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This Talk
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Will not cover

•SIMD/GPU port (-> Andrea’s talk)
•Machine Learning effort (-> Ramon’s talk) 

Will cover
•How computation is done 
•Older optimisation:

•  Kiran Ostrelenk, OM: 2102.00773
•  Andrew Lifson, OM: 2210.07267

Thanks to Jenny for some plot and to the full MG5aMC teams for support

https://arxiv.org/abs/2102.00773
https://arxiv.org/abs/2210.07267
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•Determine the production mechanism

•  Evaluate the matrix-element

•  Phase-Space Integration

•Un-weighting 
 

3

Computation step
Calculate a given process (e.g. gluino pair)
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How to compute the matrix-element

4

• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea
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How to compute the matrix-element
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea
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How to compute the matrix-element
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea

s s~ > t t~ b b~ WEIGHTED=4 page 1/2

Diagrams made by MadGraph5

s

1

s~

2

g
t

3

t~
4

g

b

5

b~

b~
6

 diagram 1 QCD=4, QED=0

s

1

s~

2

g
t

3

t~
4

g

b~

6

b

b
5

 diagram 2 QCD=4, QED=0

s

1

s~

2

g

t

3

t~ 4
g

b
5

b~

6

g

 diagram 3 QCD=4, QED=0

s

1

s~

2

g

b

5

b~
6

g

t

3

t~ t~

4

 diagram 4 QCD=4, QED=0

s

1

s~

2

g

b

5

b~
6

g

t~

4

t t

3

 diagram 5 QCD=4, QED=0

t

3

t~ 4
g

b
5

b~

6

g

s

1

s

s~
2

 diagram 6 QCD=4, QED=0

s s~ > t t~ b b~ WEIGHTED=4 page 1/2

Diagrams made by MadGraph5

s

1

s~

2

g
t

3

t~
4

g

b

5

b~

b~
6

 diagram 1 QCD=4, QED=0

s

1

s~

2

g
t

3

t~
4

g

b~

6

b

b
5

 diagram 2 QCD=4, QED=0

s

1

s~

2

g

t

3

t~ 4
g

b
5

b~

6

g

 diagram 3 QCD=4, QED=0

s

1

s~

2

g

b

5

b~
6

g

t

3

t~ t~

4

 diagram 4 QCD=4, QED=0

s

1

s~

2

g

b

5

b~
6

g

t~

4

t t

3

 diagram 5 QCD=4, QED=0

t

3

t~ 4
g

b
5

b~

6

g

s

1

s

s~
2

 diagram 6 QCD=4, QED=0

For one helicity



Mattelaer Olivier CERN 2023: Accelerator

How to compute the matrix-element
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea
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For one helicity

Wg = fct(v̄1, u2, gs, mb, Γb) = gsv̄1γμu2
gμν

q2 − m2
g + imgΓg
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results
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s s~ > t t~ b b~ WEIGHTED=4 page 1/2

