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• Based on 
- Overview part: Roberto F, Doojin K, KC K, Konstantin M, Prasanth S, MP (arXiv:2206.13431, accepted in RMP) 
- Kinematics (Global) part: Doojin K, KC Kong, Konstantin M, Prasanth S MP (arXiv:2105.10126, PRD) 
- QCD (Local) part: Ahmed H, MP (arXiv:2209.03898)



Enhancing signatures over BKG

• With our elaborated theoretical model,  
  
1) Get expectations from MC simulations 
 
2) Get data from experiments (e.g. the LHC) 
 
3) Compare our expectation to data  with sophisticated  
computer algorithms (ML: machine learning)



All about the dimensional reduction 

• Kinematic variables (features in phase-space & event-topology) 


• Activities depending on a specific Gauge (parton shower, hadronization)



• Focusing on features of "signal"

Features selection



Situation@Collider (maybe LHC?)



Signal

Reducible  
backgrounds 1

Reducible  
backgrounds ?

Irreducible  
backgrounds

H → bb̄

W−W+ → μν̄μ̄ν Z → bb̄ G → bb̄
• Different 

reconstructed 
particles


• Different 
phase-space

• Same final 
sates, but 
different 
weight on the 
phase-space 
Well-localized

• Same final 
sates, but 
different 
intermediate. 
Huge



Extracting High-level features of a new physics

• A human-engineered feature 
variable,  which estimates  
with an endpoint of its distribution  
 
(highly singular behavior due to its 
Jacobian peak) 

MT MA

• Kinematic variables to utilize a different phase-space structures  
(signal, v.s. backgrounds) 

A

b

c

θ = {mA} X = {pμ
b , pT

c }

dim(X) = 6 → dim(V ) = 1

(invisible) Transverse Mass variable



• Kinematic variables to utilize a different phase-space structures  
(signal, v.s. backgrounds) 

A

b

c

θ = {mA} X = {pμ
b , pT

c }

dim(X) = 6 → dim(V ) = 1

(invisible)

A Neural-Network can design an event-variable 
(by enforcing information-bottleneck to NN) 

Doojin Kim, KC Kong, Konstantin Matchev, Prasanth, MP. (2023)

Extracting High-level features of a new physics



• "High-level" kinematic variables to remove easy 
reducible backgrounds



• "High-level" kinematic variables to remove easy 
reducible backgrounds



With low-level information

• Provide a "freedom" to a Neural Nets (expensive GPU machine)  
so that it can design some decision criteria to suppress backgrounds. 
 
- Freedom : More data and more complicated and deep design of NN

• Low-level information:  
- simple variables like ,  ,  ,  , and any basic kinematic 
variables including  , ...  
- Four-vector of reconstructed particles. 

pT η Δϕ cos θjj
mjj

• We can borrow any fancy Neural Networks, including Recurrent 
Neural net, Graph Neural net, Teacher-Student net, and so on...  
(So we need to give eyes on the recent ML developments, and enjoy 
shopping...)



• Deep NN with "low-level" kinematics to remove 
somewhat complicated backgrounds



• Deep NN with "low-level" kinematics to remove 
somewhat complicated backgrounds



So leftovers are the imposters with different color



Orthogonal information  
to the Kinematics

• Differences in kinematics are from "high " region, i.e. reconstructed 
(reco) level 
 
- Telling us about the structure of "Feynman-diagram"  
   (Event-topology, Mass spectrum)


• We can further utilize  differences  (Density bounded by phase-space) 
 - e.g.) Decaying angle of the Higgs 


• Differences in radiation patterns of a Gauge charge are coming from  
"soft " region  
 
- eg) Telling us about the state under a gauge group, 

PT

|ℳ |2

PT

SU(3)C
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D Tr[TATB]Tr[TCTD]

Tr[TATC]Tr[TBTD]

Tr[TATD]Tr[TBTC]

Jason Gallicchio, Matthew D. Schwartz 2010

More than Kinematics difference
• In many cases, the soft QCD radiation patterns from signals 

are different from Backgrounds. (e.g. : rapidity gap)

gg → h → bb̄

gg → bb̄
v . s .



