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Prediction chain
SymmetriesSU(3)⇥ SU(2)⇥ U(1) Gµ⌫Gµ⌫ + ıq̄(i)Dµ�

µq(i) + · · ·
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SymmetriesSU(3)⇥ SU(2)⇥ U(1) Gµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + · · ·

Matrix Elementpp ! jj QCD = 2 M2
gg!dd̄ , ...

Thursday, May 21, 15



Valentin Hirschi, SLAC MadGraph5_aMC@NLO 05.18.2015MC4BSM

Prediction chain

ModelGµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + [· · · ] = ı�µtaij , ...

SymmetriesSU(3)⇥ SU(2)⇥ U(1) Gµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + · · ·

Matrix Elementpp ! jj QCD = 2 M2
gg!dd̄ , ...

Partonic Eventsmatrix.f

Thursday, May 21, 15



Valentin Hirschi, SLAC MadGraph5_aMC@NLO 05.18.2015MC4BSM

Prediction chain

ModelGµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + [· · · ] = ı�µtaij , ...

SymmetriesSU(3)⇥ SU(2)⇥ U(1) Gµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + · · ·

Matrix Elementpp ! jj QCD = 2 M2
gg!dd̄ , ...

Partonic Eventsmatrix.f

Hadron level {⇡0,K+, e+, p, · · · }events.lhe
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Prediction chain

ModelGµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + [· · · ] = ı�µtaij , ...

SymmetriesSU(3)⇥ SU(2)⇥ U(1) Gµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + · · ·

Matrix Elementpp ! jj QCD = 2 M2
gg!dd̄ , ...

Partonic Eventsmatrix.f

Hadron level {⇡0,K+, e+, p, · · · }events.lhe

Detector levelevents.hep
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Prediction chain

ModelGµ⌫Gµ⌫ + ıq̄(i)Dµ�
µq(i) + [· · · ] = ı�µtaij , ...

Matrix Elementpp ! jj QCD = 2 M2
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Partonic Eventsmatrix.f
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SymmetriesGalileo
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Matrix Elementpp ! jj QCD = 2 M2
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Prediction chain

Partonic Eventsmatrix.f

Hadron level {⇡0,K+, e+, p, · · · }events.lhe

Detector levelevents.hep

SymmetriesGalileo

ModelFeynRules

Matrix ElementMadGraph 5
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Prediction chain

Hadron level {⇡0,K+, e+, p, · · · }events.lhe

Detector levelevents.hep

SymmetriesGalileo

ModelFeynRules

Matrix ElementMadGraph 5

Partonic EventsMadEvent 5
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Prediction chain

Detector levelevents.hep

SymmetriesGalileo

ModelFeynRules

Matrix ElementMadGraph 5

Partonic EventsMadEvent 5

Hadron levelPythia / Herwig
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Prediction chain
SymmetriesGalileo

ModelFeynRules

Matrix ElementMadGraph 5

Partonic EventsMadEvent 5

Hadron levelPythia / Herwig

Detector levelPGS/DELPHES
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Prediction chain
SymmetriesGalileo

ModelFeynRules

Hadron levelPythia / Herwig

Detector levelPGS/DELPHES

Partonic EventsMadFKS inc. MC@NLO
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d
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Matrix ElementMG5 inc. MadLoop
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ModelFeynRules

Artwork by C. Degrande
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Lagrangian

FeynArts

Interfaces or UFO

TeX Feynman Rules

Model-file
Particles, parameters, ...

FeynRules

Golem

MadGraph 5

Sherpa

[Alloul, Christensen, Degrande, Duhr, Fuks] 

Whizard

CalcHep

HERWIG

Feynrules Structure
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Feynrules: the basics
• Start with the definition of the abstract objects entering the Lagrangian

Fields, Lagrangian and other 
variables defined in the model.fr 
file using Mathematica syntax.
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Feynrules: the basics

Output {
< 0|iLI |fields >
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Feynrules: the basics

Output {

The UFO format has become the 
standard, as it is now being used by 

MG5_aMC, Sherpa, GoSam
< 0|iLI |fields >
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The UFO STANDARD
[ C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,  T.Reiter in 1108.2040v1] 

