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There can still be HUGE signals hiding in collider data



Goodness-of-fit test in high-dimensional spaces

MY STATISTICAL PROBLEM



Rare, weakly expressed, embedded in the data manifold  
(but well-known reference hypothesis)

MY STATISTICAL PROBLEM

Computing power



1 event

=

1 point in D  
dimensions



Dataset = data manifold



OUTLINE

1.  There can still be huge signals hiding in collider data 

2. Why is it challenging to extract them? 

3. Intrinsic dimension for new physics 

4. Locality for new physics



40 SIGMA SIGNALS AND 
WHERE TO FIND THEM



Bumps Tails



Roughly ~ 10 charged 
tracks in a 100 GeV jet



Dijet event  

~ 20 x 3 = 60  

kinematical variables



Possible signals

But unknown
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N > 1
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PDF of the data
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The number of parameters w 
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If the w's can take N distinct 
values you have
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And this does not even include: 

1) All particles from Pile Up 

2) The growth at 13 TeV 

3) All the hits in the tracker from 
tracks that don’t look “normal” 
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And this does not even include: 

1) All particles from Pile Up 

2) The growth at 13 TeV 

3) All the hits in the tracker from 
tracks that don’t look “normal” 
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⇠ N104



Raw data

THE DREAM

= Hits in tracker and muon system + energy deposits in 
the calorimeters



Raw data

THE DREAM

Dr. Black Box



Raw data New Physics?

THE DREAM

Dr. Black Box



Raw data

New Physics?

THE PROBLEMS

Dr. Black Box
Old Physics



Raw data

New Physics?

THE PROBLEMS

Dr. Black Box
Old Physics

Curse of 
dimensionality



BLESSINGS AND CURSES



Take the two leading 
photons and compute the 

invariant mass
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f(mωω |ŵ)

No curse, but misses many 
signals

STANDARD HEP SOLUTION



THE STATISTICAL PROBLEM

Goodness-of-fit in high-dimensional spaces



THE STATISTICAL PROBLEM

•Kernel-based tests (MMD, kernel Stein discrepancies): measure a reproducing-kernel Hilbert 
space distance between empirical and null distributions.  

•Energy / distance-based tests (energy distance, distance covariance): use pairwise distances 
to detect distributional differences or dependence; in high dimensions standard Euclidean 
distances can concentrate and lose discriminatory power.  

•Projection-based tests: reduce the problem to many univariate tests by projecting data 
(random or optimized projections) and combining p-values; effective when alternatives lie on 
low-dimensional subspaces.  

•Graph / nearest-neighbor and rank-based tests: build graphs (k-NN, MST) or use ranks to 
compare local geometry between samples; often robust to some high-d effects but sensitive 
to metric choice.  

•Residual- or model-based tests (RP tests, parametric bootstrap): fit a high-dimensional model 
(e.g., Lasso), analyze residuals with flexible regressors or prediction proxies, and calibrate via 
parametric/bootstrap schemes; tailored to detect model misspecification (nonlinearity, 
heteroscedasticity, omitted variables). 



Flexibility = How many qualitatively different 
signals you’re sensitive to



Flexibility

Reduction in 
global p-value



Flexibility NPLM

Autoencoders

Bump-hunters

Reduction in 
global p-value



Flexibility NPLM

Autoencoders

Bump-hunters

Reduction in 
global p-value



Flexibility

Intrinsic Dimension

NPLM

Autoencoders

Bump-hunters

Reduction in 
global p-value



THE INTRINSIC DIMENSION 
OF COLLIDER EVENTS



INTRINSIC DIMENSION

Can you tell that D=2 just 
from the data?
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INTRINSIC DIMENSION



INTRINSIC DIMENSION
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µij ⌘
rj
ri

Under mild assumptions  

the PDF can be derived analytically

INTRINSIC DIMENSION



<latexit sha1_base64="RdfNuGF9q7xiKiDC7bsKL2RXyAQ="></latexit>

f(µij) =
D(µD

ij � 1)j�i�1µ�D(j�1)�1
ij

B(j � i, i)
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rj
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INTRINSIC DIMENSION



INTRINSIC DIMENSION

1. Compute          for every point in your dataset  

2. Use all values of          to compute its PDF  

3. Fit for the intrinsic dimension 

<latexit sha1_base64="WrN2atzyJWQfWcW9/VaSKCRfAwM=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUoQKowVLIxFog+pqSLHdVq3jhP8qFRFGVn4FRYGEGLlE9j4G9w2A7Qc6V4dnXOv7HuChFGpHOfbKqysrq1vFDdLW9s7u3v2/kFTxlpg0sAxi0U7QJIwyklDUcVIOxEERQEjrWB0M/VbYyIkjfm9miSkG6E+pyHFSBnJt4+9SPspHWbQIw+ajqEXCoRT4Q8z02jm22Wn4swAl4mbkzLIUfftL68XYx0RrjBDUnZcJ1HdFAlFMSNZydOSJAiPUJ90DOUoIrKbzg7J4KlRejCMhSmu4Ez9vZGiSMpJFJjJCKmBXPSm4n9eR6vwqptSnmhFOJ4/FGoGVQynqcAeFQQrNjEEYUHNXyEeIJOEMtmVTAju4snLpHlecauV6t1FuXadx1EER+AEnAEXXIIauAV10AAYPIJn8ArerCfrxXq3PuajBSvfOQR/YH3+AMANmnc=</latexit>

µij ⌘
rj
ri

<latexit sha1_base64="WrN2atzyJWQfWcW9/VaSKCRfAwM=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwqJqUoQKowVLIxFog+pqSLHdVq3jhP8qFRFGVn4FRYGEGLlE9j4G9w2A7Qc6V4dnXOv7HuChFGpHOfbKqysrq1vFDdLW9s7u3v2/kFTxlpg0sAxi0U7QJIwyklDUcVIOxEERQEjrWB0M/VbYyIkjfm9miSkG6E+pyHFSBnJt4+9SPspHWbQIw+ajqEXCoRT4Q8z02jm22Wn4swAl4mbkzLIUfftL68XYx0RrjBDUnZcJ1HdFAlFMSNZydOSJAiPUJ90DOUoIrKbzg7J4KlRejCMhSmu4Ez9vZGiSMpJFJjJCKmBXPSm4n9eR6vwqptSnmhFOJ4/FGoGVQynqcAeFQQrNjEEYUHNXyEeIJOEMtmVTAju4snLpHlecauV6t1FuXadx1EER+AEnAEXXIIauAV10AAYPIJn8ArerCfrxXq3PuajBSvfOQR/YH3+AMANmnc=</latexit>

µij ⌘
rj
ri



WHY?