Utilizing QCD information
• One can design a QCD variable, for example a pull-vector  

 

   

 
provides  an one-dimensional feature 

⃗t ≡ ∑
pi

T |ri |

pjet
T

⃗ri

(Jason Gallicchio, Matthew D. Schwartz  2010)

• Or one can get two-dimensional features, 

(Frederic A. Dreyer, Gavin P. Salam, Gregory Soyez 2018)



M. Schwartz et.al. arXiv:1612.01551 

• A neural network (designed to understand 
a picture)  can tell differences in QCD 
 
- Pixels are energy deposits  from various sub-detectors  
     (e.g. : tracks, e-cal, h-cal ) 

Fully utilizing QCD information?

• One needs to understand 
differences in "image"

(Charanjit K. Khosa, Simone Marzani, 2021)

(High PT) (High PT)
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<latexit sha1_base64="cGuIThOCyTN/k/SqjPhydonXWvc=">AAAB7XicbZDLTgIxFIbP4A3xhrp00wgmrsgMG10S3bjERC4JTEindKDSaZu2Y0ImvIMbFxrj1vdx59tYYBYK/kmTL/85Jz3njxRnxvr+t1fY2Nza3inulvb2Dw6PyscnbSNTTWiLSC51N8KGciZoyzLLaVdpipOI0040uZ3XO09UGybFg50qGiZ4JFjMCLbOalf7asyqg3LFr/kLoXUIcqhAruag/NUfSpImVFjCsTG9wFc2zLC2jHA6K/VTQxUmEzyiPYcCJ9SE2WLbGbpwzhDFUrsnLFq4vycynBgzTSLXmWA7Nqu1uflfrZfa+DrMmFCppYIsP4pTjqxE89PRkGlKLJ86wEQztysiY6wxsS6gkgshWD15Hdr1WuD4vl5p3ORxFOEMzuESAriCBtxBE1pA4BGe4RXePOm9eO/ex7K14OUzp/BH3ucPzDGOmQ==</latexit><latexit sha1_base64="cGuIThOCyTN/k/SqjPhydonXWvc=">AAAB7XicbZDLTgIxFIbP4A3xhrp00wgmrsgMG10S3bjERC4JTEindKDSaZu2Y0ImvIMbFxrj1vdx59tYYBYK/kmTL/85Jz3njxRnxvr+t1fY2Nza3inulvb2Dw6PyscnbSNTTWiLSC51N8KGciZoyzLLaVdpipOI0040uZ3XO09UGybFg50qGiZ4JFjMCLbOalf7asyqg3LFr/kLoXUIcqhAruag/NUfSpImVFjCsTG9wFc2zLC2jHA6K/VTQxUmEzyiPYcCJ9SE2WLbGbpwzhDFUrsnLFq4vycynBgzTSLXmWA7Nqu1uflfrZfa+DrMmFCppYIsP4pTjqxE89PRkGlKLJ86wEQztysiY6wxsS6gkgshWD15Hdr1WuD4vl5p3ORxFOEMzuESAriCBtxBE1pA4BGe4RXePOm9eO/ex7K14OUzp/BH3ucPzDGOmQ==</latexit><latexit sha1_base64="cGuIThOCyTN/k/SqjPhydonXWvc=">AAAB7XicbZDLTgIxFIbP4A3xhrp00wgmrsgMG10S3bjERC4JTEindKDSaZu2Y0ImvIMbFxrj1vdx59tYYBYK/kmTL/85Jz3njxRnxvr+t1fY2Nza3inulvb2Dw6PyscnbSNTTWiLSC51N8KGciZoyzLLaVdpipOI0040uZ3XO09UGybFg50qGiZ4JFjMCLbOalf7asyqg3LFr/kLoXUIcqhAruag/NUfSpImVFjCsTG9wFc2zLC2jHA6K/VTQxUmEzyiPYcCJ9SE2WLbGbpwzhDFUrsnLFq4vycynBgzTSLXmWA7Nqu1uflfrZfa+DrMmFCppYIsP4pTjqxE89PRkGlKLJ86wEQztysiY6wxsS6gkgshWD15Hdr1WuD4vl5p3ORxFOEMzuESAriCBtxBE1pA4BGe4RXePOm9eO/ex7K14OUzp/BH3ucPzDGOmQ==</latexit><latexit sha1_base64="cGuIThOCyTN/k/SqjPhydonXWvc=">AAAB7XicbZDLTgIxFIbP4A3xhrp00wgmrsgMG10S3bjERC4JTEindKDSaZu2Y0ImvIMbFxrj1vdx59tYYBYK/kmTL/85Jz3njxRnxvr+t1fY2Nza3inulvb2Dw6PyscnbSNTTWiLSC51N8KGciZoyzLLaVdpipOI0040uZ3XO09UGybFg50qGiZ4JFjMCLbOalf7asyqg3LFr/kLoXUIcqhAruag/NUfSpImVFjCsTG9wFc2zLC2jHA6K/VTQxUmEzyiPYcCJ9SE2WLbGbpwzhDFUrsnLFq4vycynBgzTSLXmWA7Nqu1uflfrZfa+DrMmFCppYIsP4pTjqxE89PRkGlKLJ86wEQztysiY6wxsS6gkgshWD15Hdr1WuD4vl5p3ORxFOEMzuESAriCBtxBE1pA4BGe4RXePOm9eO/ex7K14OUzp/BH3ucPzDGOmQ==</latexit>