• A python module containing the full model information, consisting of the files...
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The UFO STANDARD
[ C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,  T.Reiter in 1108.2040v1] 

• A python module containing the full model information, consisting of the files...

coupling_orders.py

• name

• hierarchy

• In	
  the	
  SM:	
  QCD,	
  QED
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The UFO STANDARD
[ C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,  T.Reiter in 1108.2040v1] 

vertices.py

• A python module containing the full model information, consisting of the files...

coupling_orders.py

• name

• hierarchy

• In	
  the	
  SM:	
  QCD,	
  QED
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The UFO STANDARD
[ C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,  T.Reiter in 1108.2040v1] 

vertices.py

• A python module containing the full model information, consisting of the files...

coupling_orders.py

• name

• hierarchy

• In	
  the	
  SM:	
  QCD,	
  QED

lorentz.py
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The UFO STANDARD
[ C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,  T.Reiter in 1108.2040v1] 

vertices.py

• A python module containing the full model information, consisting of the files...

couplings.py

coupling_orders.py

• name

• hierarchy

• In	
  the	
  SM:	
  QCD,	
  QED

lorentz.py
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The UFO STANDARD
[ C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,  T.Reiter in 1108.2040v1] 

vertices.py

• A python module containing the full model information, consisting of the files...

couplings.py

coupling_orders.py

• name

• hierarchy

• In	
  the	
  SM:	
  QCD,	
  QED

parameters.pylorentz.py

Thursday, May 21, 15



Valentin Hirschi, SLAC MadGraph5_aMC@NLO 05.18.2015MC4BSM

The UFO STANDARD
[ C. Degrande, C. Duhr, B. Fuks, D. Grellscheid, O. Mattelaer,  T.Reiter in 1108.2040v1] 

vertices.py

• A python module containing the full model information, consisting of the files...

couplings.py

coupling_orders.py

• name

• hierarchy

• In	
  the	
  SM:	
  QCD,	
  QED

parameters.pylorentz.py
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FR+UFO: Big Success at LO
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two missing ingredients for NLO

• UV counterterms:
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two missing ingredients for NLO

• UV counterterms:

�0 ! (1 +
1

2
�Z��) +

X

�

1

2
�Z���

x0 ! x+ �x

g(x) ! g(x+ �x)

L0 ! L+ �L
Fields

ext. params

int. params }
A) Renormalize the Lagrangian 
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two missing ingredients for NLO

• UV counterterms:

�0 ! (1 +
1

2
�Z��) +

X

�

1

2
�Z���

x0 ! x+ �x

g(x) ! g(x+ �x)

L0 ! L+ �L
Fields

ext. params

int. params }
A) Renormalize the Lagrangian 

B) Compute defining loops 

Done in FeynArts. Notice that for        , only poles are needed.MS
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two missing ingredients for NLO

• UV counterterms:

�0 ! (1 +
1

2
�Z��) +

X

�

1

2
�Z���

x0 ! x+ �x

g(x) ! g(x+ �x)

L0 ! L+ �L
Fields

ext. params

int. params }
A) Renormalize the Lagrangian 

C) Solve for the counterterms by applying renormalization conditions 

B) Compute defining loops 

Done in FeynArts. Notice that for        , only poles are needed.MS
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two missing ingredients for NLO

• UV counterterms:

�0 ! (1 +
1

2
�Z��) +

X

�

1

2
�Z���

x0 ! x+ �x

g(x) ! g(x+ �x)

L0 ! L+ �L
Fields

ext. params

int. params }
A) Renormalize the Lagrangian 

C) Solve for the counterterms by applying renormalization conditions 

D) Derive and output the corresponding UV counterterms. 

B) Compute defining loops 

Done in FeynArts. Notice that for        , only poles are needed.MS
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Ex.: Renormalizing the Two Higgs Doublet Model

... automation IS 
much needed here 

H+ wavefunction 
renormalization 
constant in 2HDM
for QCD, QED and
EW corrections...
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Ex.: Renormalizing the Two Higgs Doublet Model

... automation IS 
much needed here 

H+ wavefunction 
renormalization 
constant in 2HDM
for QCD, QED and
EW corrections...

with
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(2⇡)4

Z
ddq̄

N̄(q̄)

D̄0D̄1 · · · D̄m�1
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NLOCT:   MISSING ingredients for NLO

• R2 counterterms:

D̄i = (q̄ + pi)
2 �m2

iLoop amplitude: ,

 Then : compute analytically the finite set of loops for which its contribution   
does not vanish, and re-express it in terms of an R2 Feynman rules.

