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Personal selection of recent developments



1. Introduction



• A single event/jet yields a distribution, unlike most observables.

Energy-Energy Correlator (EEC)

4

[Basham, Brown, Ellis, Love]

Kyle Lee

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

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

E3

<latexit sha1_base64="ycSNzYJ5HfCFfVklI8HI6dyXnPo=">AAACE3icbVDLSgMxFL1TX7W+qi7dDBbBVZmRoi6LblxWsA9oh5JJM21okhmSO2Ip/QnBlf6JO3HrB/gjrk3bWdjWA4HDOfdyT06YCG7Q876d3Nr6xuZWfruws7u3f1A8PGqYONWU1WksYt0KiWGCK1ZHjoK1Es2IDAVrhsPbqd98ZNrwWD3gKGGBJH3FI04JWqnVwQFD0vW7xZJX9mZwV4mfkRJkqHWLP51eTFPJFFJBjGn7XoLBmGjkVLBJoZMalhA6JH3WtlQRyUwwnuWduGdW6blRrO1T6M7UvxtjIo0ZydBOSoIDs+xNxX+9p/mBBS2US2kwug7GXCUpMkXnYaJUuBi704LcHteMohhZQqjm9j8uHRBNKNoaC7Yof7mWVdK4KPuX5cp9pVS9ySrLwwmcwjn4cAVVuIMa1IGCgGd4hTfnxXl3PpzP+WjOyXaOYQHO1y8qxp8B</latexit>

✓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="ycSNzYJ5HfCFfVklI8HI6dyXnPo=">AAACE3icbVDLSgMxFL1TX7W+qi7dDBbBVZmRoi6LblxWsA9oh5JJM21okhmSO2Ip/QnBlf6JO3HrB/gjrk3bWdjWA4HDOfdyT06YCG7Q876d3Nr6xuZWfruws7u3f1A8PGqYONWU1WksYt0KiWGCK1ZHjoK1Es2IDAVrhsPbqd98ZNrwWD3gKGGBJH3FI04JWqnVwQFD0vW7xZJX9mZwV4mfkRJkqHWLP51eTFPJFFJBjGn7XoLBmGjkVLBJoZMalhA6JH3WtlQRyUwwnuWduGdW6blRrO1T6M7UvxtjIo0ZydBOSoIDs+xNxX+9p/mBBS2US2kwug7GXCUpMkXnYaJUuBi704LcHteMohhZQqjm9j8uHRBNKNoaC7Yof7mWVdK4KPuX5cp9pVS9ySrLwwmcwjn4cAVVuIMa1IGCgGd4hTfnxXl3PpzP+WjOyXaOYQHO1y8qxp8B</latexit>

✓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>
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◆
<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)

4/23

<latexit sha1_base64="6Z2x3WaLkiOUgeROXHF+FSh5dxA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKVPFU8OKxgv2ANpTNdtIu3WzC7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTu7nfeQJtRKwecZqAH7GREqHgDK3U6+MYkA0yrzYblCtu1V2ArhMvJxWSozkof/WHMU8jUMglM6bnuQn6GdMouIRZqZ8aSBifsBH0LFUsAuNni5Nn9MIqQxrG2pZCulB/T2QsMmYaBbYzYjg2q95c/M/rpRje+JlQSYqg+HJRmEqKMZ3/T4dCA0c5tYRxLeytlI+ZZhxtSiUbgrf68jpp16pevVp/uKo0bvM4iuSMnJNL4pFr0iD3pElahJOYPJNX8uag8+K8Ox/L1oKTz5ySP3A+fwALupEX</latexit>

✓12

<latexit sha1_base64="7rk0do1Mh1KD9ZkHBbzBj5WtvuE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQqVTwVvHisYD8gDWWznbZLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGpZtBkSijdiagBwSU0kaOATqKBxpGAdjS+m/ntJ9CGK/mIkwTCmA4lH3BG0UpBF0eAtJf5l9NeueJVvTncVeLnpEJyNHrlr25fsTQGiUxQYwLfSzDMqEbOBExL3dRAQtmYDiGwVNIYTJjNT566Z1bpuwOlbUl05+rviYzGxkziyHbGFEdm2ZuJ/3lBioObMOMySREkWywapMJF5c7+d/tcA0MxsYQyze2tLhtRTRnalEo2BH/55VXSuqj6tWrt4apSv83jKJITckrOiU+uSZ3ckwZpEkYUeSav5M1B58V5dz4WrQUnnzkmf+B8/gANP5EY</latexit>

✓13

<latexit sha1_base64="8qvcGvB0NB+55QgKNsu+Jm35hYY=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkmVKp4KXjxWsB+QhrLZTtulm03YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSKFQdf9dtbWNza3tgs7xd29/YPD0tFxy8Sp5tDksYx1J2QGpFDQRIESOokGFoUS2uH4bua3n0AbEatHnCQQRGyoxEBwhlbyuzgCZL2sejntlcpuxZ2DrhIvJ2WSo9ErfXX7MU8jUMglM8b33ASDjGkUXMK02E0NJIyP2RB8SxWLwATZ/OQpPbdKnw5ibUshnau/JzIWGTOJQtsZMRyZZW8m/uf5KQ5ugkyoJEVQfLFokEqKMZ39T/tCA0c5sYRxLeytlI+YZhxtSkUbgrf88ippVSterVJ7uCrXb/M4CuSUnJEL4pFrUif3pEGahJOYPJNX8uag8+K8Ox+L1jUnnzkhf+B8/gAOxZEZ</latexit>

