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Kyle Lee

JET SUBSTRUCTURE STUDY

Since its first introduction in 2008 by Butterworth, Davison, Rubin and Salam to reconstruct Higgs 
along with development of                        by Cacciari, Soyez, and Salam, jet substructure study has been 
central to collider program at the LHC and fueled much theoretic developments

Cacciari, Salam, Soyez `08

Butterworth, Davison, Rubin, Salam `08 CMS Collaboration `17
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Many decades of theoretical developments gave us analytical tools to study jets and its structure!

1970s 2008-2010

• Beginning of Jet substructure 
• anti-kT jet clustering 
• Pruning, trimming

1990s

• kT jet clustering 
• CA jet clustering

2010-2015

• N-(sub)jettiness 
• Xcone jet algorithms 
• Soft Drop Jet grooming, …

• Sudakov safe observables 
• Groomed multi-prong jets 
• Lund Jet Plane 
• Machine Learning for Jets

2016-2019

BRIEF HISTORY OF JET SUBSTRUCTURE THEORY 
DEVELOPMENTS

Event shapes and cone jet

Reclustering algorithms

First jet substructure and anti-kT

Grooming and multi-prong observables

New observables and ML

2020s

• Energy Correlators for Jets

more to come! 
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• Thrust, Sphericity, EECs 
• First cone-algorithm jets 

(Many are still developing or advancing areas of  research. Here, I only indicate the year when they roughly began)
(Too many people / developments / papers to credit in a single page!)
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• Thrust, Sphericity, EECs 
• First cone-algorithm jets 

Important new development in jet substructure theory in recent years is an idea to reframe jet 
substructure study in terms of correlation functions of energy flow operators

Many theory talks this year at BOOST 2023
Chen, Moult, Zhang, Zhu `20



RETHINKING JET SUBSTRUCTURE 
AS ENERGY CORRELATORS

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
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Kyle Lee

(Collision events happen at

JET SUBSTRUCTURE AS CORRELATION FUNCTIONS
In many fields, correlation functions are considered to be fundamental objects which encode the 
dynamics of the underlying theory.
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Much like cosmology, we observe asymptotic energy flux at the detectors that are placed  
at cosmic scale away from where the events originated.
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Indeed, energy-energy correlators are one of the very first studied event shape (or correlations) 
observables in QCD

JET SUBSTRUCTURE AS CORRELATION FUNCTIONS

Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov `13
Dixon, Luo, Shtabovenko, Yang, Zhu `18

Luo, Shtabovenko, Yang, Zhu `19
Henn, Sokatchev, Yan, Zhiboedov `19
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✓1
<latexit sha1_base64="T+UPReBhSLIMd3XHho+WavbqyCc=">AAACE3icbVDLSgMxFL3js9ZX1aWbwSK4KjOlqMuiG5cV7APaoWTSTBuaZIbkjliG/oTgSv/Enbj1A/wR16aPhW09EDiccy/35ISJ4AY979tZW9/Y3NrO7eR39/YPDgtHxw0Tp5qyOo1FrFshMUxwxerIUbBWohmRoWDNcHg78ZuPTBseqwccJSyQpK94xClBK7U6OGBIuuVuoeiVvCncVeLPSRHmqHULP51eTFPJFFJBjGn7XoJBRjRyKtg430kNSwgdkj5rW6qIZCbIpnnH7rlVem4Ua/sUulP170ZGpDEjGdpJSXBglr2J+K/3NDuwoIVyKQ1G10HGVZIiU3QWJkqFi7E7Kcjtcc0oipElhGpu/+PSAdGEoq0xb4vyl2tZJY1yyb8sVe4rxerNvLIcnMIZXIAPV1CFO6hBHSgIeIZXeHNenHfnw/mcja45850TWIDz9Qssbp8C</latexit>

✓2
<latexit sha1_base64="ChdtsWQxFbZaH12E88arNryWjhs=">AAACE3icbVDLSgMxFM34rPVVdelmsAiuyowWdVl047KCfUA7lEx6pw1NMkNyRyylPyG40j9xJ279AH/EtWk7C9t6IHA4517uyQkTwQ163rezsrq2vrGZ28pv7+zu7RcODusmTjWDGotFrJshNSC4ghpyFNBMNFAZCmiEg9uJ33gEbXisHnCYQCBpT/GIM4pWaraxD0g7F51C0St5U7jLxM9IkWSodgo/7W7MUgkKmaDGtHwvwWBENXImYJxvpwYSyga0By1LFZVggtE079g9tUrXjWJtn0J3qv7dGFFpzFCGdlJS7JtFbyL+6z3NDsxpoVxIg9F1MOIqSREUm4WJUuFi7E4KcrtcA0MxtIQyze1/XNanmjK0NeZtUf5iLcukfl7yL0vl+3KxcpNVliPH5IScEZ9ckQq5I1VSI4wI8kxeyZvz4rw7H87nbHTFyXaOyBycr18uFp8D</latexit>

✓3

<latexit sha1_base64="0M8SLzPrDjSja/mPIlWMKDE88rU=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFEVxWtA9oh5JJM21okhmSjFiGfoLgSv/Enbj1F/wR16btLGzrgcDhnHu5JyeIOdPGdb+d3Mrq2vpGfrOwtb2zu1fcP2joKFGE1knEI9UKsKacSVo3zHDaihXFIuC0GQyvJ37zkSrNIvlgRjH1Be5LFjKCjZXub7pet1hyy+4UaJl4GSlBhlq3+NPpRSQRVBrCsdZtz42Nn2JlGOF0XOgkmsaYDHGfti2VWFDtp9OoY3RilR4KI2WfNGiq/t1IsdB6JAI7KbAZ6EVvIv7rPc0OzGmBWEhjwks/ZTJODJVkFiZMODIRmnSDekxRYvjIEkwUs/9BZIAVJsY2WLBFeYu1LJPGWdk7L1fuKqXqVVZZHo7gGE7Bgwuowi3UoA4E+vAMr/DmvDjvzofzORvNOdnOIczB+foFzDecog==</latexit>

E1
<latexit sha1_base64="rf1qKocB4j/RBr7DE12kCHTRxSw=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBFclZlS1GVRBJcV7QPaoWTSTBuaZIYkI5ahnyC40j9xJ279BX/EtWk7C9t6IHA4517uyQlizrRx3W9nZXVtfWMzt5Xf3tnd2y8cHDZ0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIbXE7/5SJVmkXwwo5j6AvclCxnBxkr3N91yt1B0S+4UaJl4GSlChlq38NPpRSQRVBrCsdZtz42Nn2JlGOF0nO8kmsaYDHGfti2VWFDtp9OoY3RqlR4KI2WfNGiq/t1IsdB6JAI7KbAZ6EVvIv7rPc0OzGmBWEhjwks/ZTJODJVkFiZMODIRmnSDekxRYvjIEkwUs/9BZIAVJsY2mLdFeYu1LJNGueSdlyp3lWL1KqssB8dwAmfgwQVU4RZqUAcCfXiGV3hzXpx358P5nI2uONnOEczB+foFzd+cow==</latexit>

E2

<latexit sha1_base64="0M8SLzPrDjSja/mPIlWMKDE88rU=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFEVxWtA9oh5JJM21okhmSjFiGfoLgSv/Enbj1F/wR16btLGzrgcDhnHu5JyeIOdPGdb+d3Mrq2vpGfrOwtb2zu1fcP2joKFGE1knEI9UKsKacSVo3zHDaihXFIuC0GQyvJ37zkSrNIvlgRjH1Be5LFjKCjZXub7pet1hyy+4UaJl4GSlBhlq3+NPpRSQRVBrCsdZtz42Nn2JlGOF0XOgkmsaYDHGfti2VWFDtp9OoY3RilR4KI2WfNGiq/t1IsdB6JAI7KbAZ6EVvIv7rPc0OzGmBWEhjwks/ZTJODJVkFiZMODIRmnSDekxRYvjIEkwUs/9BZIAVJsY2WLBFeYu1LJPGWdk7L1fuKqXqVVZZHo7gGE7Bgwuowi3UoA4E+vAMr/DmvDjvzofzORvNOdnOIczB+foFzDecog==</latexit>

E1
<latexit sha1_base64="Io5ISELC3k5Scus4RXvRGMRw/g0=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFEVxWtA9oh5JJM21okhmSjFiGfoLgSv/Enbj1F/wR16btLGz1QOBwzr3ckxPEnGnjul9Obml5ZXUtv17Y2Nza3inu7jV0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIZXE7/5QJVmkbw3o5j6AvclCxnBxkp3193TbrHklt0p0F/iZaQEGWrd4nenF5FEUGkIx1q3PTc2foqVYYTTcaGTaBpjMsR92rZUYkG1n06jjtGRVXoojJR90qCp+nsjxULrkQjspMBmoBe9ifiv9zg7MKcFYiGNCS/8lMk4MVSSWZgw4chEaNIN6jFFieEjSzBRzP4HkQFWmBjbYMEW5S3W8pc0TsreWblyWylVL7PK8nAAh3AMHpxDFW6gBnUg0IcneIFX59l5c96dj9lozsl29mEOzucPz4ecpA==</latexit>

E3
<latexit sha1_base64="rf1qKocB4j/RBr7DE12kCHTRxSw=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBFclZlS1GVRBJcV7QPaoWTSTBuaZIYkI5ahnyC40j9xJ279BX/EtWk7C9t6IHA4517uyQlizrRx3W9nZXVtfWMzt5Xf3tnd2y8cHDZ0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIbXE7/5SJVmkXwwo5j6AvclCxnBxkr3N91yt1B0S+4UaJl4GSlChlq38NPpRSQRVBrCsdZtz42Nn2JlGOF0nO8kmsaYDHGfti2VWFDtp9OoY3RqlR4KI2WfNGiq/t1IsdB6JAI7KbAZ6EVvIv7rPc0OzGmBWEhjwks/ZTJODJVkFiZMODIRmnSDekxRYvjIEkwUs/9BZIAVJsY2mLdFeYu1LJNGueSdlyp3lWL1KqssB8dwAmfgwQVU4RZqUAcCfXiGV3hzXpx358P5nI2uONnOEczB+foFzd+cow==</latexit>

E2
<latexit sha1_base64="Io5ISELC3k5Scus4RXvRGMRw/g0=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsxoUZdFEVxWtA9oh5JJM21okhmSjFiGfoLgSv/Enbj1F/wR16btLGz1QOBwzr3ckxPEnGnjul9Obml5ZXUtv17Y2Nza3inu7jV0lChC6yTikWoFWFPOJK0bZjhtxYpiEXDaDIZXE7/5QJVmkbw3o5j6AvclCxnBxkp3193TbrHklt0p0F/iZaQEGWrd4nenF5FEUGkIx1q3PTc2foqVYYTTcaGTaBpjMsR92rZUYkG1n06jjtGRVXoojJR90qCp+nsjxULrkQjspMBmoBe9ifiv9zg7MKcFYiGNCS/8lMk4MVSSWZgw4chEaNIN6jFFieEjSzBRzP4HkQFWmBjbYMEW5S3W8pc0TsreWblyWylVL7PK8nAAh3AMHpxDFW6gBnUg0IcneIFX59l5c96dj9lozsl29mEOzucPz4ecpA==</latexit>