R2 ⌘ lim
✏!0

1

(2⇡)4

Z
ddq̄

Ñ(q̃, q, ✏)

D̄0D̄1 · · · D̄m�1
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NLOCT:   MISSING ingredients for NLO

• R2 counterterms:

 Problem : numerical technique can only evaluate the numerator in 4 dimensions 

D̄i = (q̄ + pi)
2 �m2

iLoop amplitude: ,

 Then : compute analytically the finite set of loops for which its contribution   
does not vanish, and re-express it in terms of an R2 Feynman rules.

R2 ⌘ lim
✏!0

1

(2⇡)4

Z
ddq̄

Ñ(q̃, q, ✏)

D̄0D̄1 · · · D̄m�1

Thursday, May 21, 15



1

(2⇡)4

Z
ddq̄

N̄(q̄)

D̄0D̄1 · · · D̄m�1

Valentin Hirschi, SLAC MadGraph5_aMC@NLO 05.18.2015MC4BSM

NLOCT:   MISSING ingredients for NLO

• R2 counterterms:

 Problem : numerical technique can only evaluate the numerator in 4 dimensions 

D̄i = (q̄ + pi)
2 �m2

iLoop amplitude: ,

 Solution : isolate the ε-dim part of the numerator: N̄(q̄)| {z }
d-dim

= N(q)| {z }
4-dim

+ Ñ(q̃, q, ✏)| {z }
✏�dim

 Then : compute analytically the finite set of loops for which its contribution   
does not vanish, and re-express it in terms of an R2 Feynman rules.

R2 ⌘ lim
✏!0

1

(2⇡)4

Z
ddq̄

Ñ(q̃, q, ✏)

D̄0D̄1 · · · D̄m�1
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NLOCT:   MISSING ingredients for NLO

• R2 counterterms:

 Problem : numerical technique can only evaluate the numerator in 4 dimensions 

D̄i = (q̄ + pi)
2 �m2

iLoop amplitude: ,

 Solution : isolate the ε-dim part of the numerator: N̄(q̄)| {z }
d-dim

= N(q)| {z }
4-dim

+ Ñ(q̃, q, ✏)| {z }
✏�dim

 Then : compute analytically the finite set of loops for which its contribution   
does not vanish, and re-express it in terms of an R2 Feynman rules.

�
Z

ddq̄
q̃2

D̄0D̄1D̄2
= � i⇡2

2
+O(✏) Ex. : 

�i
↵

2⇡
e�µ

R2 ⌘ lim
✏!0

1

(2⇡)4

Z
ddq̄

Ñ(q̃, q, ✏)

D̄0D̄1 · · · D̄m�1
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Ex:   4-gluon vertex R2 in the SM 

R2 counterterms typically exhibit a simpler 
form, but can ALSO become more complicated.

Once again Automation is welcome.
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Lagrangian

FeynArts

Interfaces or UFO

TeX Feynman Rules

Model-file
Particles, parameters, ...

FeynRules

Golem

MadGraph 5

Sherpa

[Alloul, N. Christensen, C. Degrande, C. Duhr, B.Fuks, in 1310.1921] 

Whizard

CalcHep

HERWIG

Feynrules @ NLO (version 2.1)
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Lagrangian

FeynArts

Interfaces or UFO

TeX Feynman Rules

Model-file
Particles, parameters, ...

FeynRules

Golem

MadGraph 5

Sherpa

[Alloul, N. Christensen, C. Degrande, C. Duhr, B.Fuks, in 1310.1921] 

Whizard

CalcHep

HERWIG

FeynArts
Needed for the

computation of  UV 
and R2 counterterms

N
ew

 and public!

