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Higgs Mass 
Squared

WEAK FORCE, STRUCTURE OF NUCLEI, COMPLEX 
CHEMISTRY, …
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SYMMETRY-BASED ESTIMATE



Symmetry~10  Experiment
34



SM

Planck

New 
Symmetry
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We have been looking  
for answers at energies 

close to mh  
for more than 40 years

Higgs Boson

and we have  
not found them



As a consequence we have gone wild theoretically



CMB Signals No Signals
[Dvali, Vilenkin ’03], [Dvali ’04], 
[Geller, Hochberg, Kuflik,’18], 

[Giudice, McCullough, You, ’21], 
[Agrawal, Barr, Donoghue, Seckel 

’97], 
…

Axion-Like

[Graham, Rajendran, Kaplan, ’15], 
[RTD, Teresi, ’21], 

[Chatrchyan, Servant ’23] 
…

[Arkani-Hamed, Cohen, 
 RTD, Kim, Pinner, ’16]

Only EW
[Arvanitaki, Dimopoulos, Gorbenko, 

Huang, Van Tilburg ’16],  
[Arkani-Hamed, RTD, Kim, ‘20],  

[Chacko, Goh, Harnik, ’05] 
…

Fifth Forces

Neutron EDM

[RTD, Teresi, ’21] 

[Arkani-Hamed,  
RTD, Kim, ‘20]

Ultralight DM
[Arkani-Hamed,  
RTD, Kim, ‘20], 

[RTD, Teresi, ’21] 



But there is still a lot that we have not done experimentally



Bumps Tails



Could there still be HUGE signals hiding in collider data?



40 SIGMA SIGNALS AND 
WHERE TO FIND THEM





Roughly ~ 10 charged 
tracks in a 100 GeV jet



Dijet event  

~ 20 x 4 = 80  

kinematical variables
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⇠ N80

Possible signals

But unknown
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N > 1
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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 
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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

Look-
elsewhere 

effect



LOOK-ELSEWHERE EFFECT
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pglobal = plocal ⇥ND

Number of 
observables

Number of 
signals

Significance of 
observation



LOOK-ELSEWHERE EFFECT

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



LOOK-ELSEWHERE EFFECT

Flexibility

Look-elsewhere
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Flexibility

Look-elsewhere

NPLM

Autoencoders

Bump-hunters

LDA (unsupervised clustering)



LOOK-ELSEWHERE EFFECT

Flexibility

Look-elsewhere

NPLM

Autoencoders

Bump-hunters

LDA (unsupervised clustering)



LOOK-ELSEWHERE EFFECT

Flexibility

Look-elsewhere

Intrinsic Dimension

NPLM

Autoencoders

Bump-hunters

LDA (unsupervised clustering)



LOOK-ELSEWHERE EFFECT

Flexibility

Look-elsewhere

Intrinsic Dimension

Bump-hunters

To avoid a big look-
elsewhere effect you 

need an analysis strategy 
independent of D



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)

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

µij ⌘
rj
ri

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



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?
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2. First thing to do before building any 
autoencoder 
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features of the kinematics 

4. What is the dimension of a jet? 



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? 

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

[Komiske, Metodiev, Thaler ’19]



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?



THE INTRINSIC DIMENSION 
AND NEW PHYSICS 

[RTD, A. GLIOTI, G. RIGO, A. VALENTI, In preparation]



1. Test it on qualitative different signals 

2. Check that the significance remains stable as 
we increase D 

3. Test it at large D

PRELIMINARY RESULTS



1. Test it on qualitative different signals 

2. Check that the significance remains stable as 
we increase D 

3. Test it at large D

PRELIMINARY RESULTS

Robustness, systematics, …



ALL VERY PRELIMINARY!