1. First thing to do before any analysis 

2. First thing to do before building any 
autoencoder 

As you vary i and j you are exploring non-trivial 
features of the kinematics 

3. What is the dimension of a jet? 

<latexit sha1_base64="/q2wnuX4b3zS4mevgm+bM577h2k=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6kUoevFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc3U791hPThiv5YMcJC2IykDzilFgnNXWP42vcK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGs3eRwFOIYTOAMfLqEGd1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPH4tqjng=</latexit>ri =
Earth Mover’s Distance 

[Komiske, Metodiev, Thaler ’19]



THE INTRINSIC DIMENSION 
FOR NEW PHYSICS 
[RTD, A. GLIOTI, G. RIGO, A. VALENTI, arXiv:2511.20760]

https://arxiv.org/abs/2511.20760


1. Flexibility  

2. Robustness to Showering and Detector Effects 

3. Robustness to Systematics 

4. No Curse of Dimensionality



<latexit sha1_base64="6t/71VNynrv33YE7oh08QpnTB6g=">AAACD3icbZDLSgMxFIYz9VbrbdSlm2BRBLHMiFSXRTcuK9gLdsaSSU/b0ExmSDJCKX0DN76KGxeKuHXrzrcxM+1CWw8kfPznHJL/D2LOlHacbyu3sLi0vJJfLaytb2xu2ds7dRUlkkKNRjySzYAo4ExATTPNoRlLIGHAoREMrtJ+4wGkYpG41cMY/JD0BOsySrSR2vZhHGNPR7hxf4zvMvLCxHB6n2BISSRtaNtFp+RkhefBnUIRTavatr+8TkSTEISmnCjVcp1Y+yMiNaMcxgUvURATOiA9aBkUJATljzI/Y3xglA7uRtIcoXGm/t4YkVCpYRiYyZDovprtpeJ/vVaiuxf+iIk40SDo5KFuwrGxnYaDO0wC1XxogFDJzF8x7RNJqDYRFkwI7qzleaifltxyqXxzVqxcTuPIoz20j46Qi85RBV2jKqohih7RM3pFb9aT9WK9Wx+T0Zw13dlFf8r6/AE+NZpL</latexit>

pp ! W+Z ! µ+µ�e+⌫eSM:

SIGNAL:
<latexit sha1_base64="m/f4OyZ7tEvEbVd7pOmApWKyp3E=">AAACP3icbVDLSgMxFM34rPU16tJNsAiCWGaKVJdFNy4r2Af2MWTS2zY0kxmSjFBK/8yNv+DOrRsXirh1Z2ZaxLZeSO7hnHNJ7vEjzpR2nBdraXlldW09s5Hd3Nre2bX39qsqjCWFCg15KOs+UcCZgIpmmkM9kkACn0PNH1wneu0BpGKhuNPDCFoB6QnWZZRoQ3l2NYpwU4e4SfusfZo2r9B2Uq5miPuJ4vy2xBvEidXcZxgSJGIPZn2enXPyTlp4EbhTkEPTKnv2c7MT0jgAoSknSjVcJ9KtEZGaUQ7jbDNWEBE6ID1oGChIAKo1Svcf42PDdHA3lOYIjVP278SIBEoNA984A6L7al5LyP+0Rqy7l60RE1GsQdDJQ92YYxNCEibuMAlU86EBhEpm/oppn0hCtYk8a0Jw51deBNVC3i3mi7fnudLVNI4MOkRH6AS56AKV0A0qowqi6BG9onf0YT1Zb9an9TWxLlnTmQM0U9b3D0ZNq4o=</latexit>

pp ! �+�0
2 ! W+Z�0�0 ! µ+µ�e+⌫e�

0�0

Note: We never use any information about MET

SIGNAL 1

Note: We use agnostic cuts that penalize our signals
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2i/N

0

2

4

6

8

N
N
ID

SM, parton

MSSM-1, parton

MSSM-2, parton

MSSM-3, parton

1 = compressed 

2 = in-between 

3 = very boosted

SIGNAL 1



SIGNAL 1 — FLEXIBILITY
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MSSM-3, parton, NNID

MSSM-3, parton, r

MSSM-2, parton, NNID

MSSM-2, parton, r

MSSM-1, parton, NNID

MSSM-1, parton, r

Simple counting (MSSM-3)



SIGNAL 1 — NO CURSE
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Simple counting



SIGNAL 1 — NO SYSTEMATICS
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Simple counting
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Simple counting



SIGNAL 1 — DETECTOR EFFECTS
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MSSM-3 leptonic
MSSM-3, parton, r

MSSM-3, detector, r

MSSM-3, parton, NNID

MSSM-3, detector, NNID

Simple counting (detector)



SIGNAL 2

SM:

SIGNAL:

<latexit sha1_base64="Cnf8370H+QQqKYGh9wp1e6f6lCg=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEVCWoKowVLIxFog+1iSrHdVqrdmLZDlIUlV9hYQAhVj6Ejb/BTTNAy5EsH51zr+69JxCMKu0431ZpY3Nre6e8W9nbPzg8so9PuipOJCYdHLNY9gOkCKMR6WiqGekLSRAPGOkFs9uF33skUtE4etCpID5Hk4iGFCNtpJFdFQJ6OoaDQf41oMeTkV1z6k4OuE7cgtRAgfbI/vLGMU44iTRmSKmh6wjtZ0hqihmZV7xEEYHwDE3I0NAIcaL8LF9+Ds+NMoZhLM2LNMzV3x0Z4kqlPDCVHOmpWvUW4n/eMNHhtZ/RSCSaRHg5KEwYNGcukoBjKgnWLDUEYUnNrhBPkURYm7wqJgR39eR10r2su816875Ra90UcZTBKTgDF8AFV6AF7kAbdAAGKXgGr+DNerJerHfrY1lasoqeKvgD6/MHzOaTmA==</latexit>

pp ! ZZ ! 4µ

<latexit sha1_base64="NNirXvh8yIig99tdAC4Uochbxso=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiCtCRSqsuiGxcuKtgHbWKYTCft0MkkzEyEEvojbvwVNy4UceFG/BsnaRfaemEuh3Pu5c45fsyoVJb1bSwtr6yurRc2iptb2zu75t5+S0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+6CrT2w9ESBrxOzWOiRuiAacBxUhpyjOrcQwdFcFu3qETJveneS/DrpfeeBqWdVcomeQT1Uz0zJJVsfKCi8CegRKYVcMzP51+hJOQcIUZkrJnW7FyUyQUxYxMik4iSYzwCA1IT0OOQiLdNHc3gcea6cMgEvpxBXP290aKQinHoa8nQ6SGcl7LyP+0XqKCCzelPE4U4Xh6KEgY1DazqGCfCoIVG2uAsKD6rxAPkUBY6UCLOgR73vIiaJ1V7Fqldlst1S9ncRTAITgCJ8AG56AOrkEDNAEGj+AZvII348l4Md6Nj+nokjHbOQB/yvj6AQhcoA8=</latexit>

pp ! Z ! µ+µ�ZLµ�L⌧ ! 4µ



SIGNAL 2

SM:

SIGNAL:

