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FEYNRULES

Idea Lagrangian Simulated 
collisions

UFO MADGRAPH5
aMC@NLO

PYTHIA

HERWIG
FASTJET

DELPHES

Exp. 

Event 

MADANALYSIS5
Analysis codes

✦ A comprehensive approach to Monte Carlo simulations
 [ Example based on FEYNRULES and MADGRAPH5_aMC@NLO ]

✦ Streamline the chain from the model Lagrangian to analyzed simulated collisions

✤ Works at the leading order
★ Implementation of the new physics Lagrangian into FEYNRULES

★ Generation of a UFO model file
★ Import of the model into MADGRAPH5_aMC@NLO
★ Hard scattering process with MADGRAPH5_aMC@NLO
★ Matching to parton showering, multiparton matrix element merging, hadronization, detector simulation, etc.

✤ Fully tested and validated in the context of large classes of new physics models

 What about new physics event generation
 at the next-to-leading order in QCD?

Slide by B. Fuks
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• Tree-level ME: MadGraph

• Resolved phase-space integration: MadEvent

• Unresolved phase-space integration: MadFKS

• Loop ME: MadLoop

• Amplitude: ALOHA+MadLoop

• Loop integration: OPP+TIR

• Renormalization: FeynRules->UFO->MadLoop
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FeynRules
• First official (non-beta) version was 

released in 16 Dec 2013.

• A first public code that provides 
NLO-QCD in SM and its interface 
to the shower automatically. 

• At the same level,NLO-EW and 
BSM should be available in recent 
years. 

Alwall, Frederix, Frixione, Hirschi, Maltoni, Mattelaer, HSS, Stelzer, Torrielli, Zaro (JHEP‘14)
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• Consider a m-point loop 
diagram with n external 
momenta.

• The integral is
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a minimal basis that was 
known.
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• Rational term R is in 
general process 
dependent.
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• Loop reduction tools
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CutTools

Max # of den. Max # of rank Complex mass

IREGI
PJFry++
Golem95
Samurai
Ninja

10 # of den. yes†

7† 7† yes

5? # of den. no

6

Quadruple precision

yes

no

no
Min(6, 

# of den.+1) yes no
yes no8 # of den. +1

†

-
Min(20, 

# of den.+1)

†
yes no

‡

† The limitation is not intrinsic to the reduction tool, and is only 
parametrical so that it is trivial to increase if proven necessary.

? Pentagons in PJFry++ are formally supported but typically too 
unstable for integration.

‡ The limitation can be increased by 1 when applies to some 
simple Lorentz structure like HEFT.
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• Loop reduction tools
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Speed Stability
gg ! tt̄gg

CutTools
IREGI

PJFry++
Golem95
Samurai
Ninja

230 ms
13295 ms

-
6226 ms
580 ms
90 ms

The choice of loop reduction tools depends on the process 
and the model considered !
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• The numerator N(l) is a 
complicated function 
(Clifford algebra etc) in d- 
and 4-dimensional 
quantities.

• It is usually conv. to work 
N(l) in 4-dim --> super 
useful for numerical 
calculations.

•We need a special rational 
term R2 !

12

• For example, gluon SE:

N(l) = � ↵S

(2⇡)3
�abTr[�

µ(/l +mt)�
⌫(/l + /p+mt)]"µ"⌫

•Dirac algebra gives the (d-4) 
numerator
Ñ(l̃) = 4

↵S

(2⇡)3
�abg

µ⌫ l̃2"µ"⌫

•With the integration
Z

d(4�2✏)l
l̃2

(l2 �m2
t )((l + p)2 �m2

t )
= � i⇡2

2

✓
2m2

t �
p2

3

◆
+O(✏)

• The corresponding R2 term
R2 = � i↵S

4⇡
(2m2

t �
p2

3
)�abg

µ⌫"µ"⌫
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LOOP INTEGRALS: R2

• It was proven that R2 is only UV related, hence universal (i.e. 
model dependent only), which can be derived by R2 
counterterm Feynman rules and should be derived once for 
all in each model.

