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Introduction
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How can we prevent MC event generation from becoming a bottleneck in future LHC runs?

Monte Carlo integration 
and sampling from 

differential cross section 

↓ 

accelerate with 
deep generative models

Exact sampling ensured 
by known likelihood 

↓ 

better model 
= 

faster sampling

Differential cross section 
known from QFT: 

 

Total cross section: 

dσ ∼ pdf(x) ⋅ ∣ℳ(x) ∣2 ⋅ dΦ

σ = ∫Φ
dσ

ℒ
Theory Shower EventsHard process Hadronization Detectors



Monte Carlo integration + sampling
I = ∫ dx f(x)

3



Monte Carlo integration + sampling
I = ∫ dx f(x)

I = ⟨ f(x)⟩x∼p(x)

Flat sampling 
inefficient 

3



Monte Carlo integration + sampling
I = ∫ dx f(x)

I = ⟨ f(x)⟩x∼p(x) I = ⟨ f(x)
g(x) ⟩

x∼g(x)

Flat sampling 
inefficient 

Importance sampling 
Find mapping close 

to integrand

3



Monte Carlo integration + sampling
I = ∫ dx f(x)

I = ⟨ f(x)⟩x∼p(x) I = ⟨ f(x)
g(x) ⟩

x∼g(x)
I = ∑

i ⟨αi(x)
f(x)
gi(x) ⟩

x∼gi(x)

Flat sampling 
inefficient 

Importance sampling 
Find mapping close 

to integrand

Multi-channeling 
one mapping for 

each channel
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dσ =
1

flux
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How can we make event generation faster? 
Efficient integration and sampling from differential cross section
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Phase space integration

4

dσ =
1

flux
dxa dxb f(xa) f(xb) dΦn ⟨ ∣Mλ,c,…(pa, pb ∣ p1, …, pn) ∣2 ⟩

How can we make event generation faster? 
Efficient integration and sampling from differential cross section

I = ∑
i ⟨αi(x)

f(x)
gi(x) ⟩

x∼gi(x)

Integrand 
MadGraph: dσ/dx

Sum over channels 
MadGraph: build channels 
from Feynman diagrams

Channel weights 
MadGraph:  

or 
αi ∼ ∣Mi ∣2

αi ∼ ∏ ∣p2
k − m2

k − iMkΓk ∣−2

Channel mappings 
MadGraph: use propagators, … 

Refine with VEGAS 
(factorized, histogram based 

importance sampling)



MadNIS: Neural Importance Sampling

I = ∑
i ⟨αi(x)

f(x)
gi(x) ⟩

x∼gi(x)

Use physics knowledge to construct channels and mappings

Normalizing Flow to 
refine channel mappings

Fully connected network 
to refine channel weights

Optimize simultaneously with integral variance as loss function
5
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Neural Importance Sampling
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Co
up

lin
g 
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g 
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lin
g 

Bl
oc

k

Unit hypercube

Phase space

xi ∼ dΦn

Unit hypercube

z ∼ unif

Analytic 
Channel 

Mappings
xi = hi(yi)

yi ∼ gi(y)

Normalizing Flow

Flows for NIS: [Gao et al, 2001.05486] [Gao et al, 2001.10028] [Bothmann et al, 2001.05478]

Learnable, invertible transformation 
with tractable Jacobian: 

Rational Quadratic Spline coupling block 
[Durkan et al, 1906.04032]
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MADNIS: Neural Importance Sampling
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Conditional SplittingLatent space z

⟨α1(x)
f(x)
g1(x) ⟩

Analytic Channel 
mapping 1

Analytic channel 
mapping 2

Analytic channel 
mapping k

 Φ ⊆ ℝN
Phase space

 
U = [0,1]N

Unit hypercube

⟨α2(x′ )
f(x′ )
g2(x′ ) ⟩ Learned channel 

weights ⃗α (x)I = + + + ⟨αk(x′ ′ )
f(x′ ′ )
gk(x′ ′ ) ⟩

Normalizing 
Flow 1

Normalizing 
Flow 2

Normalizing 
Flow k

Combination of 
 channelsk



Neural Channel Weights
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Channel WeightPhase space