[C. Degrande, 1406.3030] 

NLOCT
+

Feynrules @ NLO (version 2.1)
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UFO @ NLO
• A couple modifications to the tree-level UFO Standard.

coupling_orders.py

• perturbative_expansion

Specifies the kind of loops 
supported by the model
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UFO @ NLO

CT_vertices.py

• A couple modifications to the tree-level UFO Standard.

coupling_orders.py

• perturbative_expansion

Specifies the kind of loops 
supported by the model
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UFO @ NLO

CT_vertices.py

• A couple modifications to the tree-level UFO Standard.

coupling_orders.py

• perturbative_expansion

Specifies the kind of loops 
supported by the model

CT_parameters.py
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UFO @ NLO

CT_vertices.py

• A couple modifications to the tree-level UFO Standard.

coupling_orders.py

• perturbative_expansion

Specifies the kind of loops 
supported by the model

CT_parameters.py

• The one-to-one correspondence between a loop and its “corresponding counterterms” 
is kept as far as possible, guaranteeing consistency for any process definition.

[See sect. 2.4.2 of MG5_aMC ref paper for details, i.e. 1405.0301v2 ]
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[C. Degrande, 1406.3030] 
NLOCT    LIMITATIONS / ASSUMPTIONS

MS

• Renormalizable Lagrangian, i.e. maximum operator dimension is 4.

• Feynman gauge

• t’Hooft-Veltman scheme

• Onshell renormalization condition for wavefunctions and masses

•          everywhere else (zero momentum subtraction possible for 
couplings of massive fermions to gauge bosons).

• The generalization of the renormalization conditions 
considered is an important ongoing effort as it is necessary for:

EW corrections, 
full MSSM, 
complex-mass scheme (partially supported already),
...
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• Instead of using an external tool for loop diagram generation, we recycle 
MadGraph5 algorithm for tree level diagram generation.

• A loop diagrams with the loop cut open has two extra external particles. 
Consider e+e- ➞ u u~ u u~ (loop particles are in green).

≡

(Loop) Matrix ElementMG5 inc. MadLoop
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• Instead of using an external tool for loop diagram generation, we recycle 
MadGraph5 algorithm for tree level diagram generation.

• A loop diagrams with the loop cut open has two extra external particles. 
Consider e+e- ➞ u u~ u u~ (loop particles are in green).

≡

≡

(Loop) Matrix ElementMG5 inc. MadLoop
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• Instead of using an external tool for loop diagram generation, we recycle 
MadGraph5 algorithm for tree level diagram generation.

• A loop diagrams with the loop cut open has two extra external particles. 
Consider e+e- ➞ u u~ u u~ (loop particles are in green).

≡

≡

Diag 1 = [u⇤(6)g⇤(5)u⇤(A)]

Diag 3 = [u⇤(A)u⇤(6)g⇤(5)]

(Loop) Matrix ElementMG5 inc. MadLoop
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• Instead of using an external tool for loop diagram generation, we recycle 
MadGraph5 algorithm for tree level diagram generation.

• A loop diagrams with the loop cut open has two extra external particles. 
Consider e+e- ➞ u u~ u u~ (loop particles are in green).

≡

≡

Diag 1 = [u⇤(6)g⇤(5)u⇤(A)]

Diag 3 = [u⇤(A)u⇤(6)g⇤(5)]

(Loop) Matrix ElementMG5 inc. MadLoop

+
1

2 6

5

R2 / UV
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Matrix ElementMG5 inc. MadLoop

• Robust towards complicated one-loop ME which can be generated, and 
computed for a single phase space point (with standalone mode [virt=])

• Can easily create a ML dynamic library to interface to other Monte-
Carlo generator (as it is done in a still private plugin to Sherpa).

Process tgeneration trun / PS / hel. conf. nloops | nloop_groups

g	
  g	
  →	
  d	
  d~	
  b	
  b~	
  t	
  t~	
  [virt=QCD] 15 h 18.6 s    5’4614 | 8’190 

u	
  u~	
  →	
  d	
  d~	
  t	
  t~	
  [virt=QCD	
  QED] 28 min 895 ms    10’947 | 811

u	
  d~	
  →	
  d	
  d~	
  W+	
  Z	
  H	
  [virt=QCD	
  QED] 25 h 26.4 s  187’138 | 8’098

Details in 1405.0301
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Matrix ElementMG5 inc. MadLoop

• Robust towards complicated one-loop ME which can be generated, and 
computed for a single phase space point (with standalone mode [virt=])

• Can easily create a ML dynamic library to interface to other Monte-
Carlo generator (as it is done in a still private plugin to Sherpa).