13

Draggiotis, Garzelli, Papadopoulos, Pittau (JHEP’09); HSS, Zhang, Chao (JHEP’11)
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• Instead of using an external tool for loop diagram generation, we recycle 
MadGraph algorithms 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 particle are in red).MadLoop will 
generate 8 L-cut diagrams. Here are two of them:

• All diagrams with two extra particles                                                       are 
generated and the ones that are                                                           
redundant need be filtered out

• Each diagram gets an unique tag:                                                                   
any mirror and/or cyclic permutations                                                                    
of tags of diagrams already in the                                                                          
set are taken out

• Additional filter to eliminate tadpole                                                           
and bubbles attached to external lines.

Hirschi, Frederix, Frixione, Garzelli, Maltoni, Pittau (JHEP’11)
LOOP AMPLITUDE
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RENORMALIZATION
• Renormalization is a non-trivial task in principle.

• In QFT, renormalization is widely used to absorb (the 
divergence from) the high-momentum mode.

• The renormalization of some theories is quite well known, such 
as QCD (or the Standard Model).

15
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• Renormalization is a non-trivial task in principle.

• In QFT, renormalization is widely used to absorb (the 
divergence from) the high-momentum mode.

• The renormalization of some theories is quite well known, such 
as QCD (or the Standard Model).

15

• In general, the UV divergences should be absorbed by a 
redefinition of

• the free parameters (such as mass, couplings, mixing angles etc

• the fields

              

x0 ! x+ �x

�0 ! (1 +
1

2
�Z��)�+

X

�
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2
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REAL SUBTRACTION

• Subtraction the IR piece by a constructed function S

16

• Because of IR div, difficult to integrate real phase-space !

Z

3
| |2+· · ·

Z

3
S� + S( )

R
• Requirement:

• The IR singularity of R and S are completely same (i.e. local)

• S is much easier to integrate analytically at least one particle’s 
phase space for NLO computation.
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• The real IR singular form is

where �i ⌘
Eip
ŝ
, yij ⌘ cos ✓ij

Frixione, Kunszt, Signer (NPB’96); Frederix, Frixione, Maltoni, Stelzer (JHEP’09)
REAL SUBTRACTION
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• The real IR singular form is

where �i ⌘
Eip
ŝ
, yij ⌘ cos ✓ij

soft

Frixione, Kunszt, Signer (NPB’96); Frederix, Frixione, Maltoni, Stelzer (JHEP’09)
REAL SUBTRACTION
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• The real IR singular form is

where �i ⌘
Eip
ŝ
, yij ⌘ cos ✓ij

collinear

Frixione, Kunszt, Signer (NPB’96); Frederix, Frixione, Maltoni, Stelzer (JHEP’09)
REAL SUBTRACTION

Thursday, January 14, 16



CERN Hua-Sheng Shao

This is an output file created in Illustrator CS3

Colour reproduction
The badge version must only be reproduced on a 
plain white background using the correct blue:
 Pantone: 286
 CMYK: 100  75  0  0 
 RGB: 56  97  170
 Web: #3861AA

Where colour reproduction is not faithful, or the 
background is not plain white, the logo should be 
reproduced in black or white – whichever provides 
the greatest contrast. The outline version of the 
logo may be reproduced in another colour in 
instances of single-colour print.

Clear space
A clear space must be respected around the logo: 
other graphical or text elements must be no closer 
than 25% of the logo’s width.

Placement on a document
Use of the logo at top-left or top-centre of a 
document is reserved for official use.

Minimum size
Print: 10mm
Web: 60px

 
CERN Graphic Charter: use of the outline version of the CERN logo•MG5_aMC used Frixione-Kunszt-Signer (FKS) subtraction of S

17

• The real IR singular form is

where �i ⌘
Eip
ŝ
, yij ⌘ cos ✓ij

•Divide phase-space so that each partition has at most 
one soft and one collinear singularity

Frixione, Kunszt, Signer (NPB’96); Frederix, Frixione, Maltoni, Stelzer (JHEP’09)
REAL SUBTRACTION
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• The real IR singular form is

where �i ⌘
Eip
ŝ
, yij ⌘ cos ✓ij

•Divide phase-space so that each partition has at most 
one soft and one collinear singularity

•The real can be regulated as

• Soft counterterm is blind of spin, but the splitting kernel in 
collinear counterterm is dependent of spin/gauge/... 