pT
<latexit sha1_base64="QfSz3zMt+QOR6SN5YMmEJSNFwLc=">AAAB7HicbZA9TwJBEIbn8AvxC7W02QgmVuSORkuijSUmfCVwIXvLHGzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwTfZ5Mk7M9mZN0gE18Z1v53C1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+AS24Ybgb1EIY0Cgd1ger+od59QaR7Llpkl6Ed0LHnIGTXWaleTYas6LFfcmrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny2Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSEt37GZZIalGz1UZgKYmKyuJyMuEJmxMwCZYrbXQmbUEWZsfmUbAje+smb0KnXPMuP9UrjLo+jCBdwCdfgwQ004AGa0AYGHJ7hFd4c6bw4787HqrXg5DPn8EfO5w/sk44V</latexit><latexit sha1_base64="QfSz3zMt+QOR6SN5YMmEJSNFwLc=">AAAB7HicbZA9TwJBEIbn8AvxC7W02QgmVuSORkuijSUmfCVwIXvLHGzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwTfZ5Mk7M9mZN0gE18Z1v53C1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+AS24Ybgb1EIY0Cgd1ger+od59QaR7Llpkl6Ed0LHnIGTXWaleTYas6LFfcmrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny2Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSEt37GZZIalGz1UZgKYmKyuJyMuEJmxMwCZYrbXQmbUEWZsfmUbAje+smb0KnXPMuP9UrjLo+jCBdwCdfgwQ004AGa0AYGHJ7hFd4c6bw4787HqrXg5DPn8EfO5w/sk44V</latexit><latexit sha1_base64="QfSz3zMt+QOR6SN5YMmEJSNFwLc=">AAAB7HicbZA9TwJBEIbn8AvxC7W02QgmVuSORkuijSUmfCVwIXvLHGzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwTfZ5Mk7M9mZN0gE18Z1v53C1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+AS24Ybgb1EIY0Cgd1ger+od59QaR7Llpkl6Ed0LHnIGTXWaleTYas6LFfcmrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny2Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSEt37GZZIalGz1UZgKYmKyuJyMuEJmxMwCZYrbXQmbUEWZsfmUbAje+smb0KnXPMuP9UrjLo+jCBdwCdfgwQ004AGa0AYGHJ7hFd4c6bw4787HqrXg5DPn8EfO5w/sk44V</latexit><latexit sha1_base64="QfSz3zMt+QOR6SN5YMmEJSNFwLc=">AAAB7HicbZA9TwJBEIbn8AvxC7W02QgmVuSORkuijSUmfCVwIXvLHGzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwTfZ5Mk7M9mZN0gE18Z1v53C1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+AS24Ybgb1EIY0Cgd1ger+od59QaR7Llpkl6Ed0LHnIGTXWaleTYas6LFfcmrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny2Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSEt37GZZIalGz1UZgKYmKyuJyMuEJmxMwCZYrbXQmbUEWZsfmUbAje+smb0KnXPMuP9UrjLo+jCBdwCdfgwQ004AGa0AYGHJ7hFd4c6bw4787HqrXg5DPn8EfO5w/sk44V</latexit>