Diagrams made by MadGraph5

s

1

s~

2

g
t

3

t~
4

g

b

5

b~

b~
6

 diagram 1 QCD=4, QED=0

s

1

s~

2

g
t

3

t~
4

g

b~

6

b

b
5

 diagram 2 QCD=4, QED=0

s

1

s~

2

g

t

3

t~ 4
g

b
5

b~

6

g

 diagram 3 QCD=4, QED=0

s

1

s~

2

g

b

5

b~
6

g

t

3

t~ t~

4

 diagram 4 QCD=4, QED=0

s

1

s~

2

g

b

5

b~
6

g

t~

4

t t

3

 diagram 5 QCD=4, QED=0

t

3

t~ 4
g

b
5

b~

6

g

s

1

s

s~
2

 diagram 6 QCD=4, QED=0

s s~ > t t~ b b~ WEIGHTED=4 page 1/2

Diagrams made by MadGraph5

s

1

s~

2

g
t

3

t~
4

g

b

5

b~

b~
6

 diagram 1 QCD=4, QED=0

s

1

s~

2

g
t

3

t~
4

g

b~

6

b

b
5

 diagram 2 QCD=4, QED=0

s

1

s~

2

g

t

3

t~ 4
g

b
5

b~

6

g

 diagram 3 QCD=4, QED=0

s

1

s~

2

g

b

5

b~
6

g

t

3

t~ t~

4

 diagram 4 QCD=4, QED=0

s

1

s~

2

g

b

5

b~
6

g

t~

4

t t

3

 diagram 5 QCD=4, QED=0

t

3

t~ 4
g

b
5

b~

6

g

s

1

s

s~
2

 diagram 6 QCD=4, QED=0

For one helicity



Mattelaer Olivier CERN 2023: Accelerator

How to compute the matrix-element

12

• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea
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not ME
external
int/propagator
amplitude
color
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Helicity Amplitude
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• Evaluate M for fixed helicity of external particles
➡Multiply M with M* -> |M|^2

➡Loop on Helicity and average the results

Idea

Doing the loop

• Do we recompute the same quantity over an 
over?

2N

∑
h=1

|Mh |2
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Helicity Recycling
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s s~ > t t~ b b~ WEIGHTED=4 page 1/2

Diagrams made by MadGraph5
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Number of helicity for particle 1: 2
Number of helicity for the full event: 64
Wasted computation ratio: 32 

16
8
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Helicity Recycling
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s s~ > t t~ b b~ WEIGHTED=4 page 1/2

Diagrams made by MadGraph5
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Number of helicity combination for the gluon: 4
Number of helicity for the full event: 64
Wasted computation ratio: 16 
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8
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Helicity Recycling
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s s~ > t t~ b b~ WEIGHTED=4 page 1/2

Diagrams made by MadGraph5
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Number of helicity combination for  
the final computation: 64
Number of helicity for the full event: 64
Wasted computation ratio: 1 

16
1

16

But we can be smarter here -> around 2 (simple process) to 4 times faster
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Solution Helicity Recycling

not ME
external
propagator
amplitude
color
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•One can replace a sum by an integral

19

Not doing the sum

2N

∑
h=1

|Mh |2 ⟶ ∫
2N

0
dh |MRound(h) |

2

•  Increase the dimension of the integral by 
one

∫ dΦ f1 f2
2N

∑
h=1

|Mh |2 ⟶ ∫ dΦ∫
2N

0
dh f1 f2 |MRound(h) |

2

• Reduce complexity of the function to compute 
• Higher impact of the PDF/…

• Does not change the scaling of the convergence
• But increase the variance of the function
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Comparison

20

Type Survey Refine nb_events

gg>tt
<1s 4m57s

500k
<1s 4m53s

gg>ttgg
2m48s 1h22

100k
2m24s 1h05

gg>ttggg
10h 25h 10k

1h50 4h20 28

Pr
eli
mi
na
ry

2N

∑
h=1

|Mh |2

∫
2N

0
dh |MRound(h) |

2

2N

∑
h=1

|Mh |2

∫
2N

0
dh |MRound(h) |

2

2N

∑
h=1

|Mh |2

∫
2N

0
dh |MRound(h) |

2
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Comparison

21

• Monte-Carlo over ….
• simplify the function to integrate (a lot)
• Forbid some optimisation
• Increase the number of required evaluation

• For helicity case:
• No super clear winner

• Possible to combine both method (?)
• Monte-Carlo over subset of helicity
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Computation status

not ME
external
propagator
amplitude
color

Colour becomes a computation bottleneck!!

|Mh |2 = J†Cn!,n! J

depends on two (large) matrix (but constant) matrix

J = Bn!,ndiag
* M B is a very sparse matrix. (Not the main bottleneck)

C is a real symmetric matrix
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Color
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•  Trivial update: use the symmetry
•  Only identify in 2022!

not ME
external
propagator
amplitude
color

gg → tt̄ gg → tt̄gg gg → tt̄ggg

Hel 
rec

ycl
ing

Hel 
rec

ycl
ing

Hel 
rec

ycl
ing

Sym
metr

ic c
olo

r

Sym
metr

ic c
olo

r

Sym
metr

ic c
olo

r
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Color
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Ci,j = NX
c (a0 + a1

