2GC_100_2,(9,0,0):C.R2GC_101_4,(0,0,1):C.R2GC_100_3,(9,0,2):C.R2GC_100_2,(4,9,0):C.R2GC_9\

9_171,(4,0,1):C.R26C_99_172,(4,0,2):C.R26C_99_173,(3,0,0):C.R26C_99_171,(3,90,1):C.R2GC_99_172,(3,90,2):C.R2G6C_99_173,(8,0,0):C.R26C_100_1,(8,0,1):C.R2GC_100_2,(8,0,2):C.R2\
GC_100_3,(6,0,0):C.R2GC_110_22,(6,0,1):C.R26C_112_26,(6,0,2):C.R2GC_110_23,(7,90,0):C.R2GC_111_24,(7,0,1):C.R2GC_105_11,(7,0,2):C.R2GC_111_25,(5,0,0):C.R2GC_99_171,(5,0,1)\
:C.R2GC_99_172,(5,0,2):C.R2GC_99_173,(1,0,0):C.R2G6C_99_171,(1,0,1):C.R2GC_99_172,(1,9,2):C.R2GC_99_173,(11,0,0):C.R2GC_1063_7,(11,0,1):C.R2GC_103_8,(11,0,2):C.R2GC_103_9, (\
10,0,0):C.R2G6C_103_7,(10,0,1):C.R2GC_103_8,(10,0,2):C.R26GC_103_9,(9,0,1):C.R26C_102_5,(9,0,2):C.R26GC_102_6,(2,1,0):C.R2GC_101_4,(2,1,1):C.R2GC_100_3,(2,1,2):C.R2GC_100_2,\
(0,1,0):C.R26C_101_4,(9,1,1):C.R2GC_100_3,(0,1,2):C.R26C_100_2,(4,1,0):C.R2G6C_99_171,(4,1,1):C.R26C_99_172,(4,1,2):C.R26C_99_173,(3,1,0):C.R26C_99_171,(3,1,1):C.R2GC_99_1\
72,(3,1,2):C.R26C_99_173,(8,1,0):C.R2GC_100_1,(8,1,1):C.R2GC_105_11,(8,1,2):C.R2GC_100_3,(6,1,0):C.R2GC_115_29,(6,1,1):C.R2GC_115_390,(6,1,2):C.R2GC_115_31,(7,1,0):C.R2GC_\
111_24,(7,1,1):C.R2GC_100_2,(7,1,2):C.R26C_111_25,(5,1,0):C.R2GC_99_171,(5,1,1):C.R2GC_99_172,(5,1,2):C.R2GC_99_173,(1,1,0):C.R2GC_99_171,(1,1,1):C.R2GC_99_172,(1,1,2):C.\
R2GC_99_173,(11,1,0):C.R2GC_103_7,(11,1,1):C.R2GC_103_8,(11,1,2):C.R2GC_103_9,(10,1,0):C.R26C_103_7,(10,1,1):C.R2GC_103_8,(10,1,2):C.R2GC_103_9,(9,1,1):C.R2GC_102_5,(9,1,\
2):C.R26C_102_6,(0,2,0):C.R26GC_101_4,(90,2,1):C.R2GC_100_3,(9,2,2):C.R26C_100_2,(2,2,0):C.R2GC_101_4,(2,2,1):C.R2GC_100_3,(2,2,2):C.R26C_100_2,(5,2,0):C.R2GC_99_171,(5,2,1\
):C.R2GC_99_172,(5,2,2):C.R26C_99_173,(1,2,0):C.R26C_99_171,(1,2,1):C.R2GC_99_172,(1,2,2):C.R26C_99_173,(7,2,0):C.R26C_114_27,(7,2,1):C.R2GC_104_10,(7,2,2):C.R2GC_114_28,\
(4,2,0):C.R26C_99_171,(4,2,1):C.R26C_99_172,(4,2,2):C.R26C_99_173, (3,2,0):C.R26C_99_171,(3,2,1):C.R26C_99_172,(3,2,2):C.R26GC_99_173,(8,2,0) :C.R26C_100_1, (8,2,1) : C.R2GC_10\
4_10,(8,2,2):C.R2GC_100_3,(6,2,0):C.R26C_110_22,(6,2,2):C.R2GC_110_23,(11,2,0):C.R2GC_103_7,(11,2,1):C.R2GC_103_8,(11,2,2):C.R26GC_103_9,(10,2,0):C.R2GC_103_7,(10,2,1):C.R\
2GC_103_8,(10,2,2):C.R26C_103_9,(9,2,1):C.R2GC_102_5,(9,2,2):C.R2GC_102_6})
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* Provide renormalization scale In parameters.py

