Al=loor — Z d; Box; + Z ¢; Triangle; + Z b; Bubble;

+ Z a; Tadpole; + R

e Box, Trianble, Bubble and Tadpole are known scalar
integrals

e |oop computation = find the coefficients
e Unitarity
e Multiple cuts

e Tensor reduction (OPP)
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Automated computation for BSM



Input : model.fr

Output : vertices
C. Degrande



FeynRules
outputs can be
used directly by
event generators

UFO : output with
the full information
used by several
generators
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Predefined
basis for most
ME

Coupling
(function of the
parameters)

Lorentz (Metric/Levi-
Civita tensors,
Momenta,Dirac

matrices)
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- Generic output with the full model information

- coupling_orders.py, parameters.py, particles.py,
write_param_card.py, __init__.py,

. verticei.p<

- decays.py

couplings.py, lorentz.py
No basis, all the lorentz
structures of the model

- CT vertices.py, CT _couplings.py (For NLO)

- Python module used in MadGraph, Herwig, Gosam, Sherpa
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(Frrmememeneeees® This is a template model file for FeynRuleg ****** )

(s |ndex definition ***r )
IndexRange|[ Index[Generation] | = Range[3]
IndexFormat[Generation, f]

(***** Parameter list ******)

M3$Parameters = { o _
} Definition of variables

(7" Gauge group list ™) in Mathematica syntaxe

M$GaugeGroups = {
J

(***** Particle classes list ******)

M$ClassesDescription = {

J
C. Degrande



M$ModelName = "my_new_model";

M$Information = {

Authors -> {"Mr. X", "Ms. Y"},
Institutions -> {"UC Louvain"},
Fmails -> {"XOuclouvain.be", "YQuclouvain.bel},
Date -> "01.03.2013",
References -> {"reference 1", "reference 2"},
URLs -> {"http://feynrules.irmp.ucl.ac.be"},
Version -> "1.0"
¥

Good practice for credit, issue(s) tracking
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Used in parameters, gauge groups
and fields

Tells FR to remplace
summed indices by

the explicite sum
IndexRange[ Index[Colour] ] = Rangel3];

IndexRange[ Index[SU2W] ] = Range[3] ];

IndexRange[ Index[Gluon] ] =(NoUnfold)l Rangel8] ];

Tells FA/FC not to
remplace summed

indices by the
explicite sum
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Used in parameters, gauge groups
and fields

Tells FR to remplace
summed indices by

the explicite sum

IndexRange[ Index[Colour] ] = Rangel[3];
IndexRange[ Index[SU2W] ] = Range[3] ];

IndexRange[ Index[Gluon] ] =(NoUnfold)l Rangel8] ];

Tells FA/FC not to
remplace summed

IndexStyle[ Colour, i ]; indices by the
IndexStylel[ Gluon, a J; .
explicite sum

Format:
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Used in parameters, gauge groups
and fields

Tells FR to remplace
summed indices by

the explicite sum

IndexRange[ Index[Colour] ] = Rangel[3];
IndexRange[ Index[SU2W] ] = Range[3] ];

IndexRange[ Index[Gluon] ] =(NoUnfold)l Rangel8] ];

Tells FA/FC not to
remplace summed

IndexStyle[ Colour, i ]; indices by the
IndexStylel[ Gluon, a J; .
explicite sum

Format:

Predefined indices: Lorentz, Spin, Spinl, Spin&
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M$Parameters = {
paraml == { optionsl },
param?2 == { options2 },

BlockName

|
OrderBlock Compulsory!

InteractionOrder -> {QED,-2},
Description ->"Inverse of the EW coupling constant at the Z
pole”

b
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M$Parameters = {
paraml == { optionsl },
param?2 == { options2 I,

+;

s
Value -> Sqrt [MZ"2/ 2+Sqrt[1\/IZ"4/4-Pi/ oqrt[2]*al
*MZ"2]],
TeX -> Subscript[ M, W],
Description ->"W mass"

b

&)
=
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M$Parameters = A
paraml == { optionsl I},
param?2 == { options2 I,

+;
aBEWM1 ==
ParameterType -> External
BlockName -> SMINPUTS _
) |—>
OrderBlock - 1 For the LHA cards
Value -> 127.9