<latexit sha1_base64="Cnf8370H+QQqKYGh9wp1e6f6lCg=">AAAB/HicbVC7TsMwFHXKq5RXoCOLRYXEVCWoKowVLIxFog+1iSrHdVqrdmLZDlIUlV9hYQAhVj6Ejb/BTTNAy5EsH51zr+69JxCMKu0431ZpY3Nre6e8W9nbPzg8so9PuipOJCYdHLNY9gOkCKMR6WiqGekLSRAPGOkFs9uF33skUtE4etCpID5Hk4iGFCNtpJFdFQJ6OoaDQf41oMeTkV1z6k4OuE7cgtRAgfbI/vLGMU44iTRmSKmh6wjtZ0hqihmZV7xEEYHwDE3I0NAIcaL8LF9+Ds+NMoZhLM2LNMzV3x0Z4kqlPDCVHOmpWvUW4n/eMNHhtZ/RSCSaRHg5KEwYNGcukoBjKgnWLDUEYUnNrhBPkURYm7wqJgR39eR10r2su816875Ra90UcZTBKTgDF8AFV6AF7kAbdAAGKXgGr+DNerJerHfrY1lasoqeKvgD6/MHzOaTmA==</latexit>

pp ! ZZ ! 4µ

<latexit sha1_base64="NNirXvh8yIig99tdAC4Uochbxso=">AAACHXicbVDLSsNAFJ34rPUVdelmsAiCtCRSqsuiGxcuKtgHbWKYTCft0MkkzEyEEvojbvwVNy4UceFG/BsnaRfaemEuh3Pu5c45fsyoVJb1bSwtr6yurRc2iptb2zu75t5+S0aJwKSJIxaJjo8kYZSTpqKKkU4sCAp9Rtr+6CrT2w9ESBrxOzWOiRuiAacBxUhpyjOrcQwdFcFu3qETJveneS/DrpfeeBqWdVcomeQT1Uz0zJJVsfKCi8CegRKYVcMzP51+hJOQcIUZkrJnW7FyUyQUxYxMik4iSYzwCA1IT0OOQiLdNHc3gcea6cMgEvpxBXP290aKQinHoa8nQ6SGcl7LyP+0XqKCCzelPE4U4Xh6KEgY1DazqGCfCoIVG2uAsKD6rxAPkUBY6UCLOgR73vIiaJ1V7Fqldlst1S9ncRTAITgCJ8AG56AOrkEDNAEGj+AZvII348l4Md6Nj+nokjHbOQB/yvj6AQhcoA8=</latexit>

pp ! Z ! µ+µ�ZLµ�L⌧ ! 4µ



SIGNAL 2
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SIGNAL 2 — FLEXIBILITY
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Simple counting (detector)



SIGNAL 3

<latexit sha1_base64="b5IUffCY9hCSmC2SQEUoSQICrhY=">AAACCHicbVC7TsMwFHXKq5RXgJEBiwoJCVElCBXGChbGItGHaELluE7r1nEi20Gqoo4s/AoLAwix8gls/A1OmgFarmTfo3PulX2OFzEqlWV9G4WFxaXlleJqaW19Y3PL3N5pyjAWmDRwyELR9pAkjHLSUFQx0o4EQYHHSMsbXaV664EISUN+q8YRcQPU59SnGClNdc39CEbQUSFswbusO0F8f5xeJxAO4bBrlq2KlRWcB3YOyiCvetf8cnohjgPCFWZIyo5tRcpNkFAUMzIpObEkEcIj1CcdDTkKiHSTzMgEHmqmB/1Q6MMVzNjfGwkKpBwHnp4MkBrIWS0l/9M6sfIv3ITyKFaE4+lDfsygNpymAntUEKzYWAOEBdV/hXiABMJKZ1fSIdizludB87RiVyvVm7Ny7TKPowj2wAE4AjY4BzVwDeqgATB4BM/gFbwZT8aL8W58TEcLRr6zC/6U8fkDGP2Xfw==</latexit>

pp ! WZ ! µ+µ�jj

~ 30-40 particles per event 

D ~ 100



SIGNAL 3

SM:

SIGNAL:

<latexit sha1_base64="JlEvkIg20kIagCeBWzMdu/Exr68=">AAACB3icbVDNS8MwHE3n15xfVY+CBIcgDEcrMj0OvXic4D5w7UaaZVu2pC1JKoyymxf/FS8eFPHqv+DN/8a060E3HyQ83vv9SN7zQkalsqxvI7e0vLK6ll8vbGxube+Yu3sNGUQCkzoOWCBaHpKEUZ/UFVWMtEJBEPcYaXrj68RvPhAhaeDfqUlIXI4GPu1TjJSWuuZhGEJHBbDZKcH7lDk86pSS6xSORl2zaJWtFHCR2Bkpggy1rvnl9AIcceIrzJCUbdsKlRsjoShmZFpwIklChMdoQNqa+ogT6cZpjik81koP9gOhj69gqv7eiBGXcsI9PcmRGsp5LxH/89qR6l+6MfXDSBEfzx7qRwzquEkpsEcFwYpNNEFYUP1XiIdIIKx0dQVdgj0feZE0zsp2pVy5PS9Wr7I68uAAHIETYIMLUAU3oAbqAINH8AxewZvxZLwY78bHbDRnZDv74A+Mzx8sqpee</latexit>

pp → W+Z → µ+µ→jj

<latexit sha1_base64="VDQvpOtakA1bGU+9+bDoCrPq7E4=">AAACN3icbVDLSgMxFM34rPU16tJNsAhCscwUqS6LblxJBfvAznTIpJk2beZBkhHK0L9y42+4040LRdz6B2amRWzrheQezjmX5B43YlRIw3jRlpZXVtfWcxv5za3tnV19b78hwphjUschC3nLRYIwGpC6pJKRVsQJ8l1Gmu7wKtWbD4QLGgZ3chQR20e9gHoUI6koR7+JImjJEFq4TzvFrDnljpFxTUXcTxTjt6VeP+4U0+sUDgazuqMXjJKRFVwE5hQUwLRqjv5sdUMc+ySQmCEh2qYRSTtBXFLMyDhvxYJECA9Rj7QVDJBPhJ1ke4/hsWK60Au5OoGEGft3IkG+ECPfVU4fyb6Y11LyP60dS+/CTmgQxZIEePKQFzOolk9DhF3KCZZspADCnKq/QtxHHGGpos6rEMz5lRdBo1wyK6XK7VmhejmNIwcOwRE4ASY4B1VwDWqgDjB4BK/gHXxoT9qb9ql9TaxL2nTmAMyU9v0DuYWo3Q==</latexit>

pp → ω+ω0
2 → W+Zω0ω0 → µ+µ→jjω0ω0

Note: We never use any information about MET

Note: We use agnostic cuts that penalize our signals



SIGNAL 3
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SIGNAL 3 — FLEXIBILITY
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Simple counting (detector)



Raw data

New Physics?