pT
<latexit sha1_base64="QfSz3zMt+QOR6SN5YMmEJSNFwLc=">AAAB7HicbZA9TwJBEIbn8AvxC7W02QgmVuSORkuijSUmfCVwIXvLHGzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwTfZ5Mk7M9mZN0gE18Z1v53C1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+AS24Ybgb1EIY0Cgd1ger+od59QaR7Llpkl6Ed0LHnIGTXWaleTYas6LFfcmrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny2Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSEt37GZZIalGz1UZgKYmKyuJyMuEJmxMwCZYrbXQmbUEWZsfmUbAje+smb0KnXPMuP9UrjLo+jCBdwCdfgwQ004AGa0AYGHJ7hFd4c6bw4787HqrXg5DPn8EfO5w/sk44V</latexit><latexit sha1_base64="QfSz3zMt+QOR6SN5YMmEJSNFwLc=">AAAB7HicbZA9TwJBEIbn8AvxC7W02QgmVuSORkuijSUmfCVwIXvLHGzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwTfZ5Mk7M9mZN0gE18Z1v53C1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+AS24Ybgb1EIY0Cgd1ger+od59QaR7Llpkl6Ed0LHnIGTXWaleTYas6LFfcmrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny2Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSEt37GZZIalGz1UZgKYmKyuJyMuEJmxMwCZYrbXQmbUEWZsfmUbAje+smb0KnXPMuP9UrjLo+jCBdwCdfgwQ004AGa0AYGHJ7hFd4c6bw4787HqrXg5DPn8EfO5w/sk44V</latexit><latexit sha1_base64="QfSz3zMt+QOR6SN5YMmEJSNFwLc=">AAAB7HicbZA9TwJBEIbn8AvxC7W02QgmVuSORkuijSUmfCVwIXvLHGzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwTfZ5Mk7M9mZN0gE18Z1v53C1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+AS24Ybgb1EIY0Cgd1ger+od59QaR7Llpkl6Ed0LHnIGTXWaleTYas6LFfcmrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny2Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSEt37GZZIalGz1UZgKYmKyuJyMuEJmxMwCZYrbXQmbUEWZsfmUbAje+smb0KnXPMuP9UrjLo+jCBdwCdfgwQ004AGa0AYGHJ7hFd4c6bw4787HqrXg5DPn8EfO5w/sk44V</latexit><latexit sha1_base64="QfSz3zMt+QOR6SN5YMmEJSNFwLc=">AAAB7HicbZA9TwJBEIbn8AvxC7W02QgmVuSORkuijSUmfCVwIXvLHGzY27vs7pmQC7/BxkJjbP1Bdv4bF7hCwTfZ5Mk7M9mZN0gE18Z1v53C1vbO7l5xv3RweHR8Uj496+g4VQzbLBax6gVUo+AS24Ybgb1EIY0Cgd1ger+od59QaR7Llpkl6Ed0LHnIGTXWaleTYas6LFfcmrsU2QQvhwrkag7LX4NRzNIIpWGCat333MT4GVWGM4Hz0iDVmFA2pWPsW5Q0Qu1ny2Xn5Mo6IxLGyj5pyNL9PZHRSOtZFNjOiJqJXq8tzP9q/dSEt37GZZIalGz1UZgKYmKyuJyMuEJmxMwCZYrbXQmbUEWZsfmUbAje+smb0KnXPMuP9UrjLo+jCBdwCdfgwQ004AGa0AYGHJ7hFd4c6bw4787HqrXg5DPn8EfO5w/sk44V</latexit>

• Consider "orthogonal" method to kinematics; QCD Color-flow



Conventional Image recognition 
(applying series of filters)

Basic structure of 
Image recognition 

using CNN



Combining pieces together
• A multi-modal learning can be done. 

Decision

SIG

BKG

with Jeong Han K, Minho K, KC K, Konstantin M, MP  
(arXiv:1904.08549, JHEP)



So, are we OK?