InteractionOrder -> {Q:
Description  ->"Inverse of the EW.coupling constant at the Z
pole”

}s Dependence in the expansion parameters
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M$Parameters = A
paraml == { optionsl I},
param?2 == { options2 I,

+;
aBEWM1 ==
ParameterType -> External
BlockName -> SMINPUTS _
) |—>
OrderBlock - 1 For the LHA cards
Value -> 127.9

[ InteractionOrder -> {QED.-21}.]~_

Description  -> "Inverse of the ?Vilooupling constant at the 2
pole”

}s ‘Dependence in the expansion parameters|
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Inthe SM: QCD the power of g
QED the power of ¢

aEWMI1 =={ ...
InteractionOrder -> {QED,-2},
Description ->"Inverse of the EW coupling constant at the Z pole"

b

vev == {...
InteractionOrder -> {QED,-1},
Description ->"Higgs vacuum expectation value"

I
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Inthe SM: QCD the power of g
QED the power of ¢

aEWMI1 =={ ...
InteractionOrder -> {QED,-2},
Description ->"Inverse of the EW coupling constant at the Z pole"

b

vev == {...
InteractionOrder -> {QED,-1},
Description ->"Higgs vacuum expectation value"

. 9
}s e (nul,mnuz,ug T Ny, s Mz, s — 277u1,u277u3,u4)

2
1€°UN 1y i
252

W+
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Inthe SM: QCD the power of g
QED the power of ¢

vev == {...
InteractionOrder -> {QED,-1},
Description ->"Higgs vacuum expectation value"

b

yu=={...
InteractionOrder -> {QED, 1},

Description ->"Up-type Yukawa couplings”
}s
Such that masses have QED=0

= == — ,‘ . e s == e ——— = -M
‘However ¥ is not a small parameter!
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M$InteractionOrderHierarchy = { {QCD, 1},
{QED, 2} };

gSNGQ
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M$InteractionOrderHierarchy = { {QCD, 1},
{QED, 2} };

gSNGQ

£:£+Z%Oi+0(z\—4)

NP  the power of A~2 {NP, 2}
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M$InteractionOrderHierarchy = { {QCD, 1},
{QED, 2} };

gSNGQ

£:£+Z%Oi+0(z\—4)

NP  the power of A~2 {NP, 2}

M$InteractionOrderLimit = {{NP,1}};

Max power per diagram of A=2 is 1
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M$ClassesDescription = {

spinl[1] == { optionsl },

spinl1[2] == { options2 },

spin2[1] == { options3 },
.
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WE 1/ ]M$ClassesDescription = {

== { optionsl 7},
== { options2 1},
== { options3 17,
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wr 12| M$ClassesDescription = {

== { optionsl 7},
== { options2 1},
== { options3 17,

Umque Id C. Degrande



ClassName->..., SelfConjugate->...,
Indices->...,QuantumNumbers->...,
FlavorIndex->..., ClassMembers,
Mass->..., Witdh->..., PDG->...,
Definitions->..., Unphysical->...,
Chirality->..., MajoranaPhase->...,
WeylComponents->...,
Goldstone->..., Ghost->..., ...(Formayt)

== { |optionsl]| },
== { |options2|},
== { |options3]|},

Unlque Id C. Degrande



F[3] == ClassName ->1q,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},
Flavorindex -> Generation,
SelfConjugate -> False,

Mass -> {Mu, {MU, 2.55*"-3}, {(MC,1.27}, {MT,172}},
Width -> {0, O, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},

PDG -2 {2a 496},
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F[3]=={ ClassName ->1uq,
ClassMembers\, ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},
Flavorindex -> Generation,
SelfConjugate -> False,

Mass -> {Mu, {MU, 2.55*"-3}, {(MC,1.27}, {MT,172}},
Width -> {0, O, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},

PDG -2 {2a 496},
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Generation index distinguishes
F[3]=={ ClassName ->uq, the class members