SO FAR WE HAVE IGNORED ONE PROBLEM

Dr. Black Box
Old Physics



OLD PHYSICS

1. Use it on final states where the MC has been tested to 
death 

2. Test for time variations in LHC data (DQM) 

3. Test the exact and approximate symmetries of the 
Standard Model (CP, Lepton flavor, Lorentz, …)



OLD PHYSICS

SAMPLE 1

All events 
with 1 

electron

SAMPLE 2

All events 
with 1 muon



CONCLUSION

Think globally, act locally



LOCALITY FOR NEW 
PHYSICS 

[RTD, A. GLIOTI, J. THALER, A. VALENTI, in preparation]



BACKUP



1. First thing to do before any analysis 

2. First thing to do before building any 
autoencoder 

3. As you vary i and j you are exploring non-trivial 
features of the kinematics 

4. What is the dimension of a jet? 

WHY?



WHY?

1. First thing to do before any analysis 

2. First thing to do before building any 
autoencoder 

3. As you vary i and j you are exploring non-trivial 
features of the kinematics 

4. What is the dimension of a jet? 



1. First thing to do before any analysis 

2. First thing to do before building any 
autoencoder 

3. As you vary i and j you are exploring non-trivial 
features of the kinematics 

4. What is the dimension of a jet? 

WHY?



[RTD, A. GLIOTI, G. RIGO, A. VALENTI, arXiv:2511.20760]

Many more details and comparisons with other notions of dimension in

https://arxiv.org/abs/2511.20760


EXAMPLES — CWOLA Bumphunter

1. Choose an “Invariant mass” variable

[J.H. Collins, K. Howe and B. Nachman ’18]
[J.H. Collins, K. Howe and B. Nachman ’19]
[K. Benkendorfer, L.L. Pottier and B. Nachman ’20]



EXAMPLES — CWOLA Bumphunter

2. Get Signal and Background

Signal Bkg

1. Choose an “Invariant mass” variable



EXAMPLES — CWOLA Bumphunter

3. Optimize over the other variables 
using a classifier

Signal BkgFlexibility

Bump-hunters
Reduction in 

global p-value

2. Get Signal and Background



<latexit sha1_base64="AKi2d/FeRrIsDir4jBIyv4KGppM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUTUlEqsuiG5cV7AOaECbTSTt0Mgkzk0qJ2bjxV9y4UMSt/+DOv3HSZqGtBy4czrmXe+/xY0alsqxvY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH17nfGRMhacTv1CQmbogGnAYUI6UlzzwKqk7qjAmGsUedDD5AJ0Rq6AfpfXbqmRWrZk0BF4ldkAoo0PTML6cf4SQkXGGGpOzZVqzcFAlFMSNZ2UkkiREeoQHpacpRSKSbTr/I4IlW+jCIhC6u4FT9PZGiUMpJ6OvO/EQ57+Xif14vUcGlm1IeJ4pwPFsUJAyqCOaRwD4VBCs20QRhQfWtEA+RQFjp4Mo6BHv+5UXSPqvZ9Vr99rzSuCriKIFDcAyqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWeuSUcwcgD8wPn8AwcyYIA==</latexit>

f({ωpi}|w)

PDF of the data

EXAMPLES — NPLM
[RTD, A. Wulzer ’18]
[RTD, G. Grosso, M. Pierini, A. Wulzer, M. Zanetti ’19]
[RTD, G. Grosso, M. Pierini, A. Wulzer, M. Zanetti ’21]



EXAMPLES — NPLM

<latexit sha1_base64="jgXzcGII+c/yfroeLaJ8G1eBTSE="></latexit>

t(D) =
∑

p→D
log

f(p|ŵ)

f(p|SM)
<latexit sha1_base64="+/k8cSbwMashEjj+/8JcdLsfiyo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWw223bpZhN2J0IJ/RtePCji1T/jzX/jts1Bqw8GHu/NMDMvTKUw6LpfTmltfWNzq7xd2dnd2z+oHh51TJJpxtsskYnuhdRwKRRvo0DJe6nmNA4l74aT27nffeTaiEQ94DTlQUxHSgwFo2glHwe5r2MSUaSzQbXm1t0FyF/iFaQGBVqD6qcfJSyLuUImqTF9z00xyKlGwSSfVfzM8JSyCR3xvqWKxtwE+eLmGTmzSkSGibalkCzUnxM5jY2ZxqHtjCmOzao3F//z+hkOr4NcqDRDrthy0TCTBBMyD4BEQnOGcmoJZVrYWwkbU00Z2pgqNgRv9eW/pHNR9xr1xv1lrXlTxFGGEziFc/DgCppwBy1oA4MUnuAFXp3MeXbenPdla8kpZo7hF5yPbxfZkb0=</latexit>

tdata



EXAMPLES — NPLM

Tunes Flexibility vs Curse

<latexit sha1_base64="/yhhDLtlQyjbJP0nzX4JC5anRyo=">AAACCnicbVC7TsMwFHXKq5RXgJHFUCExVQlChbGChbFI9CE1UeS4TmvVToLtUKo0Mwu/wsIAQqx8ARt/g9N2gJYjWTo+517de48fMyqVZX0bhaXlldW14nppY3Nre8fc3WvKKBGYNHDEItH2kSSMhqShqGKkHQuCuM9Iyx9c5X7rnghJo/BWjWLictQLaUAxUlryzMPxGDocqb4fpMMM5j9G7uDQSx3BIUcPmWeWrYo1AVwk9oyUwQx1z/xyuhFOOAkVZkjKjm3Fyk2RUBQzkpWcRJIY4QHqkY6mIeJEuunklAwea6ULg0joFyo4UX93pIhLOeK+rsy3lvNeLv7ndRIVXLgpDeNEkRBPBwUJgyqCeS6wSwXBio00QVhQvSvEfSQQVjq9kg7Bnj95kTRPK3a1Ur05K9cuZ3EUwQE4AifABuegBq5BHTQABo/gGbyCN+PJeDHejY9pacGY9eyDPzA+fwBlW5q6</latexit>

||w|| → wmax

<latexit sha1_base64="jgXzcGII+c/yfroeLaJ8G1eBTSE="></latexit>

t(D) =
∑

p→D
log

f(p|ŵ)

f(p|SM)



EXAMPLES — Autoencoders

<latexit sha1_base64="AKi2d/FeRrIsDir4jBIyv4KGppM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUTUlEqsuiG5cV7AOaECbTSTt0Mgkzk0qJ2bjxV9y4UMSt/+DOv3HSZqGtBy4czrmXe+/xY0alsqxvY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH17nfGRMhacTv1CQmbogGnAYUI6UlzzwKqk7qjAmGsUedDD5AJ0Rq6AfpfXbqmRWrZk0BF4ldkAoo0PTML6cf4SQkXGGGpOzZVqzcFAlFMSNZ2UkkiREeoQHpacpRSKSbTr/I4IlW+jCIhC6u4FT9PZGiUMpJ6OvO/EQ57+Xif14vUcGlm1IeJ4pwPFsUJAyqCOaRwD4VBCs20QRhQfWtEA+RQFjp4Mo6BHv+5UXSPqvZ9Vr99rzSuCriKIFDcAyqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWeuSUcwcgD8wPn8AwcyYIA==</latexit>

f({ωpi}|w)