E3
<latexit sha1_base64="inSYKNuYhIWedbTnYzHys7c/eck=">AAACE3icbVDLSgMxFL1TX7W+qi7dDBbBVZmRoi6LblxWsA9oh5JJ77ShSWZIMmIp/QnBlf6JO3HrB/gjrk3bWdjWA4HDOfdyT06YcKaN5307ubX1jc2t/HZhZ3dv/6B4eNTQcaoo1mnMY9UKiUbOJNYNMxxbiUIiQo7NcHg79ZuPqDSL5YMZJRgI0pcsYpQYK7U6TNgrqLvFklf2ZnBXiZ+REmSodYs/nV5MU4HSUE60bvteYoIxUYZRjpNCJ9WYEDokfWxbKolAHYxneSfumVV6bhQr+6RxZ+rfjTERWo9EaCcFMQO97E3Ff72n+YEFLRRLaUx0HYyZTFKDks7DRCl3TexOC3J7TCE1fGQJoYrZ/7h0QBShxtZYsEX5y7WsksZF2b8sV+4rpepNVlkeTuAUzsGHK6jCHdSgDhQ4PMMrvDkvzrvz4XzOR3NOtnMMC3C+fgGqT59O</latexit>

=)

<latexit sha1_base64="sWW9TutXw40+9BhKIm8hpGS6/Zw="></latexit>

d�

dz
⇠ h |E (n̂1) E (n̂2)| i

<latexit sha1_base64="o9D1pKHuyHRSj2WNh96Rw0JXMdE=">AAACR3icbVDLSsNAFJ3Ud3xVXboJFsFVSUTUZdGNywq2CqaUyeSmHZxJwsyNtIR8gV/jVr/AT/Ar3IlLJ21AWz0wcOace7n3niAVXKPrvlu1hcWl5ZXVNXt9Y3Nru76z29VJphh0WCISdRdQDYLH0EGOAu5SBVQGAm6Dh8vSv30EpXkS3+A4hZ6kg5hHnFE0Ur9+6EeKstxHGGEeFr7mA0mLnz8OAWnRrzfcpjuB85d4FWmQCu3+jmX7YcIyCTEyQbW+99wUezlVyJmAwvYzDSllD3QA94bGVILu5ZN7CufQKKETJcq8GJ2J+rsjp1LrsQxMpaQ41PNeKf7rjaYDZrRQl0NmtUDObYjReS/ncZohxGy6YJQJBxOnDNUJuQKGYmwIZYqbGx02pCZYNNHbJj1vPqu/pHvc9E6bJ9cnjdZFleMq2ScH5Ih45Iy0yBVpkw5h5Ik8kxfyar1ZH9an9TUtrVlVzx6ZQc36BlhGs5g=</latexit>

d�

d✓

Weighted cross-section, or, ensemble averaged observable

Many precise calculations!

Basham, Brown, Ellis, Love, `78-79

Impressive agreements from recent calculation, without any fits!

Schindler, Stewart, Sun `23

<latexit sha1_base64="I8vol1opqJLO2Yu0JdzwfJWOnwU="></latexit>

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆
<latexit sha1_base64="sWW9TutXw40+9BhKIm8hpGS6/Zw="></latexit>

d�

dz
⇠ h |E (n̂1) E (n̂2)| i

<latexit sha1_base64="o9D1pKHuyHRSj2WNh96Rw0JXMdE=">AAACR3icbVDLSsNAFJ3Ud3xVXboJFsFVSUTUZdGNywq2CqaUyeSmHZxJwsyNtIR8gV/jVr/AT/Ar3IlLJ21AWz0wcOace7n3niAVXKPrvlu1hcWl5ZXVNXt9Y3Nru76z29VJphh0WCISdRdQDYLH0EGOAu5SBVQGAm6Dh8vSv30EpXkS3+A4hZ6kg5hHnFE0Ur9+6EeKstxHGGEeFr7mA0mLnz8OAWnRrzfcpjuB85d4FWmQCu3+jmX7YcIyCTEyQbW+99wUezlVyJmAwvYzDSllD3QA94bGVILu5ZN7CufQKKETJcq8GJ2J+rsjp1LrsQxMpaQ41PNeKf7rjaYDZrRQl0NmtUDObYjReS/ncZohxGy6YJQJBxOnDNUJuQKGYmwIZYqbGx02pCZYNNHbJj1vPqu/pHvc9E6bJ9cnjdZFleMq2ScH5Ih45Iy0yBVpkw5h5Ik8kxfyar1ZH9an9TUtrVlVzx6ZQc36BlhGs5g=</latexit>

d�

d✓

<latexit sha1_base64="W7Gs65VoOsdNfUeHpyYKIKgq5mU=">AAACR3icbVDLTgJBEJzFF+IL9OhlIyHBg2TXEPVI9OIRE3kkLCGzs70wOvvITK+RbPgCv8arfoGf4Fd4Mx6dBQ4CVjKZSlV3urvcWHCFlvVp5NbWNza38tuFnd29/YNi6bCtokQyaLFIRLLrUgWCh9BCjgK6sQQauAI67uNN5neeQCoehfc4jqEf0GHIfc4oamlQrDgeCKSOAB+rDo4A6dnsG6T8YeJIPhzh6aBYtmrWFOYqseekTOZoDkpGwfEilgQQIhNUqZ5txdhPqUTOBEwKTqIgpuyRDqGnaUgDUP10es/ErGjFM/1I6heiOVX/dqQ0UGocuLoyoDhSy14m/us9zwYsaJ7KhixqbrC0IfpX/ZSHcYIQstmCfiJMjMwsVNPjEhiKsSaUSa5vNNmISspQR1/Q6dnLWa2S9nnNvqjV7+rlxvU8xzw5JiekSmxySRrkljRJizDyQl7JG3k3Powv49v4mZXmjHnPEVlAzvgF/kSySg==</latexit>

� (✓ � ✓ij)
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2
s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2
s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

<latexit sha1_base64="l/sIQKNJL9Bzc+rGkmFtcyQ/3vM="></latexit>

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

Hofman, Maldacena, `08

<latexit sha1_base64="87clzBE69g95RJ7UT7ZhmfuK48g=">AAACMXicbVDLTgIxFG3xheMD0KWbRmLiiswYoy6Jbly4wEQeCUxIp9OBhs4j7R2VEL7ErX6BX8POuPUn7MAsBDxJk5Nz7s09PV4ihQbbnuHCxubW9k5x19rbPzgslStHLR2nivEmi2WsOh7VXIqIN0GA5J1EcRp6kre90V3mt5+50iKOnmCccDekg0gEglEwUr9c6j3wAJQYDIEqFb/0y1W7Zs9B1omTkyrK0ehXsNXzY5aGPAImqdZdx07AnVAFgkk+tXqp5gllIzrgXUMjGnLtTubJp+TMKD4JYmVeBGSu/t2Y0FDrceiZyZDCUK96mfiv97o4sKT5OjuyrHnhSkIIbtyJiJIUeMQWAYNUEohJVh/xheIM5NgQypQwfyRsSBVlYEq2THvOalfrpHVRc65ql4+X1fpt3mMRnaBTdI4cdI3q6B41UBMxlKI39I4+8Cee4S/8vRgt4HznGC0B//wCkEiqKg==</latexit>,
<latexit sha1_base64="45K7K5tKT43nPD6/sBPmd7Pd2Og=">AAACRHicbVDLTgIxFO34RHyBLt1MICZuJDOGqEuiG5eYyCNhkHQ6F2joPNLeMZDJ7P0at/oF/oP/4M64NRaYhYA3aXJ6zr09t8eNBFdoWR/G2vrG5tZ2bie/u7d/cFgoHjVVGEsGDRaKULZdqkDwABrIUUA7kkB9V0DLHd1O9dYTSMXD4AEnEXR9Ogh4nzOKmuoVSg4OAelj4iCMcfZeIsFL9Z3GPZ6eV9NeoWxVrFmZq8DOQJlkVe8VjbzjhSz2IUAmqFId24qwm1CJnAlI806sIKJsRAfQ0TCgPqhuMjNPzVPNeGY/lPoEaM7YvxMJ9ZWa+K7u9CkO1bI2Jf/VxnODBc5TU5NFzvWXNsT+dTfhQRQjBGy+YD8WJobmNFHT4xIYiokGlEmu/2iyIZWUoc49r9Ozl7NaBc2Lin1Zqd5Xy7WbLMccOSElckZsckVq5I7USYMw8kxeyCt5M96NT+PL+J63rhnZzDFZKOPnF7Gisro=</latexit>

✓⌧i�4
<latexit sha1_base64="l/sIQKNJL9Bzc+rGkmFtcyQ/3vM="></latexit>

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

Jet limit corresponds to the collinear limit (OPE limit) of the correlation 
functions of the Energy Flow Operators

CAN THIS UNIVERSAL SCALING OF THE OPERATORS 
BE OBSERVED IN JETS AT THE LHC???

7/32

JET SUBSTRUCTURE AS CORRELATION FUNCTIONS

Field theory often predicts universal scaling as operators approach 
each other

<latexit sha1_base64="4ljoBjdvD6sGhyoHV8theuqKQmk="></latexit>

O(x)O(0) =
X

x�iciOi

Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, `13
Kologlu, Kravchuk, Simmons Duffin, Zhiboedov, `19

Chang, Kologlu, Kravchuk, Simmons-Duffin, `20
Caron-Huot,Kologlu,Kravchuk,Meltzer,Simmons-Duffin, `22

…

Kravchuk, Simmons Duffin, `18
Henn, Sokatchev, Yan, Zhiboedov, `19

Korchemsky, `19
Belin, Hofman, Mathys, `19

Much interests from the formal theory:
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CONFORMAL COLLIDERS MEET THE LHC

Rethinking Jets with Energy Correlators

p

p

Chen, Moult, Zhang, Zhu `20
Dixon, Moult, Zhu `19

2019/2020

0.01 0.02 0.05 0.10 0.20 0.50

1.0
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2.0

2.5

3.0

2022

Open data analyses and QCD Factorization

2023

Real Data analyses  
at the LHC

ALI-PREL-539525

ALI-PREL-539525

KL, Meçaj, Moult `22
Komiske, Moult, Thaler, Zhu `22

ALICE `23

Observation of the universal of QCD predicted at the operator 
levels from the light-ray operator product expansion!

<latexit sha1_base64="l/sIQKNJL9Bzc+rGkmFtcyQ/3vM="></latexit>

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

<latexit sha1_base64="45K7K5tKT43nPD6/sBPmd7Pd2Og=">AAACRHicbVDLTgIxFO34RHyBLt1MICZuJDOGqEuiG5eYyCNhkHQ6F2joPNLeMZDJ7P0at/oF/oP/4M64NRaYhYA3aXJ6zr09t8eNBFdoWR/G2vrG5tZ2bie/u7d/cFgoHjVVGEsGDRaKULZdqkDwABrIUUA7kkB9V0DLHd1O9dYTSMXD4AEnEXR9Ogh4nzOKmuoVSg4OAelj4iCMcfZeIsFL9Z3GPZ6eV9NeoWxVrFmZq8DOQJlkVe8VjbzjhSz2IUAmqFId24qwm1CJnAlI806sIKJsRAfQ0TCgPqhuMjNPzVPNeGY/lPoEaM7YvxMJ9ZWa+K7u9CkO1bI2Jf/VxnODBc5TU5NFzvWXNsT+dTfhQRQjBGy+YD8WJobmNFHT4xIYiokGlEmu/2iyIZWUoc49r9Ozl7NaBc2Lin1Zqd5Xy7WbLMccOSElckZsckVq5I7USYMw8kxeyCt5M96NT+PL+J63rhnZzDFZKOPnF7Gisro=</latexit>

✓⌧i�4
<latexit sha1_base64="l/sIQKNJL9Bzc+rGkmFtcyQ/3vM="></latexit>

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)
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Observation of the universal of QCD predicted at the operator 
levels from the light-ray operator product expansion!