ClassMembers

-> 4, G, by,
Indices -> Index[Colour]},
FlavorIndex \-> Generation
SelfConjugate -> False,
Mass -> {Mu, {MU, 2.55*"-3}, {MC,1.27}, {MT,172}},
Width -> {0, O, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},
PDG -2 {2a 4,6},
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F[3] == ClassName ->uq,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], [ndex[Colour]),
FlavorIndex -> Generation,
SelfConjugate -> False,
Mass -> {Mu, {MU, 2.55*"-3}, {MC,1.27}, {MT,172}},
Width -> {0, O, {WT,1.508336491}},

QuantumNumbers -> -—{Q > /31 .
PDG > (2.4, 6}, Same representation
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F[3] == ClassName ->uq,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},

FlavorIndex -> Generation,
SelfConjugate -> False External parameters
Mass -> {Mu,({ MU, 2.55*"-3}, {MC,1.27}, {MT,172})},

Width -> {0, 0, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},
PDG -> {2, 4, 6},
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F[3] == ClassName ->uq,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},

FlavorIndex -> Generation,
SelfConjugate -> False External parameters
Mass > (MU, 2.55*"-3}, {MC,1.27}, {MT,17_}},

Width -> {0, 0, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},
PDG -> {2, 4, 6},

} GeneriC label Mass -> {MW, Internal}

Mass -> {MZ, 91.188}
Mass -> {{MU,0}, {MC,0}, {MT, 174.3}}
Mass -> {Mu, {MU, 0}, {MC, 0}, {MT, 174.3}}
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F[3] == ClassName ->uq,
ClassMembers ->{u,c,t},
Indices -> {Index[Generation], Index[Colour]},
FlavorIndex -> Generation,
SelfConjugate -> False,

Mass -> {Mu, {MU, 2.55*"-3}, {MC,1.27}, {MT,172}},
Width -> {0, 0, {WT,1.508336491}},
QuantumNumbers -> {Q ->2/3},
PDG -> {2, 4, 61,

Not used in FR but by
} following codes
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Interaction eigenstates

V[1_] ==
ClassName -> Wi, FR does not export
Unphysical -fTrue, }——o>" them to matrix
SelfCOIljuga,te -> TPU.e, element COde

Indices -> {Index[SULW]},

FlavorIndex -> SULW,

Definitions -> { Wi[mu_,1] -> (Wbar[mu]+W[mu])/Sqrt[2],
Wilmu_,2] -> (Wbar[mu]{W[mu])/(L[*Sqrt[R]), Wi[mu_,3] -> cw

Physical fields
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U[ll] ==
ClassName ->ghB,
Unphysical ->True,
SelfConJuga,te -> False,

Ghost ->
Definitions -> {€hB ->-sw ghZ + cw ghA]}

) ClassName of the
S[a] = boson

ClassName -> 0,
SelfConjugate ->Tr
Goldstone

N
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M$GaugeGroups = {
UlY ==

ADbelian -> True,
CouplingConstant -> g1,
GaugeBoson -> B,
Charge >Y

},...

SUSC ==
Abelian -> Halse,
CouplingConstant -> gs,
GaugeBoson -> (7,
otructureConstant -> f,
Representations -> {T,Colour},
SymmetricTensor ->dSUN

1
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M$GaugeGroups = {

Abelian -> True
CouplingConstant -> g1,
GaugeBoson

},...

SUSC ==

Abelian -> False,
CouplingConstant -> gs,
GaugeBoson -> (7,
otructureConstant -> f,
Representations -> {T,Colour},
SymmetricTensor ->dSUN

1
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M$GaugeGroups = {
Uly ==
ADbelian -> True,
CouplingConstant -> g1,
GaugeBoson  -> B,
Charge >Y

},...

SUSC ==
CouplingConstant -> gs,
GaugeBoson -> (7,
Representations -> {T,Colour},
SymmetricTensor ->dSUN

}
1
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M$GaugeGroups = {
UlyY ==

ADbelian -> True,
CouplingConstant -> g1,
GaugeBoson -> B,
Charge >Y

},...