Frixione, Kunszt, Signer (NPB’96); Frederix, Frixione, Maltoni, Stelzer (JHEP’09)
REAL SUBTRACTION
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Parton shower
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• When matching NLO events to PS, one faces double counting issues. 

• And also part of the virtual contribution is double counted through the 
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• How to incorporate all of above information in a model file ?
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FEYNRULES: DERIVATION

• Extracting the Feynman rules

•Output the model files for various generators
CalcHep
FeynArts
Sherpa

Whizard

WriteCHOutput[ L ]
WriteFeynArtsOutput[ L ]

WriteSHOutput[ L ]

WriteWOOutput[ L ]

WriteUFO[ L ]
MadGraph5_aMC@NLO

Sherpa
GoSam

{
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FEYNRULES: DERIVATION

• Extracting the Feynman rules

•Output the model files for various generators
CalcHep
FeynArts
Sherpa

Whizard

WriteCHOutput[ L ]
WriteFeynArtsOutput[ L ]

WriteSHOutput[ L ]

WriteWOOutput[ L ]

WriteUFO[ L ]
MadGraph5_aMC@NLO

Sherpa
GoSam

{NEW Standard !
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WHY IS THE UFO NOW A STANDARD ?
Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)

Slide by B. Fuks
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For example: SUSY QCD

Degrande, Duhr, Fuks, Grellscheid, Mattelaer, Reiter (CPC’12)
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• Particles are in particles.py
• Instances of the particle class
• spin, color, mass, width, PDG etc
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• Parameters are in parameters.py
• External parameters are in LHA-like 
• Python-compliant formula for int. para

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

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

• lorentz.py: define the Lorentz structure in the model

• couplings.py: define the coupling constant in the model

• coupling_orders.py: define the coupling orders in the model
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• 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

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

• lorentz.py: define the Lorentz structure in the model

• couplings.py: define the coupling constant in the model

• coupling_orders.py: define the coupling orders in the model
Make sure > 0 for NLO QCD
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• CT_vertices.py:UV, R2 counter term vertices

• CT_couplings.py: couplings for UV and R2 counter terms
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• CT_vertices.py:UV, R2 counter term vertices

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

• CT_parameters.py: parameters for UV and R2
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• CT_vertices.py:UV, R2 counter term vertices

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

• CT_parameters.py: parameters for UV and R2

coe�cient of

1

✏
finite pieceComplicated mass spectrum makes 

the computation heavy !!!
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• Non-renormalized operator
• e.g. EFT, High spin (graviton) theories etc
• Higher rank integrals

• RG running of new couplings
• e.g. EFT, simplified models etc
• Solving the RG equation
• Generalizing the way of scale uncertainties estimation (reweighting)

• Fermion-flow violation

• Complete operators to cancel UV divergences

• theories with Majorana particles or with fermion-flow violation 
interactions, e.g. SUSY etc

• Fixing the correct fermion flow via charge conjugation in amplitudes
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• Multiply fermion lines
• e.g. four-fermion operator in EFT

• Finite renormalization
• e.g. in SUSY, one needs SUSY restoring counterterm if one uses 

dimensional regularization. 
• Or one needs the extra finite renormalization if one uses dimensional 

reduction to match the usual PDF scheme (extracted in dimensional 
regularization).

• New color representation
• e.g. sextet particles. 
• New evolution kernels in MadFKS and/or in MC@NLO. 
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CERN Graphic Charter: use of the outline version of the CERN logo

NEW INGREDIENTS
• It is not a thorough list, which are of course strongly biased.

30

• Multiply fermion lines
• e.g. four-fermion operator in EFT

• Finite renormalization
• e.g. in SUSY, one needs SUSY restoring counterterm if one uses 

dimensional regularization. 
• Or one needs the extra finite renormalization if one uses dimensional 

reduction to match the usual PDF scheme (extracted in dimensional 
regularization).

• New color representation
• e.g. sextet particles. 
• New evolution kernels in MadFKS and/or in MC@NLO. 