<latexit sha1_base64="l/sIQKNJL9Bzc+rGkmFtcyQ/3vM="></latexit>

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

<latexit sha1_base64="45K7K5tKT43nPD6/sBPmd7Pd2Og=">AAACRHicbVDLTgIxFO34RHyBLt1MICZuJDOGqEuiG5eYyCNhkHQ6F2joPNLeMZDJ7P0at/oF/oP/4M64NRaYhYA3aXJ6zr09t8eNBFdoWR/G2vrG5tZ2bie/u7d/cFgoHjVVGEsGDRaKULZdqkDwABrIUUA7kkB9V0DLHd1O9dYTSMXD4AEnEXR9Ogh4nzOKmuoVSg4OAelj4iCMcfZeIsFL9Z3GPZ6eV9NeoWxVrFmZq8DOQJlkVe8VjbzjhSz2IUAmqFId24qwm1CJnAlI806sIKJsRAfQ0TCgPqhuMjNPzVPNeGY/lPoEaM7YvxMJ9ZWa+K7u9CkO1bI2Jf/VxnODBc5TU5NFzvWXNsT+dTfhQRQjBGy+YD8WJobmNFHT4xIYiokGlEmu/2iyIZWUoc49r9Ozl7NaBc2Lin1Zqd5Xy7WbLMccOSElckZsckVq5I7USYMw8kxeyCt5M96NT+PL+J63rhnZzDFZKOPnF7Gisro=</latexit>

✓⌧i�4
<latexit sha1_base64="l/sIQKNJL9Bzc+rGkmFtcyQ/3vM="></latexit>

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

Does energy correlators provide other useful phenomenological applications?

9/32



Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2
s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

<latexit sha1_base64="ySL28UnUWWrTlDLv+Q/iU3WMLO4=">AAACLnicbVDLSgNBEJyNrxhfiR69DAbBU9gVUY9BL16ECOYByRpmJ51kyOyDmV5JWPIfXvUL/BrBg3j1M5xN9mASCwaKqm66prxICo22/Wnl1tY3Nrfy24Wd3b39g2LpsKHDWHGo81CGquUxDVIEUEeBElqRAuZ7Epre6Db1m8+gtAiDR5xE4PpsEIi+4AyN9NRBGGPi2Da9h8a0WyzbFXsGukqcjJRJhlq3ZBU6vZDHPgTIJdO67dgRuglTKLiEaaETa4gYH7EBtA0NmA/aTWaxp/TUKD3aD5V5AdKZ+ncjYb7WE98zkz7DoV72UvFfbzw/sKD1dHpkUfP8pYTYv3YTEUQxQsDnAfuxpBjStDvaEwo4yokhjCth/kj5kCnG0TRcMO05y12tksZ5xbmsXDxclKs3WY95ckxOyBlxyBWpkjtSI3XCiSIv5JW8We/Wh/Vlfc9Hc1a2c0QWYP38AoNZqJE=</latexit>

100 MeV

<latexit sha1_base64="cG8TDYk50OS3NVXcJjl6Fv2UUbc=">AAACLHicbVDLTgJBEJzFF64v0KOXicTEE9k1RD0SPegRE3kkLCGzQwMTZh+Z6TWQDb/hVb/Ar/FijFe/wwH2IGAlk1SqutM15cdSaHScTyu3sbm1vZPftff2Dw6PCsXjho4SxaHOIxmpls80SBFCHQVKaMUKWOBLaPqju5nffAalRRQ+4SSGTsAGoegLztBInocwxtSl99CYdgslp+zMQdeJm5ESyVDrFi3b60U8CSBELpnWbdeJsZMyhYJLmNpeoiFmfMQG0DY0ZAHoTjoPPaXnRunRfqTMC5HO1b8bKQu0ngS+mQwYDvWqNxP/9caLA0taT8+OLGt+sJIQ+zedVIRxghDyRcB+IilGdNYc7QkFHOXEEMaVMH+kfMgU42j6tU177mpX66RxWXavypXHSql6m/WYJ6fkjFwQl1yTKnkgNVInnMTkhbySN+vd+rC+rO/FaM7Kdk7IEqyfX3/YqBc=</latexit>

1 GeV

<latexit sha1_base64="8203TMA/mrgJQf94OeRTskDJPWU=">AAACLXicbVDLSgNBEJyNrxhfiR69DAbBU9gVUY9BD3qMYB6QLGF2tpMMmX040ysJS77Dq36BX+NBEK/+hpNkDyaxYKCo6qZryoul0Gjbn1ZubX1jcyu/XdjZ3ds/KJYOGzpKFIc6j2SkWh7TIEUIdRQooRUrYIEnoekNb6d+8xmUFlH4iOMY3ID1Q9ETnKGR3A7CCFPHpnfQmHSLZbtiz0BXiZORMslQ65asQsePeBJAiFwyrduOHaObMoWCS5gUOomGmPEh60Pb0JAFoN10lnpCT43i016kzAuRztS/GykLtB4HnpkMGA70sjcV//VG8wMLmq+nRxY1L1hKiL1rNxVhnCCEfB6wl0iKEZ1WR32hgKMcG8K4EuaPlA+YYhxNwQXTnrPc1SppnFecy8rFw0W5epP1mCfH5IScEYdckSq5JzVSJ5w8kRfySt6sd+vD+rK+56M5K9s5Iguwfn4B/DioUQ==</latexit>

10 GeV

<latexit sha1_base64="lU000UBuyF4G9UNYgePLHm9Ocb0=">AAACLnicbVDLSgNBEJyNrxhfiR69DAbBU9gVUY9BD3qMYB6QrGF20kmGzD6Y6ZWEJf/hVb/ArxE8iFc/w9lkDyaxYKCo6qZryouk0Gjbn1ZubX1jcyu/XdjZ3ds/KJYOGzqMFYc6D2WoWh7TIEUAdRQooRUpYL4noemNblO/+QxKizB4xEkErs8GgegLztBITx2EMSaObdM7aEy7xbJdsWegq8TJSJlkqHVLVqHTC3nsQ4BcMq3bjh2hmzCFgkuYFjqxhojxERtA29CA+aDdZBZ7Sk+N0qP9UJkXIJ2pfzcS5ms98T0z6TMc6mUvFf/1xvMDC1pPp0cWNc9fSoj9azcRQRQjBHwesB9LiiFNu6M9oYCjnBjCuBLmj5QPmWIcTcMF056z3NUqaZxXnMvKxcNFuXqT9Zgnx+SEnBGHXJEquSc1UiecKPJCXsmb9W59WF/W93w0Z2U7R2QB1s8veNmoiw==</latexit>

100 GeV

<latexit sha1_base64="vowHSkC9dhRJf715yMD2odSY0c4=">AAACLHicbVDLTgJBEJzFF+IL9OhlIjHxRHYNUY9ELx4x4ZXAhszONjBh9pGZXgPZ8Bte9Qv8Gi/GePU7HGAPAlYySaWqO11TXiyFRtv+tHJb2zu7e/n9wsHh0fFJsXTa0lGiODR5JCPV8ZgGKUJookAJnVgBCzwJbW/8MPfbz6C0iMIGTmNwAzYMxUBwhkbq9RAmmDq0Aa1Zv1i2K/YCdJM4GSmTDPV+ySr0/IgnAYTIJdO669gxuilTKLiEWaGXaIgZH7MhdA0NWQDaTRehZ/TSKD4dRMq8EOlC/buRskDraeCZyYDhSK97c/Ffb7I8sKL5en5kVfOCtYQ4uHNTEcYJQsiXAQeJpBjReXPUFwo4yqkhjCth/kj5iCnG0fRbMO05611tktZ1xbmpVJ+q5dp91mOenJMLckUccktq5JHUSZNwEpMX8krerHfrw/qyvpejOSvbOSMrsH5+AZaYqCQ=</latexit>

1 TeV

<latexit sha1_base64="S/Uf9c7G10iAA5osaH6weG7Y9hM=">AAACLXicbVDLSgNBEJyNrxhfiR69DAbBU9gVUY9BLx4j5AXJEmZnO8mQ2YczvZKw5Du86hf4NR4E8epvOEn2YBILBoqqbrqmvFgKjbb9aeU2Nre2d/K7hb39g8OjYum4qaNEcWjwSEaq7TENUoTQQIES2rECFngSWt7ofua3nkFpEYV1nMTgBmwQir7gDI3kdhHGmDo2rUNz2iuW7Yo9B10nTkbKJEOtV7IKXT/iSQAhcsm07jh2jG7KFAouYVroJhpixkdsAB1DQxaAdtN56ik9N4pP+5EyL0Q6V/9upCzQehJ4ZjJgONSr3kz81xsvDixpvp4dWda8YCUh9m/dVIRxghDyRcB+IilGdFYd9YUCjnJiCONKmD9SPmSKcTQFF0x7zmpX66R5WXGuK1ePV+XqXdZjnpySM3JBHHJDquSB1EiDcPJEXsgrebPerQ/ry/pejOasbOeELMH6+QUTB6he</latexit>

10 TeV

Standard-model physics
(QCD and electroweak)

Top-quark physics

Higgs physics

New physics searches

Heavy flavor physics
(beauty and charm)

Heavy-ion physics

100 MeV - 4 TeV

170 GeV - O(TeV)

125 GeV - 500 GeV

100 GeV - 8 TeV

1 - 5 GeV

100 MeV - 500 GeV



Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 1
0
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2
s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

<latexit sha1_base64="ySL28UnUWWrTlDLv+Q/iU3WMLO4=">AAACLnicbVDLSgNBEJyNrxhfiR69DAbBU9gVUY9BL16ECOYByRpmJ51kyOyDmV5JWPIfXvUL/BrBg3j1M5xN9mASCwaKqm66prxICo22/Wnl1tY3Nrfy24Wd3b39g2LpsKHDWHGo81CGquUxDVIEUEeBElqRAuZ7Epre6Db1m8+gtAiDR5xE4PpsEIi+4AyN9NRBGGPi2Da9h8a0WyzbFXsGukqcjJRJhlq3ZBU6vZDHPgTIJdO67dgRuglTKLiEaaETa4gYH7EBtA0NmA/aTWaxp/TUKD3aD5V5AdKZ+ncjYb7WE98zkz7DoV72UvFfbzw/sKD1dHpkUfP8pYTYv3YTEUQxQsDnAfuxpBjStDvaEwo4yokhjCth/kj5kCnG0TRcMO05y12tksZ5xbmsXDxclKs3WY95ckxOyBlxyBWpkjtSI3XCiSIv5JW8We/Wh/Vlfc9Hc1a2c0QWYP38AoNZqJE=</latexit>

100 MeV

<latexit sha1_base64="cG8TDYk50OS3NVXcJjl6Fv2UUbc=">AAACLHicbVDLTgJBEJzFF64v0KOXicTEE9k1RD0SPegRE3kkLCGzQwMTZh+Z6TWQDb/hVb/Ar/FijFe/wwH2IGAlk1SqutM15cdSaHScTyu3sbm1vZPftff2Dw6PCsXjho4SxaHOIxmpls80SBFCHQVKaMUKWOBLaPqju5nffAalRRQ+4SSGTsAGoegLztBInocwxtSl99CYdgslp+zMQdeJm5ESyVDrFi3b60U8CSBELpnWbdeJsZMyhYJLmNpeoiFmfMQG0DY0ZAHoTjoPPaXnRunRfqTMC5HO1b8bKQu0ngS+mQwYDvWqNxP/9caLA0taT8+OLGt+sJIQ+zedVIRxghDyRcB+IilGdNYc7QkFHOXEEMaVMH+kfMgU42j6tU177mpX66RxWXavypXHSql6m/WYJ6fkjFwQl1yTKnkgNVInnMTkhbySN+vd+rC+rO/FaM7Kdk7IEqyfX3/YqBc=</latexit>