Same principle of NPLM, but

= pdf of the SM

[M. Farina, Y. Nakai and D. Shih ’18]
[T. Heimel, G. Kasieczka, T. Plehn and J.M. Thompson ’18]
[T. Finke, M. Kr¨amer, A. Morandini, A. M¨uck and I. Oleksiyuk ’21]
[CMS ’25]



CURSE OF DIMENSIONALITY

PDF of the data vs SM prediction

<latexit sha1_base64="AKi2d/FeRrIsDir4jBIyv4KGppM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUTUlEqsuiG5cV7AOaECbTSTt0Mgkzk0qJ2bjxV9y4UMSt/+DOv3HSZqGtBy4czrmXe+/xY0alsqxvY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH17nfGRMhacTv1CQmbogGnAYUI6UlzzwKqk7qjAmGsUedDD5AJ0Rq6AfpfXbqmRWrZk0BF4ldkAoo0PTML6cf4SQkXGGGpOzZVqzcFAlFMSNZ2UkkiREeoQHpacpRSKSbTr/I4IlW+jCIhC6u4FT9PZGiUMpJ6OvO/EQ57+Xif14vUcGlm1IeJ4pwPFsUJAyqCOaRwD4VBCs20QRhQfWtEA+RQFjp4Mo6BHv+5UXSPqvZ9Vr99rzSuCriKIFDcAyqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWeuSUcwcgD8wPn8AwcyYIA==</latexit>

f({ωpi}|w)
<latexit sha1_base64="z0lSADBySFWtcBfK27oWt3AgQDw=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWAR6qYkItVl0Y0boaJ9QBPCZDpph84kYWZSKDFu/BU3LhRx61+482+ctllo64ELh3Pu5d57/JhRqSzr2ygsLa+srhXXSxubW9s75u5eS0aJwKSJIxaJjo8kYTQkTUUVI51YEMR9Rtr+8Grit0dESBqF92ocE5ejfkgDipHSkmceBBUndUYEw9ijTvaQOoLDu5vsxDPLVtWaAi4SOydlkKPhmV9OL8IJJ6HCDEnZta1YuSkSimJGspKTSBIjPER90tU0RJxIN51+kMFjrfRgEAldoYJT9fdEiriUY+7rTo7UQM57E/E/r5uo4MJNaRgnioR4tihIGFQRnMQBe1QQrNhYE4QF1bdCPEACYaVDK+kQ7PmXF0nrtGrXqrXbs3L9Mo+jCA7BEagAG5yDOrgGDdAEGDyCZ/AK3own48V4Nz5mrQUjn9kHf2B8/gC1vZZu</latexit>

f({ωpi}|SM)



CURSE OF DIMENSIONALITY

<latexit sha1_base64="jgXzcGII+c/yfroeLaJ8G1eBTSE="></latexit>

t(D) =
∑

p→D
log

f(p|ŵ)

f(p|SM)



CURSE OF DIMENSIONALITY

<latexit sha1_base64="jgXzcGII+c/yfroeLaJ8G1eBTSE="></latexit>

t(D) =
∑

p→D
log

f(p|ŵ)

f(p|SM)
<latexit sha1_base64="+/k8cSbwMashEjj+/8JcdLsfiyo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiF48V7Ac0oWw223bpZhN2J0IJ/RtePCji1T/jzX/jts1Bqw8GHu/NMDMvTKUw6LpfTmltfWNzq7xd2dnd2z+oHh51TJJpxtsskYnuhdRwKRRvo0DJe6nmNA4l74aT27nffeTaiEQ94DTlQUxHSgwFo2glHwe5r2MSUaSzQbXm1t0FyF/iFaQGBVqD6qcfJSyLuUImqTF9z00xyKlGwSSfVfzM8JSyCR3xvqWKxtwE+eLmGTmzSkSGibalkCzUnxM5jY2ZxqHtjCmOzao3F//z+hkOr4NcqDRDrthy0TCTBBMyD4BEQnOGcmoJZVrYWwkbU00Z2pgqNgRv9eW/pHNR9xr1xv1lrXlTxFGGEziFc/DgCppwBy1oA4MUnuAFXp3MeXbenPdla8kpZo7hF5yPbxfZkb0=</latexit>

tdata



CURSE OF DIMENSIONALITY

PDF of the data

2D

1D

<latexit sha1_base64="AKi2d/FeRrIsDir4jBIyv4KGppM=">AAACBXicbVDLSsNAFJ34rPUVdamLwSLUTUlEqsuiG5cV7AOaECbTSTt0Mgkzk0qJ2bjxV9y4UMSt/+DOv3HSZqGtBy4czrmXe+/xY0alsqxvY2l5ZXVtvbRR3tza3tk19/bbMkoEJi0csUh0fSQJo5y0FFWMdGNBUOgz0vFH17nfGRMhacTv1CQmbogGnAYUI6UlzzwKqk7qjAmGsUedDD5AJ0Rq6AfpfXbqmRWrZk0BF4ldkAoo0PTML6cf4SQkXGGGpOzZVqzcFAlFMSNZ2UkkiREeoQHpacpRSKSbTr/I4IlW+jCIhC6u4FT9PZGiUMpJ6OvO/EQ57+Xif14vUcGlm1IeJ4pwPFsUJAyqCOaRwD4VBCs20QRhQfWtEA+RQFjp4Mo6BHv+5UXSPqvZ9Vr99rzSuCriKIFDcAyqwAYXoAFuQBO0AAaP4Bm8gjfjyXgx3o2PWeuSUcwcgD8wPn8AwcyYIA==</latexit>

f({ωpi}|w)



CURSE OF DIMENSIONALITY

2D

1D

<latexit sha1_base64="1WGri8R/5adU36AfCdxsA7ct1Ks=">AAACGXicbVDLSgNBEJz1bXxFPXoZDIJewq6IehFEPXgSBaNCNobe2d5kcPbBTK8Qlv0NL/6KFw+KeNSTf+Mk5uCroKGo6qa7K8iUNOS6H87I6Nj4xOTUdGVmdm5+obq4dGHSXAtsiFSl+ioAg0om2CBJCq8yjRAHCi+Dm8O+f3mL2sg0Oadehq0YOomMpACyUrvqnrQLX8c8BIKS73FfYUTrfqRBFF5Z+CEqAp6VvpadLm1cH7WrNbfuDsD/Em9IamyI03b1zQ9TkceYkFBgTNNzM2oVoEkKhWXFzw1mIG6gg01LE4jRtIrBZyVfs0rIo1TbSogP1O8TBcTG9OLAdsZAXfPb64v/ec2cot1WIZMsJ0zE16IoV5xS3o+Jh1KjINWzBISW9lYuumBTIRtmxYbg/X75L7nYrHvb9e2zrdr+wTCOKbbCVtk689gO22fH7JQ1mGB37IE9sWfn3nl0XpzXr9YRZzizzH7Aef8ExwWgMA==</latexit>