All above issues should be solved by the 
physical applications/motivations.
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Degrande, Fuks, Hirschi, Proudom, HSS (PRD’15)

1. Download UFO from FR Wiki
2. Put the UFO model in models
3. ./bin/mg5_aMC
4. > import model stop_ ttmet_ufo
5. > generate p p > sig3 sig3~ [QCD]
6. > output pp2t1t1QCD
7. > launch
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Degrande, Fuks, Hirschi, Proudom, HSS (PRD’15)
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EXAMPLE 1: A STOP SIMPLIFIED MODEL
Degrande, Fuks, Hirschi, Proudom, HSS (PRD’15)
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✦ The sgluon (σ8) model

✤ One scalar field in the adjoint representation (σ8)
✤ Effective couplings (g): only for the decay that is enforced to be at the leading order
✤ g couplings at NLO: a consistent effective theory is required for a proper renormalization 

Production Decay

✦ UV behavior (on-shell scheme, zero-momentum subtraction for        )
✤ Analytical checks

↵s

Degrande, Fuks, Hirschi, Proudom, HSS (PRD’15)

1. Download UFO from FR Wiki
2. Put the UFO model in models
3. ./bin/mg5_aMC
4. > import model sgluon_ ufo
5. > generate p p >  sig8 sig8~ [QCD]
6. > output pp2sig8sig8QCD
7. > launch
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✦ The sgluon (σ8) model

✤ One scalar field in the adjoint representation (σ8)
✤ Effective couplings (g): only for the decay that is enforced to be at the leading order
✤ g couplings at NLO: a consistent effective theory is required for a proper renormalization 

Production Decay

✦ UV behavior (on-shell scheme, zero-momentum subtraction for        )
✤ Analytical checks

↵s

Non-renormalizable operator
Degrande, Fuks, Hirschi, Proudom, HSS (PRD’15)

1. Download UFO from FR Wiki
2. Put the UFO model in models
3. ./bin/mg5_aMC
4. > import model sgluon_ ufo
5. > generate p p >  sig8 sig8~ [QCD]
6. > output pp2sig8sig8QCD
7. > launch
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✦ Total rates at 8 TeV and 13 TeV

8 TeV 13 TeV
✤ NNPDF2.3; scales set to the sgluon mass; uncertainties evaluated as for the stop case
✤ Validation with MADGOLEM

★ Discrepancy of a 1-3 % for central scale choices; larger for other scale setups
★ MADGOLEM is overestimating the numerical uncertainties

Numerically validated

Hadronic activity HT

mσ = 1000 GeV
mσ =500 GeV

✦ Differential distributions at NLO
✤ Test case: 500/1000 GeV sgluons; 13 TeV collisions
✤ Tetratop decays
✤ Shower: PYTHIA 8.2
✤ Jet reconstruction: anti-kT & FASTJET

✤ Analysis & figure: MADANALYSIS 5

[ Sjostrand, Mrenna & Skands 

[ Cacciari, Salam & Soyez (JHEP’08, EPJC’12) ]

[ Conte, BF, Serret 

Degrande, Fuks, Hirschi, Proudom, HSS (PRD’15)
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✦ SUSY QCD: Production of gluino-pair

✤ Besides new UV and R2 (I will not listed here), we also need some special counter terms
✤ Mixing angle renormalization (mass and wavefunction)

✤ SUSY restoring counter terms

✦ Decay of gluino

Degrande, Fuks, Hirschi, Proudom, HSS (arXiv:1510.00391)
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✦ SUSY QCD: Production of gluino-pair

✤ Besides new UV and R2 (I will not listed here), we also need some special counter terms
✤ Mixing angle renormalization (mass and wavefunction)

✤ SUSY restoring counter terms

✦ Decay of gluino

Majorana: fermion-flow violation
Degrande, Fuks, Hirschi, Proudom, HSS (arXiv:1510.00391)
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✦ Total rates at 8 TeV and 13 TeV Numerically validated

✤ NNPDF3.0; scales set to the HT/2; uncertainties evaluated as for the stop case
✤ Validation with PROSPINO 2.1

✦ Differential distributions at NLO
✤ Test case: 1000/2000 GeV gluino; 13 TeV collisions
✤ Gluino decays: MadSpin
✤ Shower: PYTHIA 8.2
✤ Jet reconstruction: anti-kT & FASTJET