MU _R = Parameter(name = 'MU_R',
nature = 'external’,
type = 'real’,
value = 91.188
texname = '\ \tex!
lhablock = "LOOP
lhacode = [1])

» CT_vertices.py:UV, R2 counter term vertices

= CTVertex(nane = ’
type = '
particles = [ P.g, P.g, P.g, P.g ],
color = | ’

' ’ l'
lorentz = [ L.VVWV2, L.VVWW3, L.VVVWV4 ],
loop_particles = [ [ (P.b) ), [ [P.b], (P.c], [P.d]), [P.s]), [P.sbL], [(P.sBR], [P.scL], [P.scR], [P.sdL]), [(P.sdR], [P.ssL], [P.ssR], [P.stL]), [P.stR], [P.sul), [P.suR], [P.t], [P.u] ],\
[ (P.b), [P.c), (P.g), [P.s], [P.t], (P.u) ), [ [P.c) ), [ [P.g) ), [ [P.g] ), [ [P.ghG]) )}, [ [P.go) ), [ [P.s) ), [ [P.sbL) ), [ [P.sbL), [P.sbR], [P.scL), [P.scR], [P.sdL), [P.sdR], [P.ssL), [P.ssR\

1, [P.stL), [P.stR], [P.sull, [P.suR] ), [ [P.sbR) 1, [ [P.scL]) 1, [ [P.scRl ], [ [P.soL] ), [ [P.sdR] ), [ [P.ssL) 1, [ [P.ssR) ], [ [P.stL] ], [ [P.stR] ), [ [P.sul]l ), [ [P.suR) ], [ [P.t) ), [ [P.\
ul 11,