Ndata =

(
1

ωp

)D



CURSE OF DIMENSIONALITY

1D 2D



<latexit sha1_base64="Fmlf/FnWTCf0FXCMijxPAQu6+/M=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseiHjxWsB/QhrLZbtKlm03YnQil9Ed48aCIV3+PN/+N2zYHbX0w8Hhvhpl5QSqFQdf9dgpr6xubW8Xt0s7u3v5B+fCoZZJMM95kiUx0J6CGS6F4EwVK3kk1p3EgeTsY3c789hPXRiTqEccp92MaKREKRtFK7TvSiyLi9csVt+rOQVaJl5MK5Gj0y1+9QcKymCtkkhrT9dwU/QnVKJjk01IvMzylbEQj3rVU0ZgbfzI/d0rOrDIgYaJtKSRz9ffEhMbGjOPAdsYUh2bZm4n/ed0Mw2t/IlSaIVdssSjMJMGEzH4nA6E5Qzm2hDIt7K2EDammDG1CJRuCt/zyKmldVL1atfZwWanf5HEU4QRO4Rw8uII63EMDmsBgBM/wCm9O6rw4787HorXg5DPH8AfO5w/tVY6q</latexit>

D � 1
<latexit sha1_base64="5Iyljhn0KIydcLKPxvLq4ncAnOI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI9BPXiSiOYByRpmJ73JkNnZZWZWCEs+wYsHRbz6Rd78GyePg0YLGoqqbrq7gkRwbVz3y8ktLa+sruXXCxubW9s7xd29ho5TxbDOYhGrVkA1Ci6xbrgR2EoU0igQ2AyGlxO/+YhK81jem1GCfkT7koecUWOlu5uHq26x5JbdKchf4s1JCeaodYufnV7M0gilYYJq3fbcxPgZVYYzgeNCJ9WYUDakfWxbKmmE2s+mp47JkVV6JIyVLWnIVP05kdFI61EU2M6ImoFe9Cbif147NeG5n3GZpAYlmy0KU0FMTCZ/kx5XyIwYWUKZ4vZWwgZUUWZsOgUbgrf48l/SOCl7lXLl9rRUvZjHkYcDOIRj8OAMqnANNagDgz48wQu8OsJ5dt6c91lrzpnP7MMvOB/f6n6Nkw==</latexit>

ND
<latexit sha1_base64="M+R/54wW9amS0SawEVyLME6BoV0=">AAACEnicbVDLSgMxFM3UV62vUZdugkXQTZkRqW6Eoi5cSQX7gM44ZNK0Dc0kQ5IRytBvcOOvuHGhiFtX7vwbM+0stPVA4Nxz7uXmnjBmVGnH+bYKC4tLyyvF1dLa+sbmlr2901QikZg0sGBCtkOkCKOcNDTVjLRjSVAUMtIKh5eZ33ogUlHB7/QoJn6E+pz2KEbaSIF9FAepJyPYZyJEbAzPYS4wgbPa0zQiCt7cXwV22ak4E8B54uakDHLUA/vL6wqcRIRrzJBSHdeJtZ8iqSlmZFzyEkVihIeoTzqGcmQW+enkpDE8MEoX9oQ0j2s4UX9PpChSahSFpjNCeqBmvUz8z+skunfmp5THiSYcTxf1Ega1gFk+sEslwZqNDEFYUvNXiAdIIqxNiiUTgjt78jxpHlfcaqV6e1KuXeRxFMEe2AeHwAWnoAauQR00AAaP4Bm8gjfryXqx3q2PaWvBymd2wR9Ynz9Hd507</latexit>

pglobal = plocal ⇥ND

Number of 
observables

Number of 
pdfs that can 

fit the data

Significance of 
observation

CURSE OF DIMENSIONALITY



Earth Mover’s Distance 

[Komiske, Metodiev, Thaler ’19]

<latexit sha1_base64="/q2wnuX4b3zS4mevgm+bM577h2k=">AAAB7XicbVBNSwMxEJ34WetX1aOXYBE8lV2R6kUoevFYwX5Au5Rsmm1js8mSZIWy9D948aCIV/+PN/+NabsHbX0w8Hhvhpl5YSK4sZ73jVZW19Y3Ngtbxe2d3b390sFh06hUU9agSijdDolhgkvWsNwK1k40I3EoWCsc3U791hPThiv5YMcJC2IykDzilFgnNXWP42vcK5W9ijcDXiZ+TsqQo94rfXX7iqYxk5YKYkzH9xIbZERbTgWbFLupYQmhIzJgHUcliZkJstm1E3zqlD6OlHYlLZ6pvycyEhszjkPXGRM7NIveVPzP66Q2ugoyLpPUMknni6JUYKvw9HXc55pRK8aOEKq5uxXTIdGEWhdQ0YXgL768TJrnFb9aqd5flGs3eRwFOIYTOAMfLqEGd1CHBlB4hGd4hTek0At6Rx/z1hWUzxzBH6DPH4tqjng=</latexit>ri =



1. Finite when evaluated on atomic measures 

2. Positive and close 

3. Symmetric 

4. Weakly continuous (IRC safe) 

5. Faithfully lifts the ground metric (euclidean distance on 
the calorimeter)

EMD
[D. Ba, A. S. Dogra, R. Gambhir, A. Tasissa, J. Thaler ’23]



<latexit sha1_base64="q95tnHsJn440LfiPc2uGZs8b068="></latexit>

EMD(EA, EB) = min
{ωkm}

∑

k,m

ωkm
εkm
R

+

∣∣∣∣∣
∑

k→EA

Ek →
∑

m→EB

Em

∣∣∣∣∣

<latexit sha1_base64="O/1Rt9hwE+zregEG0bezAG4bd48="></latexit>

ωkm → 0 ,
∑

k→EA

ωkm ↑ Em ,
∑

m→EB

ωkm ↑ Ek,
∑

k,m

ωkm ↑ Emin

EMD

<latexit sha1_base64="ozrgnPWVfnLw3mS8XBrBF6VY39c="></latexit>

ωkm →
√

(yk ↑ ym)2 + (εk ↑ εm)2



DISTANCE BETWEEN DATASETS

<latexit sha1_base64="QUCVbCcVxprYDOUZVWSrsz9Pa/o="></latexit>

!MD(DA,DB) = min
{ωkm}

∑

k,m

ωkm
EMD(Ek, Em)

R
+

∣∣∣∣∣
∑

k→DA

εk →
∑

m→DB

εm

∣∣∣∣∣

[Komiske, Metodiev, Thaler ’19]



Can we use it as a test statistic?