✓23

<latexit sha1_base64="6Z2x3WaLkiOUgeROXHF+FSh5dxA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0mKVPFU8OKxgv2ANpTNdtIu3WzC7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMCxIpDLrut1PY2Nza3inulvb2Dw6PyscnbROnmkOLxzLW3YAZkEJBCwVK6CYaWBRI6ASTu7nfeQJtRKwecZqAH7GREqHgDK3U6+MYkA0yrzYblCtu1V2ArhMvJxWSozkof/WHMU8jUMglM6bnuQn6GdMouIRZqZ8aSBifsBH0LFUsAuNni5Nn9MIqQxrG2pZCulB/T2QsMmYaBbYzYjg2q95c/M/rpRje+JlQSYqg+HJRmEqKMZ3/T4dCA0c5tYRxLeytlI+ZZhxtSiUbgrf68jpp16pevVp/uKo0bvM4iuSMnJNL4pFr0iD3pElahJOYPJNX8uag8+K8Ox/L1oKTz5ySP3A+fwALupEX</latexit>

✓12
<latexit sha1_base64="8qvcGvB0NB+55QgKNsu+Jm35hYY=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KkmVKp4KXjxWsB+QhrLZTtulm03YnQgl9Gd48aCIV3+NN/+N2zYHbX0w8Hhvhpl5YSKFQdf9dtbWNza3tgs7xd29/YPD0tFxy8Sp5tDksYx1J2QGpFDQRIESOokGFoUS2uH4bua3n0AbEatHnCQQRGyoxEBwhlbyuzgCZL2sejntlcpuxZ2DrhIvJ2WSo9ErfXX7MU8jUMglM8b33ASDjGkUXMK02E0NJIyP2RB8SxWLwATZ/OQpPbdKnw5ibUshnau/JzIWGTOJQtsZMRyZZW8m/uf5KQ5ugkyoJEVQfLFokEqKMZ39T/tCA0c5sYRxLeytlI+YZhxtSkUbgrf88ippVSterVJ7uCrXb/M4CuSUnJEL4pFrUif3pEGahJOYPJNX8uag8+K8Ox+L1jUnnzkhf+B8/gAOxZEZ</latexit>

✓23
<latexit sha1_base64="7rk0do1Mh1KD9ZkHBbzBj5WtvuE=">AAAB8nicbVBNS8NAEN3Ur1q/qh69BIvgqSQqVTwVvHisYD8gDWWznbZLN7thdyKU0J/hxYMiXv013vw3btsctPXBwOO9GWbmRYngBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGpZtBkSijdiagBwSU0kaOATqKBxpGAdjS+m/ntJ9CGK/mIkwTCmA4lH3BG0UpBF0eAtJf5l9NeueJVvTncVeLnpEJyNHrlr25fsTQGiUxQYwLfSzDMqEbOBExL3dRAQtmYDiGwVNIYTJjNT566Z1bpuwOlbUl05+rviYzGxkziyHbGFEdm2ZuJ/3lBioObMOMySREkWywapMJF5c7+d/tcA0MxsYQyze2tLhtRTRnalEo2BH/55VXSuqj6tWrt4apSv83jKJITckrOiU+uSZ3ckwZpEkYUeSav5M1B58V5dz4WrQUnnzkmf+B8/gANP5EY</latexit>

✓13

<latexit sha1_base64="WwuKy4GclsEUnDc86nL29q97Iqc="></latexit>
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• A single event/jet yields a distribution, unlike most observables. 

• Generalizes to higher-point correlators. 

• Can be described using the light-ray OPE [Hofman, Maldacena]

Energy-Energy Correlator (EEC)

5

[Basham, Brown, Ellis, Love]

<latexit sha1_base64="WwuKy4GclsEUnDc86nL29q97Iqc="></latexit>
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Kyle Lee

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

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

E3

<latexit sha1_base64="ycSNzYJ5HfCFfVklI8HI6dyXnPo=">AAACE3icbVDLSgMxFL1TX7W+qi7dDBbBVZmRoi6LblxWsA9oh5JJM21okhmSO2Ip/QnBlf6JO3HrB/gjrk3bWdjWA4HDOfdyT06YCG7Q876d3Nr6xuZWfruws7u3f1A8PGqYONWU1WksYt0KiWGCK1ZHjoK1Es2IDAVrhsPbqd98ZNrwWD3gKGGBJH3FI04JWqnVwQFD0vW7xZJX9mZwV4mfkRJkqHWLP51eTFPJFFJBjGn7XoLBmGjkVLBJoZMalhA6JH3WtlQRyUwwnuWduGdW6blRrO1T6M7UvxtjIo0ZydBOSoIDs+xNxX+9p/mBBS2US2kwug7GXCUpMkXnYaJUuBi704LcHteMohhZQqjm9j8uHRBNKNoaC7Yof7mWVdK4KPuX5cp9pVS9ySrLwwmcwjn4cAVVuIMa1IGCgGd4hTfnxXl3PpzP+WjOyXaOYQHO1y8qxp8B</latexit>