SUSC ==
Abelian -> False,
CouplingConstant -> gs,
GaugeBoson -> (7,
StructureConstant -> f,
Representations -> {T,Colour
SymmetricTensor ->dSUN

Associlated Index

15 Generator label
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FS[ A, mu, nu(, a)] >F5V = 0,A], — (9,,142 + gfabcAZA‘;

abelian

DC[phi, mu] D6 = 0,0~ ig AT
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1 _
LD = —5 GG, + idIpd
L =-1/4 FS[G, mu, nu, a] FS[G, mu, nu, al]
+ I dgbar.Ga[mu] .DC[dqg, mu]
FeynRules creates the "anti-particle name
Dot to avoid commuting the fermions

dgbarYGa[mul]¥T[a] "dq
Gal[mu,s,r] Tla,i,j] dgbarls,f,i].dqlr,f,j]

FeynRules restores the
iIndices internally
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In Mathematica :

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loading the model
LoadModel[ < file.fr >, < file2.fr >, ... ]

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ];

Checking the Lagrangian

CheckKineticTermNormalisation[ L ]
CheckMassSpectrum|[ L ]

Outputting the Lagrangian

WriteUFO[ L ] C. Degrande



In Mathematica :

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loading the model

LoadModel[ < file.fr >, < file2.fr >, ... ] All the model files should
be loaded at once

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ];

Checking the Lagrangian

CheckKineticTermNormalisation[ L ]
CheckMassSpectrum|[ L ]

Outputting the Lagrangian

WriteUFO[ L ] C. Degrande



In Mathematica :

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loading the model
LoadModel[ < file.fr >, < file2.fr >, ... ]

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ];

Checking the Lagrangian

CheckKineticTermNormalisation[ L ] o
CheckMassSpectrum[ L ] (0| 2L |fields)

Outputting the Lagrangian

All momenta are incoming
WriteUFO[ L ]
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In Mathematica :

Loading Feynrules

$FeynRulesPath = SetDirectory[ <the address of the package> 1];
<< FeynRules"

Loading the model
LoadModel[ < file.fr >, < file2.fr >, ... ]

Extracting the Feynman rules
vertsQCD = FeynmanRules[ LQCD ];

Checking the Lagrangian

Ose
CheckKineticTermNormalisation[ L ]
CheckMassSpectrum[ L ] <O‘ 1L \ﬁeldgﬁ@ Y

Outputting the Lagrangian

All momenta are incoming
WriteUFO[ L ]
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CheckHermiticity[ L, options ]
CheckDiagonalKineticTerms[ L, options ]
CheckDiagonalMassTerms[ L, options ] } i)
CheckDiagonalQuadraticTerms[ L, options ]

CheckKineticTermNormalisation|[ L, options ]

1 1 1 [ 1 .
Q “¢a’u¢ — §m2¢2 5)\7/@)\ — —MAA o Z AWF"u o §m2AﬂAM

2
0.010°0 —m20'o i — midp — GELF —miAL

CheckMassSpectrum[ L, options ]
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ExpandIndices[L, options]

GetKineticTerms[L, options]
GetMassTerms[L, options]
GetQuadraticTerms[L, options]
GetInteractionTerms[L, options]

SelectFieldContent[L, list]
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check gauge/ permutation/ Lorentz + your process

play with coupling order, check the diagrams

check the behaviour of your model, high energy,
resonance

C. Degrande



- Why
» LHC : QCD correction are larges

» loop induced processes may dominate (DM DM
to 2 photons, scalar production ‘a la Higgs’)

- How :

- Automated based on development done in
FeynRules and MadGraphd aMC@NLO

C. Degrande



1 N (G
Ry = lim /dd__ — (2 q,_e)

e—~0 (27‘(‘)4 D()Dl c. Dm—l

Finite set of vertices that can be computed once

for all
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Due to the € dimensional parts of the denominators

Like for the 4 dimensional part but with a different set of
integrals

~9 2 2
n — q (0 2 2 (pz_pj)
"l== = ——F|m; - @,
/ quD] ; [mZerJ 2 ]+ (€),
~9 - 9
_ q 17T
i1 _ ' 9
/ qDD-Dk 5~ +0Le),
- 9
17T
"G _ "
/ DDDle gt

Only R = R|+R; is gauge invariant |:> Check
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Relations fixed by the Lagrangian (finite part)

