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Motivations

NLO corrections are large in QCD

NLO corrections significantly affect the 
shape of distributions

It reduces the scale dependence inherent 
to tree-level cross-sections

New production channels open at NLO

LesHouches ’06 Wish listNLO is important because

Accurate theoretical prediction are necessary for the search of signals events in   
large background samples.

Automation would help!

MadGraph Spring 2011 @ FermiLab 3
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Automation advantages

Save time

4

Trade time spent on computing a process with time on 
studying the physics behind it. 

Having a trusted program extensively checked once and for 
all, eliminates obvious bugs when running different processes.

Avoid bugs

It only requires to know how to efficiently use one single 
program to do all NLO phenomenology.

Use of the same framework for all processes
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Higgs Production
Gluon fusion exclusively loop induced!

5

From CMS collaboration

Still very relevant compared to other 
production channels.

But consider               and 
compare to                             !

H → bb̄

So accurate estimation of 
background process is crucial.

σLHC(bb̄) = O(108 [pb])
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Single-top searches

6MadGraph Spring 2011 @ FermiLab

This process closely resemble to 
many background events which 
have to be carefully evaluated

Single top events have been observed at Tevatron, giving 
the first and only direct estimation of       ! Vtb

arXiv: 1001.4577
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  at Tevatron

7

Wjj

CDF observes 3-σ deviation to the SM signal.

arXiv:1104.0699v1

arXiv:1104.0699v1

New Physics, stat. fluctuations?

Unreliable prediction?

➥ W+jets treated at LO ! 
➥ Mistreatment of background? 

Having NLO computations by default 
lead to more conclusive observations.
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NLO Basics

8

NLO contributions have two parts

�

m
d(4)σB

Virtual part
Current bottleneck of NLO computations

Algorithms for automation known in principle 
but not yet efficiently implemented

This work brings automation using MadGraph 
and CutTools interfaced through MadLoop.

σNLO =

�

m
d(d)σV +

Real emission part
Automated for different methods

Challenge is the systematic 
extraction of singularities

MadFKS using the FKS 
subtraction method successfully 
implemented on MGv4

� �� �
�

m+1
d(d)σR+
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Subtraction terms

9

IR divergences are dealt with using subtraction terms

σNLO
=

�

m
d(d)σV

+

�

m+1
d(d)σR

+

�

m
d(4)σB

➧

σNLO
=

�

m

�
d(4)σB

+

�

l
d(d)σV

+

�

1
d(d)σA

�
+

�

m+1

�
d(4)σR − d(4)σA

�

Each of the two integrals are separately finite.

The only missing input required from MadFKS is the finite 
part of the virtual amplitude.

This is the part MadLoop provides!
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Towards automation
MadGraph is a tree-level matrix element generator

MadFKS is built on MG and computes everything 
but the finite part of the amplitude.

CutTools is a code which computes very general 
loop integrals using the OPP method

10

↵Idea: To create a third-party program, MadLoop
          which interfaces these three tools to
          automatically compute some loop x-sections.
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MadFKS

                diverges as                   with  

11

Phase-space: Divide and Conquer

|Mn+1|2 1

χ2
i

1

1− yij

χi =
Ei√
ŝ

yij = cos θij

Real emission part : dσR = |Mn+1|2dφn+1

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

dσR =
�

ij

Sij |Mn+1|2dφn+1

�

ij

Sij = 1

Use plus distribution to 
regulate the singularities

�
dχ

�
1

χ

�

+

f(χ) =

�
dχ

f(χ)− f(0)

χ

dσ̃R =
�

ij

�
1

χi

�

+

�
1

1− yij

�

+

χ2
i (1− yij)Sij |Mn+1|2dφn+1
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CutTools

CutTools uses the OPP method for loop reduction at the integrand level

12

Or how to compute loops without doing so
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CutTools

CutTools uses the OPP method for loop reduction at the integrand level

13

Or how to compute loops without doing so

N(q) =
m−1�

i0<i1<i2<i3

�
d(i0i1i2i3) + d̃(q; i0i1i2i3)

� m−1�

i �=i0,i1,i2,i3

Di

+
m−1�

i0<i1<i2

[c(i0i1i2) + c̃(q; i0i1i2)]
m−1�

i �=i0,i1,i2

Di

+
m−1�

i0<i1

�
b(i0i1) + b̃(q; i0i1)

� m−1�

i �=i0,i1

Di

+
m−1�

i0

[a(i0) + ã(q; i0)]
m−1�

i �=i0

Di

+ P̃ (q)
m−1�

i

Di

A(q̄) =
N(q)

D̄0D̄1 · · · D̄m−1

D̄i = (q̄ + pi)
2 −m2

i , p0 �= 0 .

q̄2 = q2 + q̃2 (q · q̃) = 0

�
d(d)σV =

�
d(4+�)

�
A(q̄) + Ã(q̄)

�

R2 can be obtained with a tree-level-like 
computation with special Feynman-Rules.

Evaluation of N(q) for different specific q’s allows 
to algebraically obtain the coefficients a, b, c and d

Reconstruction of the   dependance of the 
numerator gives the cut-constructible part R1 of 
the finite part of the virtual amplitude

q̃

�
Ã(q̄) → R2

�

Finite part = R1 + R2
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MadLoop

14

Helping MadGraph and CutTools to be friends 

Tree-like operations : Generate and obtain Born 
and R2 amplitudes

Loop diagrams : Generate cut-loop diagrams
Select a non-redundant basis
Compute the color factors
Provide numerator of the         
              loop integrant
Handle exceptional PS points

Compute R2 contribution

Square born against virtual amplitude

Carry UV renormalization.