Process tgeneration trun / PS / hel. conf. nloops | nloop_groups

g	
  g	
  →	
  d	
  d~	
  b	
  b~	
  t	
  t~	
  [virt=QCD] 15 h 18.6 s    5’4614 | 8’190 

u	
  u~	
  →	
  d	
  d~	
  t	
  t~	
  [virt=QCD	
  QED] 28 min 895 ms    10’947 | 811

u	
  d~	
  →	
  d	
  d~	
  W+	
  Z	
  H	
  [virt=QCD	
  QED] 25 h 26.4 s  187’138 | 8’098

Details in 1405.0301

• No reason not to cross-check alternative computations of loop ME’s vs MadLoop
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Matrix ElementMG5 inc. MadLoop

• Robust towards complicated one-loop ME which can be generated, and 
computed for a single phase space point (with standalone mode [virt=])

• Can easily create a ML dynamic library to interface to other Monte-
Carlo generator (as it is done in a still private plugin to Sherpa).

Process tgeneration trun / PS / hel. conf. nloops | nloop_groups

g	
  g	
  →	
  d	
  d~	
  b	
  b~	
  t	
  t~	
  [virt=QCD] 15 h 18.6 s    5’4614 | 8’190 

u	
  u~	
  →	
  d	
  d~	
  t	
  t~	
  [virt=QCD	
  QED] 28 min 895 ms    10’947 | 811

u	
  d~	
  →	
  d	
  d~	
  W+	
  Z	
  H	
  [virt=QCD	
  QED] 25 h 26.4 s  187’138 | 8’098

Details in 1405.0301

• No reason not to cross-check alternative computations of loop ME’s vs MadLoop

• MadLoop has, in practice, no limitations on the kind of models it can handle, 
hence making the ability to build the corresponding UFO@NLO model the major 
current obstacle towards full general higher order corrections for BSM physics.

Thursday, May 21, 15



Valentin Hirschi, SLAC MadGraph5_aMC@NLO 05.18.2015MC4BSM

madgraph5_aMC@NLO

Process generation

With options specified:
>	
  import	
  model	
  loop_sm-­‐no_hwidth
>	
  set	
  complex_mass_scheme
>	
  generate	
  p	
  p	
  	
  >	
  e+	
  ve	
  mu-­‐	
  vm~	
  b	
  b~	
  /	
  h	
  QED=2	
  [QCD]
>	
  output	
  MyProc
>	
  launch	
  -­‐f

 generate	
  <process>	
  <amp_orders_and_option>	
  [<mode>=<pert_orders>]	
  <squared_orders>	
  
 import	
  model	
  <model_name>-­‐<restrictions>

 output	
  <format>	
  <folder_name>
 launch	
  <options>

Examples, starting from a blank MG5 interface.

Very simple one:
>	
  generate	
  p	
  p	
  >	
  t	
  t~	
  [QCD]
>	
  output
>	
  launch

Event Generation follows at NLO like at LO

[J. Alwall, R. Frederix, S. Frixione,V.H., F. Maltoni,  O. Mattelaer, H.S. Shao, T. Stelzer, P. Torrielli, M. Zaro, 1405.0301]

Thursday, May 21, 15

http://inspirehep.net/author/profile/Mattelaer%2C%20O.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Mattelaer%2C%20O.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Shao%2C%20H.%20-S.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Shao%2C%20H.%20-S.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Stelzer%2C%20T.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Stelzer%2C%20T.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Torrielli%2C%20P.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Torrielli%2C%20P.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Zaro%2C%20M.?recid=1293923&ln=en
http://inspirehep.net/author/profile/Zaro%2C%20M.?recid=1293923&ln=en


Valentin Hirschi, SLAC MadGraph5_aMC@NLO 05.18.2015MC4BSM

madgraph5_aMC@NLO

Process generation

With options specified:
>	
  import	
  model	
  loop_sm-­‐no_hwidth
>	
  set	
  complex_mass_scheme
>	
  generate	
  p	
  p	
  	