Finite set of vertices that can be computed once

for all
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External parameters

\ZEO - x40,

1 1
¢o — (1+ §5ZA¢¢)¢ + zx: 50ZexX

Same for the conjugate field

Internal parameters are renormalised by replacing the
external parameters in their expressions
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FeynRules

Renormalize the Lagrangian

Model.mod
FeynArts
Write the amplitudes

NLOCT.m
Compute the NLO vertices
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- Renormalizable Lagrangian, maximum dimension of
the operators is 4

- Feynman Gauge
. {,y,ua 75} =0
- ‘1t Hooft-Veltman scheme

» On-shell/complex mass scheme for the masses and
wave functions

- MS by default for everything else (zero-momentum
possible for fermion gauge boson interaction)
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- tested” on the SM (QCD:P. Draggiotis et al.
+QED:M.V. Garzelli et al)

» tested® on MSSM (QCD:H.-S. Shao, Y.-J. Zhang) :
test the Majorana

*Analytic comparison of the expressions
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e SM QCD :tested* (W. Beenakker, S. Dittmaier,
M. Kramer, B. Plumper)

e SM EW :tested* (expressions given by H.-S.
Shao from A. Denner)

*Analytic comparison of the expressions
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e aMC@NLO

e The SM QCD has been tested by V. Hirschi
(Comparison with the built-in version)

e The MSSM QCD and SM EWV are tested by H.-
S.Shao and V. Hirschi

e 2HDM QCD is currently tested (p p > S, H* t)

® gauge invariance

* pole cancelation

C. Degrande



=== Finite ===

Process Stored ML5 opt  ML5 opt ML5 default Relative diff. = Result
dd~>w+w-g  -1.2565695610e+01 -1.2565705416e+01 -1.2565696276e+01 3.9018817097e-07 Pass

=== Born ===
Process Stored ML5 opt ~ ML5 opt ML5 default Relative diff. = Result
dd~>w+w-g  1.8518318521e-06 1.8518318521e-06 1.8518318521e-06 8.061723141le-15 Pass
=== Single pole ===
Process Stored ML5 opt  ML5 opt ML5 default Relative diff. = Result
dd~>w+w-g  -1.9397426502e+01 -1.9397426502e+01 -1.9397426504e+01 5.5894073017e-11 Pass
=== Double pole ===
Process Stored ML5 opt  ML5 opt ML5 default Relative diff. = Result
dd~>wtw-g  -5.6666666667e+00 -5.6666666667e+00 -5.6666666667e¢+00 3.0015206007e-14 Pass
=== Summary ===
I/1 passed, 0/1 failed=== Finite ===
Process Stored MadLoop v4 MLS5 opt MLS5 default Relative diff. =~ Result
d~d>agg -5.3971186943e+01 -5.3971193753e+01 -5.3971189940e+01 6.3091071914e-08 Pass
=== Born ===
Process Stored MadLoop v4 MLS5 opt ML5 default Relative diff. = Result
d~d>agg 6.4168774056e-05 6.4168764370e-05 6.4168764370e-05 7.5467680882e-08 Pass
=== Single pole ===
Process Stored MadLoop v4 MLS5 opt ML5 default Relative diff. =~ Result

d~d>agg -3.7439549398e+01 -3.7439549398e+0| -3.7439549397e+01 6.8122965983e-12  Pass

=== Double pole ===
Process Stored MadLoop v4 MLS opt MLS5 default Relative diff. =~ Result
d~d>agg -8.6666666667e+00 -8.6666666667e+00 -8.6666666667e+00 2.2443585452e-14 Pass

=== Summary ===
|/1 passed, 0/1 failed=== Finite ===
Process Stored MadLoop v4 ML5 opt ML5 default Relative diff. ~ Result

d~d>zgg -5.3769573669e+01 -5.3769573347e+01 -5.3769566412e+01 6.7475496780e-08 Pass
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Process
d~d>zgg