1
N2

c
+ 𝒪(

1
N4

c
))

a0 ≠ 0 : Leading  Color a0 = 0, a1 ≠ 0 : Next Leading  Color

Take away
• Not the full matrix is needed

• Development needed
• LC is dominant 

• No numerical issue

Nc = 3
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•Determine the production mechanism

•  Evaluate the matrix-element

•  Phase-Space Integration

•Un-weighting 
 

25

Computation step
Calculate a given process (e.g. gluino pair)

s s~ > go go WEIGHTED=2 page 1/1

Diagrams made by MadGraph5_aMC@NLO
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 diagram 4 QCD=2, QED=0

s

1

go

4

sr

s~
2

go
3

 diagram 5 QCD=2, QED=0

σ =
1

2s

∫
|M|2dΦ(n)➡Need Feynman Rules!

∫ dΦ f1(x1)f2(x2) |M |2
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Phase-Space
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Z
|Mtot|2 =

Z P
i |Mi|2P
j |Mj |2

|Mtot|2 =
X

i

Z |Mi|2P
j |Mj |2

|Mtot|2

– Any single diagram is “easy” to integrate (pole structures/
suitable integration variables known from the propagators)

Key Idea

N Integral
– Errors add in quadrature so no extra cost
– “Weight” functions already calculated during |M|2 calculation
– Parallel in nature: embarrassingly parralel

⇡ 1
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•What if interference are large -> change strategy

∫ |Mtot |
2 = ∑

i
∫

αi(x)
∑j αj(x)

|Mtot |
2 αi = ∏

1
| (q2 − m2 + imΓ |2

More on this -> MadNIS Other idea: local gauge cancellation: 2203.10440

https://arxiv.org/abs/2203.10440
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Phase-Space

28

Refactoring (LO) phase-space for data parallelism

See Andrea’s talk

Hyper-threading

•Multi-process is 
more efficient

•only if you release 
the core/thread for 
other task

•Low impact of 
hyper-threading

Required for SIMD and GPU port of the code

Also allow OpenMP (for running gridpack?)
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•Determine the production mechanism

•  Evaluate the matrix-element

•  Phase-Space Integration

•Un-weighting 
 

29

Computation step
Calculate a given process (e.g. gluino pair)

s s~ > go go WEIGHTED=2 page 1/1

Diagrams made by MadGraph5_aMC@NLO
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Re-weighting

30

Re-Weighting
• Change the weight of the events

Wnew =
|Mnew|2

|Mold|2
⇤Wold

1404.7129

1607.00763 

6 Mattelaer Olivier

predict the weight from any value of the coupling as
soon as the weights for two di↵erent values of the cou-
pling are known. This property can be used to further
speed up the computation of the weight.

Fig. 1 Di↵erential cross-section for pp ! ZW
+ at 13 TeV

LHC. This correspond to the Standard model plus the op-
erator O3W for two di↵erent couplings value. Only the SM
contribution plus the interference term is kept on this plot.
See text for details.

4.2 ZH associated production in the E↵ective Field
Theory at NLO

For our first NLO validation, we consider the asso-
ciated production of a Z and H boson in the EFT
as implemented in the Higgs Characterisation frame-
work/model [32]. We use two of the benchmarks in-
troduced in [33]: HD and HDder. In more details, the
e↵ective Lagrangian relevant for this example is

LHD = �
1

4

1

⇤
HWWZµ⌫Z

µ⌫
H (20)

LHDder = �
1

⇤
H@ZZ⌫@µZ

µ⌫
H +

(�
1

⇤
H@WW

+
⌫
@µW

�µ⌫
H + h.c.) , (21)

where ⇤ is the high energy scale (set to 1TeV), HWW ,
H@Z , H@W are dimensionless couplings (set to one).
H is the Higgs doublet field and Vµ⌫ = @µV⌫ � @⌫Vµ;
V = Z,W

�
,W

+.
In Figure 2 we present the di↵erential cross-section

for the transverse momentum of the Higgs and for its ra-
pidity. In both cases, we present the curve for the SM,
HD and HDder benchmarks. For the transverse mo-
mentum, we start from an HDder sample of events and
perform the re-weighting to the other scenarios. While