SIGNAL 1

<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
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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



PRELIMINARY RESULTS, SIGNAL 2
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PRELIMINARY RESULTS, SIGNAL 2
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<latexit sha1_base64="FKhpKuMhSzURr5s3ZkK2pk0AkVY=">AAAB+3icdVDLSsNAFJ3UV62vWpduBovgQkJS00d2RTcuK9hWTEOYTCft0MkkzEzEUvorblwo4tYfceffOH0IKnrgcg/n3MvcOWHKqFSW9WHkVlbX1jfym4Wt7Z3dveJ+qSOTTGDSxglLxE2IJGGUk7aiipGbVBAUh4x0w9HFzO/eESFpwq/VOCV+jAacRhQjpaWgWBKwRzn04uD2FFagbn5QLFumVXWdegVaZtWyXedME9dtOLUqtE1rjjJYohUU33v9BGcx4QozJKVnW6nyJ0goihmZFnqZJCnCIzQgnqYcxUT6k/ntU3islT6MEqGLKzhXv29MUCzlOA71ZIzUUP72ZuJfnpepqOFPKE8zRThePBRlDKoEzoKAfSoIVmysCcKC6lshHiKBsNJxFXQIXz+F/5NOxbRrZu3KKTfPl3HkwSE4AifABnXQBJegBdoAg3vwAJ7AszE1Ho0X43UxmjOWOwfgB4y3TzMzk0s=</latexit>

r 2 [mZ , 2mZ ]



PRELIMINARY RESULTS, SIGNAL 2
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SIGNAL 3

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

pp ! WZ ! µ+µ�jj

~ 100 particles per event 

D = 400



SIGNAL 3

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

pp ! WZ ! µ+µ�jj

In progress, but looking promising



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

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



<latexit sha1_base64="Zo2NGK+ONE1w1V60t7Uzs87/fsQ=">AAAB8HicdVDLSsNAFL2pr1pfVZduBovgKiRSrN0V3bhwUcE+pI1lMpm0Q2eSMDMRSuhXuHGhiFs/x51/4zStoKIHBg7nnMvce/yEM6Ud58MqLC2vrK4V10sbm1vbO+XdvbaKU0loi8Q8ll0fK8pZRFuaaU67iaRY+Jx2/PHFzO/cU6lYHN3oSUI9gYcRCxnB2ki3/SsTDfBddVCuOHY9B5qTWnVB6i5ybSdHBRZoDsrv/SAmqaCRJhwr1XOdRHsZlpoRTqelfqpogskYD2nP0AgLqrwsX3iKjowSoDCW5kUa5er3iQwLpSbCN0mB9Uj99mbiX14v1eGZl7EoSTWNyPyjMOVIx2h2PQqYpETziSGYSGZ2RWSEJSbadFQyJXxdiv4n7RPbPbWd62qlcb6oowgHcAjH4EINGnAJTWgBAQEP8ATPlrQerRfrdR4tWIuZffgB6+0TD1aQmw==</latexit>

⇤4

SOME MORE THEORY 
MOTIVATION FOR 

COLLIDERS



Does anything change in Nature as we vary 
the Higgs mass squared?

<latexit sha1_base64="JyjsfN580ATuFBYwFbpHT7EXMTQ=">AAACKHicbZBNS8MwGMdTX+d8q3r0EhzCdhmtDPUiDr14c4J7gbWMNE27sDQtSSqMso/jxa/iRUSRXf0kZl0PuvlA4Mf//zxJnr+XMCqVZU2NldW19Y3N0lZ5e2d3b988OOzIOBWYtHHMYtHzkCSMctJWVDHSSwRBkcdI1xvdzvzuExGSxvxRjRPiRijkNKAYKS0NzGsnEAhnvsPiEAZVhyEeMgKH0BE51SaFt+RMru6rdm1gVqy6lRdcBruACiiqNTDfHT/GaUS4wgxJ2betRLkZEopifWnZSSVJEB6hkPQ1chQR6Wb5ohN4qhUfBrHQhyuYq78nMhRJOY483RkhNZSL3kz8z+unKrh0M8qTVBGO5w8FKYMqhrPUoE8FwYqNNSAsqP4rxEOkk1M627IOwV5ceRk6Z3X7vN54aFSaN0UcJXAMTkAV2OACNMEdaIE2wOAZvIIP8Gm8GG/GlzGdt64YxcwR+FPG9w+pm6Wz</latexit>

d log f(hhi)
d loghhi = O(1)

[Arkani-Hamed, RTD, Kim, ’20]



Most relevant phenomenologically:

Physics coupled to the Higgs with

<latexit sha1_base64="a9RnzzuhNjGouHdwM2BwYZNYBxk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GPRi8cK9gOaUDbbSbt0Nwm7m0IJ/RtePCji1T/jzX/jts1Bqw8GHu/NMDMvTAXXxnW/nNLa+sbmVnm7srO7t39QPTxq6yRTDFssEYnqhlSj4DG2DDcCu6lCKkOBnXB8N/c7E1SaJ/GjmaYYSDqMecQZNVbyJfEFaq25JJN+tebW3QXIX+IVpAYFmv3qpz9IWCYxNkxQrXuem5ogp8pwJnBW8TONKWVjOsSepTGVqIN8cfOMnFllQKJE2YoNWag/J3IqtZ7K0HZKakZ61ZuL/3m9zEQ3Qc7jNDMYs+WiKBPEJGQeABlwhcyIqSWUKW5vJWxEFWXGxlSxIXirL/8l7Yu6d1V3Hy5rjdsijjKcwCmcgwfX0IB7aEILGKTwBC/w6mTOs/PmvC9bS04xcwy/4Hx8A7FtkXY=</latexit>

m . v

One trigger = Many solutions to the hierarchy problem



<latexit sha1_base64="7yZKdTvPgDzLKJQoI8wvVkq9FK0=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFRKRandFF3VZwT6gDWUyuWmHTiZxZlIpod/hxoUibv0Yd/6N04fg88CFwzn3cu89fsKZ0o7zbuWWlldW1/LrhY3Nre2d4u5eU8WppNCgMY9l2ycKOBPQ0ExzaCcSSORzaPnDy6nfGoFULBY3epyAF5G+YCGjRBvJq3XvWACa8QBwrVcsOXbFcStlF/8mru3MUEIL1HvFt24Q0zQCoSknSnVcJ9FeRqRmlMOk0E0VJIQOSR86hgoSgfKy2dETfGSUAIexNCU0nqlfJzISKTWOfNMZET1QP72p+JfXSXV47mVMJKkGQeeLwpRjHeNpAjhgEqjmY0MIlczciumASEK1yalgQvj8FP9Pmie2W7bd69NS9WIRRx4doEN0jFx0hqroCtVRA1F0i+7RI3qyRtaD9Wy9zFtz1mJmH32D9foBt6WSFQ==</latexit>

G eG
<latexit sha1_base64="1AXLRcHiBfhXPAZHEFAUSx6tg9w=">AAAB7nicdVDJSgNBEK1xjXGLevTSGARPw3SQaG5BLzlGMAskw9DT6Uma9PQM3T1CGPIRXjwo4tXv8ebf2FkE1wcFj/eqqKoXpoJr43nvzsrq2vrGZmGruL2zu7dfOjhs6yRTlLVoIhLVDYlmgkvWMtwI1k0VI3EoWCccX8/8zh1Tmify1kxS5sdkKHnEKTFW6jQCjBpBJSiVPbfm4VoVo98Eu94cZViiGZTe+oOEZjGThgqidQ97qfFzogyngk2L/UyzlNAxGbKepZLETPv5/NwpOrXKAEWJsiUNmqtfJ3ISaz2JQ9sZEzPSP72Z+JfXy0x06edcpplhki4WRZlAJkGz39GAK0aNmFhCqOL2VkRHRBFqbEJFG8Lnp+h/0q64uOrim/Ny/WoZRwGO4QTOAMMF1KEBTWgBhTHcwyM8Oanz4Dw7L4vWFWc5cwTf4Lx+AEddjuU=</latexit>

H1H2

<latexit sha1_base64="a41Yb04IkksfSAoW8GJH1pHmbHs=">AAAB9XicdVDJSgNBEO2JW4xb1KOXxiB4GmYkZrkFheAxglkgGUNPT03S2LPQ3WMIQ/7DiwdFvPov3vwbO8kIKvqg4PFeFVX13JgzqSzrw8itrK6tb+Q3C1vbO7t7xf2DjowSQaFNIx6JnkskcBZCWzHFoRcLIIHLoeveXc797j0IyaLwRk1jcAIyCpnPKFFaum3iwYR5oBj3ADeHxZJl1i27fl7FS1IrZ6RSx7ZpLVBCGVrD4vvAi2gSQKgoJ1L2bStWTkqEYpTDrDBIJMSE3pER9DUNSQDSSRdXz/CJVjzsR0JXqPBC/T6RkkDKaeDqzoCosfztzcW/vH6i/JqTsjBOFIR0uchPOFYRnkeAPSaAKj7VhFDB9K2YjokgVOmgCjqEr0/x/6RzZtoVs3xdLjUusjjy6Agdo1NkoypqoCvUQm1EkUAP6Ak9GxPj0XgxXpetOSObOUQ/YLx9AiaeklI=</latexit>