✓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="ycSNzYJ5HfCFfVklI8HI6dyXnPo=">AAACE3icbVDLSgMxFL1TX7W+qi7dDBbBVZmRoi6LblxWsA9oh5JJM21okhmSO2Ip/QnBlf6JO3HrB/gjrk3bWdjWA4HDOfdyT06YCG7Q876d3Nr6xuZWfruws7u3f1A8PGqYONWU1WksYt0KiWGCK1ZHjoK1Es2IDAVrhsPbqd98ZNrwWD3gKGGBJH3FI04JWqnVwQFD0vW7xZJX9mZwV4mfkRJkqHWLP51eTFPJFFJBjGn7XoLBmGjkVLBJoZMalhA6JH3WtlQRyUwwnuWduGdW6blRrO1T6M7UvxtjIo0ZydBOSoIDs+xNxX+9p/mBBS2US2kwug7GXCUpMkXnYaJUuBi704LcHteMohhZQqjm9j8uHRBNKNoaC7Yof7mWVdK4KPuX5cp9pVS9ySrLwwmcwjn4cAVVuIMa1IGCgGd4hTfnxXl3PpzP+WjOyXaOYQHO1y8qxp8B</latexit>

✓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>
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Recent interest in energy correlators has been driven by: 

✓Simpler theory → better description. 

✓Separation of physics at different scales → interpretability. 

✓Suppression of soft contamination. 

• Wide range of applications: strong coupling, top quark mass, 
quark-gluon plasma, … 

• Partly hype: jet shape = 
1-point correlator 😀

Why energy correlators?

year
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ns

Citations to Basham, Brown, Ellis, Love



2. Two-point energy correlator



• Perturbative:  with  set by DGLAP: 

• Nonperturbative: .

∼ Rγ γ

∼ R2

Power-law scaling in collinear regime

8

2

where Tµ⌫ is the stress-energy tensor.3 These correlation
functions (which we refer to generically as EECs) are
the fundamental objects of the theory, and are described
by an OPE structure [19, 46, 48–50] that encodes the
internal structure of jets.4

Of central physical importance is the scaling behavior
of correlators as a function of angular size. To isolate this
feature, Ref. [36] introduced one-dimensional projections
of the higher-point correlators obtained by integrating
over their shape, keeping only their longest side fixed.
This defines the N -point projected correlators:5

ENC(RL) =

 
NY

k=1

Z
d⌦~nk

!
�(RL ��R̂L) (2)

· 1

(Ejet)N
hE(~n1)E(~n2) . . . E(~nN )i ,

where d⌦~n is the area element on the detector, �R̂L

is an operator selecting the largest angular distance be-
tween the N measured directions, and the average is
over an ensemble of high energy jets with energy Ejet.
For hadron collider measurements, we use the standard
longitudinally-boost-invariant transverse momentum pT

as the energy coordinate and �R =
p

�y2 +��2 in the
rapidity-azimuth plane as the angular coordinate.6 In the
perturbative regime, the projected correlators exhibit a
single-logarithmic scaling governed by the twist-2 spin
j = N + 1 anomalous dimensions [36]. They therefore
capture the scaling properties of a generic N -point cor-
relator in a simple one-dimensional observable.

CMS Open Data.—Despite being the fundamental ob-
jects of the theory, none of these correlators, nor their
scalings, have ever been measured at the LHC.7 Further-
more, to our knowledge, no correlator with k � 3 has ever
been measured at a collider experiment. Fortunately, the
public release [59] of research-grade collider datasets by
the CMS experiment [60, 61] has enabled a new era of
open exploratory studies [62–73], allowing us to analyze
these correlators on real data. We have found the use of
Open Data to be essential for extracting a consistent pic-
ture for the behavior of higher-point correlators, which

3 See Ref. [47] for a variant of the energy flow operator relevant
for understanding hadron mass e↵ects.

4 The positivity of expectation values of Eq. (1) is an example
of an average null energy condition (ANEC) [19, 51–55], which
pleasingly shares the same initialism as analyzing N -point energy
correlators.

5 All observables used in this paper are implemented in publicly
available code [56].

6 For those familiar with the discussion of energy correlators in
the CFT literature, one should simply associate �R2 with the
conformal cross ratio ⇣.

7 A variant of the EEC using jets instead of individual particles
has been measured by ATLAS [57, 58] but due to its use of jets,
it is not well suited for studying the small-angle limit.

FIG. 1. The two-point correlator in CMS Open Data, re-
stricted to charged hadrons. Distinct scaling behaviors associ-
ated with asymptotically free quarks/gluons and free hadrons
are clearly visible.

are not guaranteed to be accurately described by parton
shower generators commonly used to study jet substruc-
ture observables. While o�cial measurements by the ex-
perimental collaborations remain the gold standard in
the field, we believe that Open Data studies are an es-
sential tool for theorists exploring the frontiers of QCD.
Our analysis is based on a reprocessed dataset of jets

culled from the CMS 2011A Open Data [74] and made
public in a simple, reusable “MIT Open Data” (MOD)
format by Refs. [69, 75]. These jets, clustered using the
anti-kt algorithm with R = 0.5 [2, 3], have transverse mo-
menta pT 2 [500, 550] GeV and pseudo-rapidity |⌘| < 1.9.
To minimize detector e↵ects, we focus on track-based
observables (i.e. those only using charged particles) for
most of this paper, given the excellent track reconstruc-
tion performance of CMS [76], including within jets [77].
Tracks are easily incorporated into the theoretical de-
scription of correlators using track functions [78–82]. We
identify charged particles from particle flow candidates
(PFCs) [83] provided by CMS, which synthesize track-
ing and calorimeter information. We follow the proce-
dure in Ref. [69] of using charged hadron subtraction
(CHS) [84] to mitigate pileup and restricting to PFCs
with pT > 1 GeV to minimize acceptance e↵ects. More
detailed studies incorporating detector unfolding will be
presented elsewhere.
Imaging the Confining Transition to Free Hadrons.—