Process
d~d>zgg

Process
d~d>zgg

Process
d~d>zzg

Process
d~d>zzg

Process
d~d>zzg

Process
d~d>zzg

Process
gg>htt~

=== Born ===
Stored MadLoop v4 MLS5 opt

ML5 default Relative diff. Result

3.1531233900e-04 3.1531235770e-04 3.1531235770e-04 2.9654886777e-08
=== Single pole ===
Stored MadLoop v4 MLS5 opt MLS5 default Relative diff. =~ Result
-3.7464897007e+01 -3.7464897007e+01 -3.7464897007e+01 4.2333025503e-12
=== Double pole ===
Stored MadLoop v4 MLS5 opt ML5 default Relative diff. =~ Result
-8.6666666667e+00 -8.6666666667e+00 -8.6666666667e+00 2.1316282073e-14
=== Summary ===
I/1 passed, 0/1 failed=== Finite ===
Stored MadLoop v4 MLS5 opt MLS5 default Relative diff. = Result
-5.9990384275e+00 -5.9990511729e+00 -5.9990379587e+00 1.1013604745e-06
=== Born ===
Stored MadlLoop v4 MLS5 opt ML5 default Relative diff. = Result
2.2616997126e-06 2.2617000449e-06 2.2617000449e-06 7.3450366526e-08
=== Single pole ===
Stored MadLoop v4 MLS5 opt ML5 default Relative diff. = Result
-1.5469587040e+01 -1.5469587040e+01 -1.5469587040e+01 1.5226666708e-I |
=== Double pole ===
Stored MadLoop v4 MLS5 opt MLS5 default Relative diff. = Result
-5.6666666667e+00 -5.6666666667e+00 -5.6666666667e+00 2.6645352591e-15
=== Summary ===
I/1 passed, 0/ failed=== Finite ===
Stored MadLoop v4 MLS5 opt ML5 default Relative diff. = Result
2.9740187004e+01 2.9740187005e+01 2.9740187036e+0l 5.3265970697e-10

Pass

Pass

Pass

Pass

Pass

Pass

Pass

Pass

C. Degrande



=== Born ===
Process Stored MadLoop v4 MLS5 opt

ML5 default Relative diff. ~ Result
gg>htt~ [.1079653971e-07 1.1079653974e-07 1.1079653974e-07 1.3190849004e-10 Pass
=== Single pole ===
Process Stored MadLoop v4 MLS5 opt MLS5 default Relative diff. =~ Result
gg>htt~ -7.0825709000e+00 -7.0825709000e+00 -7.0825709000e+00 5.0901237085e-13 Pass
=== Double pole ===
Process Stored MadLoop v4 MLS5 opt ML5 default Relative diff. =~ Result
gg>htt~ -6.0000000000e+00 -6.0000000000e+00 -6.0000000000e+00 1.7023419711e-15 Pass
=== Summary ===
I/1 passed, 0/1 failed=== Finite ===
Process Stored MadLoop v4 MLS5 opt MLS5 default Relative diff. = Result
gg>ztt~ 3.6409017466e+01 3.6409021125e+01 3.6409021117e+0l 5.0242920154e-08 Pass
=== Born ===
Process Stored MadLoop v4 MLS5 opt ML5 default
gg>ztt~

Relative diff. Result
7.0723041711e-07 7.0723046101e-07 7.0723046101e-07 3.1039274206e-08 Pass

=== Single pole ===
Process Stored MadLoop v4 MLS5 opt

ML5 default Relative diff. = Result
gg>ztt~ -7.1948086812e+00 -7.1948086773e+00 -7.1948086773e+00 2.7349789963e-10 Pass
=== Double pole ===
Process Stored MadLoop v4 MLS5 opt MLS5 default Relative diff. = Result
gg>ztt~ -6.0000000000e+00 -6.0000000000e+00 -6.0000000000e+00 2.5165055225e-15 Pass
=== Summary ===
I/1 passed, 0/ failed=== Finite ===
Process Stored ML5 opt  ML5 opt ML5 default Relative diff. =~ Result
dd~>w+t+w-g  -1.2565695610e+01 -1.2565705416e+01 -1.2565696276e+01

3.9018817097e-07 Pass
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=== Born ===

Process Stored ML5 opt  ML5 opt ML5 default Relative diff. = Result
dd~>w+w-g  1.8518318521e-06 1.8518318521e-06 1.8518318521e-06 8.0617231411e-15 Pass