The problem of conventional ML (1)
• The direct use of a neural network (designed for commercial 

image) is not suitable (= not efficient) to our physics cases. 

h → bb̄   
in Backgrounds

bb̄

• The "image" from our LHC data is very sparse

Mostly empty image (value = 0)  
Any meaning to apply a "filter"?



One solution: Kernel Method
• We can provide a good kernel to separate data efficiently, namely 

with a few and sparse "image" data by making "linearly" separable 

"OLD" Kernel Method

• Designing a kernel requires a domain knowledge (based on our expertise) 
- This means "old"  
: Conventional ML : end - to - end (Blackbox): No human intervention



The problem in data (2)

• The soft patterns are not fully detangled with kinematics.

mjj ∝ pT1
pT2

ΔR

Low   
phase-space

PT High   
phase-space

PT
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η

ϕ

η

ϕ

• Let's make two categories : Divide below into two categories

The problem in data (2)



η

ϕ

η

ϕ

η

ϕ

η

ϕ

• A quick trial: Attentions are on hot cores



η

ϕ

η

ϕ

η

ϕ

η

ϕ

Low pT High pT

h
→

bb̄
co

lo
ro

ct
et

→
bb̄

• Due to the softness of radiations, everyone (even ML) can easily gets 
focused on hot cores ( ). To train, we need more more more datab/b̄



Backgrounds PT(bb̄)Signals PT(bb̄)

• Conventional Machine Learning can not focus on soft-patterns, 
rather on different kinematics. 

• It requires "BIG" data to pay attention to soft patterns.



One solution: focusing on small region

• In a boosted region, the dependency on "kinematics" becomes mild

BoostedBoosted



Want to use "Full  range"pT

• "Easy" solution demands a huge price: the statistics. 
We want to collect as many as events, statistics!!!

BoostedBoosted

? ?



η

ϕ

η

ϕ

η

ϕ

η

ϕ

Low pT High pT

h
→

bb̄
• A binary problem, either "inside"or "outside" a circle.

co
lo

ro
ct

et
→

bb̄



Inverse stereographic projection 
(a.k.a. "Riemannian" Kernel)

q1

<latexit sha1_base64="UmQ2nirk742EZnxmp9oOxuC1bgM=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHYJiR6JXjxi4gIJbEi3dKGh7a5t14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044uZ37nSeqNIvlg5kmNBB4JFnECDZW8quPA686KFfcmrsAWideTiqQozUof/WHMUkFlYZwrHXPcxMTZFgZRjidlfqppgkmEzyiPUslFlQH2eLYGbqwyhBFsbIlDVqovycyLLSeitB2CmzGetWbi/95vdRE10HGZJIaKslyUZRyZGI0/xwNmaLE8KklmChmb0VkjBUmxuZTsiF4qy+vk3a95jVqjft6pXmTx1GEMziHS/DgCppwBy3wgQCDZ3iFN0c6L86787FsLTj5zCn8gfP5A7svjfo=</latexit>

q2

<latexit sha1_base64="uTyecdUhR/XPlIFGaaoAtX3tQB4=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHYJiR6JXjxi4gIJbEi3dKGh7a5t14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044uZ37nSeqNIvlg5kmNBB4JFnECDZW8quPg3p1UK64NXcBtE68nFQgR2tQ/uoPY5IKKg3hWOue5yYmyLAyjHA6K/VTTRNMJnhEe5ZKLKgOssWxM3RhlSGKYmVLGrRQf09kWGg9FaHtFNiM9ao3F//zeqmJroOMySQ1VJLloijlyMRo/jkaMkWJ4VNLMFHM3orIGCtMjM2nZEPwVl9eJ+16zWvUGvf1SvMmj6MIZ3AOl+DBFTThDlrgAwEGz/AKb450Xpx352PZWnDymVP4A+fzB7y0jfs=</latexit>