The simplest jet substructure observable is the two-point
correlator, which probes the dynamics of a jet as a func-
tion of the angular scale RL. Here, RL is associated with
a transverse-momentum exchange of ⇠ p

jet
T RL between

two idealized calorimeters at infinity. Since QCD con-
fines, we expect to see two distinct scaling regimes, cor-
responding to the nearly conformal dynamics of quarks
and gluons at large angular scales and to free hadrons at

[Komiske, Moult, Thaler, Zhu]
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Scaling the plateau

• Free-hadron region is not calculable, but its evolution is.  
[Lee, Stewart; Chang, Chen, Liu, Simmons-Duffin, Yuan, Zhu] 

• EEC is now constant, because compared to previous slide: 

• Fit ansatz and evolve: 
[Lee, Stewart]
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(only dashed fit)
<latexit sha1_base64="wpT8+rqjqZl/W6vOlcDh1bbqLeU="></latexit>

Using dihadron EEC jet

at LL accuracy

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="o3Qd7JrGZ+/ZMiVlHtrQjBLE0Kc="></latexit>

Using dihadron EEC jet

at NLL accuracy

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
<latexit sha1_base64="gArBYaqlr6PCW14oX8kEJrcT0VI=">AAACOnicbVC7TsMwFLXLq5RXCyOLRYXEVCUVKowVLIytRB9SGyrHcVqrdhLZDqJE/QVW+Bh+hJUNsfIBOG0G0nIlS8fn3Ot7fNyIM6Ut6wMWNja3tneKu6W9/YPDo3LluKvCWBLaISEPZd/FinIW0I5mmtN+JCkWLqc9d3qb6r1HKhULg3s9i6gj8DhgPiNYp9Rz+6E+KletmrUotA7sDFRBVq1RBaKhF5JY0EATjpUa2FaknQRLzQin89IwVjTCZIrHdGBggAVVTrIwO0fnhvGQH0pzAo0W7N+JBAulZsI1nQLriVrVUvJf7Wm5IMd5Kl2S51yRv6cvSeWrFd/av3YSFkSxpgFZ2vZjjnSI0hyRxyQlms8MwEQy83NEJlhiok3aJZOpvZrgOujWa3aj1mhfVps3WbpFcArOwAWwwRVogjvQAh1AwAS8gFfwBt/hJ/yC38vWAsxmTkCu4M8vmYSuGw==</latexit>

zQ
2

<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
<latexit sha1_base64="gArBYaqlr6PCW14oX8kEJrcT0VI=">AAACOnicbVC7TsMwFLXLq5RXCyOLRYXEVCUVKowVLIytRB9SGyrHcVqrdhLZDqJE/QVW+Bh+hJUNsfIBOG0G0nIlS8fn3Ot7fNyIM6Ut6wMWNja3tneKu6W9/YPDo3LluKvCWBLaISEPZd/FinIW0I5mmtN+JCkWLqc9d3qb6r1HKhULg3s9i6gj8DhgPiNYp9Rz+6E+KletmrUotA7sDFRBVq1RBaKhF5JY0EATjpUa2FaknQRLzQin89IwVjTCZIrHdGBggAVVTrIwO0fnhvGQH0pzAo0W7N+JBAulZsI1nQLriVrVUvJf7Wm5IMd5Kl2S51yRv6cvSeWrFd/av3YSFkSxpgFZ2vZjjnSI0hyRxyQlms8MwEQy83NEJlhiok3aJZOpvZrgOujWa3aj1mhfVps3WbpFcArOwAWwwRVogjvQAh1AwAS8gFfwBt/hJ/yC38vWAsxmTkCu4M8vmYSuGw==</latexit>

zQ
2

<latexit sha1_base64="+NotdODUCgdXQhqlT/011yPIH5U="></latexit>

0.01

<latexit sha1_base64="rS2YyZECix7ilY0zuuO81As30p8="></latexit>

0.0075

<latexit sha1_base64="k8UFoRqh+2eFHqUeczRs/6BGCFo="></latexit>

0.005

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="+NotdODUCgdXQhqlT/011yPIH5U="></latexit>

0.01

<latexit sha1_base64="rS2YyZECix7ilY0zuuO81As30p8="></latexit>

0.0075

<latexit sha1_base64="k8UFoRqh+2eFHqUeczRs/6BGCFo="></latexit>

0.005

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="/k96vUdXXPgpsUuWQ3cOjz9pcGA="></latexit>

1

�tot

d�EEC

dzQ2

<latexit sha1_base64="/k96vUdXXPgpsUuWQ3cOjz9pcGA="></latexit>

1

�tot

d�EEC

dzQ2

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="wpT8+rqjqZl/W6vOlcDh1bbqLeU="></latexit>

Using dihadron EEC jet

at LL accuracy

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="o3Qd7JrGZ+/ZMiVlHtrQjBLE0Kc="></latexit>

Using dihadron EEC jet

at NLL accuracy

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
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FIG. 2. Leading logarithmic (top) and next-to-leading loga-
rithmic (bottom) predictions of EEC as a function of zQ2 in
the zQ2 ⇠ ⇤2

QCD region. Only the central curve (dashed) at
Q = mZ is fit, while rest of the curves are derived according
to the perturbative evolution from Eq. (15).