Fu
lly

 c
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ed
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Re
si

du
al

 B
lo

ck

βi(x) =
∣Mi(x) ∣2

∑j ∣Mj(x) ∣2

Prior Channel Weights

x ∼ dΦn αiθ(x)



Loss function
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σ2
i = Var (αi(x)

f(x)
gi(x) )

x∼gi(x)

Ni = N
σi

∑k σk

σ2
tot = N∑

i

σ2
i

Ni

ℒ = σ2
tot = ∑

i,k

σi σk

with

Training objective: 
Minimize total variance

Optimal MC weights depend on  
↓ 

assume choice of  during training: 
use stratified sampling

Ni

Ni

MadNIS loss function
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Buffered Training
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Sample 
y

PS points
x

Integrand
f(x)

Density

LossG−1(y |φ)

G(x |φ)

gφ(x)

L( f(x), gφ(x))

Online training



Buffered Training
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Buffered samples

x, qφ̂(x), f(x)
Weighted Loss

L( f(x), gφ(x) ∣ wφ(x))

Density wφ(x) =
gφ(x)
qφ̂(x)

Buffered training

gφ(x)

G(x |φ)

gφ(x) φ→φ̂ qφ̂(x)

Sample 
y

PS points
x

Integrand
f(x)

Density

LossG−1(y |φ)

G(x |φ)

gφ(x)

L( f(x), gφ(x))

Online training



Buffered Training
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1 2 3 4 5 6
reduction in training statistics R@

0.2

0.4

0.6

0.8

1.0

re
la

tiv
e

ch
an

ge
in

tr
ai

ni
ng

tim
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t@ = 40µs
tbuff = 30µs

fixed number of weight updates

t f = 1µs
t f = 10µs
t f = 100µs
t f = 1ms

Training algorithm 

generate new samples, train on them, 
save samples 

↓ 
train on saved samples  times 

↓ 
repeat

n

Reduction in training statistics by 

R@ = n + 1
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VEGAS Initialization
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VEGAS Flow

Training Fast Slow

Correlations No Yes

Combine advantages: 

Pre-trained VEGAS grid as 
starting point for flow training



VEGAS Initialization
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y2

Concat

y1

RQ-Spline

z1

Split

z2

RQ-Spline Subnet

Subnet

Initialization

Bin reduction

VEGAS gridVEGAS Flow

Training Fast Slow

Correlations No Yes

Combine advantages: 

Pre-trained VEGAS grid as 
starting point for flow training



LHC processes

18

1. Excellent results by combining all improvements! 
2. Same performance with buffered training 

3. Even larger improvements for process with large interference terms
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Scaling with multiplicity
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Large improvements compared to VEGAS even 
for high multiplicities and many channels!

 
384 channels, 108 symm. 

7x better than VEGAS

gg → W+dūgg  
945 channels, 119 symm. 

5x better than VEGAS

gg → tt̄ggg
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Differentiable MadNIS-Lite
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• Build PS mappings from Feynman diagrams 
→ implemented in PyTorch 
→ Fully differentiable and invertible 

• Build in small trainable components, with 
parameters shared between 
→ all components of same type 
→ all channels 

• Learn physics of PS mappings 
→ interpretability 
→ train on n jets, generate n+1 jets

t1

x1
x2

tκ

t2
dΦ1→2

dΦ1→2dΦ1→2

s4

s1

s2

s3 dΦ1→2

dΦ1→2

dΦ1→2

si dΦ1→2dΦ1→2

Differentiable MadNIS-Lite [2408.01486] 
TH, Olivier Mattelaer, Tilman Plehn, 
Ramon Winterhalder

https://arxiv.org/abs/2408.01486


MadNIS technology for SFitter
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• Apply neural importance 
sampling to SFitter likelihood 

• Combined SMEFT fit in Higgs and Top sector 
→ 42 Wilson coefficients 
→ ~500 datapoints from various analyses 