=== Single pole ===
Process Stored ML5 opt ~ ML5 opt MLS5 default Relative diff. =~ Result
dd~>wtw-g  -1.9397426502e+01 -1.9397426502e+01 -1.9397426504e+01 5.5894073017e-11 Pass

=== Double pole ===
Process Stored ML5 opt ~ ML5 opt ML5 default Relative diff. =~ Result
dd~>wtw-g  -5.6666666667e+00 -5.6666666667e+00 -5.6666666667e+00 3.0015206007e-14 Pass

=== Summary ===
I/1 passed, 0/1 failed=== Finite ===
Process Stored ML5 opt  ML5 opt MLS5 default Relative diff. =~ Result
d~d>agg -1.1504816412e+01 -1.1504816557e+01 -1.1504815497e+01 4.6089385415e-08 Pass
=== Born ===
Process Stored ML5 opt ~ ML5 opt ML5 default Relative diff. =~ Result
d~d>agg 2.3138920858e-06 2.3138920858e-06 2.3138920858e-06 4.3012538015e-15 Pass
=== Single pole ===
Process Stored ML5 opt  ML5 opt ML5 default Relative diff. = Result
d~d>agg -2.8637049838e+01 -2.8637049838e+01 -2.8637049838e+01 1.5718407645e-13 Pass
=== Double pole ===
Process Stored ML5 opt  ML5 opt MLS5 default Relative diff. = Result
d~d>agg -8.6666666667e+00 -8.6666666667e+00 -8.6666666667e+00 1.7421961310e-15 Pass
=== Summary ===
I/1 passed, 0/ failed=== Finite ===
Process Stored ML5 opt  ML5 opt ML5 default Relative diff. = Result
d~d>zgg -1.0306105482e+01 -1.0306105654e+01 -1.0306102645e+01 1.4600800434e-07 Pass

+2/3
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.\‘ E ". In the IOOPZ (
: same as SM S
o . . l,l;
/Q/a.'a\,o}\ +axial anomaly (" Dy o) »

ABC yAv (yBp C .
JEGL GG More momenta: higher rank

oTo Gy, G of the integral numerator

Additional gamma

g0 T4, ) p G},
and colour algebra (@ J2 G
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SM:

7
UL gl=gi=si=—si=—gi=—a

SMEFT:
SN F G F U F 8N F — 8N F — &)
+ modification of quarks-gluon vertex (chromo)

;ﬂ;ﬁj IVZE
17 X 6191192/41,“2
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0-0-O

Evanescent operators: O = (ay"T*u) (t7,T*t)

pI q p3 pI q p3
p2 p4 p2 P4

YEyY 4P PR @ V7Y, Pr = E + (16 — 4ag)y" Pr ® 7, Pr
V" PR ® 111 Pr = —E + [4 — (12 — 4a)e]y" Pr @ 7, Pr

/

Extra R2 (gauge invariant)
Change the UV matching
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+ gauge Inv.

- basis dependent
SZQQQQC< s dep

Connected by gauge invariance and operator to

SZQQQQD.<

00000

O
R2 difference :
sonse ")
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Srerran s e |

- C.D., G. Durieux, F. Maltoni, K.
Mimasu, E Vryonidou, C. Zhang,
2008.11743
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https://arxiv.org/abs/2008.11743

Notation | Spin | Mass | SU(3) | SU(2) | U(1)
2 0 My 1 1 0
Do 0 Mo 1 1 0 My > My > My, > My
U 1/2 | My | 3 1| 2/3
E 12 | Mg | 1 1 1
2 2
Lsm. = —% T — % > — Migh103

+Gauge kinetic term
Lim = MUUU + MEEE

Ly = )\1@51UPRU —+ )\quQUPR’U, —+ )x’lqblEPRe —+ )\’qugEPRe

pp—>l_]U

U — udq,
U— udy, &9 —elE, EF— edy
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- Download FeynRules 2.0 from

- https://feynrules.irmp.ucl.ac.be

 Copy the SM directory in feynrules/models and rename it
Tutorial

e Create a model file Tutorial.fr (text file)

C. Degrande


https://feynrules.irmp.ucl.ac.be

M3SModelName = "Tutorial";
MSInformation = {Authors -> {"C.
Degrande'},

Version -> "1.0",

Date -> "21. 07. 2014",
Institutions -> {“UCLouvain'},
Emails ->
{“celine.degrandef@uclouvain.be”}