Instead, we apply Eq. (11) in reverse to provide deeper
physical insight into the dihadron FFs through the con-
finement transition exhibited by the EEC. In the flat
confining region this predicts that a weighted integral
(“sum-rule”) over the (di)hadron fragmentation function
predicts a remarkable free streaming behavior from the
cloud of hadrons produced via the confining fragmenta-
tion process. The analog in the OPE scaling region pre-
dicts that this weighted integral over the fragmentation
functions has a perturbatively calculable dependence on
zQ

2, which eventually transitions into the free streaming
hadrons as it becomes confined.

Using Eq. (16) we extract the quark and gluon jet
functions at µ0 = 10 GeV using Pythia simulations of
e
+
e
�

! �
⇤
/Z ! qq̄ and H ! gg with Q = mH =

91.2 GeV = mZ , by evolving Ji to µ = mZ and com-
bining it with the LO coe�cients Hi. We chose this µ0

since the transition begins at
p

zQ ⇠ 10GeV. In Fig. 2
(upper panel) we show the results from LL RG evolution
(using Runge-Kutta), where the dashed Q = mZ curve
is the starting input. We use Ji at µ = Q, Q/2, 2Q to ob-
tain an estimate for the perturbative uncertainties, and

observe that the evolution agrees with the general trend
seen also in MC, though the uncertainties are fairly large.
In Fig. 2 (lower panel), we repeat the exercise with NLO
Hi, and carrying out NLL RG evolution. We note a
dramatic reduction in the perturbative uncertainty, and
better agreement with Pythia at all Q values. This gives
a useful cross check on the validity of our results.

Recent work in Refs. [21, 22] have also explored the Q

dependence of d�EEC/dz in the z ⌧ 1 confinement transi-
tion region, but with TMD-factorization–inspired models
rather than first-principles QCD. In [21] d�EEC/dz was
modeled by the TMD distribution structure with a non-
perturbative Sudakov exponent, and the Q dependence
was predicted by Collins-Soper evolution within the Su-
dakov. In [22] they exploited collinear factorization, and
then TMD modeling for Ji with a (di↵erent) nonper-
turbative Sudakov factor in the confinement transition
region. They predicted the Q dependence by evolving
their jet function at LL accuracy according to Eq. (15),
and observed the same trend seen in our Fig. 2 (upper
panel). Our work puts such tests of the Q dependence of
the confinement transition on a firm theoretical footing.

Conclusions and Outlook. In this letter, we proved
the collinear factorization of EEC in the hadron tran-
sition region Q

2
z ⇠ ⇤2

QCD and determined its univer-
sal nonperturbative jet functions in terms of transverse-
momentum-sensitive dihadron fragmentation functions.
This enables predictions of the Q dependence through
RG evolution, and a QCD based interpretation of the
confinement transition. We also provide a factorization
of dihadron FFs for ⇤2

QCD ⌧ ~P
2
a? ⌧ Q

2 which is con-
sistent with the collinear factorization of the EEC in the
OPE region [11].

Our work provides exciting connections between the
fields of energy correlators and multi-hadron production,
providing a powerful tool for phenomenological applica-
tions. It is straightforward to generalize our results to
higher-point energy correlators [42, 47–50], and when
~P

2
a? ⇠ ⇤2

QCD we expect the nonperturbative dynam-
ics to be described by higher multiplicity transverse-
momentum-sensitive multi-hadron fragmentation func-
tions. These can also be measured with di↵erent quan-
tum numbers [39–41, 51–53], such as spin, charge, and
heavy-flavor number, and it would be interesting to track
how this a↵ects the nonperturbative confinement transi-
tion. It would also be interesting to calculate the EEC
jet function with chiral perturbation theory [54–56]. Fi-
nally, applying this formalism to probe jet [57–64] and
nuclear [65–67] substructures in the confinement transi-
tion region will be very interesting.
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Hadronically decaying boosted Z bosons

• Boost Z pole predictions or data using: 

• Simplest for                    , power corrections for Z at LHC.
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Figure 3. The spectrum d⌃ee/d✓ for e+e� ! ZZ ! hadrons+ `
+
`
� at several centre-of-mass en-

ergies. The curves shown correspond to the evaluation of eq. (3.12) with a shape function computed
with NLO+N3LL+NP accuracy (the blue curve in figure 2). The boost of the Z bosons shifts the
Sudakov peak to smaller angles, following the relation zpeak ⇡ 1/(��)2 for large boosts.

We extract the EEC shape function from figure 1 using eq. (3.9), yielding figure 2.

This is then used as input to evaluate eq. (3.12) and eq. (3.13). We begin by considering

the process e+e� ! ZZ ! hadrons + `
+
`
� and compute ⌃ee from eq. (3.12). The results

for several centre-of-mass energies are presented in figure 3. The Jacobian between the

variables z and ✓ causes the Sudakov shoulder near the back-to-back configuration (✓ ! ⇡)

to appear as a narrow peak when the Z bosons are produced at rest (�� = 0). As the centre-

of-mass energy increases, and the Z bosons become increasingly boosted, this peak moves to

smaller angles. The Born peak position is given by zpeak ⇡ 1/�2, where z = (1�cos ✓)/2 as

explained in section 3.3. For large boosts, this corresponds to zpeak ⇡ 1/(��)2 = (MZ/P
Z
T )2

in terms of the natural hadron collider variables. This motivates our choice of presentation:

we plot the mixed variables d⌃ee/d✓ as a function of z and express the boost in terms of

��, allowing direct comparison between ⌃ee and its hadron collider counterpart, ⌃.

In figure 4 we show the result at
p
s = 930 GeV, corresponding to �� = 5 for the

Born Z bosons. We compare with the Herwig and Pythia event generators. Events were

generated using Herwig 7.3 [51] and Pythia 8.3 [52], and the EEC was computed with

Rivet 3 [53]. The hard process was generated at leading order for the topology e
+
e
� !