<latexit sha1_base64="22Nb59Ue9TcS2DTE96nFeElhLQM="></latexit>

!MD(DA,DB) = 0 → DA = DB



<latexit sha1_base64="1ueyLlDCLtP28uNnJgAxRfyn3Ug=">AAACDnicbVDJSgNBEO1xjXEb9eilMQQ8hRmR6DHoxWMEs0AmhJ5OTdKkZ6G7xhCHfIEXf8WLB0W8evbm39hZDpr4oODxXhVV9fxECo2O822trK6tb2zmtvLbO7t7+/bBYV3HqeJQ47GMVdNnGqSIoIYCJTQTBSz0JTT8wfXEb9yD0iKO7nCUQDtkvUgEgjM0Uscueg+ArJMNwjH1JASoRK+PTKl4SL2QYd8PsuG4YxeckjMFXSbunBTIHNWO/eV1Y56GECGXTOuW6yTYzphCwSWM816qIWF8wHrQMjRiIeh2Nn1nTItG6dIgVqYipFP190TGQq1HoW86JxfqRW8i/ue1Ugwu25mIkhQh4rNFQSopxnSSDe0KBRzlyBDGlTC3Ut5ninE0CeZNCO7iy8ukflZyy6Xy7XmhcjWPI0eOyQk5JS65IBVyQ6qkRjh5JM/klbxZT9aL9W59zFpXrPnMEfkD6/MHv7KdNA==</latexit>

ωkm → w



<latexit sha1_base64="22Nb59Ue9TcS2DTE96nFeElhLQM="></latexit>

!MD(DA,DB) = 0 → DA = DBWasserstein distance



<latexit sha1_base64="6riEerJIfZbGjVHov8fUdgUuvsg="></latexit>

W1(DA,DB |ω)→
1

ε

∑

km

ωkm log ωkm

<latexit sha1_base64="8xQ0LH4nW7JMfkY6GONM8kFyd1E=">AAAB9HicbVBNSwMxFHxbv2r9qnr0EiyCp7IrUj0WvXisYGuhu5RsNtuGZpM1yRbK0t/hxYMiXv0x3vw3pu0etHUgMMzMI+9NmHKmjet+O6W19Y3NrfJ2ZWd3b/+genjU0TJThLaJ5FJ1Q6wpZ4K2DTOcdlNFcRJy+hiObmf+45gqzaR4MJOUBgkeCBYzgo2VAp/baISRbyRy+9WaW3fnQKvEK0gNCrT61S8/kiRLqDCEY617npuaIMfKMMLptOJnmqaYjPCA9iwVOKE6yOdLT9GZVSIUS2WfMGiu/p7IcaL1JAltMsFmqJe9mfif18tMfB3kTKSZoYIsPoozjuyJswZQxBQlhk8swUQxuysiQ6wwMbanii3BWz55lXQu6l6j3ri/rDVvijrKcAKncA4eXEET7qAFbSDwBM/wCm/O2Hlx3p2PRbTkFDPH8AfO5w/AVpFz</latexit>

ω → 0

<latexit sha1_base64="4uBtDrkldAQRCy65UnlchRL/1+g="></latexit>

MMD(DA,DB) = →1

2

∑

k→DA

∑

m→DB

EMD(Ek, Em)(ωk → ω↑
k)(ωm → ω↑

m)

[Ramdas, Garcia Trillos, Cuturi ’15]



<latexit sha1_base64="DdwsUiQa4Ez7jFZ6oZPahXkvFVQ=">AAACDHicbVC7SgNBFJ2N7/iKWtoMBsEq7IpEy6CNpYJJhGwIdyezyZCZ3WXmrjEs+QAbf8XGQhFbP8DOv3ESt9DEAwOHc87lzj1BIoVB1/1yCguLS8srq2vF9Y3Nre3Szm7DxKlmvM5iGevbAAyXIuJ1FCj5baI5qEDyZjC4mPjNO66NiKMbHCW8raAXiVAwQCt1SmVf2nAXqC95iFr0+ghax0M67GS+VlTB/dim3Io7BZ0nXk7KJMdVp/Tpd2OWKh4hk2BMy3MTbGegUTDJx0U/NTwBNoAeb1kageKmnU2PGdNDq3RpGGv7IqRT9fdEBsqYkQpsUgH2zaw3Ef/zWimGZ+1MREmKPGI/i8JUUozppBnaFZozlCNLgGlh/0pZHzQwtP0VbQne7MnzpHFc8aqV6vVJuXae17FK9skBOSIeOSU1ckmuSJ0w8kCeyAt5dR6dZ+fNef+JFpx8Zo/8gfPxDVHrm9A=</latexit>

ω → wmax



Flexibility

Intrinsic Dimension

NPLM

Autoencoders

Bump-hunters

Reduction in 
global p-value

<latexit sha1_base64="WqaemVHQnqVmaV/u8sIp5hQN5B8=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZK2tumuqAs3QkX7gCaWyXTSDp1JwsxEKaH/4caFIm79F3f+jdOHoKIHLhzOuZd77/FjRqWyrA8js7S8srqWXc9tbG5t7+R391oySgQmTRyxSHR8JAmjIWkqqhjpxIIg7jPS9kdnU799R4SkUXijxjHxOBqENKAYKS3dutd0wFHqCg4vzye9fMEyq9aJU6xAy6w5ju0UNSnVynapCm3TmqEAFmj08u9uP8IJJ6HCDEnZta1YeSkSimJGJjk3kSRGeIQGpKtpiDiRXjq7egKPtNKHQSR0hQrO1O8TKeJSjrmvOzlSQ/nbm4p/ed1EBY6X0jBOFAnxfFGQMKgiOI0A9qkgWLGxJggLqm+FeIgEwkoHldMhfH0K/yetomlXzMpVuVA/XcSRBQfgEBwDG1RBHVyABmgCDAR4AE/g2bg3Ho0X43XemjEWM/vgB4y3T5lskp0=</latexit>

!MD

MMD



Data SM





<latexit sha1_base64="QATU7r5puWMS7MLf6v8teV0TJL4=">AAAB7nicdVDLSsNAFL2pr1pfVZduBotQNyEpJam7ohuXFewD2lAm02k7dDIJMxOhhH6EGxeKuPV73Pk3Th9CFT1w4XDOvdx7T5hwprTjfFq5jc2t7Z38bmFv/+DwqHh80lJxKgltkpjHshNiRTkTtKmZ5rSTSIqjkNN2OLmZ++0HKhWLxb2eJjSI8EiwISNYG6kt+gNUlpf9Ysm1nQWQY3uO73m+IX7lqlZ10bdVghUa/eJHbxCTNKJCE46V6rpOooMMS80Ip7NCL1U0wWSCR7RrqMARVUG2OHeGLowyQMNYmhIaLdT1iQxHSk2j0HRGWI/Vb28u/uV1Uz2sBRkTSaqpIMtFw5QjHaP572jAJCWaTw3BRDJzKyJjLDHRJqHCegj/k1bFdj3bu6uW6terOPJwBudQBhd8qMMtNKAJBCbwCM/wYiXWk/VqvS1bc9Zq5hR+wHr/Apqmjx8=</latexit>

nd(r)