  >	
  e+	
  ve	
  mu-­‐	
  vm~	
  b	
  b~	
  /	
  h	
  QED=2	
  [QCD]
>	
  output	
  MyProc
>	
  launch	
  -­‐f

 generate	
  <process>	
  <amp_orders_and_option>	
  [<mode>=<pert_orders>]	
  <squared_orders>	
  
 import	
  model	
  <model_name>-­‐<restrictions>

 output	
  <format>	
  <folder_name>
 launch	
  <options>

Examples, starting from a blank MG5 interface.

Very simple one:
>	
  generate	
  p	
  p	
  >	
  t	
  t~	
  [QCD]
>	
  output
>	
  launch

Event Generation follows at NLO like at LO

The only difference between LO and NLO 
from the user perspective!

[J. Alwall, R. Frederix, S. Frixione,V.H., F. Maltoni,  O. Mattelaer, H.S. Shao, T. Stelzer, P. Torrielli, M. Zaro, 1405.0301]
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A loop model database
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A loop model database

NLO models (100000) 3 models for now

http://feynrules.irmp.ucl.ac.be/wiki/NLOModels

• Many more BSM models in development and to be added to this list.

• Now to a practical illustration : simplified model for colored scalar pair production.
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Scalar color triplet pair production
[C. Degrande, B. Fuks, V.H., J. Proudom, H.S.Shao in 1412.5589 ] 

• Squark pair production
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Scalar color triplet pair production
[C. Degrande, B. Fuks, V.H., J. Proudom, H.S.Shao in 1412.5589 ] 

• Squark pair production

• Counterterms derived by FR+NLOCT :

R2

• Analytical cross-checks and numerical comparison vs Prospino :

UV

Thursday, May 21, 15
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Scalar color triplet pair production
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Colored Scalar octet pair production
[C. Degrande, B. Fuks, V.H., J. Proudom, H.S.Shao in 1412.5589 ] 

• sgluon pair production
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Colored Scalar octet pair production
[C. Degrande, B. Fuks, V.H., J. Proudom, H.S.Shao in 1412.5589 ] 

• sgluon pair production

• Counterterms derived by FR+NLOCT :

UV
• Analytical cross-checks and numerical comparison for local phase-

space points vs MadGolem.

R2

Thursday, May 21, 15
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Soon !
BSM(s)

Thursday, May 21, 15



Valentin Hirschi, SLAC MadGraph5_aMC@NLO 05.18.2015MC4BSM

Additional Slides
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Generating loop diagrams

• It is clear though that d d~ ➞ c c~ u u~ will not get you this loop :

• For this one you necessarily need to generate the born process with the 
additional two L-cut particles being gluons!

• Loops including a u-quark were already generated with d d~ ➞ c c~ u u~, so 
you can speed up the d d~ ➞ c c~ g g generation forbidding u in the loop!

d

d~

d

d~

c

c~

c

c~

g g
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Generating loop diagrams
• It is not yet what we want, we are missing the l-cut propagator

d~

c~ d~ c~

d cg g

➱

d c

g1

g2

gµ⌫

l2

• Also close the color trace → insert a         or       to the color chain�ab �ij

i

j

k

l

a

b

➱ T r
ijf

arsfsbtT t
kl �ab
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Generating loop diagrams
• Closing the Lorentz trace :

i

j

k

l

➱

Gµ

G⌫

�µ⌫ =
4X

i=0

�µi|{z}
Gµ

�i⌫|{z}
G⌫

• Two other modifications : 

➥ Allow for the loop momentum to be complex

➥ Remove the denominator of the loop propagators

• Ok, now this gives you              , the integrand numerator to be fed to OPP!  N (lµ)
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Open-loops
[S. Pozzorini & al. hep-ph/1111.5206]

• Lite-Motive: Be Numerical where you can and analytical where you should.

N (lµ) =
r
maxX

r=0

C(r)
µ0µ1···µr

lµ0 lµ1 · · · lµr

Thursday, May 21, 15
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Open-loops
[S. Pozzorini & al. hep-ph/1111.5206]

• Lite-Motive: Be Numerical where you can and analytical where you should.