1 GeV

<latexit sha1_base64="8203TMA/mrgJQf94OeRTskDJPWU=">AAACLXicbVDLSgNBEJyNrxhfiR69DAbBU9gVUY9BD3qMYB6QLGF2tpMMmX040ysJS77Dq36BX+NBEK/+hpNkDyaxYKCo6qZryoul0Gjbn1ZubX1jcyu/XdjZ3ds/KJYOGzpKFIc6j2SkWh7TIEUIdRQooRUrYIEnoekNb6d+8xmUFlH4iOMY3ID1Q9ETnKGR3A7CCFPHpnfQmHSLZbtiz0BXiZORMslQ65asQsePeBJAiFwyrduOHaObMoWCS5gUOomGmPEh60Pb0JAFoN10lnpCT43i016kzAuRztS/GykLtB4HnpkMGA70sjcV//VG8wMLmq+nRxY1L1hKiL1rNxVhnCCEfB6wl0iKEZ1WR32hgKMcG8K4EuaPlA+YYhxNwQXTnrPc1SppnFecy8rFw0W5epP1mCfH5IScEYdckSq5JzVSJ5w8kRfySt6sd+vD+rK+56M5K9s5Iguwfn4B/DioUQ==</latexit>

10 GeV

<latexit sha1_base64="lU000UBuyF4G9UNYgePLHm9Ocb0=">AAACLnicbVDLSgNBEJyNrxhfiR69DAbBU9gVUY9BD3qMYB6QrGF20kmGzD6Y6ZWEJf/hVb/ArxE8iFc/w9lkDyaxYKCo6qZryouk0Gjbn1ZubX1jcyu/XdjZ3ds/KJYOGzqMFYc6D2WoWh7TIEUAdRQooRUpYL4noemNblO/+QxKizB4xEkErs8GgegLztBITx2EMSaObdM7aEy7xbJdsWegq8TJSJlkqHVLVqHTC3nsQ4BcMq3bjh2hmzCFgkuYFjqxhojxERtA29CA+aDdZBZ7Sk+N0qP9UJkXIJ2pfzcS5ms98T0z6TMc6mUvFf/1xvMDC1pPp0cWNc9fSoj9azcRQRQjBHwesB9LiiFNu6M9oYCjnBjCuBLmj5QPmWIcTcMF056z3NUqaZxXnMvKxcNFuXqT9Zgnx+SEnBGHXJEquSc1UiecKPJCXsmb9W59WF/W93w0Z2U7R2QB1s8veNmoiw==</latexit>

100 GeV

<latexit sha1_base64="vowHSkC9dhRJf715yMD2odSY0c4=">AAACLHicbVDLTgJBEJzFF+IL9OhlIjHxRHYNUY9ELx4x4ZXAhszONjBh9pGZXgPZ8Bte9Qv8Gi/GePU7HGAPAlYySaWqO11TXiyFRtv+tHJb2zu7e/n9wsHh0fFJsXTa0lGiODR5JCPV8ZgGKUJookAJnVgBCzwJbW/8MPfbz6C0iMIGTmNwAzYMxUBwhkbq9RAmmDq0Aa1Zv1i2K/YCdJM4GSmTDPV+ySr0/IgnAYTIJdO669gxuilTKLiEWaGXaIgZH7MhdA0NWQDaTRehZ/TSKD4dRMq8EOlC/buRskDraeCZyYDhSK97c/Ffb7I8sKL5en5kVfOCtYQ4uHNTEcYJQsiXAQeJpBjReXPUFwo4yqkhjCth/kj5iCnG0fRbMO05611tktZ1xbmpVJ+q5dp91mOenJMLckUccktq5JHUSZNwEpMX8krerHfrw/qyvpejOSvbOSMrsH5+AZaYqCQ=</latexit>

1 TeV

<latexit sha1_base64="S/Uf9c7G10iAA5osaH6weG7Y9hM=">AAACLXicbVDLSgNBEJyNrxhfiR69DAbBU9gVUY9BLx4j5AXJEmZnO8mQ2YczvZKw5Du86hf4NR4E8epvOEn2YBILBoqqbrqmvFgKjbb9aeU2Nre2d/K7hb39g8OjYum4qaNEcWjwSEaq7TENUoTQQIES2rECFngSWt7ofua3nkFpEYV1nMTgBmwQir7gDI3kdhHGmDo2rUNz2iuW7Yo9B10nTkbKJEOtV7IKXT/iSQAhcsm07jh2jG7KFAouYVroJhpixkdsAB1DQxaAdtN56ik9N4pP+5EyL0Q6V/9upCzQehJ4ZjJgONSr3kz81xsvDixpvp4dWda8YCUh9m/dVIRxghDyRcB+IilGdFYd9YUCjnJiCONKmD9SPmSKcTQFF0x7zmpX66R5WXGuK1ePV+XqXdZjnpySM3JBHHJDquSB1EiDcPJEXsgrebPerQ/ry/pejOasbOeELMH6+QUTB6he</latexit>

10 TeV

Standard-model physics
(QCD and electroweak)

Top-quark physics

Higgs physics

New physics searches

Heavy flavor physics
(beauty and charm)

Heavy-ion physics

100 MeV - 4 TeV

170 GeV - O(TeV)

125 GeV - 500 GeV

100 GeV - 8 TeV

1 - 5 GeV

100 MeV - 500 GeV

Jet substructure is at the                of collider program!

Brief outline

I will discuss exciting recent progresses in different 
areas of collider program from jet substructure 
theory

I will highlight some new developments of thinking 
about jet substructure in terms of correlation of 
energy flow operators



GOAL  

HOW DO WE UNDERSTAND HEAVY 
FLAVOR PHYSICS?

Heavy flavor physics
(Beauty and charm)

1 - 5 GeV



DEFINING JET FLAVOUR
<latexit sha1_base64="40xVZxQVKZpa4F+4bL9oCL/4Go8=">AAACJ3icbVDLSgMxFE3qq46vVpdugkVwVWZE1GXRjcsK9gHtUDKZTBuaZMYkI5ahH+FWv8CvcSe69E/MtLOwrQcCh3Pu5Z6cIOFMG9f9hqW19Y3NrfK2s7O7t39QqR62dZwqQlsk5rHqBlhTziRtGWY47SaKYhFw2gnGt7nfeaJKs1g+mElCfYGHkkWMYGOlTj/AKnucDio1t+7OgFaJV5AaKNAcVKHTD2OSCioN4Vjrnucmxs+wMoxwOnX6qaYJJmM8pD1LJRZU+9ks7xSdWiVEUazskwbN1L8bGRZaT0RgJwU2I73s5eK/3vP8wIIW6vzIohaIpYQmuvYzJpPUUEnmAaOUIxOjvDQUMkWJ4RNLMFHM/hGREVaYGFutY9vzlrtaJe3zundZv7i/qDVuih7L4BicgDPggSvQAHegCVqAgDF4Aa/gDb7DD/gJv+ajJVjsHIEFwJ9fMbKmcw==</latexit>

q̄



Kyle Lee

DEFINING JET FLAVOUR

In last two years, there has been many new proposals to define IRC safe flavoured jets

•                                  method 

• Interleaved Flavour Neutralization (IFN) method 

• Based on Soft Drop grooming techniques 

• Using the alignment of flavored particles along the WTA axis 

• Successive iterations of                      and 

• Using jet angularities and Lund jet plane as discriminants 
 
and more…          

<latexit sha1_base64="gXMaBk704ejwc7VDxMHEG9p6wFM=">AAACRHicbVDLSsNAFJ34Nr5aXboJLYIbSyJFXRbduFSwttCWMJnc1KGTBzM3pSVk79e41S/wH/wHd+JWnKZd2NYLA2fOuXfumeMlgiu07Q9jZXVtfWNza9vc2d3bPyiVDx9VnEoGTRaLWLY9qkDwCJrIUUA7kUBDT0DLG9xM9NYQpOJx9IDjBHoh7Uc84IyiptxSpYswwuKdTIKfZ8U9CwQdxvIsH7gPuVuq2jW7KGsZODNQJbO6c8uG2fVjloYQIRNUqY5jJ9jLqETOBORmN1WQUDagfehoGNEQVC8rTOTWiWZ8K4ilPhFaBft3IqOhUuPQ050hxSe1qE3If7XRdMEc56vJknnOCxccYnDVy3iUpAgRmxoMUmFhbE0StXwugaEYa0CZ5PqPFnuikjLUuZs6PWcxq2XweF5zLmr1+3q1cT3LcYsckwo5JQ65JA1yS+5IkzDyTF7IK3kz3o1P48v4nrauGLOZIzJXxs8vTbSzEQ==</latexit>

flavor-kT
<latexit sha1_base64="SAhh/sut9Z4k5lfnvufZJsjmfgg=">AAACMXicbVDLTsJAFJ3iC/EB6NJNIzFxI2kNUZdENy4x4ZVA00ynU5gwnTYztwbS8CVu9Qv8GnbGrT/hFLoQ8CSTnJxzb+6Z48WcKbCshVHY2d3bPygelo6OT07LlepZV0WJJLRDIh7JvocV5UzQDjDgtB9LikOP0543ecr83iuVikWiDbOYOiEeCRYwgkFLbqU8BDqFFAtgN/OJ23YrNatuLWFuEzsnNZSj5VaN0tCPSBJSAYRjpQa2FYOTYgmMcDovDRNFY0wmeEQHmgocUuWky+Rz80orvhlEUj8B5lL9u5HiUKlZ6OnJEMNYbXqZ+K83XR1Y03yVHVnXvHAjIQQPTspEnAAVZBUwSLgJkZnVZ/pMUgJ8pgkmkuk/mmSMJSagSy7p9uzNrrZJ97Zu39UbL41a8zHvsYgu0CW6Rja6R030jFqogwhK0Bt6Rx/Gp7Ewvozv1WjByHfO0RqMn19a/KoK</latexit>

anti-kT

<latexit sha1_base64="AbQWY+XqF67GmOiXab6bOHFtkKg=">AAACUXicbVHLTsMwENyEd3kVOHKxqJC4UBKEgCOCC0eQKCDRqnLcDVh1nMjeIKoon8HXcIUv4MSncMNNe6CFPY1ndr3jcZQpaSkIvjx/ZnZufmFxqba8srq2Xt/YvLVpbgS2RKpScx9xi0pqbJEkhfeZQZ5ECu+i/sVQv3tGY2Wqb2iQYSfhj1rGUnByVLd+0CZ8oeqeIlI5lkVFFLHiz6lh5ejENcn9st+9Kbv1RtAMqmJ/QTgGDRjXVXfDq7V7qcgT1CQUt/YhDDLqFNyQFArLWju3mHHR54/44KDmCdpOUTkq2a5jeix2TuJUE6vY3xMFT6wdJJHrTDg92WltSP6rvYwWTHA9O1wyyUXJlEOKTzuF1FlOqMXIYJwrRikbxst60qAgNXCACyPdG5l44oYLcp9Qc+mF01n9BbeHzfC4eXR91Dg7H+e4CNuwA3sQwgmcwSVcQQsEvMIbvMOH9+l9++D7o1bfG89swUT5yz8MY7Xo</latexit>

flavor anti-kT

Caletti, Larkoski, Marzani, Reichelt `22

Caletti, Fedkevych, Marzani, Reichelt `21

Caletti, Larkoski, Marzani, Reichelt `22

Fedkevych, Khosa, Marzani, Sforza `22

Czakon, Mitov, Poncelet `22

Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler `23

Defining the flavour of jet simply by counting have subtleties beyond NLO configuration