Perform Sanity checks (Double pole, Ward Identity, ...)
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Cut-Loop diagrams

15

With a specific example

Consider                         :                         e+e− → γ → uū

Loop particles are denoted with a star. When MG is asked               
for                              it gives back eight diagrams. Two of them are:                                          e+e− → u∗ū∗uū

Selection is performed to keep 
only one cut-diagram per loop 
contributing in the process                                    ≡

≡

Diag 1 = [u∗(6)g∗(5)u∗(A)]

Diag 3 = [u∗(A)u∗(6)g∗(5)]

Tags are associated to each       
cut-diagram. Those whose tags 
are mirror and/or cyc l ic 
permutations of tags of diagram 
already in the loop-basis are 
taken out.                  

Additional custom filter to 
eliminate tadpoles and bubbles 
attached to external legs. 
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MadLoop

16

New Features implemented

Recognition of the loop topologies in order to filter L-cut diagrams.

Structure to deal with two MG process simultaneously (the L-cut and the born-like). 

Treat color to obtain the squaring of the loop color structure against the born one.

Right form of integrant to CutTools: no denominators, complex momenta and 
reconstruction of missing propagator for the sewed particles.

Implementation of QCD ghosts.

Implementation of the special R2 vertices and automatic UV renormalization.

�

i=−1,1

�µi (p)�
ν∗
i (p) → −gµν
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MadLoop

17

Fighting Exceptional Phase Space points

CutTools can asses the numerical stability of the computation of a loop by

When an EPS occurs, MadLoop tries to cure it:

m2
i → m2

i +M2➥ By sending                        , CT has an independent reconstruction of the 
numerator and can check if both match.
➥ CT ask MadLoop to evaluate the integrand at a given loop momentum and 
check if the result is close enough to the one from the reconstructed integrand.

➥ Check if Ward Identities hold at a satisfactory level

➥ Shift the PS point by rescaling momenta : k3i = (1 + λ±)k
3
i

➥ Provide an estimate of the virtual for the original PS point with uncertainty:

vFIN
λ± =

V FIN
λ±

|Aborn
λ=0 |2

c =
1

2

�
vFIN
λ+

+ vFIN
λ−

�
∆ =

���vFIN
λ+

− vFIN
λ−

��� V FIN
λ=0 =

��Aborn
λ=0

��2 (c±∆)

➥ If nothing works, then use the median of the results of the last 100 stable points
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MadLoop

18

What it cannot do yet

No four-gluon vertex at born level :

If EW bosons in the loop, it might be that CutTools cannot handle certain loops.

All born contribution must factorize the same power of all coupling orders.

No finite-width effects of unstable massive particles also appearing in the loop.
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MadLoop

19

How to make it faster

Recycling of the tree-structures attached to the loop.

Identify identical contributions (i.e. massless fermion loops of diff. flavors)

Call CT not per diagram, but per set of diagrams with the same loop kinematics.

Use of recursion relations: Big gain in reals, not so much in the virtual.
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Local checks

20

Ref. [33] : A. van Hameren et al. 

You don’t want the exhaustive list...

The numerics are pin-point on analytical 
data, even with several mass scales.

We believe the code is very robust - e.g., 
MadLoop helped spot mistakes in published 
loop computations (       ,                )W+W+jjZjj

Analytic computations from an independent 
implementation of the helicity amplitudes 
by J.J van der Bij et al.
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Integrated Results

21

Running time: Two weeks 
on a 150+ node cluster

Proof of efficient EPS 
handling withZtt̄

Successful cross-check 
against known results

Large K-factors sometimes

No cuts on b, robust 
numerics with small PT
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Distributions

22

Full machinery at work

Case study of                with starring actors:[H/A]tt̄

MGv4, CT, MadFKS, MadLoop and aMC@NLO interfaced to Herwig6 !
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Future plans

MG5 much more advantageous:

23

MGv5 to the rescue

Extreme programming and python leads to modular and flexible code

Test routines makes maintenance easy

Designed from the beginning for being fast and user-friendly.

Output in many formats and automatic writing of HELAS subroutines.

Short term plans:
MadLoop @ MGv5 with the recycling optimizations

Get rid of ALL existing constraints.

Further term plans:
Automate generation UV and R2 terms in FeynRules.

Recursion relations and computation of color ordered amplitudes.
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Thanks!

24
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Additional Slides
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MadGraph Spring 2011 @ FermiLab

Single-top analysis

DZero 

26

DZero and CDF both observe 
significant signal for single-top

2σ-discrepancy pointed out by 
CDF on the {s,t}-channel plane

arX
iv:0903.0850

New Physics, stat. fluctuations?

Mistake in prediction?
➥ Mistreatment of t-channel     
     in 4F/5F scheme? CDF note 9716
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MadGraph
First generates all tree-level Feynman Diagrams

Compute the amplitude of each diagram using a 
chain of calls to HELAS subroutines

27

The evolutive way of computing tree-diagrams

Finally square all the related amplitude with their 
right color factors to construct the full LO amplitude
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