ZZ ! qq̄q
0
q̄
0. Jets were clustered using anti-kT in fastjet [54] and the EEC computed

on their constituents, emulating an inclusive Z-jet type measurement. Computing the

EEC only on the jet constituents provides a significant computational speed-up without

distorting our results since jet radius corrections maximally scale as R
2, only a↵ecting

z & R
2
/4, which lies outside the region of interest. Jet clustering is also required for the pp

observable ⌃, so it is instructive to first assess its impact in the clean e
+
e
� environment.

We use R = 0.6 and require the jet momentum to lie in the interval [4.85MZ , 5.1MZ ]. In

each event, the EEC is computed on the constituents of the two leading jets which pass

the jet momentum cut.

– 15 –
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Figure 4: Graphical representation of the double energy correlation: particles produced out of the
vacuum by the source are captured by the two detectors located at spatial infinity in the directions of
the unit vectors n⃗ and n⃗′.

back-to-back. For 0 < θ < π, the double-energy correlation receives a non-zero contribution
starting from one loop. It comes from the three-particle transitions MO

20′
→ssg and MO

20′
→sλλ,

⟨E(n⃗)E(n⃗′)⟩ = σ−1
tot

∫
dPS3

3∑

i,j=1

k0
i k

0
j δ

(2)(Ωk⃗i
− Ωn⃗)δ

(2)(Ωk⃗j
− Ωn⃗′)

×
(
|MO

20′
→s(k1)s(k2)g(k3)|2 + |MO

20′
→s(k1)λ(k2)λ(k3)|2

)
. (3.15)

Using the explicit expressions for the matrix elements (3.2) we find (see Appendix C for details)

⟨E(n⃗)E(n⃗′)⟩ = g2

2(2π)4
q20

sin2 θ

∫ 1

0

dτ1
1− τ1(1− cos θ)/2

+O(g4)

=
g2

(2π)4
q20

1 + cos θ

sin4 θ
ln

2

1 + cos θ
+O(g4) , (3.16)

where the logarithmic correction arises from the integration over the energy fraction of one of
the particles, τ1 = 2k0

1/q
0. For θ → 0, the expression in the right-hand side of (3.16) scales as

O(θ−2), whereas for w = π − θ → 0 it has the well-known Sudakov behavior O(w−2 ln(w−2)).
Both asymptotics are modified at higher loops in a controllable way [25].

It is convenient to rewrite (3.16) by introducing the scaling variable

z = (1− cos θ)/2 , (3.17)

where 0 < θ < π is the angle between the detector vectors n⃗ and n⃗′. Then, the double-energy
correlation takes the following form at one loop

⟨E(n⃗)E(n⃗′)⟩ = a

4π2

q20
8z3

(
−z ln(1− z)

1− z

)
+O(a2) , (3.18)

with z varying in the range 0 < z < 1 and a = g2/(4π2), as defined earlier. It is instructive to
compare (3.18) with the analogous expression in QCD. In that case, the final state is created by

17
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✓Pile-up removal. 

✓Superior angular resolution 
→ crucial for jet substructure.

Experimental benefits of using tracks
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• Track-based observables are sensitive to hadronization. 

• Track functions offer a systematically improvable framework: 
[Chang, Procura, Thaler, WW] 

•              describes total momentum fraction    of initial parton  
converted to tracks, i.e.

Theoretical framework for tracks
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• Track-based observables are sensitive to hadronization. 

• Track functions offer a systematically improvable framework: 
[Chang, Procura, Thaler, WW] 

•              describes total momentum fraction    of initial parton  
converted to tracks, i.e. 

• Like fragmentation function, but with nonlinear evolution:

Theoretical framework for tracks
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• Conversion to tracks is simple, but requires flavor information: 

•          enters contact term at            and resummation of  .
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Track functions enable precision energy correlators

16

<latexit sha1_base64="og7L9vsah5M7BxHtVL+aJ84uZ+U="></latexit>

Ei !
Z
dxi Ti(xi)xiEi = Ti(1)Ei

<latexit sha1_base64="MZ/++cA20rgO0R2DiP01bY5sZDI="></latexit>

d�

d✓
=

Z
d�

X

i,j

EiEj

Q2
�(✓ � ✓ij)

<latexit sha1_base64="f6eZ8NBLV2UMJ+6ZQA9chMkgofc="></latexit>

✓ = 0
<latexit sha1_base64="HXrrn7z6mev2wEYFa2oMgCRCUe0="></latexit>

Ti(2)



• Conversion to tracks is simple, but requires flavor information: 

•          enters contact term at            and resummation of  . 

• Track functions have been  
extended to            → precision! 
[Chen, Jaarsma, Li, Moult, WW, Zhu]
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Ingredients for precision track-based EEC

18[Jaarsma, Li, Moult, WW, Zhu)]
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵
divided by the number of events in the MC

sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵
divided by the number of events in the MC

sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵
divided by the number of events in the MC

sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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Collinear region ( ) 
• NNLL resummation of single logarithms of z. 

• Jet function matched onto track functions. 

• Nonperturbative plateau modelled. 

Back-to-back region ( ) 
• NNNNLL resummation of double logarithms of 1-z. 

• TMD factorization, nonperturbative Collins-Soper kernel. 

• Jet function matched onto track functions, 
soft function only contributes through recoil. 

Fixed-order region 
• Order  from CoLoRFulNNLO. 