✤ Analysis & figure: MADANALYSIS 5

[ Sjostrand, Mrenna & Skands 

[ Cacciari, Salam & Soyez (JHEP’08, EPJC’12) ]

[ Conte, BF, Serret 

Splitting SUSY
Degrande, Fuks, Hirschi, Proudom, HSS (arXiv:1510.00391)

1. Download UFO from FR Wiki
2. Put the UFO model in models
3. ./bin/mg5_aMC
4. > import model susyqcd_ufo
5. > generate p p > go go [QCD]
6. > output pp2gogoQCD
7. > launch
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• Explore full spectrum (in the future):
•New hadron states (R-hadron, gluinonium etc)
• Separate resonance and non-resonance contributions

38

Degrande, Fuks, Goncalves-Netto, Hirschi, Lopez-Val, Mawatari, Pagani, Proudom, HSS, Zaro (in preparation)
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NLO diagram for gluino-pair

Degrande, Fuks, Goncalves-Netto, Hirschi, Lopez-Val, Mawatari, Pagani, Proudom, HSS, Zaro (in preparation)
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NLO diagram for gluino-pair LO diagram for gluino-squark
with squark decay

Degrande, Fuks, Goncalves-Netto, Hirschi, Lopez-Val, Mawatari, Pagani, Proudom, HSS, Zaro (in preparation)
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NLO diagram for gluino-pair LO diagram for gluino-squark
with squark decay

Degrande, Fuks, Goncalves-Netto, Hirschi, Lopez-Val, Mawatari, Pagani, Proudom, HSS, Zaro (in preparation)

On-Shell subtraction MadOS
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OTHER EFFORTS IN FR/MG5AMC @ NLO

• Top FCNC

•DM with spin-0/1 s-channel mediator

• Charged Higgs production in 2HDM and Georgi-Machacek 
model

•Other simple extension of SM: 2HDM etc

•More efforts are ongoing

39

Degrande, Maltoni, Wang, Zhang (PRD’15)

Backovic, Kramer, Maltoni, Martini, 
Mawatari, Pellen (EPJC’15);

Neubert, Wang, Zhang (arXiv:1509.05785)

Degrande (CPC’15)

Degrande, Ubiali, Wiesemann, Zaro (JHEP’15);
Degrande, Hartling, Logan, Peterson, Zaro (arXiv:1512.01243)
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Thank you for your attention !
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Back Up
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MC@NLO
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•One can compensate for this double counting by considering 
MC counterterms which are defined the         contribution of 
the PS to go from the Born n-body to the (n+1)-body 
configuration 

d�NLO+PS

dO ⇠
Z

n


|A(n,0)|2 +

✓
2<{A(n,1)A(n,0)⇤}+

Z

1

S

◆
+

Z

1

(MC � S)

�
I(n)PS (O)

+

Z

n

⇣
|A(n+1,0)|2 �MC

⌘�
I(n+1)
PS (O)

PS 
operators

• The MC counterterms can be written in a process-
independent way, so that the matching procedure is automated 
in aMC@NLO. 

• The prediction obtained has the ME behaviour in the hard 
emission region                                         and the PSMC 
one in the soft region where                      . 

I(n+1)
PS (O) ⇠ 1, I(n)PS (O) ⇠ 0,MC ⇠ 0

MC ⇠ |A(n+1,0)|2

Frixione, Webber (JHEP’02)
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• Substituting in the shower operator by its expansion at NLO in
d�NLO+PS

dO ⇠
Z

n


|A(n,0)|2 +
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⌘�
I(n+1)
PS (O)

I(n)PS (O)dO = (1�
Z

1

MC

|A(n,0)|2 ) +O(↵2
S)• where                                             . 

• It shows that                        .

•Moreover, the term                       is bounded without 
introducing any unphysical cutoffs. However, it is not always 
positive, so the events can be unweighted but only up to a sign. 

⇣
|A(n+1,0)|2 �MC

⌘

d�NLO+PS = d�NLO

•MC is parton shower program dependent. Should be extended  
if one need a new kernel in BSM (like new color, e.g. sextet).

Frixione, Webber (JHEP’02)
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