• Efficient profiling and marginalization 
→ before: days on CPU cluster 
→ now: a few hours on a single GPU
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https://arxiv.org/abs/2411.00942
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MadNIS technology for SFitter

22

• Apply neural importance sampling 
to SFitter likelihood 

• Combined SMEFT fit in Higgs and Top sector 
→ 42 Wilson coefficients 
→ ~500 datapoints from various analyses 

• Efficient profiling and marginalization 
→ before: days on CPU cluster 
→ now: a few hours on a single GPU

Profile likelihood on ML steroids [2411.00942] 
TH, Tilman Plehn, Nikita Schmal

https://arxiv.org/abs/2411.00942


Outlook
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Release of MadNIS package 
• python library

• easy install with ‘pip install’

→December 2024

Fully integrate into MG5aMC 
• multiple partonic processes

• optimized API

• merge with MG@GPU

New MadEvent7 
• fully vectorized mappings

• multiple backends  

(c++, cuda, python,…)

MadNIS@NLO 
• subtraction-aware sampling

• fast ML amplitudes (NLO)


Release of MadGraph7 
• rigorous testing

• reliable default settings dep. 

on hardware/process/…

2024
Nov 7
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VEGAS algorithm

25

Factorize probability
p(x) = p(x1)⋯p(xn)

Fit bins with equal probability 
and varying width

[G. P. Lepage, 1978]



VEGAS algorithm

25

Factorize probability
p(x) = p(x1)⋯p(xn)

⊕ Computationally cheap 

⊖ High-dim and rich peaking functions 
→ slow convergence 

⊖ Peaks not aligned with grid axes 
→ phantom peaks

Fit bins with equal probability 
and varying width

[G. P. Lepage, 1978]



Normalizing Flows 6Conditional Invertible Neural Networks
• chain of learnable, invertible transformations with tractable Jacobian

[Ardizzone et al., 1907.02392]
• Train network by maximizing log-likelihood for training dataset

logp(zn) = logp(z1) + log det ∂z1(zn; c)
∂zn

p(z1) p(z2|c) p(z3|c) p(z4|c)

Simple latent
distribution
(Gaussian)

Data
distribution

Condition c

f1 f2 f3

training on samples
density estimation

sampling

Chain of invertible, learnable transformations with 
exact likelihood from change of variables formula

log p(zn |c) = log p(z1) + log det
∂z1(zn; c)

∂zn

26Flows for NIS: [Gao et al, 2001.05486] [Gao et al, 2001.10028] [Bothmann et al, 2001.05478]



Neural Channel Weights
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Channel WeightPhase space

x ∼ dΦ

Fu
lly

 c
on
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ct

ed

Fu
lly
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on
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Re
si
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al

 B
lo

ck

Prior Channel Weights

Residual Block

Add prior

Normalization

 αiθ = βi(x) exp Δiθ(x)

αiθ(x) → α̂iθ(x) =
exp Δiθ(x)

∑j exp Δiθ(x)
βi(x)

βj(x)

βi(x) =
∣Mi(x) ∣2

∑j ∣Mj(x) ∣2

αiθ(x)



Improved Multichanneling

28

Reduced complexity 
Improved stability 

Use symmetries 

Groups of channels only 
differ by permutations of 

final state momenta 
↓ 

use common flows and 
combine in loss function

Stratified training 

Channels have different 
contributions to the 

total variance 
↓ 

more samples for channels 
with higher variance 

during training

Channel dropping 

MadNIS often reduces 
contribution of some 

channels to total integral 
↓ 

remove insignificant 
channels from the 

training completely



Learned channel weights

29

MadNIS often sends weight of many channels to 0 
↓ 

dropping channels makes training and 
event generation more stable and efficient
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Figure 5: Improvement of the unweighting efficiency and relative standard deviation
of different setups with respect to an untrained phase space mapping refined with
VEGAS for W+jets (left) and t̄t+jets (right).

for reasonably related other processes. Note that for processes like W+4 jets (t̄t+3 jets) with
up to 384 (945) integration channels, this parameter sharing reduces the computational cost
significantly.