All regions: 
• Leading nonperturbative correction described by parameter , rescaled by  

• Transition between regions using profile functions.

z → 0

z → 1

α3
s

Ω1 Tg(1)



• Over order-of-magnitude gain in angular resolution with tracks: 

More cool stuff on archival data: talk by Yi Chen.

Comparison to archival ALEPH data
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵
divided by the number of events in the MC

sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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• Over order-of-magnitude gain in angular resolution with tracks: 

• More cool stuff with archival data: talk by Yi Chen.

Comparison to archival ALEPH data
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵
divided by the number of events in the MC

sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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• Theory uncertainty is ~5% for most of the range. 

• Good agreement between theory and data.

Results for the resummation regions
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Fiducial cuts

• Cut on angle  between beam and event axis. 
→ Decompose in unoriented and oriented structure functions:  
 

• Particle-level cuts in  and   
→ (quadratic) expansion. 

• See talk by Alessio Vorona.
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4. Higher-point correlators



• -point energy correlators depend on all angles  

• The largest angle  projection satisfies the power-law 
  where  is a moment of the splitting function. 

• Analytic continuation to  accesses small x physics

N θij

θL
dσ
dθL

∼ θ−1+γ(N)
L γ(N)

N → 0

Higher-point correlators

24

3

leading non-perturbative contributions for PENCs and
provide explicit tests of our predictions against Monte
Carlo simulations. We summarize in Sec. V.

II. NEW APPROACH TO PENCS

In the traditional paramaterization of the projected N -
point correlator, the shape information of the N -points
is integrated out, keeping only the largest distance (an-
gular separation) between all pairs of particles [11]. In
Ref. [30], some of us introduced a new parametrization
that leads to a simpler phase-space structure, while main-
taining the key physics properties in the collinear limit.
There we showed that this enables a dramatic speed up,
making the evaluation of the projected N -point correla-
tor independent of N . We will recap the main points in
this section and show in Sec. III that the simpler struc-
ture has important implications for the theoretical de-
scription of the back-to-back limit. In Sec. IV, we will
discuss the non-perturbative corrections in the collinear
limit, using this parametrization.

The key idea in our approach is to only consider the
distances of all particles with respect to a “special” parti-
cle is, and subsequently perform an energy-weighted sum
over all possible choices of is. A cartoon illustrating the
difference between the traditional approach and our new
parameterization is shown in Fig. 1.

Concretely, the N -point projected energy correlator is
defined as

PENC(�) ⌘
1

�

d�[N ]

d�
=

1

�

Z
d�X

X

is

zis

X

i1...iN�1

zi1 . . . ziN�1

⇥ �
�
��max

j
{✓is,ij}

�
. (1)

Here d�X denotes the differential cross section for pro-
ducing a hadronic final-state X, and the sums over is

and {ij}
N�1
j=1 run over all M particles in X, zi = 2Ei/Q

are the energy fractions with respect to half the center-
of-mass energy of the collision1. The angular separation
of particle ij from the special particle is is denoted by
✓is,ij while � corresponds to the largest angular separa-
tion of the N � 1 final-state particles ij relative to is.
For the special case of N = 2 the traditional and new
parametrization coincide.

We will also use the cumulative distribution,

⌃N (�) =

Z �

0
d�0 d�

[N ]

d�0 =

Z
d�X

MX

is=1

zis

⇥
zdisk(is,�)

⇤N�1
,

(2)

1This extends the jet-based parametrization in Ref. [30] to a full
e+ e� event shape. We divide by half the center-of-mass energy in
zi, as this corresponds to the jet energy in the dijet limit.

�L

(a) traditional approach

�

is

(b) new parametrization

FIG. 1. An illustrative diagram comparing the (a) tradi-
tional approach for PENCs against the (b) new parametriza-
tion for N = 4. In (a) all

�
N
2

�
pairwise distances are needed

to determine the largest separation �L = maxj,k{✓ik,ij}. By
contrast, in (b) the PENCs are parametrized relative to a ref-
erence particle is, with the largest separation characterized
by � = maxj{✓is,ij}. In both cases all particles are summed
over, including the special particle in (b). The dashed region
illustrates the boundary of the jet, which is not needed in
e
+
e
� collisisons.

which provides a simple interpretation of our approach in
terms of the total energy fraction zdisk(is,�) in a disk of
radius � around the special particle is. This expression
emphasizes that, unlike the traditional parametrization,
no new intricacies arise when generalizing to non-integer
values of N . It also shows that these PENCs obey the
sum rule

1

�
⌃N (⇡) = 2N , (3)

which follows directly from energy conservation as
zdisk(is,⇡) = 2 and the summing over all possible choices
of the special particle also gives

P
is
zis = 2.

The cumulative distribution in Eq. (2) allows us to
highlight the major computational advantage of this new
parametrization in reducing the scaling in time of the N -
point projected correlator for M particles from O(MN )
to a simple O(M2 lnM) scaling, independent of the value
of N . One factor of M arises from the sum over is, while
the M lnM comes from sorting the particles by their dis-
tance relative to is, as explained in Ref. [30].
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• Extract  from slope of E3C/EEC, compare to NLO+NNLL. 

• Most precise* measurement of  from jet substructure.