Banfi, Salam, Zanderighi `06

<latexit sha1_base64="40xVZxQVKZpa4F+4bL9oCL/4Go8=">AAACJ3icbVDLSgMxFE3qq46vVpdugkVwVWZE1GXRjcsK9gHtUDKZTBuaZMYkI5ahH+FWv8CvcSe69E/MtLOwrQcCh3Pu5Z6cIOFMG9f9hqW19Y3NrfK2s7O7t39QqR62dZwqQlsk5rHqBlhTziRtGWY47SaKYhFw2gnGt7nfeaJKs1g+mElCfYGHkkWMYGOlTj/AKnucDio1t+7OgFaJV5AaKNAcVKHTD2OSCioN4Vjrnucmxs+wMoxwOnX6qaYJJmM8pD1LJRZU+9ks7xSdWiVEUazskwbN1L8bGRZaT0RgJwU2I73s5eK/3vP8wIIW6vzIohaIpYQmuvYzJpPUUEnmAaOUIxOjvDQUMkWJ4RNLMFHM/hGREVaYGFutY9vzlrtaJe3zundZv7i/qDVuih7L4BicgDPggSvQAHegCVqAgDF4Aa/gDb7DD/gJv+ajJVjsHIEFwJ9fMbKmcw==</latexit>

q̄
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DEFINING JET FLAVOUR

Illustration of Interleaved Flavour Neutralization (IFN) method
Caola, Grabarczyk, Hutt, Salam, Scyboz, Thaler `23 IRC safety test to                !
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IMPROVING OUR 
UNDERSTANDING OF  

MASS EFFECTS



Kyle Lee

[ALICE 2022]

VERY FIRST DIRECT DETECTION OF DEADCONE

Fundamental predictions of our gauge theory—
directly observed for the very first time last year!
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Kyle Lee

VERY FIRST DIRECT DETECTION OF DEADCONE

Fundamental predictions of our gauge theory—
directly observed for the very first time last year!

No deadcone

Yes deadcone

Tune into Oleh and Evan’s talk!
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BEAUTIFUL AND CHARMING ENERGY CORRELATORS

Craft, Gonzalez, KL, Meçaj, Moult `23

One can statistically measure the gluon suppression (dead cone) within the heavy jets 
as compared to the light jets by taking the ratio of energy correlators.

Pr
im

ord
ial

 fl
uc

tu
at

ion
s W
ha

t c
os

mi
c h

ist
ory

 g
av

e r
ise

 to
 pr

im
ord

ial
 fl

uc
tu

at
ion

s?

t<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10
1
0
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10
5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10
�
3
2
s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

0.001 0.005 0.010 0.050 0.100 0.500
0.0

0.5

1.0

1.5

2.0

<latexit sha1_base64="DRijCi2bi6xsuQynTO/z2pbBofI="></latexit>

AK5 Jets, |⌘| < 1.9

pT = 500-550 GeV

Craft, KL, Meçaj, Moult `22

Higher-point structure provides nontrivial shape information

EEC gives angular scale
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µ ⇠ pT ✓ij

Tune into Evan’s talk!

scale knob
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IMPORTANT ASIDE: MONTE CARLO PARTON SHOWERS

Slide from Gavin Salam

Almost every analysis of high-energy collider data 
relies on simulations with MC generators. 

Including mass effects just discussed, it is 
important to advance MC generators in order to 
include new perturbative ingredients in parton 
showers:

<latexit sha1_base64="RzB+oFlSEB9Tblvj/vH+PiM1E3c=">AAACI3icbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG1dS0T6gHUomk2lDk8yQZMRS+glu9Qv8GnfixoX/YqadhW09EDiccy/35AQJZ9q47jcsrK1vbG4Vt52d3b39g1L5sKXjVBHaJDGPVSfAmnImadMww2knURSLgNN2MLrJ/PYTVZrF8tGME+oLPJAsYgQbKz3c9Um/VHGr7gxolXg5qYAcjX4ZOr0wJqmg0hCOte56bmL8CVaGEU6nTi/VNMFkhAe0a6nEgmp/Mss6RadWCVEUK/ukQTP178YEC63HIrCTApuhXvYy8V/veX5gQQt1dmRRC8RSQhNd+RMmk9RQSeYBo5QjE6OsMBQyRYnhY0swUcz+EZEhVpgYW6tj2/OWu1olrfOqd1Gt3dcq9eu8xyI4BifgDHjgEtTBLWiAJiBgAF7AK3iD7/ADfsKv+WgB5jtHYAHw5xdBzKRh</latexit>

Nc

• NLO DGLAP 
• Spin Correlations 
• Triple Collinear 
• Massive splitting 
• Finite 
• Medium-induced splitting
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Kyle Lee

Much progress is being made on all fronts of parton 
shower developments!

Spin correlations

NLL improvements

van Beekveld, Ravasio  `23

Karlberg, Salam, Scyboz, Verheyen  `21

Höche, Prestel  `17 Assi, Höche `23

Triple collinear splitting

Massive splitting

Jet substructure observables can be used to 
provide sensitivity to different perturbative and 
non-perturbative effects.

IMPORTANT ASIDE: MONTE CARLO PARTON SHOWERS
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GOAL  

WHAT IS THE CONDITION OF OUR 
EARLY UNIVERSE?

Heavy-ion physics

100 MeV - 500 GeV



IMPROVING OUR 
UNDERSTANDING OF  
MEDIUM PROPERTIES



Kyle Lee

CREATING BIG BANG MATTER ON EARTH
Heavy Ion Collisions at the LHC recreate in laboratory conditions the plasma of quarks and 
gluons that is thought to have existed shortly after the Big Bang

Jets are used as the hard probe to study medium properties by studying their energy loss as 
they propagate through the medium.
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LUND JET PLANE

Outside medium

Hard,collinear radiationSo
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Refer to many talks on measurements on Lund Jet Plane!

Cunqueiro, Napoletano, Soto-Ontoso `22

See also Christiane’s talk on application to Dark Sector!

Andrews et al `18
Dreyer, Salam, Soyez `18
Lifson, Salam, Soyez `21

Khosa, Marzani `21

Lund jet plane follows splitting history to identify different kinematical regions, which helps you 
to identify collinear vs soft region, and in-medium vs out-of-medium regions. 

Recent analyses shows intricate interplay between dead-cone effects and medium induced 
radiations.
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Kyle Lee

RESOLVING THE QGP USING ENERGY CORRELATORS
The standard energy loss corresponds to the measurement of the one-point energy correlator 

Two-point energy correlators clearly identify the scale at which the energy loss occurs, and 
gives robust prediction across different models!

Andres, Dominguez, Holguin, Kunnawalkam Elayavalli, Marquet, Moult `22
Andres, Dominguez, Holguin, Marquet, Moult `23

Barata, Mehtar-Tani `23

Tune into Ian and Joao’s talk also!

EEC gives angular scale
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µ ⇠ pT ✓ij
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NON-GAUSSIANITIES 
/HIGHER POINTS 

 IN PARTICLE COLLIDER



Kyle Lee

Higher-point correlators probe more detailed aspects of interactions. 

Hunting for non-gaussianities to distinguish the models of inflation.
Extremely interesting physics detail hiding under the 1  part in 100000 non-gaussianity in CMB!

We must also dream big!

PROBING HIGHER POINT STRUCTURE

Maldacena `02, Komatsu `10  
Cabass, Pajer, Stefanyszyn, Supel `21,…
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hEnEni Nuclear Size Dependence
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Peak Value ⇡ 0.0173A0.261

COLD NUCLEAR EFFECTS AND JET SUBSTRUCTURE 
Jet substructure enables us to study image cold nuclear matter effects at the future EIC!

Tune into Kyle’s talk for more detail!

We must also dream big and try to probe higher point structure.  
Higher point structure provides us deeper insight into medium modification!

Devereaux, Fan, Ke, KL, Moult `23
Chen, Moult, Thaler, Zhu `22
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GOAL  

UNLOCK QCD DYNAMICS

Standard-model physics
(QCD and electroweak)

100 MeV - 4 TeV



UNDERSTAND  
HADRONIZATION



Kyle Lee

QUARK GLUON SCALING AND HADRONIZATION
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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KL, Meçaj, Moult `22
Komiske, Moult, Thaler, Zhu `22

Energy correlators allow the hadronization process to be directly imaged inside high energy 
jets: transition from interacting quarks and gluons and free hadrons is clearly visible!
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Interacting quarks and gluonsFree hadrons

Hofman, Maldacena, `08

EEC gives angular scale
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<latexit sha1_base64="q77Iv+4jlgCRY9FeAvwg1WpmfRY=">AAACNHicbVDLTgIxFO34RHwBLt00EhM3khlD1CXRjUtM5JEAIZ3OBRo6j7R3DGTCr7jVL/BfTNwZt36DnYGFgCdpcnLu49weN5JCo21/WBubW9s7u7m9/P7B4dFxoVhq6jBWHBo8lKFqu0yDFAE0UKCEdqSA+a6Elju+T+utZ1BahMETTiPo+WwYiIHgDI3UL5S6CBPM9iQKvFlyOesXynbFzkDXibMgZbJAvV+08l0v5LEPAXLJtO44doS9hCkUXMIs3401RIyP2RA6hgbMB91LMtMZPTeKRwehMi9Amql/JxLmaz31XdPpMxzp1Voq/lubzA2WNE+nJsua669ciIPbXiKCKEYI+PzAQSwphjRNkHpCAUc5NYRxJcwfKR8xxTianPMmPWc1q3XSvKo415XqY7Vcu1vkmCOn5IxcEIfckBp5IHXSIJxMyAt5JW/Wu/VpfVnf89YNazFzQpZg/fwCicSrsA==</latexit>�

<latexit sha1_base64="Th6STERPx95SbsmgzqMftNvdnf0=">AAACNHicbVDLSgMxFM34rPXV1qWbYBEEocxIUZdFNy4r2Ae0pWQyt21o5kFyR1qG/opb/QL/RXAnbv0GM9MubOuBwOHcx7k5biSFRtv+sDY2t7Z3dnN7+f2Dw6PjQrHU1GGsODR4KEPVdpkGKQJooEAJ7UgB810JLXd8n9Zbz6C0CIMnnEbQ89kwEAPBGRqpXyh1ESaY7UkUeLPkctYvlO2KnYGuE2dBymSBer9o5bteyGMfAuSSad1x7Ah7CVMouIRZvhtriBgfsyF0DA2YD7qXZKYzem4Ujw5CZV6ANFP/TiTM13rqu6bTZzjSq7VU/Lc2mRssaZ5OTZY111+5EAe3vUQEUYwQ8PmBg1hSDGmaIPWEAo5yagjjSpg/Uj5iinE0OedNes5qVuukeVVxrivVx2q5drfIMUdOyRm5IA65ITXyQOqkQTiZkBfySt6sd+vT+rK+560b1mLmhCzB+vkFhkirrg==</latexit>+
<latexit sha1_base64="q77Iv+4jlgCRY9FeAvwg1WpmfRY=">AAACNHicbVDLTgIxFO34RHwBLt00EhM3khlD1CXRjUtM5JEAIZ3OBRo6j7R3DGTCr7jVL/BfTNwZt36DnYGFgCdpcnLu49weN5JCo21/WBubW9s7u7m9/P7B4dFxoVhq6jBWHBo8lKFqu0yDFAE0UKCEdqSA+a6Elju+T+utZ1BahMETTiPo+WwYiIHgDI3UL5S6CBPM9iQKvFlyOesXynbFzkDXibMgZbJAvV+08l0v5LEPAXLJtO44doS9hCkUXMIs3401RIyP2RA6hgbMB91LMtMZPTeKRwehMi9Amql/JxLmaz31XdPpMxzp1Voq/lubzA2WNE+nJsua669ciIPbXiKCKEYI+PzAQSwphjRNkHpCAUc5NYRxJcwfKR8xxTianPMmPWc1q3XSvKo415XqY7Vcu1vkmCOn5IxcEIfckBp5IHXSIJxMyAt5JW/Wu/VpfVnf89YNazFzQpZg/fwCicSrsA==</latexit>�

