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Introduction

There is always an uncertainty induced by simulation.

Shang-Fu Wei DA in colliders ML4Jets 2026 1/23



Introduction

There is always an uncertainty induced by simulation.

Typical working flow. Trained by simulation — Inference on data.

Domain difference between simulation and data:
o Parton shower
o Hadronization

o etc.
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Introduction
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Introduction

Assume a VBF Higss vs. ggF Higgs classification

q e q g, g
Train on Pythia, test on Pythia/Herwig
ROC curve SIC curve
CNN CNN

Plain on source, max SIC=6.643
Plain on target, max SIC=2.258

Plain on source, AUC=0.907
Plain on target, AUC=0.870
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Introduction

Trend. We are accessing ever-increasingly granular information.

tabular data images point cloud

= wfe]»

How to ensure the model does NOT learn the artifact in the simulation?
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Introduction

Trend. We are accessing ever-increasingly granular information.

tabular data images point cloud

= 1] LI

How to ensure the model does NOT learn the artifact in the simulation?

Unsupervised domain adaptation
Learn from simulation (with label) 4+ data (without label)
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Processes. Higgs production in pp collisions
o Signal: VBF Higgs with up to three jets
o Background: ggF Higgs with up to three jets

Assume the Higgs further decay to diphoton, H — ~~.
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Generation.

Domain ‘ Generator  Shower & Hadronization Detector

Pythia | NLO PWG — Pythia — ATLAS card
Herwig | NLO PWG — Herwig — ATLAS card

Two domains are needed to be adapted:
o Source/simulation/labeled: Pythia VBF + Pythia ggF
o Target/data/unlabeled: Herwig VBF + Herwig ggF
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Pre-selections.
o N,>2
o N; > 2 with pp; > 25 GeV
o An;; > 2.5
o pr.g < 200 GeV

Pre-processing. Weight rescaling for each event to respect the xs

Pythia No: o (pb)
VBF 242k 1.100(3)
ggF 97k  0.960(1)

Herwig Nt o (pb)
VBF 247k 1.123(1)
geF 107k 1.072(3)
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Unsupervised Domain Adaptation (UDA)
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Unsupervised Domain Adaptation (UDA)

Target Input

0
[ Output ] n '

= = arXiv:2209.05518
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arXiv:1801.07829

Source Prediction Target Prediction

arXiv:2202.03772
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Unsupervised Domain Adaptation (UDA)
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Unsupervised Domain Adaptation (UDA)
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Unsupervised Domain Adaptation (UDA)

Idea. Align the representation of simulation and data.

Introduce the Maximum Mean Discrepancy (MMD) as a distance of
distributions. arxXiv:1912.00320

MMD2(S, T) = Ex~s[k(X, X)] + Ey~r[k(Y,Y)] "
— QEXNS,YNT[k(X, Y)}7

with the Gaussian kernel

712
k(X,X') =exp (-”X_XH> (2)

v
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Unsupervised Domain Adaptation (UDA)

distance ~ |[|[Ex~s [X] — Ey~r [Y]|| (3)
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Unsupervised Domain Adaptation (UDA)

distance ~ ||Ex~s [(X, X?)] = Ey~r [(V,Y?)]|| (4)
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Unsupervised Domain Adaptation (UDA)
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distance ~ HEXNS [(X,XQ)] — Ey~r [(Y7 YQ)}H (4)
J higher moment
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Unsupervised Domain Adaptation (UDA)

Target Input

<j.

Network

Fully-connected
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L = Lci(source) + X - MMD?(source, target), (6)
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Uncertainty

Toy measurement.

Ny_iike = L(ov - ey + oG - €a) (7)

Ng_iike = Loy - (1 —ev) +0a - (1 — €q)). (8)
ovy _1 1 ea—1  eq) [(Nv-iike 9)
oG Leqg— ey l—ey —ey NG ke '
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Uncertainty

Toy measurement.