ei

<latexit sha1_base64="5row7SycfKB8pNqDc+i9bAtg7ik=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUgh6LXjxWMLXQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJWyeZYuizRCSqE1KNgkv0DTcCO6lCGocCH8Px7dx/fEKleSIfzCTFIKZDySPOqLGSX8U+r/bLFbfmLkDWiZeTCuRo9ctfvUHCshilYYJq3fXc1ARTqgxnAmelXqYxpWxMh9i1VNIYdTBdHDsjF1YZkChRtqQhC/X3xJTGWk/i0HbG1Iz0qjcX//O6mYmugymXaWZQsuWiKBPEJGT+ORlwhcyIiSWUKW5vJWxEFWXG5lOyIXirL6+Tdr3mNWqN+3qleZPHUYQzOIdL8OAKmnAHLfCBAYdneIU3RzovzrvzsWwtOPnMKfyB8/kD/fOOJg==</latexit>

ej

<latexit sha1_base64="40RTReqZ8PZt2Uvc4Rwl1Ofctg8=">AAAB7HicbVBNT8JAEJ3iF+IX6tFLI5h4Ii0h0SPRi0dMLJBAQ7bLFFa222Z3a0IafoMXDxrj1R/kzX/jAj0o+JJJXt6bycy8IOFMacf5tgobm1vbO8Xd0t7+weFR+fikreJUUvRozGPZDYhCzgR6mmmO3UQiiQKOnWByO/c7TygVi8WDniboR2QkWMgo0Ubyqjh4rA7KFafmLGCvEzcnFcjRGpS/+sOYphEKTTlRquc6ifYzIjWjHGelfqowIXRCRtgzVJAIlZ8tjp3ZF0YZ2mEsTQltL9TfExmJlJpGgemMiB6rVW8u/uf1Uh1e+xkTSapR0OWiMOW2ju355/aQSaSaTw0hVDJzq03HRBKqTT4lE4K7+vI6addrbqPWuK9Xmjd5HEU4g3O4BBeuoAl30AIPKDB4hld4s4T1Yr1bH8vWgpXPnMIfWJ8//3iOJw==</latexit>

rj

<latexit sha1_base64="AXmiFL8J5Auanmjnjv/oB0+cyac=">AAAB7HicbVBNTwIxEJ3FL8Qv1KOXRjDxRHYJiR6JXjxi4gIJbEi3dKHSdjdt14Rs+A1ePGiMV3+QN/+NBfag4EsmeXlvJjPzwoQzbVz32ylsbG5t7xR3S3v7B4dH5eOTto5TRahPYh6rbog15UxS3zDDaTdRFIuQ0044uZ37nSeqNIvlg5kmNBB4JFnECDZW8qtq8FgdlCtuzV0ArRMvJxXI0RqUv/rDmKSCSkM41rrnuYkJMqwMI5zOSv1U0wSTCR7RnqUSC6qDbHHsDF1YZYiiWNmSBi3U3xMZFlpPRWg7BTZjverNxf+8Xmqi6yBjMkkNlWS5KEo5MjGaf46GTFFi+NQSTBSztyIyxgoTY/Mp2RC81ZfXSbte8xq1xn290rzJ4yjCGZzDJXhwBU24gxb4QIDBM7zCmyOdF+fd+Vi2Fpx85hT+wPn8ARNijjQ=</latexit>

ri

<latexit sha1_base64="2zuyPJGcUNsROZKAT+hYYZIsWAs=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LLaCp5KUgh6LXjxWMLXQhrLZTtqlm03Y3Qil9Dd48aCIV3+QN/+N2zYHbX0w8Hhvhpl5YSq4Nq777RQ2Nre2d4q7pb39g8Oj8vFJWyeZYuizRCSqE1KNgkv0DTcCO6lCGocCH8Px7dx/fEKleSIfzCTFIKZDySPOqLGSX1V9Xu2XK27NXYCsEy8nFcjR6pe/eoOEZTFKwwTVuuu5qQmmVBnOBM5KvUxjStmYDrFrqaQx6mC6OHZGLqwyIFGibElDFurviSmNtZ7Eoe2MqRnpVW8u/ud1MxNdB1Mu08ygZMtFUSaIScj8czLgCpkRE0soU9zeStiIKsqMzadkQ/BWX14n7XrNa9Qa9/VK8yaPowhncA6X4MEVNOEOWuADAw7P8ApvjnRenHfnY9lacPKZU/gD5/MHEd2OMw==</latexit>

P (1)