couplings = {(2,0,5):C.UvVGC_109_2,(2,0,6):C.UvGC_100_1,(9,0,5):C.UVGC_100_2,(0,0,6):C.UVGC_100_1,(4,0,5):C.UVGC_99_1085,(4,0,6):C.UVGC_99_1086,(3,0,5):C.UVGC_99_1085,(3,0,6) :C.UVGC_99\
_1086,(8,0,5):C.UuvGC_100_1,(8,0,6):C.UVGC_100_2,(6,0,8):C.UVGC_112_137,(6,0,3):C.UVGC_112_138,(6,0,4):C.UVGC_112_139,(6,0,5):C.UVGC_112_140,(6,0,6):C.UVGC_112_141,(6,9,7):C.UVGC_112_142,(6,0,8):C.UVGCY
112 _143,(6,9,9):C.UVGC_112_144,(6,9,11):C.UVGC_112_145,(6,0,12):C.UVGC_112_146,(6,9,13):C.UVGC_112_147,(6,0,14):C.UVGC_112_148,(6,0,15):C.UVGC_112_149,(6,0,16):C.UuveC_112_150,(6,0,17):C.UuvGC_112_151,\
(6,0,18):C.UVGC_112_152,(6,0,19):C.UVGC_112_153,(6,0,20):C.UVGC_112_154,(6,0,21):C.UVGC_112_155,(6,0,22):C.UVGC_112_156,(6,0,23):C.UVGC_112_157,(7,0,0):C.UVGC_112_137,(7,0,3):C.UVGC_112_138,(7,0,4):C.\
UVGC_112_139,(7,0,5):C.UVGC_105_31,(7,0,6):C.UVGC_113_158,(7,0,7):C.UVGC_112_142,(7,0,8):C.UVGC_112_143,(7,0,9):C.UVGC_112_144,(7,9,11):C.UVGC_112_145,(7,0,12):C.UVGC_112_146,(7,0,13):C.UVGC_112_147, (\
7,0,14):C.UVGC_112_148,(7,0,15):C.UVGC_112_149,(7,0,16):C.UVGC_112_150,(7,0,17):C.UVGC_112_151,(7,0,18) :C.UVGC_112_152,(7,0,19): C.UVGC_112_153,(7,0,20) :C.UVGC_112_154,(7,0,21):C.UVGC_112_155,(7,9,22):\
C.UVGC_112_156,(7,0,23):C.UVGC_112_157,(5,0,5):C.UVGC_99_1085,(5,90,6):C.UVGC_99_1086,(1,0,5):C.UVGC_99_1085,(1,0,6):C.UVGC_99_1086,(11,0,5):C.UVGC_103_5,(11,0,6):C.UVGC_103_6,(19,0,5):C.UVGC_103_5,(10\
,0,6):C.UVGC_103_6,(9,0,5):C.UvGC_102_3,(9,0,6):C.UVGC_102_4,(2,1,5):C.UVGC_100_2,1(2,1,6):C.UuvGC_100_1,(90,1,5):C.UVGC_100_2,(9,1,6):C.UVGC_100_1,(4,1,5):C.UVGC_99_1085,(4,1,6):C.UVGC_99_1086,(3,1,5):C\
LUVGC_99_1085,(3,1,6):C.UVGC_99_1086,(8,1,0):C.UVGC_105_28,(8,1,3):C.UuvGC_105_29,(8,1,4):C.UVGC_105_30,(8,1,5):C.UVGC_105_31,(8,1,6):C.UVGC_105_32,(8,1,7):C.UVGC_105_33,(8,1,8):C.UVGC_105_34,(8,1,9):C\
.UYGC_105_35,(8,1,11):C.UVGC_105_36,(8,1,12):C.UVGC_105_37,(8,1,13):C.UVGC_105_38,(8,1,14):C.UVGC_105_39,(8,1,15):C.UVGC_105_40,(8,1,16):C.UVGC_1085_41,(8,1,17):C.UVGC_105_42,(8,1,18):C.UVGC_105_43,(8,\
1,19):C.UVGC_105_44,(8,1,20):C.UVGC_105_45,(8,1,21):C.UVGC_105_46,(8,1,22):C.UVGC_105_47,(8,1,23):C.UVGC_105_48,(6,1,0):C.UVGC_114_159,(6,1,3):C.UVGC_114_160,(6,1,4):C.UVGC_114_161,(6,1,5):C.UVGC_115_\