<latexit sha1_base64="q77Iv+4jlgCRY9FeAvwg1WpmfRY=">AAACNHicbVDLTgIxFO34RHwBLt00EhM3khlD1CXRjUtM5JEAIZ3OBRo6j7R3DGTCr7jVL/BfTNwZt36DnYGFgCdpcnLu49weN5JCo21/WBubW9s7u7m9/P7B4dFxoVhq6jBWHBo8lKFqu0yDFAE0UKCEdqSA+a6Elju+T+utZ1BahMETTiPo+WwYiIHgDI3UL5S6CBPM9iQKvFlyOesXynbFzkDXibMgZbJAvV+08l0v5LEPAXLJtO44doS9hCkUXMIs3401RIyP2RA6hgbMB91LMtMZPTeKRwehMi9Amql/JxLmaz31XdPpMxzp1Voq/lubzA2WNE+nJsua669ciIPbXiKCKEYI+PzAQSwphjRNkHpCAUc5NYRxJcwfKR8xxTianPMmPWc1q3XSvKo415XqY7Vcu1vkmCOn5IxcEIfckBp5IHXSIJxMyAt5JW/Wu/VpfVnf89YNazFzQpZg/fwCicSrsA==</latexit>�
<latexit sha1_base64="Th6STERPx95SbsmgzqMftNvdnf0=">AAACNHicbVDLSgMxFM34rPXV1qWbYBEEocxIUZdFNy4r2Ae0pWQyt21o5kFyR1qG/opb/QL/RXAnbv0GM9MubOuBwOHcx7k5biSFRtv+sDY2t7Z3dnN7+f2Dw6PjQrHU1GGsODR4KEPVdpkGKQJooEAJ7UgB810JLXd8n9Zbz6C0CIMnnEbQ89kwEAPBGRqpXyh1ESaY7UkUeLPkctYvlO2KnYGuE2dBymSBer9o5bteyGMfAuSSad1x7Ah7CVMouIRZvhtriBgfsyF0DA2YD7qXZKYzem4Ujw5CZV6ANFP/TiTM13rqu6bTZzjSq7VU/Lc2mRssaZ5OTZY111+5EAe3vUQEUYwQ8PmBg1hSDGmaIPWEAo5yagjjSpg/Uj5iinE0OedNes5qVuukeVVxrivVx2q5drfIMUdOyRm5IA65ITXyQOqkQTiZkBfySt6sd+vT+rK+560b1mLmhCzB+vkFhkirrg==</latexit>+

<latexit sha1_base64="bYKlJrVQEtWMJp8h6mEYsISpg4Y=">AAACJXicbVDNSgMxGEzqX13/Wj16CRZBEMquFPVY9OKxgtsW2rVks9k2NJtdkqxYlj6DV30Cn8abCJ58FbPtHmzrQGCY+T6+yfgJZ0rb9jcsra1vbG6Vt62d3b39g0r1sK3iVBLqkpjHsutjRTkT1NVMc9pNJMWRz2nHH9/mfueJSsVi8aAnCfUiPBQsZARrI7n9hD2eDyo1u27PgFaJU5AaKNAaVKHVD2KSRlRowrFSPcdOtJdhqRnhdGr1U0UTTMZ4SHuGChxR5WWztFN0apQAhbE0T2g0U/9uZDhSahL5ZjLCeqSWvVz813ueH1jQApUfWdT8aCmhDq+9jIkk1VSQecAw5UjHKK8MBUxSovnEEEwkM39EZIQlJtoUa5n2nOWuVkn7ou5c1hv3jVrzpuixDI7BCTgDDrgCTXAHWsAFBDDwAl7BG3yHH/ATfs1HS7DYOQILgD+/vYqlIw==</latexit>

⇡+ <latexit sha1_base64="Je507u6uH49FdOOg0Fz3x6qlUp8=">AAACJXicbVDNSgMxGEzqX13/Wj16CRbBi2VXinosevFYwW0L7Vqy2Wwbms0uSVYsS5/Bqz6BT+NNBE++itl2D7Z1IDDMfB/fZPyEM6Vt+xuW1tY3NrfK29bO7t7+QaV62FZxKgl1Scxj2fWxopwJ6mqmOe0mkuLI57Tjj29zv/NEpWKxeNCThHoRHgoWMoK1kdx+wh7PB5WaXbdnQKvEKUgNFGgNqtDqBzFJIyo04VipnmMn2suw1IxwOrX6qaIJJmM8pD1DBY6o8rJZ2ik6NUqAwliaJzSaqX83MhwpNYl8MxlhPVLLXi7+6z3PDyxogcqPLGp+tJRQh9dexkSSairIPGCYcqRjlFeGAiYp0XxiCCaSmT8iMsISE22KtUx7znJXq6R9UXcu6437Rq15U/RYBsfgBJwBB1yBJrgDLeACAhh4Aa/gDb7DD/gJv+ajJVjsHIEFwJ9fwQSlJQ==</latexit>

⇡�

<latexit sha1_base64="bYKlJrVQEtWMJp8h6mEYsISpg4Y=">AAACJXicbVDNSgMxGEzqX13/Wj16CRZBEMquFPVY9OKxgtsW2rVks9k2NJtdkqxYlj6DV30Cn8abCJ58FbPtHmzrQGCY+T6+yfgJZ0rb9jcsra1vbG6Vt62d3b39g0r1sK3iVBLqkpjHsutjRTkT1NVMc9pNJMWRz2nHH9/mfueJSsVi8aAnCfUiPBQsZARrI7n9hD2eDyo1u27PgFaJU5AaKNAaVKHVD2KSRlRowrFSPcdOtJdhqRnhdGr1U0UTTMZ4SHuGChxR5WWztFN0apQAhbE0T2g0U/9uZDhSahL5ZjLCeqSWvVz813ueH1jQApUfWdT8aCmhDq+9jIkk1VSQecAw5UjHKK8MBUxSovnEEEwkM39EZIQlJtoUa5n2nOWuVkn7ou5c1hv3jVrzpuixDI7BCTgDDrgCTXAHWsAFBDDwAl7BG3yHH/ATfs1HS7DYOQILgD+/vYqlIw==</latexit>

⇡+
<latexit sha1_base64="Je507u6uH49FdOOg0Fz3x6qlUp8=">AAACJXicbVDNSgMxGEzqX13/Wj16CRbBi2VXinosevFYwW0L7Vqy2Wwbms0uSVYsS5/Bqz6BT+NNBE++itl2D7Z1IDDMfB/fZPyEM6Vt+xuW1tY3NrfK29bO7t7+QaV62FZxKgl1Scxj2fWxopwJ6mqmOe0mkuLI57Tjj29zv/NEpWKxeNCThHoRHgoWMoK1kdx+wh7PB5WaXbdnQKvEKUgNFGgNqtDqBzFJIyo04VipnmMn2suw1IxwOrX6qaIJJmM8pD1DBY6o8rJZ2ik6NUqAwliaJzSaqX83MhwpNYl8MxlhPVLLXi7+6z3PDyxogcqPLGp+tJRQh9dexkSSairIPGCYcqRjlFeGAiYp0XxiCCaSmT8iMsISE22KtUx7znJXq6R9UXcu6437Rq15U/RYBsfgBJwBB1yBJrgDLeACAhh4Aa/gDb7DD/gJv+ajJVjsHIEFwJ9fwQSlJQ==</latexit>

⇡�

<latexit sha1_base64="k09VHOZNHi7rKuRLOPEobCMjHps=">AAACJXicbVDNSgMxGEzqX61/rR69BIvgqeyKqMeiF48V3LbQriWbzbahSXZJsmJZ+gxe9Ql8Gm8iePJVzLZ7sK0DgWHm+/gmEyScaeM437C0tr6xuVXeruzs7u0fVGuHbR2nilCPxDxW3QBrypmknmGG026iKBYBp51gfJv7nSeqNIvlg5kk1Bd4KFnECDZW8voJe3QG1brTcGZAq8QtSB0UaA1qsNIPY5IKKg3hWOue6yTGz7AyjHA6rfRTTRNMxnhIe5ZKLKj2s1naKTq1SoiiWNknDZqpfzcyLLSeiMBOCmxGetnLxX+95/mBBS3U+ZFFLRBLCU107WdMJqmhkswDRilHJkZ5ZShkihLDJ5Zgopj9IyIjrDAxttiKbc9d7mqVtM8b7mXj4v6i3rwpeiyDY3ACzoALrkAT3IEW8AABDLyAV/AG3+EH/IRf89ESLHaOwALgzy/GO6Uo</latexit>

⇡0

<latexit sha1_base64="k09VHOZNHi7rKuRLOPEobCMjHps=">AAACJXicbVDNSgMxGEzqX61/rR69BIvgqeyKqMeiF48V3LbQriWbzbahSXZJsmJZ+gxe9Ql8Gm8iePJVzLZ7sK0DgWHm+/gmEyScaeM437C0tr6xuVXeruzs7u0fVGuHbR2nilCPxDxW3QBrypmknmGG026iKBYBp51gfJv7nSeqNIvlg5kk1Bd4KFnECDZW8voJe3QG1brTcGZAq8QtSB0UaA1qsNIPY5IKKg3hWOue6yTGz7AyjHA6rfRTTRNMxnhIe5ZKLKj2s1naKTq1SoiiWNknDZqpfzcyLLSeiMBOCmxGetnLxX+95/mBBS3U+ZFFLRBLCU107WdMJqmhkswDRilHJkZ5ZShkihLDJ5Zgopj9IyIjrDAxttiKbc9d7mqVtM8b7mXj4v6i3rwpeiyDY3ACzoALrkAT3IEW8AABDLyAV/AG3+EH/IRf89ESLHaOwALgzy/GO6Uo</latexit>

⇡0

CHARGE FLUX AND HADRONIZATION 
Theoretically, track measurement represents “minimal breaking” of perturbative calculations 
in a controlled way to introduce sensitivity to the nonperturbative effects. 

Tune into my talk  for more detail!

+ - and ++/- - correlations are expected to behave differently in hadronization processes.