Fig. 2 Di↵erential cross-section for pp ! ZH at 13 TeV LHC
featuring both LO and NLO re-weighting methods. Events
have been showered with Herwig6 [31]. See text for details.

for the rapidity we present the plot where the origi-
nal sample is the HD theory. Each re-weighted curve
is then compared with a dedicated generation and the
associated ratio plot is displayed below with the sta-
tistical uncertainty expected for the generation of two
independent samples. The agreement between the two
is excellent for both the NLO accurate re-weighting and
the Naive LO-like re-weighting. In this case the NLO
QCD e↵ects factorise from the BSM ones and there-
fore the NLO accuracy of the Naive LO-like approach
can only be spoiled by MC counter terms –which are as
expected quite mild–. One can also compare the statis-
tical fluctuations between the MG5 aMC curves and the
one obtained by re-weighting. If you look at the top
plot (transverse momenta) for the HD case, it is clear
that the statistical fluctuations are more pronounced
for the curve obtained by re-weighting. This is an ex-
ample of enhancement of statistical uncertainty due to
the re-weighting as discussed around Eq. 3 since in the

EFT Case

On the maximal use of Monte Carlo samples: re-weighting events at NLO accuracy 5

then apply the following re-weighting:

W
↵,new

�,BB
=

(Bnew + V
new)

(Bold + Vold)
⇤W

↵,old

�,BB

W
↵,new

�,BC
=

B
new

Bold
⇤W

↵,old

�,BC

W
↵,new

�,V
=

(Bnew + V
new)

(Bold + Vold)
⇤W

↵,old

�,V

W
↵,new

�,R
=

R
new

Rold
⇤W�,R ,

↵,old (16)

Both the virtual and the approximate virtual are re-
weighted by the same pre-factor which should allow
to limit the enhancement of the second integral. The
demonstration that such re-weighting is NLO accurate
is presented in appendix A. It can be intuitively un-
derstood considering (B+ V) as a single block which is
re-weighted accordingly.

3.3 Loop improved re-weighting

A third type of re-weighting was originally introduced
in the context of multiple Higgs production [18,28,29],
which we now briefly describe. In this case the idea is
to perform the NLO computation in the infinite top-
mass limit and then re-introduce the finite top-mass
e↵ects via re-weighting. Eq. 16 is directly applicable if
the exact finite virtual part is known. If not, one can
still use an approximate method:

W
↵,new

�,B
=

B
new

Bold
⇤W

↵,old

�,B
,

W
↵,new

�,V
=

B
new

Bold
⇤W

↵,old

�,V
,

W
↵,new

�,R
=

R
new

Rold
⇤W

↵,old

�,R
. (17)

Both this method and the Naive LO-like method are
not NLO accurate. However one can expect that the
loop improved method has a better accuracy than the
other one due to the correct treatment of the various
counter terms.

4 Implementation and validation

The various methods of re-weighting discussed in the
previous section have been implemented in MG5 aMC and
are publicly available starting from version 2.4.0. At the
LO, the default re-weighting mode is based on the he-
licity information present in the event (Eq. 4), while
for NLO samples, the default re-weighting mode is the
NLO accurate one (Eq. 16). Fixed-order NLO genera-
tion can not be re-weighted since no event generation is
performed in this mode. A manual of the code is avail-
able online at the following address:
cp3.irmp.ucl.ac.be/projects/madgraph/wiki/Reweight.

In this section, we will present four validation ex-
amples covering the various types of re-weighting intro-
duced in the previous section. Since the purpose of this
section is mainly to validate our method, the details of
the simulation used (cuts, type of scale, ...) are kept to
a minimum. Otherwise stated, the settings used corre-
spond to the default value of MG5 aMC (version 2.4.0).

4.1 ZW associated production in the E↵ective Field
Theory at the LO

For the first validation, we will use the E↵ective Field
Theory (EFT) in the Electro-Weak sector [30]. We will
focus on the associated production of the W and Z

boson for the following dimension six operator:

O3W = Tr [Wµ⌫W
⌫⇢
W⇢

µ] , (18)

with

Wµ⌫ =
i

2
gW ⌧

I(@µW
I

⌫
� @⌫W

I

µ
+ gW ✏IJKW

J

µ
W

K

⌫
) (19)

and gW is the weak gauge coupling, ⌧ I are the pauli
matrices and W

I

µ
is the gauge Field of SU(2).