N (lµ) =
r
maxX

r=0

C(r)
µ0µ1···µr

lµ0 lµ1 · · · lµr

• How to get these coefficients? (Wavefunction and 4-momenta indices now omitted)

...
W 0

1

W 1
2

W 1
3

W 2
4

W 3
5V 1

1

V 0
2

V 1
3

V 0
4
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Open-loops
[S. Pozzorini & al. hep-ph/1111.5206]

• Lite-Motive: Be Numerical where you can and analytical where you should.

N (lµ) =
r
maxX

r=0

C(r)
µ0µ1···µr

lµ0 lµ1 · · · lµr

• How to get these coefficients? (Wavefunction and 4-momenta indices now omitted)

...
W 0

1

W 1
2

W 1
3

W 2
4

W 3
5V 1

1

V 0
2

V 1
3

V 0
4

V (r=0,1)
j =

rX

i=0

vij l
iW (r)

j =
rX

i=0

wi
j l

i
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Open-loops
[S. Pozzorini & al. hep-ph/1111.5206]

• Lite-Motive: Be Numerical where you can and analytical where you should.

N (lµ) =
r
maxX

r=0

C(r)
µ0µ1···µr

lµ0 lµ1 · · · lµr

• How to get these coefficients? (Wavefunction and 4-momenta indices now omitted)

...
W 0

1

W 1
2

W 1
3

W 2
4

W 3
5V 1

1

V 0
2

V 1
3

V 0
4

V (r=0,1)
j =

rX

i=0

vij l
iW (r)

j =
rX

i=0

wi
j l

i

W (0)
1 = w0

1 = 1
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Open-loops
[S. Pozzorini & al. hep-ph/1111.5206]

• Lite-Motive: Be Numerical where you can and analytical where you should.

N (lµ) =
r
maxX

r=0

C(r)
µ0µ1···µr

lµ0 lµ1 · · · lµr

• How to get these coefficients? (Wavefunction and 4-momenta indices now omitted)

...
W 0

1

W 1
2

W 1
3

W 2
4

W 3
5V 1

1

V 0
2

V 1
3

V 0
4

V (r=0,1)
j =

rX

i=0

vij l
iW (r)

j =
rX

i=0

wi
j l

i

W (0)
1 = w0

1 = 1

W (1)
2 = (v11l + v01)w

0
1
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Open-loops
[S. Pozzorini & al. hep-ph/1111.5206]

• Lite-Motive: Be Numerical where you can and analytical where you should.

N (lµ) =
r
maxX

r=0

C(r)
µ0µ1···µr

lµ0 lµ1 · · · lµr

• How to get these coefficients? (Wavefunction and 4-momenta indices now omitted)

...
W 0

1

W 1
2

W 1
3

W 2
4

W 3
5V 1

1

V 0
2

V 1
3

V 0
4

V (r=0,1)
j =

rX

i=0

vij l
iW (r)

j =
rX

i=0

wi
j l

i

W (0)
1 = w0

1 = 1

W (1)
2 = (v11l + v01)w

0
1

W (1)
3 = v02W

(1)
2 = v02(v

1
1l + v01)w

0
1
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Open-loops
[S. Pozzorini & al. hep-ph/1111.5206]

• Lite-Motive: Be Numerical where you can and analytical where you should.

N (lµ) =
r
maxX

r=0

C(r)
µ0µ1···µr

lµ0 lµ1 · · · lµr

• How to get these coefficients? (Wavefunction and 4-momenta indices now omitted)

...
W 0

1

W 1
2

W 1
3

W 2
4

W 3
5V 1

1

V 0
2

V 1
3

V 0
4

V (r=0,1)
j =

rX

i=0

vij l
iW (r)

j =
rX

i=0

wi
j l

i

W (0)
1 = w0

1 = 1

W (1)
2 = (v11l + v01)w

0
1

W (1)
3 = v02W

(1)
2 = v02(v

1
1l + v01)w

0
1

W (1)
4 = V (1)

3 W (1)
2 = (v13l + v03)v

0
2(v

1
1l + v01)w

0
1
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Open-loops
[S. Pozzorini & al. hep-ph/1111.5206]

• Lite-Motive: Be Numerical where you can and analytical where you should.