F eF



A BSM TRIGGER



<latexit sha1_base64="YDXDcCO52Y5JfCsntGPFi+b4yr8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mKoseilx4r2A9oQ9hst+3SzSbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8MJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1LDpVC8hQIl7yaa0yiUvBNO7ud+54lrI2L1iNOE+xEdKTEUjKKVOo3AI42gFpQrbtVdgKwTLycVyNEMyl/9QczSiCtkkhrT89wE/YxqFEzyWamfGp5QNqEj3rNU0YgbP1ucOyMXVhmQYaxtKSQL9fdERiNjplFoOyOKY7PqzcX/vF6Kw1s/EypJkSu2XDRMJcGYzH8nA6E5Qzm1hDIt7K2EjammDG1CJRuCt/ryOmnXqt511X24qtTv8jiKcAbncAke3EAdGtCEFjCYwDO8wpuTOC/Ou/OxbC04+cwp/IHz+QPVsI6V</latexit>

H1H2

Protected by the Z2 symmetry 

<latexit sha1_base64="OciQpV6msnZskh0NzveQTGXpZis=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIbixJqeiy6KbLCvYBbQiT6aQdOpmEmYlQQsFfceNCEbd+hzv/xmmbhbYeGDhzzr3ce0+QcKa043xbhbX1jc2t4nZpZ3dv/8A+PGqrOJWEtkjMY9kNsKKcCdrSTHPaTSTFUcBpJxjfzfzOI5WKxeJBTxLqRXgoWMgI1kby7ZOG76KGX0V9HaNLlP98u+xUnDnQKnFzUoYcTd/+6g9ikkZUaMKxUj3XSbSXYakZ4XRa6qeKJpiM8ZD2DBU4osrL5utP0blRBiiMpXlCo7n6uyPDkVKTKDCVEdYjtezNxP+8XqrDGy9jIkk1FWQxKEw5MqfOskADJinRfGIIJpKZXREZYYmJNomVTAju8smrpF2tuFcV575Wrt/mcRThFM7gAly4hjo0oAktIJDBM7zCm/VkvVjv1seitGDlPcfwB9bnDwAmku8=</latexit>

H1H2 ! �H1H2

H1H2 without Z2 first considered as 
‘paleo’-trigger in: [Espinosa, 

Grojean,Panico, Pomarol, Pujolas ’15],
[Dvali, Vilenkin ’01]. Today these models 
require two coincidences of scales to be 

alive at the LHC.

[Arkani-Hamed, RTD, Kim, ’20]



<latexit sha1_base64="Mf8Uwp4mfI4vp639BJmPA0sHkkE="></latexit>

m2
H

⇠ �1v
2
1  m2

h
= (125 GeV)2

[Arkani-Hamed, RTD, Kim, ’20]
TYPE-0 2HDM



For quarks and leptons we choose the phenomenologically 
safest Z2 charge assignments

This gives

<latexit sha1_base64="YNhWm2M3HY1EriYmscvrnMveByg=">AAACQXicbZBLS8NAFIUn9VXrK+rSzWARKmhJiqjLopsuK9gHNDFMJtN26OTRmYlQQv+aG/+BO/duXCji1o3TNNhavTDwcc693LnHjRgV0jCetdzS8srqWn69sLG5tb2j7+41RRhzTBo4ZCFvu0gQRgPSkFQy0o44Qb7LSMsdXE/81j3hgobBrRxFxPZRL6BdipFUkqO3a04FWjKEp1DRCbSGMfJgaRjf4eNUnuLM8GaGN28w8mOk6OhFo2ykBf+CmUERZFV39CfLC3Hsk0BihoTomEYk7QRxSTEj44IVCxIhPEA90lEYIJ8IO0kTGMMjpXiwG3L1AglTdX4iQb4QI99VnT6SfbHoTcT/vE4su5d2QoMoliTA00XdmEF16CRO6FFOsGQjBQhzqv4KcR9xhKUKvaBCMBdP/gvNStk8L1duzorVqyyOPDgAh6AETHABqqAG6qABMHgAL+ANvGuP2qv2oX1OW3NaNrMPfpX29Q3MFKsh</latexit>

H2 ! �H2, (quc) ! �(quc), (qdc) ! �(qdc), (lec) ! �(lec)

[Arkani-Hamed, RTD, Kim, ’20]
TYPE-0 2HDM



Sharp target for HL-LHC and FCC  
which can’t be decoupled! 