<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>

hE+E+i+ hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>

hE+E�i
hEtrEtri

<latexit sha1_base64="gikgRMh3aedGSKCNTfHz5B5Gbnw="></latexit>

hEQEQi
hEtrEtri
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<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="NmRdWjUwl0iAE8mttKYflvSemH0="></latexit>

Two-Point EQ Correlators

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV
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<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet
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<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV

<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet
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<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>

hE+E+i+ hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>

hE+E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>

hE+E�i
hEtrEtri

<latexit sha1_base64="qUvXZ0qPowz0inf+HbRqZCzId1Q=">AAACS3icbVDLSgMxFM1Uq7W+Wl26CRZBN2VGirosiuCyBfuAdhgymbQNTTJDkhHL0G/wa9zqF/gBfoc7cWFm2oXTeiFwcs653HuPHzGqtG1/WoWNzeLWdmmnvLu3f3BYqR51VRhLTDo4ZKHs+0gRRgXpaKoZ6UeSIO4z0vOnd6neeyJS0VA86llEXI7Ggo4oRtpQXuViyJAYMwKHHOkJRiy5n3vt/EdmDq9Ss+t2VnAdOEtQA8tqeVWrPAxCHHMiNGZIqYFjR9pNkNQUMzIvD2NFIoSnaEwGBgrEiXKT7KY5PDNMAEehNE9omLF/OxLElZpx3zjTZdWqlpL/as+LATkuUOmQPOfzlQ316MZNqIhiTQReLDiKGdQhTIOFAZUEazYzAGFJzY0QT5BEWJv4yyY9ZzWrddC9rDtX9Ua7UWveLnMsgRNwCs6BA65BEzyAFugADF7AK3gD79aH9WV9Wz8La8Fa9hyDXBWKv5IPtAk=</latexit>

hEQEQi

<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="ZLAIg4C9xmRecjgVKNap/UqeIpU=">AAACI3icbVDLSgMxFE181vHV6tJNsAgiWGakqMuiG5cV7QPaoWQymTY0yQxJRiyln+BWv8CvcSduXPgvZtpZ2NYDgcM593JPTpBwpo3rfsOV1bX1jc3ClrO9s7u3XywdNHWcKkIbJOaxagdYU84kbRhmOG0nimIRcNoKhreZ33qiSrNYPppRQn2B+5JFjGBjpYdz76xXLLsVdwq0TLyclEGOeq8EnW4Yk1RQaQjHWnc8NzH+GCvDCKcTp5tqmmAyxH3asVRiQbU/nmadoBOrhCiKlX3SoKn6d2OMhdYjEdhJgc1AL3qZ+K/3PDswp4U6OzKvBWIhoYmu/TGTSWqoJLOAUcqRiVFWGAqZosTwkSWYKGb/iMgAK0yMrdWx7XmLXS2T5kXFu6xU76vl2k3eYwEcgWNwCjxwBWrgDtRBAxDQBy/gFbzBd/gBP+HXbHQF5juHYA7w5xdU5aPZ</latexit>�1⇤

<latexit sha1_base64="HEcZu+c9mrq5IxZps37y5+L+ImA=">AAACMnicbVDJSgNBFOyJWxy3RI9eGoPgKcxIUC9C0IvHCNkgGUJP5yVp0rPQ/SYkDPkTr/oF/ozexKsfYWc5mMSChqLqPV51+bEUGh3nw8psbe/s7mX37YPDo+OTXP60rqNEcajxSEaq6TMNUoRQQ4ESmrECFvgSGv7wceY3RqC0iMIqTmLwAtYPRU9whkbq5HJxp3rvthHGmNIq1KedXMEpOnPQTeIuSYEsUenkLbvdjXgSQIhcMq1brhOjlzKFgkuY2u1EQ8z4kPWhZWjIAtBeOo8+pZdG6dJepMwLkc7VvxspC7SeBL6ZDBgO9Lo3E//1xosDK1pXz46san6wlhB7d14qwjhBCPkiYC+RFCM66492hQKOcmII40qYP1I+YIpxNC3bpj13vatNUr8uujfF0nOpUH5Y9pgl5+SCXBGX3JIyeSIVUiOcjMgLeSVv1rv1aX1Z34vRjLXcOSMrsH5+AR+zqd0=</latexit>

pT = 1 TeV

<latexit sha1_base64="5ZZgaiHAJa6h5W3iXeHuAoeUtQ8=">AAACNHicbVDLSsNAFJ3UV62vti7dBIvgxpJIUZdFN+Kqgn1AG8pkctsOnTyYuZGW0F9xq1/gvwjuxK3f4KTNwrYeGDiccy/3zHEjwRVa1oeR29jc2t7J7xb29g8Oj4qlckuFsWTQZKEIZcelCgQPoIkcBXQiCdR3BbTd8V3qt59BKh4GTziNwPHpMOADzihqqV8s9xAmmDSji9Q1HwBn/WLFqlpzmOvEzkiFZGj0S0ah54Us9iFAJqhSXduK0EmoRM4EzAq9WEFE2ZgOoatpQH1QTjIPPzPPtOKZg1DqF6A5V/9uJNRXauq7etKnOFKrXir+600WB5Y0T6VHljXXX0mIgxsn4UEUIwRsEXAQCxNDc96RxyUwFFNNKJNc/9FkIyopQ91zQbdnr3a1TlqXVfuqWnusVeq3WY95ckJOyTmxyTWpk3vSIE3CyIS8kFfyZrwbn8aX8b0YzRnZzjFZgvHzC5mNqyg=</latexit>

Up-type Jet

<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓
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<latexit sha1_base64="LgDzJm6Xw7QTGmSZV+rM2vCNqGM=">AAACJnicbVDLSsNAFJ3UV42vVpduBovgqiQi6rLoxmUF+4A2lMlk0o6dTMLMjVhC/8GtfoFf407EnZ/ipM3Cth4YOJxzL/fM8RPBNTjOt1VaW9/Y3Cpv2zu7e/sHlephW8epoqxFYxGrrk80E1yyFnAQrJsoRiJfsI4/vs39zhNTmsfyASYJ8yIylDzklICR2n0YMSCDSs2pOzPgVeIWpIYKNAdVy+4HMU0jJoEKonXPdRLwMqKAU8Gmdj/VLCF0TIasZ6gkEdNeNos7xadGCXAYK/Mk4Jn6dyMjkdaTyDeTEYGRXvZy8V/veX5gQQt0fmRR86OlhBBeexmXSQpM0nnAMBUYYpx3hgOuGAUxMYRQxc0fMR0RRSiYZm3Tnrvc1Sppn9fdy/rF/UWtcVP0WEbH6ASdIRddoQa6Q03UQhQ9ohf0it6sd+vD+rS+5qMlq9g5Qguwfn4BHdOl4Q==</latexit>

✓

<latexit sha1_base64="KPoAYMZ+yoAnRbcufSdDZ5wGzPY=">AAACRXicbVDLSgNBEJz1GddXokcvg0HwYtiVoB7FXDxGMCZgljA76SSDszvLTK8alnyAX+NVv8Bv8CO8iVedJHsw0YKGorqbrq4wkcKg5707C4tLyyurhTV3fWNza7tY2rkxKtUcGlxJpVshMyBFDA0UKKGVaGBRKKEZ3tXG/eY9aCNUfI3DBIKI9WPRE5yhlTrFchvhEbPrB3VUVyJGWhsw3QdaU1qDZKi0Gdkpr+JNQP8SPydlkqPeKTluu6t4GkGMXDJjbn0vwSBjGgWXMHLbqYGE8TvWh1tLYxaBCbLJNyN6YJUu7SltyxqaqL83MhYZM4xCOxkxHJj53lj8t/c4PTCjdc34yKwWRnMOsXcWZCJOUoSYTw32UklR0XGktCs0cJRDSxjXwv5IuU2RcbTBuzY9fz6rv+TmuOKfVKpX1fL5RZ5jgeyRfXJIfHJKzsklqZMG4eSJPJMX8uq8OR/Op/M1HV1w8p1dMgPn+wcuBbJm</latexit>

Two-Point Charge Correlators

<latexit sha1_base64="GebhbndOaYG7gYgyiM/LVrVmkVU="></latexit>

hE+E+i+ hE�E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>

hE+E�i
hEtrEtri

<latexit sha1_base64="YEtdDZ6c5qUw6o5RjUSirpt5F0w="></latexit>

hE+E�i
hEtrEtri

<latexit sha1_base64="4Ow+sCVfz4iPMTxf2K6zg0igXAk=">AAACM3icbVDLSgMxFM3UV62vVpdugkVwVWakqMuiC8VVBfuAtpRMetuGZjJDckdbhn6KW/0CP0bciVv/wfSxsK0HAodz7uWeHD+SwqDrfjiptfWNza30dmZnd2//IJs7rJow1hwqPJShrvvMgBQKKihQQj3SwAJfQs0f3Ez82hNoI0L1iKMIWgHrKdEVnKGV2tlcE2GIya2MQ0XvAc24nc27BXcKukq8OcmTOcrtnJNpdkIeB6CQS2ZMw3MjbCVMo+ASxplmbCBifMB60LBUsQBMK5lmH9NTq3RoN9T2KaRT9e9GwgJjRoFvJwOGfbPsTcR/veHswILWMZMji5ofLCXE7lUrESqKERSfBezGkmJIJwXSjtDAUY4sYVwL+0fK+0wzjrbmjG3PW+5qlVTPC95FofhQzJeu5z2myTE5IWfEI5ekRO5ImVQIJ8/khbySN+fd+XS+nO/ZaMqZ7xyRBTg/vwWyquI=</latexit>

Gluon Jets
<latexit sha1_base64="/hYKefP+54Q45qvciFYIr3vj1ZE=">AAACNHicbVDJSgNBFOyJW4xbEo9eGoPgKcyIqBch6EGPEbJBEkJPz5ukSc9C9xtJGPIrXvUL/BfBm3j1G+wsB5NY0FBUvcerLjeWQqNtf1iZjc2t7Z3sbm5v/+DwKF8oNnSUKA51HslItVymQYoQ6ihQQitWwAJXQtMd3k/95jMoLaKwhuMYugHrh8IXnKGRevli3KvdOrbdQRhhSh+gMenlS3bZnoGuE2dBSmSBaq9g5TpexJMAQuSSad127Bi7KVMouIRJrpNoiBkfsj60DQ1ZALqbzsJP6JlRPOpHyrwQ6Uz9u5GyQOtx4JrJgOFAr3pT8V9vND+wpHl6emRZc4OVhOjfdFMRxglCyOcB/URSjOi0QeoJBRzl2BDGlTB/pHzAFONoes6Z9pzVrtZJ46LsXJUvny5LlbtFj1lyQk7JOXHINamQR1IldcLJiLyQV/JmvVuf1pf1PR/NWIudY7IE6+cXAgqqRA==</latexit>

pT = 100 GeV

<latexit sha1_base64="iyss/XZ2dKw3mviJ6KdvwXSnJ7k=">AAACJXicbVDLSgMxFE181vpqdekmWARXZaYUdVl047KC0xbaoWQymTY0yQxJRixDv8GtfoFf404EV/6KmXYWtvVCyOGce7nnniDhTBvH+YYbm1vbO7ulvfL+weHRcaV60tFxqgj1SMxj1QuwppxJ6hlmOO0limIRcNoNJne53n2iSrNYPpppQn2BR5JFjGBjKc+pOw1nWKnZf15oHbgFqIGi2sMqLA/CmKSCSkM41rrvOonxM6wMI5zOyoNU0wSTCR7RvoUSC6r9bO52hi4sE6IoVvZJg+bs34kMC62nIrCdApuxXtVy8l/tebFgiQt1vmSZC8SKQxPd+BmTSWqoJAuDUcqRiVEeGQqZosTwqQWYKGZvRGSMFSbGBlu26bmrWa2DTqPuXtWbD81a67bIsQTOwDm4BC64Bi1wD9rAAwQw8AJewRt8hx/wE34tWjdgMXMKlgr+/AJVUaRV</latexit>