<latexit sha1_base64="QATU7r5puWMS7MLf6v8teV0TJL4=">AAAB7nicdVDLSsNAFL2pr1pfVZduBotQNyEpJam7ohuXFewD2lAm02k7dDIJMxOhhH6EGxeKuPV73Pk3Th9CFT1w4XDOvdx7T5hwprTjfFq5jc2t7Z38bmFv/+DwqHh80lJxKgltkpjHshNiRTkTtKmZ5rSTSIqjkNN2OLmZ++0HKhWLxb2eJjSI8EiwISNYG6kt+gNUlpf9Ysm1nQWQY3uO73m+IX7lqlZ10bdVghUa/eJHbxCTNKJCE46V6rpOooMMS80Ip7NCL1U0wWSCR7RrqMARVUG2OHeGLowyQMNYmhIaLdT1iQxHSk2j0HRGWI/Vb28u/uV1Uz2sBRkTSaqpIMtFw5QjHaP572jAJCWaTw3BRDJzKyJjLDHRJqHCegj/k1bFdj3bu6uW6terOPJwBudQBhd8qMMtNKAJBCbwCM/wYiXWk/VqvS1bc9Zq5hR+wHr/Apqmjx8=</latexit>

nd(r)

<latexit sha1_base64="x2h0Zk5MMKmacaLdp/hFDqwnmX0=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZCptZ3uim7cCBXtA9qxZNK0Dc1khiSjlKH/4caFIm79F3f+jelDUNEDFw7n3Mu99/gRZ0oj9GGllpZXVtfS65mNza3tnezuXkOFsSS0TkIeypaPFeVM0LpmmtNWJCkOfE6b/uh86jfvqFQsFDd6HFEvwAPB+oxgbaRb0U06MoDXlxOYl8fdbA7ZFbdyWilAZLsIuSfIkCJCJacMHRvNkAML1LrZ904vJHFAhSYcK9V2UKS9BEvNCKeTTCdWNMJkhAe0bajAAVVeMrt6Ao+M0oP9UJoSGs7U7xMJDpQaB77pDLAeqt/eVPzLa8e673oJE1GsqSDzRf2YQx3CaQSwxyQlmo8NwUQycyskQywx0SaojAnh61P4P2kUbKdkl66KuerZIo40OACHIA8cUAZVcAFqoA4IkOABPIFn6956tF6s13lrylrM7IMfsN4+AbCrkgM=</latexit>

nSM(r)



<latexit sha1_base64="QATU7r5puWMS7MLf6v8teV0TJL4=">AAAB7nicdVDLSsNAFL2pr1pfVZduBotQNyEpJam7ohuXFewD2lAm02k7dDIJMxOhhH6EGxeKuPV73Pk3Th9CFT1w4XDOvdx7T5hwprTjfFq5jc2t7Z38bmFv/+DwqHh80lJxKgltkpjHshNiRTkTtKmZ5rSTSIqjkNN2OLmZ++0HKhWLxb2eJjSI8EiwISNYG6kt+gNUlpf9Ysm1nQWQY3uO73m+IX7lqlZ10bdVghUa/eJHbxCTNKJCE46V6rpOooMMS80Ip7NCL1U0wWSCR7RrqMARVUG2OHeGLowyQMNYmhIaLdT1iQxHSk2j0HRGWI/Vb28u/uV1Uz2sBRkTSaqpIMtFw5QjHaP572jAJCWaTw3BRDJzKyJjLDHRJqHCegj/k1bFdj3bu6uW6terOPJwBudQBhd8qMMtNKAJBCbwCM/wYiXWk/VqvS1bc9Zq5hR+wHr/Apqmjx8=</latexit>

nd(r)

<latexit sha1_base64="x2h0Zk5MMKmacaLdp/hFDqwnmX0=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZCptZ3uim7cCBXtA9qxZNK0Dc1khiSjlKH/4caFIm79F3f+jelDUNEDFw7n3Mu99/gRZ0oj9GGllpZXVtfS65mNza3tnezuXkOFsSS0TkIeypaPFeVM0LpmmtNWJCkOfE6b/uh86jfvqFQsFDd6HFEvwAPB+oxgbaRb0U06MoDXlxOYl8fdbA7ZFbdyWilAZLsIuSfIkCJCJacMHRvNkAML1LrZ904vJHFAhSYcK9V2UKS9BEvNCKeTTCdWNMJkhAe0bajAAVVeMrt6Ao+M0oP9UJoSGs7U7xMJDpQaB77pDLAeqt/eVPzLa8e673oJE1GsqSDzRf2YQx3CaQSwxyQlmo8NwUQycyskQywx0SaojAnh61P4P2kUbKdkl66KuerZIo40OACHIA8cUAZVcAFqoA4IkOABPIFn6956tF6s13lrylrM7IMfsN4+AbCrkgM=</latexit>

nSM(r)
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<latexit sha1_base64="JLPTju5cyV07gnFY1zph9q59aao=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARKkiZEakui25cVrAPaIchk6ZtaDIzJHekZagbf8WNC0Xc+hfu/BvTdhZaPXC5h3PuJbkniAXX4DhfVm5peWV1Lb9e2Njc2t6xd/caOkoUZXUaiUi1AqKZ4CGrAwfBWrFiRAaCNYPh9dRv3jOleRTewThmniT9kPc4JWAk3z7oABtBKslo4qfqFHcncWnaTny76JSdGfBf4makiDLUfPuz041oIlkIVBCt264Tg5cSBZwKNil0Es1iQoekz9qGhkQy7aWzCyb42Chd3IuUqRDwTP25kRKp9VgGZlISGOhFbyr+57UT6F16KQ/jBFhI5w/1EoEhwtM4cJcrRkGMDSFUcfNXTAdEEQomtIIJwV08+S9pnJXdSrlye16sXmVx5NEhOkIl5KILVEU3qIbqiKIH9IRe0Kv1aD1bb9b7fDRnZTv76Besj2+rIpZh</latexit>

maxr,dp(r, d)

TEST STATISTIC



SOME VERY PRELIMINARY RESULTS



CONCLUSION

Think globally, act locally



MSSM Benchmarks

<latexit sha1_base64="BQ2YdQtPzpGXu4RPlE+WmQAvejw="></latexit>
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EXAMPLES — Dimensionality reduction
[S. Bright-Thonney, C. Reissel, G. Grosso, N. Woodward, K. Govorkova, A. Novak et al. ’25]
[G. Grosso, S.S.R. Hindupur, T. Fel, S. Bright-Thonney, P. Harris and D. Ba ’25]
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