(See also the next slide)

[Arkani-Hamed, RTD, Kim, ’20]
TYPE-0 2HDM



TYPE-0 2HDM



<latexit sha1_base64="a41Yb04IkksfSAoW8GJH1pHmbHs=">AAAB9XicdVDJSgNBEO2JW4xb1KOXxiB4GmYkZrkFheAxglkgGUNPT03S2LPQ3WMIQ/7DiwdFvPov3vwbO8kIKvqg4PFeFVX13JgzqSzrw8itrK6tb+Q3C1vbO7t7xf2DjowSQaFNIx6JnkskcBZCWzHFoRcLIIHLoeveXc797j0IyaLwRk1jcAIyCpnPKFFaum3iwYR5oBj3ADeHxZJl1i27fl7FS1IrZ6RSx7ZpLVBCGVrD4vvAi2gSQKgoJ1L2bStWTkqEYpTDrDBIJMSE3pER9DUNSQDSSRdXz/CJVjzsR0JXqPBC/T6RkkDKaeDqzoCosfztzcW/vH6i/JqTsjBOFIR0uchPOFYRnkeAPSaAKj7VhFDB9K2YjokgVOmgCjqEr0/x/6RzZtoVs3xdLjUusjjy6Agdo1NkoypqoCvUQm1EkUAP6Ak9GxPj0XgxXpetOSObOUQ/YLx9AiaeklI=</latexit>

F eF

<latexit sha1_base64="5Fmh9oL5NWeKhyZcfRhbscSvP28="></latexit>

L � �mLLL
c �mNNN

c � yLHN
c � y

c
L
c
HN + h.c.� �

32⇡2f
F eF

New vector-like leptons
+

Dark confining gauge group



1. What is going on with the Higgs mass? We don’t 
know 

2. We have been creative theoretically, but 
maybe it’s still not enough 

3. We have been conservative experimentally, 
and it’s time to go wild

CONCLUSION



BACKUP



•MSSM-1: N1 = 150 GeV, N2/chi1+ = 250 GeV

•MSSM-2: N1 = 150 GeV, N2/chi1+ = 500 GeV

•MSSM-3: N1 = 150 GeV, N2/chi1+ = 1000 GeV

SIGNAL BENCHMARKS



1. Symmetry plus a bit of tuning


2. There is no mass scale beyond the SM	 [1305.6939]


3. The Higgs mass is an input


4. UV/IR Mixing [1909.01365]


5. Swampland on steroids


6. There is a landscape


7. …

WHY THE HIGGS MASS?

https://arxiv.org/abs/1305.6939
https://arxiv.org/abs/1909.01365


95%1. Symmetry plus a bit of tuning


2. There is no mass scale beyond the SM	 [1305.6939]


3. The Higgs mass is an input


4. UV/IR Mixing [1909.01365]


5. Swampland on steroids


6. There is a landscape


7. …5%

LES HOUCHES POLL ‘23

https://arxiv.org/abs/1305.6939
https://arxiv.org/abs/1909.01365
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LANDSCAPES AT 
COLLIDERS



Currently our most 
concrete explanation for 

the cosmological 
constant



Where are the minima?