<latexit sha1_base64="uLtf1Q77p8/VncuqRSDb9lE4EXc=">AAAB8nicbVBNSwMxEM3Wr1q/qh69BFuhXspuKeix6MVjBVsL26Vk02wbmk2WZFZYlv4MLx4U8eqv8ea/Mf04aOuDgcd7M8zMCxPBDbjut1PY2Nza3inulvb2Dw6PyscnXaNSTVmHKqF0LySGCS5ZBzgI1ks0I3Eo2GM4uZ35j09MG67kA2QJC2IykjzilICV/Gq71ucyguyyOihX3Lo7B14n3pJU0BLtQfmrP1Q0jZkEKogxvucmEOREA6eCTUv91LCE0AkZMd9SSWJmgnx+8hRfWGWII6VtScBz9fdETmJjsji0nTGBsVn1ZuJ/np9CdB3kXCYpMEkXi6JUYFB49j8ecs0oiMwSQjW3t2I6JppQsCmVbAje6svrpNuoe816875Rad0s4yiiM3SOashDV6iF7lAbdRBFCj2jV/TmgPPivDsfi9aCs5w5RX/gfP4A6H6QXA==</latexit>

R2

<latexit sha1_base64="+jGH+vIUaWgXV/Kk2UURKeNLc38=">AAAB7HicbVDLSgNBEOyNrxhfUY9eBhPBU9gNAT0GvAheorgxkCxhdjJJhszOLjO9QlgC/oEXD4p49YO8+TdOHgdNLGgoqrrp7goTKQy67reTW1vf2NzKbxd2dvf2D4qHR00Tp5pxn8Uy1q2QGi6F4j4KlLyVaE6jUPKHcHQ19R8euTYiVvc4TngQ0YESfcEoWskv33Wr5W6x5FbcGcgq8RakBAs0usWvTi9macQVMkmNaXtugkFGNQom+aTQSQ1PKBvRAW9bqmjETZDNjp2QM6v0SD/WthSSmfp7IqORMeMotJ0RxaFZ9qbif147xf5lkAmVpMgVmy/qp5JgTKafk57QnKEcW0KZFvZWwoZUU4Y2n4INwVt+eZU0qxWvVqndVkv1m6d5HHk4gVM4Bw8uoA7X0AAfGAh4hld4c5Tz4rw7H/PWnLOI8Bj+wPn8AbYQjmU=</latexit>

• Soft radiations which are 
inside of a circle   Southern hemisphere  (  ) 
outside of a circle  North hemisphere  ( Color octet status )


• Consider only angular positions, totally independent from  
a radius which is proportional to . 

→ H
→

PT( jj)

(  )j1 (  )j2



• A toy model of color octet "scalar" particle with    
to focus on checking the performance on "QCD". 
(Also QCD backgrounds,  is in this case)

mσ = mh

pp → (g → bb̄), Z



Riemannian preprocessing



PT(bb̄) < 250 GeV PT(bb̄) ≥ 250 GeV

pp
→

Z,
h

pp
→

Z,
σ

(a) (b)

(c) (d)

Mollweide projection of Riemannian preprocessing

- The distribution of soft patterns does not show a dependency on  PT(bb̄)



Landscape of Color activity
• Accumulated 5000 events shot

• Corruptions in North hemisphere are 
from ISR / MPI QCD activities.

( , , , ,  )V + js tt̄ t(t̄ ) VV ⋯



No preprocessing CNN 
     (AUC=76.1 %)

Lund preprocessing 
          (AUC=85.1 %)

Riemannian preprocessing 
(AUC=95.3 %)

Performance test

• With 100,000 MC data sample each for (1) whole  range and for (2) boosted   
"Riemann" preprocessing has a outperformance.


• Lund preprocessing ("double-logarithmic plane") is from [arXiv:2105.03989] for a 
boosted Higgs (Data preprocessing with selected QCD features)

pT pT



Applying to the LHC test

Lund, image-batch size = 18
Riemannian, image-batch size = 219
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Bootstrapped samples

• Based on the ATLAS work 
(Measurement of  in 

, 13TeV with : 
arXiv:2007.02873) 
 
- Number of Higgs samples after 
selection cuts : 219 
 
- Number of Higgs samples in the 
boosted region ( ) : 18

WH/ZH
H → bb̄ 139fb−1

pT > 250GeV

• With well-trained Neural Network, analysis only with High  region 
will suffer from  "statistical fluctuation" in the real battle of the LHC.  