179,(6,1,6):C.UVGC_115_180, (6,1,7):C.UVGC_114_163,(6,1,8):C.UVGC_114_164, (6,1,9):C.UVGC_115_181,(6,1,11):C.UVGC_115_182,(6,1,12):C.UVGC_115_183,(6,1,13):C.UVGC_115_184, (6,1,14) :C.UVGC_115_185,(6,1,15)\
sC.UVGC_115_186,(6,1,16):C.UVGC_115_187,(6,1,17):C.UVGC_115_188,(6,1,18):C.UVGC_115_189,(6,1,19):C.UVGC_115_190,(6,1,20):C.UVGC_115_191,(6,1,21):C.UVGC_115_192,(6,1,22):C.UVGC_114_177,(6,1,23):C.UVGC_\
114_178,(7,1,1):C.UvGC_110_133,(7,1,5):C.uvGC_1900_1,(7,1,6):C.UVGC_111_136,(7,1,7):C.UVGC_110_134,(5,1,5):C.UVGC_99_1085,(5,1,6):C.UvGC_99_1086,(1,1,5):C.UVGC_99_1085,(1,1,6):C.UVGC_99_1086,(11,1,5):C\
LUVGC_103_5,(11,1,6):C.UVGC_103_6,(10,1,5):C.UVvGC_103_5,(10,1,6):C.UVGC_103_6,(9,1,5):C.UVGC_102_3,(9,1,6):C.UVGC_102_4,(0,2,5):C.UVGC_100_2,(9,2,6):C.uvGC_100_1,(2,2,5):C.UVGC_100_2,(2,2,6):C.UuvGC_10\
e_1,(5,2,5):C.UVGC_99_1085,(5,2,6):C.UVGC_99_1086,(1,2,5):C.UVGC_99_1085,(1,2,6):C.UVGC_99_1086,(7,2,0):C.UVGC_114_159,(7,2,3):C.UVGC_114_160,(7,2,4):C.UVGC_114_161,(7,2,5):C.UVGC_104_10,(7,2,6):C.UVG\
€_114_162,(7,2,7):C.UVGC_114_163,(7,2,8):C.UVGC_114_164,(7,2,9):C.UVGC_114_165,(7,2,11):C.UVGC_114_166,(7,2,12):C.UVGC_114_167,(7,2,13):C.UVGC_114_168,(7,2,14):C.UVGC_114_169,(7,2,15):C.UVGC_114_170, (\
7,2,16):C.uv6eC_114_171,(7,2,17):C.UVGC_114_172,(7,2,18):C.UVGC_114_173,(7,2,19):C.UVGC_114_174,(7,2,20):C.UVGC_114_175,(7,2,21):C.UVGC_114_176,(7,2,22):C.UVGC_114_177,(7,2,23):C.UVGC_114_178,(4,2,5):C\
.UVYGC_99_1085,(4,2,6):C.UVGC_99_1086,(3,2,5):C.UVGC_99_1085,(3,2,6):C.UVGC_99_1086,(8,2,08):C.UVGC_104_7,(8,2,3):C.UVGC_104_8,(8,2,4):C.UVGC_104_9,(8,2,5):C.UVGC_104_10,(8,2,6):C.UVGC_104_11,(8,2,7):C.\
UVGC_104_12,(8,2,8):C.UVGC_104_13,(8,2,9):C.UVGC_104_14,(8,2,11):C.UVGC_104_15,(8,2,12):C.UVGC_104_16,(8,2,13):C.UVGC_104_17,(8,2,14):C.UVGC_104_18,(8,2,15):C.UVGC_104_19,(8,2,16):C.UVGC_104_20,(8,2,1\
7):C.UVGC_104_21,(8,2,18):C.UVGC_104_22,(8,2,19):C.UvGC_104_23,(8,2,20):C.UVGC_104_24,(8,2,21):C.UVGC_104_25,(8,2,22):C.UVGC_104_26,(8,2,23):C.UVGC_104_27,(6,2,2):C.UVGC_110_133,(6,2,6):C.UVGC_102_3, (\
6,2,7):C.UVGC_110_134,(6,2,10) :C.UVGC_118_135,(11,2,5) :C.UVGC_103_5,(11,2,6) : C.UVGC_103_6,(10,2,5) : C.UVGC_103_5,(10,2,6) :C.UVGC_183_6,(9,2,5) : C.UVGC_102_3,(9,2,6) : C.UVGC_182_4})
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Prowde renormalization scale In parameters.py