We train MADNIS-Lite using the multi-channel variance loss from Eq.(14), but without
trainable channel weights. We use stratified training to focus the available training samples
on channels with a large contribution to the total cross section, and buffered training to reduce
the number of integrand evaluations. The training hyperparameters are given in Tab. 3.

Performance

In Fig. 5, we compare the unweighting efficiencies and relative integration errors for different
scenarios and different processes. Throughout all considered processes, we benchmark our
trained mappings against the raw mappings combined with and without VEGAS. The shown
error bars were obtained by running the integration, including VEGAS optimization if applica-
ble, ten times and taking the mean and standard deviation. All results are shown relative to
the VEGAS performance without trained mappings.

We start by considering the W+ 3 jets process in the upper left plot of Fig. 5. The trained
mappings without additional VEGAS optimization outperform the raw phase-space mapping
but are a bit worse than the VEGAS optimized mappings. This is because the number of train-
able parameters of our bilinear flow is quite small as it is shared among multiple channels and
building blocks, see Tab. 1. In contrast, VEGAS builds an independent grid for each channel
and phase-space direction, resulting in more than 30k optimized parameters. When combining

14

• good performance even though no 
channel-specific training 

• trained for n jets, used for n+1 jets 
→ performance like VEGAS  
→ cheap training  

• further improvements for VEGAS 
trained on top of MadNIS-Lite

W+jets +jetstt

① ①

② ②

①

②
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Figure 6: Mappings learned by the bilinear spline flow for W+3 jets. Left panel:
Learned mapping for the time-like invariant for massless propagators, conditional
on the partonic CM energy

p
ŝ. Right panel: Learned mapping for the t-invariant in

2! 2 scatterings, conditional on the scattering CM energy
p

p2.

our trained mapping with VEGAS, we achieve the best performance in the W+3 jets scenario,
with an improvement factor of up to 1.5. For the t̄t+ 2 jets scenario in the upper right plot,
the story is the same.

Next, we consider the same processes but with an additional jet in the final state. The re-
sults for different scenarios are shown in the lower two plots in Fig. 5. Again, we consider the
mapping that has been trained on the W+3 jets process and evaluate it on the W+4 jets process
without further training. We find that the pre-trained mappings are very close in performance
to the VEGAS benchmark, without any specific optimization on the W + 4 jets process. Like
before, when additionally combining with VEGAS we outperform our untrained phase-space
mappings. If we directly train our mappings on W + 4 jets, we immediately outperform our
untrained benchmark mappings even without further optimizing with VEGAS. When combin-
ing the trained mappings with an additional VEGAS optimization, we achieve an improvement
factor of up to 2 for the W+ 4 jets process.

Again, when turning to the t̄t+ 3 jets scenario, we observe the same behavior. This indi-
cates that our trainable mappings work well and are capable of generalizing from one process
to another process with an additional final state jet. This means our trainable bilinear flow
represents the smallest foundation model possible. We note that going even one step further
by pre-training our bilinear flows on W+2 jets and t̄t+1 jets, respectively, does not generalize
well to higher multiplicities as these low-multiplicity processes are too simple to encode all
the necessary information.

Explainability

Another benefit of using our bilinear-flow-enhanced mappings is the possibility to understand
and interpret the learned correlations. As an example, we consider the learned transformation
for the W+3 jets process in Fig. 6. Both plots show a learned transformation of an input of one
of the phase-space blocks conditioned on some physical features relevant to that component.
In the left panel of Fig. 6, we consider the learned transformation for a massless propagator
conditional on the partonic CM energy

p
ŝ. We can see that the overall shape of the mapping

deviates from the flat mapping, being slightly bulged upwards. This means that our fixed
choice of ⌫= 1.4 was slightly too large, indicating stronger pole cancellations in the collinear
limit. Further, the mapping tends to avoid zs < 0.2 and hence avoiding to sample the smin

15

Massless propagator 
s-invariant

2→2 scattering 
t-invariant

• s-invariant: small energy-dependence, easily learned by VEGAS, 
still room for improvement in underlying mapping 

• t-invariant: large dependence on p2