N (lµ) =
r
maxX

r=0

C(r)
µ0µ1···µr

lµ0 lµ1 · · · lµr

• How to get these coefficients? (Wavefunction and 4-momenta indices now omitted)

...
W 0

1

W 1
2

W 1
3

W 2
4

W 3
5V 1

1

V 0
2

V 1
3

V 0
4

V (r=0,1)
j =

rX

i=0

vij l
iW (r)

j =
rX

i=0

wi
j l

i

W (0)
1 = w0

1 = 1

W (1)
2 = (v11l + v01)w

0
1

W (1)
3 = v02W

(1)
2 = v02(v

1
1l + v01)w

0
1

W (1)
4 = V (1)

3 W (1)
2 = (v13l + v03)v

0
2(v

1
1l + v01)w

0
1

... or end of loop and C(2) = v13v
0
2v

1
1w

0
1, C

(1) = v02w
0
1(v

1
3v

1
0 + v03v

1
1), C

0 = · · ·
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Process Details

Process unpol tcoef / ttot pol tcoef / ttot nloops / nloop_groups

u	
  u~	
  →	
  t	
  t~ 42% 20% 8 / 14
u	
  u~	
  →	
  w+	
  w-­‐ 69% 21% 5 / 6
u	
  d~	
  →	
  w+	
  g 52% 16% 9 / 11
g	
  g	
  →	
  t	
  t~ 66% 25% 26 / 45

u	
  u~	
  →	
  t	
  t~	
  g 78% 18% 54 / 128
u	
  u~	
  →	
  w+	
  w-­‐	
  g 91% 24% 40 / 98
u	
  d~	
  →	
  w+	
  g	
  g 69% 17% 61 / 144
g	
  g	
  →	
  t	
  t~	
  g 92% 29% 164 / 556

u	
  u~	
  →	
  t	
  t~	
  g	
  g 88% 22% 374 / 1530
u	
  u~	
  →	
  w+	
  w-­‐	
  g	
  g 95% 25% 260 / 1108
u	
  d~	
  →	
  w+	
  g	
  g	
  g 84% 20% 405 / 1827
g	
  g	
  →	
  t	
  t~	
  g	
  g 97% 35% 1168 / 7356

u	
  d~	
  →	
  w+	
  g	
  g	
  g	
  g 94% 21% 3255 / 25666
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Running speed of one-loop amplitudes
Color summed, with OPP

Process tpol [ms] nhel tunpol [ms]

u	
  u~	
  →	
  t	
  t~ 0.52 3/16 0.72
u	
  u~	
  →	
  w+	
  w-­‐ 0.43 10/36 1.00
u	
  d~	
  →	
  w+	
  g 0.87 6/24 1.51
g	
  g	
  →	
  t	
  t~ 2.51 6/16 5.42

u	
  u~	
  →	
  t	
  t~	
  g 7.44 16/32 27.5
u	
  u~	
  →	
  w+	
  w-­‐	
  g 9.3 36/72 81.8
u	
  d~	
  →	
  w+	
  g	
  g 13.5 12/48 36.9
g	
  g	
  →	
  t	
  t~	
  g 40.8 32/32 381

u	
  u~	
  →	
  t	
  t~	
  g	
  g 142 32/64 1010
u	
  u~	
  →	
  w+	
  w-­‐	
  g	
  g 166 72/144 2820
u	
  d~	
  →	
  w+	
  g	
  g	
  g 260 24/96 1’310
g	
  g	
  →	
  t	
  t~	
  g	
  g 826 64/64 16’900

u	
  d~	
  →	
  w+	
  g	
  g	
  g	
  g 9400 48/192 90’900

Polarized timing competitive

Good enough for 2 → 3
Unpolarized timing

Might need further 
improvement for 2 → 4

 2 → 5  generation feasible

But evaluation is slow, so only 
 useful to cross-check other codes

(Ex. gg→gggg successfully cross-checked 
vs NGluon[S. Badger])

Higher multiplicity

 t2→2 : t2→3 : t2→4     1 : 40 : 800 ms≲
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