They could all be at the 
Planck scale

<latexit sha1_base64="b1eQ5b5xDlfVAUBGo2GLuA9aEp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKELjNc=</latexit>

H

<latexit sha1_base64="9GG2u6T65V7J7v848NGLWNCwuOA=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FL16ECvYD26Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aPXBwOO9GWbmhYngxnreFyqsrK6tbxQ3S1vbO7t75f2DlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Hrmtx+ZNjxW93aSsECSoeIRp8Q66eG2n/W0xA0x7ZcrXtWbA/8lfk4qkKPRL3/2BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn84ik+ccoAR7F2pSyeqz8nMiKNmcjQdUpiR2bZm4n/ed3URpdBxlWSWqboYlGUCmxjPHsfD7hm1IqJI4Rq7m7FdEQ0odaFVHIh+Msv/yWts6pfq9buziv1qzyOIhzBMZyCDxdQhxtoQBMoKHiCF3hFBj2jN/S+aC2gfOYQfgF9fAM4mJCk</latexit>

MPl



They could all be at the 
Planck scale, however…

<latexit sha1_base64="b1eQ5b5xDlfVAUBGo2GLuA9aEp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKELjNc=</latexit>

H

<latexit sha1_base64="9GG2u6T65V7J7v848NGLWNCwuOA=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FL16ECvYD26Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aPXBwOO9GWbmhYngxnreFyqsrK6tbxQ3S1vbO7t75f2DlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Hrmtx+ZNjxW93aSsECSoeIRp8Q66eG2n/W0xA0x7ZcrXtWbA/8lfk4qkKPRL3/2BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn84ik+ccoAR7F2pSyeqz8nMiKNmcjQdUpiR2bZm4n/ed3URpdBxlWSWqboYlGUCmxjPHsfD7hm1IqJI4Rq7m7FdEQ0odaFVHIh+Msv/yWts6pfq9buziv1qzyOIhzBMZyCDxdQhxtoQBMoKHiCF3hFBj2jN/S+aC2gfOYQfgF9fAM4mJCk</latexit>

MPl

<latexit sha1_base64="G3TDQvTgy0apG63sp9RS+1RiJLg=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCizLMFKkui25cSQX7gHYYMmnahmYeJBmhDF248VfcuFDErR/hzr8xnc5CWw+EnJxzLzf3+DFnUtn2t1FYW9/Y3Cpul3Z29/YPzMOjtowSQWiLRDwSXR9LyllIW4opTruxoDjwOe34k+u533mgQrIovFfTmLoBHoVsyAhWWvLMcj8eM8+pouyuVZFlWfnj1jMrtmVnQKvEyUkFcjQ986s/iEgS0FARjqXsOXas3BQLxQins1I/kTTGZIJHtKdpiAMq3TRbYoZOtTJAw0joEyqUqb87UhxIOQ18XRlgNZbL3lz8z+slanjppiyME0VDshg0TDhSEZonggZMUKL4VBNMBNN/RWSMBSZK51bSITjLK6+Sds1y6lb97rzSuMrjKEIZTuAMHLiABtxAE1pA4BGe4RXejCfjxXg3PhalBSPvOYY/MD5/ABiFldc=</latexit>

�1,�2, ...,�N



They could all be at the 
Planck scale, however…

<latexit sha1_base64="b1eQ5b5xDlfVAUBGo2GLuA9aEp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKELjNc=</latexit>

H

<latexit sha1_base64="9GG2u6T65V7J7v848NGLWNCwuOA=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FL16ECvYD26Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aPXBwOO9GWbmhYngxnreFyqsrK6tbxQ3S1vbO7t75f2DlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Hrmtx+ZNjxW93aSsECSoeIRp8Q66eG2n/W0xA0x7ZcrXtWbA/8lfk4qkKPRL3/2BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn84ik+ccoAR7F2pSyeqz8nMiKNmcjQdUpiR2bZm4n/ed3URpdBxlWSWqboYlGUCmxjPHsfD7hm1IqJI4Rq7m7FdEQ0odaFVHIh+Msv/yWts6pfq9buziv1qzyOIhzBMZyCDxdQhxtoQBMoKHiCF3hFBj2jN/S+aC2gfOYQfgF9fAM4mJCk</latexit>