In Figure 1 we present the di↵erential distributions
for the transverse momenta of the Z boson at LO accu-
racy. Starting from a sample of Standard Model events
(black solid curve), we have re-weighted our sample to
get the SM plus the interference term with the dimen-
sion six operator for two values of the associated cou-
pling: c = 50TeV�2 (dashed blue) and c = 500TeV�2

(dashed green). This second value is clearly outside the
validity region for the EFT approach as the di↵erential
distributions turns to be negative at low transverse mo-
mentum. Nevertheless, having such large e↵ects is in-
teresting for the validation of the re-weighting method.
The same di↵erential distributions are generated with
MG5 aMC (solid green and blue) and validates the re-
weighting method.

The ratios between the di↵erential curves obtained
with each method are presented in the second inset.
This inset contains also the statistical uncertainty (yel-
low band) for the ratio of two independent SM sam-
ples. The compatibility of those two ratio plots with
the expected statistical fluctuation validates our ap-
proach/code implementation. The first inset presents
the ratio between the EFT and SM predictions. It shows
that the method works correctly for quite small and
quite large modifications of the di↵erential distribu-
tions.

One can note that in the context of EFTs, the weight
is linear in the dim-6 coupling7 therefore it is trivial to

7 There would also be quadratic contribution if we include
the squared matrix element associated to the dimension six
operator.
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Re-weighting on GPU

31

Huge speed-up (~100x)

Need Huge sample (to be able to fill the GPU for each flavour)

Work and plot by Zenny Wettersten
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Origin of the negative events

32

Rate of negative events MC@NLO

Origin

•H: over-estimate of the 
MC counter term term

•S: related to the fact 
that we hit multiple 
times the same born 
configurationCost In sample size

c( f ) =
1

(1 − 2f )2
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Result

Born Spreading
(2310.04160)

MC@NLO-  /Folding (2002.12716)Δ
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Conclusion (1/2)
How to speed-up the computation?

• Faster matrix-element
• Better Hardware support (-> Andreas’s talk)
• Better integrator (-> Ramon’s talk)
• Better method (re-weighitng, avoid negative events)

A new era is coming

• Machine Learning need large sample to starts with
• GPU needs massive sample

• The matrix-element will be for free
• Many new opportunity
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Conclusion (2/2)
We need more collaboration with IT

• MC tools are handle by theorist
• career path related to new feature/prediction

• NOT on efficiency 

We need:
• Strengthen the synergy with ML group
• Move GPU/ML production towards NLO
• Move colour optimisation towards GPU
• More efficiency study on Monte-Carlo/…

• Re-optimise for GPU/SIMD

We need: • PDF on GPU (CUDA?)



Backup slide
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Amplitude solution
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ℳh1h2h3
= ψ̄ h1

1 γμψ h2
2 ϕμ

h3

•Situation can be improved by splitting the 
amplitude computation into two steps

Jh1h2
μ = ψ̄ h1

1 γμψ h2
2

ℳh1h2h3
= Jh1h2

μ ϕμ
h3

New recycling possible for Jh1h2
μ

•Expected gain (on the amplitude):
•~2x for small multiplicity
•~4x for high multiplicity
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Worst case scenario
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⟶Constant function
Easy to integrate

Fluctuation of the integrand 
correlation between degrees of freedom
Not catched by Phase-Space integrator

∫ dΦ f1 f2
2N

∑
h=1

|Mh |2 ⟶ ∫ dΦ∫
2N

0
dh f1 f2 |MRound(h) |

2
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Phase-Space
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Refactoring (LO) phase-space for data parallelism

Hyper-threading

•Multi-process is 
more efficient

•only if you release 
the core/thread for 
other task

•Low impact of 
hyper-threading

Required for SIMD and GPU port of the code

Also allow OpenMP (for running gridpack?)
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Negative events proposal
Modified MC@NLO (2002.12716)

Born Spreading (2310.04160)

Folding