0.020
<latexit sha1_base64="hH3s/FmoG+If7BPoIsd5laEQmVM=">AAACJXicbVDLSgMxFE3qq46vVpdugkVwVWa0qMuiG5cVnLbQDiWTybShSWZIMmIp/Qa3+gV+jTsRXPkrZtpZ2OqFkMM593LPPWHKmTau+wVLa+sbm1vlbWdnd2//oFI9bOskU4T6JOGJ6oZYU84k9Q0znHZTRbEIOe2E49tc7zxSpVkiH8wkpYHAQ8liRrCxlO/W3Qt3UKnZf17oL/AKUANFtQZV6PSjhGSCSkM41rrnuakJplgZRjidOf1M0xSTMR7SnoUSC6qD6dztDJ1aJkJxouyTBs3Z3xNTLLSeiNB2CmxGelXLyX+1p8WCJS7S+ZJlLhQrDk18HUyZTDNDJVkYjDOOTILyyFDEFCWGTyzARDF7IyIjrDAxNljHpuetZvUXtM/r3mW9cd+oNW+KHMvgGJyAM+CBK9AEd6AFfEAAA8/gBbzCN/gOP+DnorUEi5kjsFTw+wdXD6RW</latexit>

0.030
<latexit sha1_base64="jNinx9h032/mG4NxSDRg4gX5N9E=">AAACJXicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsKTltoh5LJZNrQJDMkGbEM/Qa3+gV+jTsRXPkrZtpZ2NYLIYdz7uWee4KEM20c5xuWNja3tnfKu5W9/YPDo2rtuKPjVBHqkZjHqhdgTTmT1DPMcNpLFMUi4LQbTO5yvftElWaxfDTThPoCjySLGMHGUp7TcJrOsFq3/7zQOnALUAdFtYc1WBmEMUkFlYZwrHXfdRLjZ1gZRjidVQappgkmEzyifQslFlT72dztDJ1bJkRRrOyTBs3ZvxMZFlpPRWA7BTZjvarl5L/a82LBEhfqfMkyF4gVhya68TMmk9RQSRYGo5QjE6M8MhQyRYnhUwswUczeiMgYK0yMDbZi03NXs1oHncuGe9VoPjTrrdsixzI4BWfgArjgGrTAPWgDDxDAwAt4BW/wHX7AT/i1aC3BYuYELBX8+QVYzaRX</latexit>
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<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

<latexit sha1_base64="tyDcRCq7lYw1PfLhV5hoG/XPxR4=">AAACNXicbVDLSsNAFJ3UV62v1i7dDBbBVUlE1GXRjYsiFewD2lAmk0k7dPJg5kYaQr/FrX6B3+LCnbj1F5y0WdjWAwOHc+7lnjlOJLgC0/wwChubW9s7xd3S3v7B4VG5ctxRYSwpa9NQhLLnEMUED1gbOAjWiyQjviNY15ncZX73mUnFw+AJkojZPhkF3OOUgJaG5eoA2BTSh2YTE0pjSWgyG5ZrZt2cA68TKyc1lKM1rBilgRvS2GcBUEGU6ltmBHZKJHAq2Kw0iBWLCJ2QEetrGhCfKTudp5/hM6242AulfgHgufp3IyW+Uonv6EmfwFitepn4rzddHFjSXJUdWdYcfyUheDd2yoMoBhbQRUAvFhhCnFWIXS4ZBZFoQqjk+o+YjomuDnTRJd2etdrVOulc1K2r+uXjZa1xm/dYRCfoFJ0jC12jBrpHLdRGFCXoBb2iN+Pd+DS+jO/FaMHId6poCcbPL1/Oq4w=</latexit>

NLL accuracy

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10 10
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10 5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
32

s?
<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

t
<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10
1
0
yr

<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit>

10
5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>

10 �
3
2
s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>
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Kyle Lee

MEASURING ON TRACKS
Experimentally, measurements on tracks are advantageous because much more precise 
measurements are possible

Recent advancements in energy correlators fueled much theoretical developments to carry 
out high precision calculation of jet substructure on tracks!

In order to unlock QCD dynamics and more, precision measurements are important!

Jet shape Energy correlators

space of the state          vs         space of the detectors

24/32



Kyle Lee

TRACK FUNCTION FORMALISM
Chang, Procura, Thaler, Waalewijn `13

First formalism to study observables on tracks developed over a decade ago, and 
developments have rapidly advanced in recent years.

Li, Moult, Waalewijn, Zhu et al `21, 22

<latexit sha1_base64="r8rS84Yatg5pSHtfZoaLJP/ebFs="></latexit>
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We are now able to study track inside the LHC jets,  
which allow their extractions once measured.  
One can observe very non-trivial Lorentzian mixing  
RG structure at the LHC.
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<latexit sha1_base64="DQe1Gcfo63lytrIGW2dN8+ruoEo=">AAACKXicbVDLTgIxFO3gC8cX6NJNIzHBDZkxRF0S3bjEhJeBkXQ6BRrazth2jGTCV7jVL/Br3Klbf8QOzELAkzQ5Oefe3NPjR4wq7ThfVm5tfWNzK79t7+zu7R8UioctFcYSkyYOWSg7PlKEUUGammpGOpEkiPuMtP3xTeq3n4hUNBQNPYmIx9FQ0AHFSBvpvtF/fEjK7tm0Xyg5FWcGuErcjJRAhnq/aNm9IMQxJ0JjhpTquk6kvQRJTTEjU7sXKxIhPEZD0jVUIE6Ul8wST+GpUQI4CKV5QsOZ+ncjQVypCffNJEd6pJa9VPzXe54fWNAClR5Z1Hy+lFAPrryEiijWROB5wEHMoA5hWhsMqCRYs4khCEtq/gjxCEmEtSnXNu25y12tktZ5xb2oVO+qpdp11mMeHIMTUAYuuAQ1cAvqoAkw4OAFvII36936sD6t7/lozsp2jsACrJ9fg9GmiQ==</latexit>

T (1)
q

<latexit sha1_base64="38v84DOKssRe4c+MdokTuaICmYA=">AAACKXicbVBLTsMwFHT4lvBrYcnGokIqmypBFbCsYMOySP2hNlSO47RWbSeyHUQV9RRs4QSchh2w5SI4bRa0ZSRLo5n39Mbjx4wq7Thf1tr6xubWdmHH3t3bPzgslo7aKkokJi0csUh2faQIo4K0NNWMdGNJEPcZ6fjj28zvPBGpaCSaehITj6OhoCHFSBvpoTkYPqYV93w6KJadqjMDXCVuTsogR2NQsux+EOGEE6ExQ0r1XCfWXoqkppiRqd1PFIkRHqMh6RkqECfKS2eJp/DMKAEMI2me0HCm/t1IEVdqwn0zyZEeqWUvE//1nucHFrRAZUcWNZ8vJdThtZdSESeaCDwPGCYM6ghmtcGASoI1mxiCsKTmjxCPkERYm3Jt05673NUqaV9U3ctq7b5Wrt/kPRbACTgFFeCCK1AHd6ABWgADDl7AK3iz3q0P69P6no+uWfnOMViA9fMLcjOmfw==</latexit>
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Track Energy Fraction Inside Jets at the LHC

KL, Moult, Ringer, Waalewijn `23
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For discussion on jet charge, see Andrew’s talk!
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Kang, Larkoski, Yang `23



Kyle Lee

ML AND PRECISION MEASUREMENTS
Machine learning is making seminal advances in all fronts of collider physics, including jet analyses. 

Omnifold gives us access to fully unbinned phase space by iterated reweighing methods in order to 
learn detector effects. Either equals or outperforms Iterative Bayesian Unfolding (IBU).

Combined with precise track  
measurements, ML methods give us 
state-of-the-art precision from  
experiments!

Andreassen, Komiske, Metodiev, Nachman, Thaler `19
Andreassen, Nachman `19

Slide from Ben Nachman Tune into Jingjing’s talk for more detail!
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Kyle Lee

It is very important to allow ideas to cross-pollinate between ML and analytical techniques!

IMPORTANT ASIDE: MACHINE LEARNING AND JET SUBSTRUCTURE 

Precise understanding of what ML methods achieve require physics-aware tools like EFN, EFP, and 
EMDs, which gives us hope for interpreting from theory what Machine Learning gives us.

See Rikab’s talk! See Cari’s talk!

See Arianna’s talk!

Machine learning provides a completely novel way to analyze and precisely measure collider data.

Komiske, Metodiev, Thaler `19
Cesarotti, Thaler `20

Cesarotti, Leblanc et al `23
Komiske, Metodiev, Thaler `18

Ba, Dogra, Gambhir, Tasissa, Thaler `23

Komiske, Metodiev, Thaler `17
Cal, Thaler, Waalewijn `22
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GOAL  

WHAT IS THE FATE OF OUR UNIVERSE?

Top-quark physics Higgs physics

170 GeV - O(TeV) 125 GeV - 500 GeV



Kyle Lee

METASTABILITY OR STABILITY OF OUR UNIVERSE

Andreassen, Frost, Schwartz `14

Will our universe undergo eternal inflation, or will it undergo some catastrophic big crunch? 
Can the jet substructure community come to the rescue in answering this question?
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Kyle Lee

GROOMED TOP JET MASS
Developments have been made to use groomed 
top jet to weigh top quark mass, which reduces 
sensitivity to the decay products and soft 
contaminations. 

SCET and bHQET effectively captures all the 
modes that are present in the groomed top jet!

Still sensitive to residual 
hadronization and MPI effects. Field 
theory based analyses of the 
complicated groomed jet 
hadronization effects are developed 
and analyzed for LHC kinematics.

Hoang, Mantry, Pathak, Stewart `17

Hoang, Mantry, Pathak, Stewart `19
Pathak, Stewart, Vaidya, Zoppi `20

Ferdinand, KL, Pathak `23
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Global soft:  

Ultra-collinear:  

Decay products:  

Collinear Soft:  

Nonperturbative:  

μgs ∼ Qcut ,

μuc ∼ Γt ,

μdecay ∼ mt ,

μcs ∼
mt ̂st

Qrmax
g ( ̂st)

,

μΛ ∼ ΛQCD ,



Kyle Lee

ENERGY ENERGY CORRELATORS ON TOP JET

Recent development show that three-point energy 
correlators are sensitive to the top mass and show 
robustness to underlying events! 

Small hadronization effects, which enter additively 

More analyses to come!

Holguin, Moult, Pathak, Procura `22
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Kyle Lee

COMPLICATION OF MEASURING TOP MASS
Top mass is measured in experiments with help of MC simulations. The relation to its 
theory calculation requires careful treatments

Tune into Naseem’s talk for more detail!

Slide from Iain Stewart

Hoang, Stewart `08
Hoang, Jain, Scimemi, Stewart `08

Tanabashi et al `18
Hoang, Pltzer, Samitz `18

Hoang `20
…  
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PRECISION GOAL



Kyle Lee

PRECISION GOAL FOR JET SUBSTRUCTURE
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�mH ⇠ 0.2 GeV

Arkani-Hamed, Dubovsky, Senatore, Villadoro `08

We must dream big! The fate of our universe is at our hands!

“[We are able to determine the stability of our universe] by performing high precision 
measurement of the Higgs mass (with uncertainty                                     ), the top mass (                               ) 
and the strong coupling constant (                                    )”
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