• Thus, the method with wide range of  would be better

PT

pT(h)



Reducing QCD backgrounds

• Applying "color singlet ML tagger", we can achieve  
"factor 2" (CNN: 25%) enhancement compared to conventional 
cut-and-counting based only on kinematic features.



Untold story



• Focusing on features of 
"signal"??????????????

  Q) Do we really expect "Wally" looks like this?  
      who said??? 



Any ideas 
welcomed  

now !



Example: anomaly

j

<latexit sha1_base64="vkqhsHR9jZgNzbxb5BBmahv9UFc=">AAACDXicbZDLSsNAFIZPvNZ6i7p0M9gKrkpSEF0WRXBZoTdoQ5hMJu3QyYWZSaGEPIMv4FbfwJ249Rl8AZ/DaZuFbf1h4Oc/58w5fF7CmVSW9W1sbG5t7+yW9sr7B4dHx+bJaUfGqSC0TWIei56HJeUsom3FFKe9RFAcepx2vfH9rN6dUCFZHLXUNKFOiIcRCxjBSkeuaZarA8mxHFE/e8jdVtU1K1bNmgutG7swFSjUdM2fgR+TNKSRIvoj2betRDkZFooRTvPyIJU0wWSMh7SvbYRDKp1sfnmOLnXioyAW+kUKzdO/ExkOpZyGnu4MsRrJ1dos/K/WT1Vw62QsSlJFI7JYFKQcqRjNMCCfCUoUn2qDiWD6VkRGWGCiNKylLQWdXIOxVzGsm069Zl/XrKd6pXFXICrBOVzAFdhwAw14hCa0gcAEXuAV3oxn4934MD4XrRtGMXMGSzK+fgED0JuY</latexit>
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a simple kinematic variable 

?



∈

diagram from Lian-Tao Wang et.al. arxiv:1303.6638

{
⋯ }

Sorry for my poor imagination, still SUSY....



Identifying Event-topology
• Once we "get" signals over "expected" backgrounds,  

(with, for example anomaly detection methods)


• If we can "identify" an event topology behind signal events 
 
- We can further increases signal efficiencies with various 
"supervised" Machine Learning methods 
 
- We can check the candidates for a model for this signatures,  
   Very important, at least to give a novel prize :) 


• Importantly, there are not so many studies on this ! 
(as far as I know)

If yo are interested, please check our other works  
(Minho Kim, Jae-hyeon Park, Pyungwon Ko, MP, arXiv:2111.07806)



Conclusion
• We are interested in maximizing the discovery chance with Machine 

Learning  
 
- We want to squeeze outputs from the (future) colliders


• Utilizing various information, including kinematics, QCD information 
would be very helpful. ML can do this job nicely.  

• Still we can design nicer networks or preprocessing method 
(Riemannian) based on our domain knowledge (physics) 
 
- More efficient to minimize the training data size, quick learning 
convergence, etc...



Details on Kinematic ML



• Conventional supervised ML, 

X

v1

v2

significance

mX [GeV]100 300 500



• Our NN method provide
significance

mX [GeV]100 300 500

by synthesizing event variable with ML

- We want to make  to focus on the kinematics.  
 
- We train the network so that  carries (focus) information on the phase space, 
independently on the underlying unknown parameter 

V

V
θ



dim( ) X dim( ) V

•  Some information would be lost due to  
 - Try to minimize the information loss 
 - Efficiently retain the underlying parameters 

dim(X) > dim(V)

θ

θ

Model 
parameter

collider 
events

observables 
(four-vectors)

• This is KL divergence between   and  p(V,θ) pV ⊗ pθ

Train  so that  and   are highly distinguishable V p(V,θ) pV ⊗ pθ

Dimensional reduction



How to train V ?
• Use two classes 

1.  : events  from  
2.  : events  not from  (totally uncorrelated)

pX|θ X θ
pX ⊗ pθ X θ

no activation (just dimensional reduction)

sigmoid