}r
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- 9 new external parameters :

+ M1, mg, mi2,[Mu, M| A1, Az, A1’, A2’
oee
otep 3
MSParameters = {

MM1 ==
ParameterType -> External,

}:
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- 9 new external parameters :

+ M1, mg, mi2,[Mu, Mz|[A1, Az, A1’, A2’
oee
otep 3
MSParameters = {

MM1 ==
ParameterType -> External,

}i InteractionOrder ->{NP, 1},
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* 3 internal parameters : M1, Mz, O

®1 \ [ —sinf@ cos6 R
oo ) cos) sinb D,

Interaction Mass
eigenstates eigenstates

* ParameterTypels Internal
* Value is a Mathematica expression
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Ul E | ¢ | 92 | &
uv | ev | pil | pi2 | p1l

S| M$SClassesDescription = {
!Unique ID (check in SM.fr)‘

g
p2

F[1007 == {

ClassName -> uv, R SN”
SelfConjugate -> FalsiL////J efined In

Indices -> {Index[Colour]},
QuantumNumbers -> {Y -> 2/3, Q -> 2/3},
Mass -> {Muv, 500}, _
Width -> {Wuv, 1} “ {Mpel, Internal}
b

}
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http://SM.fr

S[100]

®1 P2

uv

ev

pil pi2

== {

ClassName -> pil,
SelfConjugate -> True,

Indices -> {},

Unphysical -> True,

Definitions -> {pil ->

Cos[th] p2}

}

— Sin[th] pl +
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SFeynRulesPath =
SetDirectory[“~/feynrules"];
<< FeynRules"

SetDirectory[ SFeynRulesPath <> "/Models/
Tutorial”]

LoadModel[ "SM.fr", "Tutorial.fr"]
LoadRestriction[ "DiagonalCKM.rst",
"Massless.rst"]
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1/2 del[pil, mul]del[pil, mu] - 1/2 MM1"2 pil"2
Lint:=laml pil uvbar.ProjP.t
HC[Lint]

I uvbar.Ga[mu].DC[uv, mu] - Muv uvbar.uv

C. Degrande



1/2 del[pil, mul]del[pil, mu] - 1/2 MM1"2 pil"2
Lint:=laml pil uvbar.ProjP.t
HC[Lint]

I uvbar.Ga[mu].DC[uv, mi] - Muv uvbar.uv
A

Fermion anti-commute
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vertices = FeynmanRules[ LNew ];
CheckMassSpectrum|[ LNew ]
ComputeWidths[vertices];
PartialWidth[ {uv, t, pl} ]
TotWidth[ uv ]

BranchingRatio[ {uv, t, pl}]
SetDirectory[“~/mg5amcnlo/models” ];
WriteUFO[ LSM + LNew ];
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run checks!

Run your process as in the SM

Check diagrams, distributions, ...
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Lren = OnShellRenormalization[LSM + LNew, QCDOnly -> True,
FlavorMixing -> False]; // Timing

SetDirectory["™ /FeynArts-3.8/Models"];
WriteFeynArtsOutput[Lren, GenericFile -> False,
Output -> "Tutorial"]; // Timing

Quit[]

SetDirectory["™ /FeynArts-3.xx"];

<< FeynArts"

SetDirectory[“~ /feynrules-current"]
<< NLOCT"

SetDirectory[“~ /feynrules-current/Models/tutorial®]
WriteCT["Tutorial/Tutorial”, "Lorentz", QCDOnly -> True,
Exclude4ScalarsCT -> True,
ZeroMom -> {{aS, {F[14], V[4], -F[14]}}}] // Timing
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Quit(]

SetDirectory[“" /feynrules-current/Models/tutorial®]
Get[“Tutorial.nlo"]

SetDirectory["~ /mg5amenlo/models"];
WriteUFO[LSM + LNew, Output -> "Tutorial_NLO",
R&Vertices -> RR$vertlist, UVCounterterms -> UV$vertlist]
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Tutorial of MC4BSM 1209.0297v1
FeynRules manual

NLOCT manual : 1406.3030
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