= Parameter(name =
nature =
type =
value = 91. 188
texname =
lhablock =
lhacode = [1])

» CT_vertices.py:UV, R2 counter term vertices

» CT_couplings.py: couplings for UV and R2 counter terms

= Coupling(name =
value =
order = { :4})
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UFO@NLO

mede renormalization scale In parameters.py

= Parameter(name =
nature =
type =
value = 91. 188
texname =
lhablock =
lhacode = [1])

» CT_vertices.py:UV, R2 counter term vertices

» CT_couplings.py: couplings for UV and R2 counter terms

= Coupling(name =
value =
order = { :4})

CT parameters.py: Darameters for UV and R2

= CTParameter(name =
type = ’
value = {-1: ,0:
texname =
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UFO@NLO

mede renormalization scale In parameters.py

= Parameter(name =
nature =
type =
value = 91. 188
texname =
lhablock =
lhacode = [1])

» CT_vertices.py:UV, R2 counter term vertices

» CT_couplings.py: couplings for UV and R2 counter terms

= Coupling(name =
value =
order = { :4})

CT parameters.py: Darameters for UV and R2

= CTParameter(name =
type = '
value = .8
texname =

1

coeflicient of —
€
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Prowde renormalization scale In parameters.py

= Parameter(name =
nature =
type =
value = 91. 188
texname =
lhablock =
lhacode = [1])

» CT_vertices.py:UV, R2 counter term vertices

» CT_couplings.py: couplings for UV and R2 counter terms

= Coupling(name =
value =
order = { :4})

CT parameters.py: Darameters for UV and R2

= CTParameter(name =

type = ’
1 =
::x::me ? )
1 :

coeflicient of — finite piece
€
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UFO@NLO

Prowde renormalization scale In parameters.py

= Parameter(name =
nature =
type =
value = 91. 188
texname =
lhablock =
lhacode = [1])

» CT_vertices.py:UV, R2 counter term vertices

» CT_couplings.py: couplings for UV and R2 counter terms

= Coupling(name =
value =
order = { :4})

» CT parameters.py: parameters for UV and R2

D -
value » {9:
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* Provide renormalization scale In parameters.py

= Parameter(name =
nature =
type = )
value = 91,188,
texname =
lhablock =
Lhacode = [1])

» CT_vertices.py:UV, R2 counter term vertices

» CT_couplings.py: couplings for UV and R2 counter terms

= Coupling(name =
value =
order = { :4})

- CT parameters.py. parameters for UV and R2

lue » {0

Complicated mass spectrum makes
the computation heavy !!!
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ONE-LOOP INTEGRAL

* Integral can be reduced to
/d(426) N(1) a minimal basis that was

DoD1Do---D,,_1 known.

> igiyizis Lo(toi11273)+ « Rational term R is in
O0sto<ti<tz<tz=m-—I general process
Z CigirinLo(l0i192)+ dependent.

0<tp<t1<t12<m—1

> bigi, Zolioir)+

0<ig<ii<m—1

Z OJZ‘OI() (’L())‘|‘

OS’I:O Sm—l

I7,
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ONE-LOOP INTEGRAL

* Integral can be reduced to
/d(426) N(1) a minimal basis that was

DoD1Do---D,,_1 known.

) @igirizisTo(i0iri2i3)+ « Rational term R is in

0<io <y <ig iz <m— seneral process

o(ioi1i2)+ dependent.

0<to<if<12<mM

S GTatii )

' 1<m 1

Rational functlons

of external momentum
and masses
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R2 @

 The numerator N(I) Isa = For example, gluon SE:
complicated function
(Clifford algebra etc) in d-
and 4-dimensional

quantrties. LS T+ me)y” (- b+ mo)lees

* [t is usually conv.to work — ° Dirac algebra gives the (d-4)
N() in 4-dim --> super numerator

: N [ a ,ul/l2€ £,
useful for numerical 0) = (27r) bg" L Ep

calculations. * With the Iintegration

(4—2e€) Z2 _
/d () —md)

* We need a special rational  « The correspondmg R2 term
term R2 |

MINI-WORKSHOP, JUSSIEU HUA-SHENG SHAO
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R2

Draggiotis, Garzelli, Papadopoulos, Pittau (JHEP’09); HSS, Zhang, Chao (JHEP’I I)

* It was proven that R2 is only UV related, hence universal (l.e.

model dependent only), which can be derived by R2
counterterm Feynman rules and should be derived once for

all In each model.
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R2

Draggiotis, Garzelli, Papadopoulos, Pittau (JHEP’09); HSS, Zhang, Chao (JHEP’I I)

't was proven that R2 i1s only UV related, hence universal (l.e.

model dependent only), which can be derived by R2
counterterm Feynman rules and should be derived once for

all In each model.

[y vh | S Q) v ‘- f -" cab 1'2 2 P ‘””(\)
— \(It((’v;:. (’l”) \('lt'('ﬂ,(l’,l | ’,, ! 7!1‘“, + 1\[[\ (_’I,“_,I' I’“Ilp) T Z \. ![‘[‘,r

Q

vim

— Vert(Oi O gs NZ—-1 .. .
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