MPl

Weak Scale as a Trigger 
N. Arkani-Hamed, RTD, H. Kim

<latexit sha1_base64="G3TDQvTgy0apG63sp9RS+1RiJLg=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCizLMFKkui25cSQX7gHYYMmnahmYeJBmhDF248VfcuFDErR/hzr8xnc5CWw+EnJxzLzf3+DFnUtn2t1FYW9/Y3Cpul3Z29/YPzMOjtowSQWiLRDwSXR9LyllIW4opTruxoDjwOe34k+u533mgQrIovFfTmLoBHoVsyAhWWvLMcj8eM8+pouyuVZFlWfnj1jMrtmVnQKvEyUkFcjQ986s/iEgS0FARjqXsOXas3BQLxQins1I/kTTGZIJHtKdpiAMq3TRbYoZOtTJAw0joEyqUqb87UhxIOQ18XRlgNZbL3lz8z+slanjppiyME0VDshg0TDhSEZonggZMUKL4VBNMBNN/RWSMBSZK51bSITjLK6+Sds1y6lb97rzSuMrjKEIZTuAMHLiABtxAE1pA4BGe4RXejCfjxXg3PhalBSPvOYY/MD5/ABiFldc=</latexit>

�1,�2, ...,�N



They could all be at the 
Planck scale, however…

<latexit sha1_base64="b1eQ5b5xDlfVAUBGo2GLuA9aEp8=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNQY9ELxwhkUcCGzI7NDAyO7uZmTUhG77AiweN8eonefNvHGAPClbSSaWqO91dQSy4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS0eJYthkkYhUJ6AaBZfYNNwI7MQKaRgIbAeT+7nffkKleSQfzDRGP6QjyYecUWOlRq1fLLlldwGyTryMlCBDvV/86g0iloQoDRNU667nxsZPqTKcCZwVeonGmLIJHWHXUklD1H66OHRGLqwyIMNI2ZKGLNTfEykNtZ6Gge0MqRnrVW8u/ud1EzO89VMu48SgZMtFw0QQE5H512TAFTIjppZQpri9lbAxVZQZm03BhuCtvrxOWldlr1KuNK5L1bssjjycwTlcggc3UIUa1KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AKELjNc=</latexit>

H

<latexit sha1_base64="9GG2u6T65V7J7v848NGLWNCwuOA=">AAAB8XicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKVI9FL16ECvYD26Vk02wbmmSXJCuUpf/CiwdFvPpvvPlvTNs9aPXBwOO9GWbmhYngxnreFyqsrK6tbxQ3S1vbO7t75f2DlolTTVmTxiLWnZAYJrhiTcutYJ1EMyJDwdrh+Hrmtx+ZNjxW93aSsECSoeIRp8Q66eG2n/W0xA0x7ZcrXtWbA/8lfk4qkKPRL3/2BjFNJVOWCmJM1/cSG2REW04Fm5Z6qWEJoWMyZF1HFZHMBNn84ik+ccoAR7F2pSyeqz8nMiKNmcjQdUpiR2bZm4n/ed3URpdBxlWSWqboYlGUCmxjPHsfD7hm1IqJI4Rq7m7FdEQ0odaFVHIh+Msv/yWts6pfq9buziv1qzyOIhzBMZyCDxdQhxtoQBMoKHiCF3hFBj2jN/S+aC2gfOYQfgF9fAM4mJCk</latexit>

MPl

In preparation 
RTD, M. Ettengruber, L. Wang

<latexit sha1_base64="G3TDQvTgy0apG63sp9RS+1RiJLg=">AAACBHicbVDLSgMxFL1TX7W+Rl12EyyCizLMFKkui25cSQX7gHYYMmnahmYeJBmhDF248VfcuFDErR/hzr8xnc5CWw+EnJxzLzf3+DFnUtn2t1FYW9/Y3Cpul3Z29/YPzMOjtowSQWiLRDwSXR9LyllIW4opTruxoDjwOe34k+u533mgQrIovFfTmLoBHoVsyAhWWvLMcj8eM8+pouyuVZFlWfnj1jMrtmVnQKvEyUkFcjQ986s/iEgS0FARjqXsOXas3BQLxQins1I/kTTGZIJHtKdpiAMq3TRbYoZOtTJAw0joEyqUqb87UhxIOQ18XRlgNZbL3lz8z+slanjppiyME0VDshg0TDhSEZonggZMUKL4VBNMBNN/RWSMBSZK51bSITjLK6+Sds1y6lb97rzSuMrjKEIZTuAMHLiABtxAE1pA4BGe4RXejCfjxXg3PhalBSPvOYY/MD5/ABiFldc=</latexit>

�1,�2, ...,�N