Nv_iike = L(ov - ey + 0 - €a) (7)

Ng_iike = Loy - (1 —ev) +0a - (1 — €q)). (8)
ovy _1 1 ea—1  eq) [(Nv-iike 9)
oG Leg—ev \1—ev —ev) \Ng_like/

Sources of the uncertainty:
o Statistical: Nv_jike, NG-like ~ Poisson
o Systematic: ey(TPR), eq(FPR)
~> Estimated by domain difference: Aey, Aeg.
(Ae = € on source — € on target )
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Uncertainty

The variance of the cross section measurement:

(Aoy)? = (80\/ >2(ANV)2 + (a"v )Q(ANG)Q

Ny NG
statistical
doy \* dov\>
+ (ae\\:) (Aev)” + <a€:> (Aec)? (10)
systematic
1 (1 —ea)’Ny + €4 Ng
- (ev — EG)Q 2 < +O'\2/(AEV)2 + JQG(AEG)Q ,
statistical systematic

(11)

o L=3ab™ !,
o the working point with e¢ = 0.2 .
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Uncertainty

Compare 10 runs for each of the following models:

o Plain

o MMD A =10

o MMD A =50
o MMD A =100
o MMD A =500
o MMD A = 1000
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Uncertainty

Image-based CNN.

Image-based CNN Image-based CNN
MMD on last layer MMD on last layer
12 12
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Each epoch in the training history is scattered.
The epoch with the largest source ¢y is marked to represent a run.
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Uncertainty

Image-based CNN.

Image-based CNN Image-based CNN
MMD on last layer MMD on last layer
12 12
e MMDA=10
e MMD =50

g1 g1 ® MMDA=100
§ § © MMDA=500
2 2 © MMD A=1000
§109 ¢ mpA=10 ‘ g 109 ® Pain
¢ ® MMDA=50 Pk 2
5 4] e MMDA=100 Bt T 5 ]
2 ® MMDA=500 " VHa 9
5 @ MMD A=1000 < s
5 5] e Pan - A S g
= : " kS
2 : 2
] e
© v b+l
o7 =) S 74
&= I

6 6

074 0.76 078 0.80 0.82 0.84 0.86 074 076 0.78 0.80 0.82 0.84 0.86
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o Source ey is kept, and the uncertainty is reduced
o Target ey of MMD is even larger than the plain case.
o Uncertainty: 8% — 9% (plain) — 7% — 8% (MMD \ = 1000)
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Uncertainty

Cloud-based ParT.

Cloud-based ParT Cloud-based ParT
MMD on last layer MMD on last layer
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o Uncertainty: 9% — 11% (plain) — 5% — 6% (MMD X = 1000)
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o Systematic is an important ingredient in measurement.

o Introducing MMD helps to reduce the domain difference, and hence
the systematic.

o The MMD can be readily applied to various types of networks and
data representations.
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Thank you for listening!
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Backup - Epoch Selection

To perform epoch selection, the only viable information are
o ey on simulation;
o MMD between simulation and data.

Other possible selection strategies:
Q Selecting the epoch which has the least MMD on
O the third-to-last layer
O the second-to-last layer
O the last layer
Q First filter out the epochs with MMD less than 0.2 on
O the third-to-last layer
O the second-to-last layer
O the last layer,
then among the remaining epochs, select the one with the highest ey
on the source domain.
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Backup - Epoch Selection

Image-based CNN Image-based CiN Image-based CNN
MMD o fast layer MM on las layer MM on lat layer
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CNN: 1a (upper left), 1b (upper middle), 1c (upper right), 2a (lower left),
2b (lower middle), and 2c (lower right).

Shang-Fu Wei DA in colliders

ets 2026




Backup - Epoch Selection

Cloud-based porT Cloud-based porT Cloud-based parT
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ParT: 1a (upper left), 1b (upper middle), 1c (upper right), 2a (lower left),
2b (lower middle), and 2c (lower right).

ets 2026

Shang-Fu Wei DA in colliders




Backup - MMD Layers

It is possible that the MMD can be applied on the hidden layers of the
network.

L = Ls(source) + Z A¢ - MMD?(sourcey, target,), (12)
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Backup - MMD Layers

Image-based CNN Image-based CNN
MMD on thrid-to-last layer MMD on three layers
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CNN: MMD is applied on the third-to-last (left), and all of the last three
layers (right).
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Backup - MMD Layers

Cloud-based ParT
MMD on thrid-to-last layer

Cloud-based ParT
MMD on three layers
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ParT: MMD is applied on the third-to-last (left), and all of the last three

layers (right).
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