αs(mZ)

αs

Extracting  from E3C/EEC ratioαs

25

5

The corrections are applied to the parton-level calculations and are in the 5–40% range for the
E2C and E3C distributions, decreasing with increasing xL and jet pT; they largely cancel in the
ratio, decreasing to the 0–3% range. The difference between the PYTHIA8 and HERWIG7 correc-
tion factors is considered as the nonperturbative theoretical uncertainty [33]. Figure 3 shows
the slope of the xL dependence of the E3C over E2C ratio, defined as D(E3C/E2C)/D log xL,
accounting for the covariance matrix and systematic uncertainties. Since the slope is approxi-
mately proportional to aS(Q) [12], the trend reflects the running of aS with jet energy.
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Figure 2: Measured E3C/E2C ratio (left) and their ratio to predictions (right) in the perturbative
xL region and four jet pT bins. The NLO+NNLLapprox predictions [26] are corrected to hadron-
level and normalized to the data. The statistical and experimental systematic uncertainties are
shown with bars and boxes, respectively.
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Figure 3: Fitted slopes of the measured E3C/E2C ratios, in the eight jet pT bins, compared to
theoretical predictions for three aS values.

Comparing the measured E3C/E2C ratio, as a function of xL, with the corresponding theoreti-
cal predictions (using the median value of the predictions in each xL bin), we obtain c2 values
as a function of aS(mZ). We consider the theoretical uncertainties described above, except that
the PS renormalization scale uncertainty is replaced by the NLO+NNLLapprox uncertainty [26].
Only the perturbative region is used; the xL < 0.234 selection avoids boundary effects of the
jet clustering algorithm [25]. Since the theory normalization is unknown in the perturbative
region, a free parameter is introduced in each pT bin, and we only consider the shape effects of
the uncertainties. For each aS(mZ) value, the c2 is defined as

c2 = [~vm(~q)�~vth(aS,~q)]|V
�1
m [~vm(~q)�~vth(aS,~q)] + Â
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cal predictions (using the median value of the predictions in each xL bin), we obtain c2 values
as a function of aS(mZ). We consider the theoretical uncertainties described above, except that
the PS renormalization scale uncertainty is replaced by the NLO+NNLLapprox uncertainty [26].
Only the perturbative region is used; the xL < 0.234 selection avoids boundary effects of the
jet clustering algorithm [25]. Since the theory normalization is unknown in the perturbative
region, a free parameter is introduced in each pT bin, and we only consider the shape effects of
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NNLL accuracy for projected correlators

• Projected E3C known at NNLL [Chen, Luo, Moult, Yang, Zhang, Zhu].  
E4C, E5C and E6C, specifically two-loop constants, are new. 

• The slope of the ratio to the E2C is much more sensitive to  
(includes nonperturbative).

αs

6.1 Sensitivity to ↵s extraction

To illustrate the sensitivity of energy correlators to different ↵s(mZ) values, we define the
logarithmic slope of both the absolute spectrum and the ratio of higher N -point projected
energy correlators to N = 2:

SN (ENC) ⌘
d

d lnxL
ln

d�
[N ]

dxL
, SN (ENC/EEC) ⌘

d

d lnxL
ln

d�
[N ]

/dxL

d�[2]/dxL

(6.1)

where both of them are functions of xL. In Figs. 10 and 11, we plot the logarithmic slope
of the absolute spectrum d�

[N ]
/dxL and of the ratio (d�[N ]

/dxL)/(d�[2]
/dxL). As shown in

Eqs. (5.17) and (5.18), this slope gives the exponent of the scaling and is therefore directly
sensitive to ↵s. We quantify the sensitivity by plotting the change in the logarithmic slope
with respect to the central choice ↵s = 0.118. The sensitivity grows with N and is larger
in H ! gg than in e

+
e
� annihilation, consistent with the expectation that the twist-two

anomalous dimensions �(N+1) grow with N and that the gluon anomalous dimensions are
numerically larger than the quark ones, as also observed in Ref. [23]. This growth of the ↵s

sensitivity with N provides a clear motivation for measurements of higher-point projected
energy correlators.

We further observe higher sensitivity to ↵s change in the ratio than in the absolute
spectrum. This can be understood from the fact that Eqs. (5.17) and (5.18) also receive non-
perturbative corrections proportional to ⌦1; in the ratio, the non-perturbative corrections
in the numerator and denominator are related by the N -dependent prefactor as in Eq. (5.7)
and they partially cancel, leaving the slope of the ratio more sharply sensitive to ↵s.

Figure 11: Change in the logarithmic slope SN (ENC/EEC) of the ratio of projected
correlators to the EEC with respect to the central value ↵s(mZ) = 0.118, for e

+
e
�
! qq̄

(left) and H ! gg (right). Each panel shows N = 3, . . . , 6 from top to bottom.
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scales as N⌦1/(Q
p
xL), so the transition to hadronic degrees of freedom occurs around

N⌦1 ⇠ Q
p
xL. With Q now identical between the two processes, the only difference is

the representation of the soft matrix element. The figure shows clearly that the H ! gg

distributions transition into the non-perturbative regime at larger xL than e
+
e
�, clearly

indicating that ⌦1g > ⌦1q.

Figure 10: Change in the logarithmic slope SN of the absolute projected energy correlator
spectrum with respect to the central value ↵s(mZ) = 0.118, for e

+
e
�

! qq̄ (left) and
H ! gg (right). Each panel shows N = 2, . . . , 6 from top to bottom.

6 Sensitivity to the strong coupling and non-perturbative corrections

In this section, we discuss the potential phenomenological applications of projected N -point
energy correlators to carry out precision studies. In particular, we want to study their
sensitivity to extract the strong coupling constant ↵s and the non-perturbative soft matrix
elements ⌦1. As closely related observables, the family of projected energy correlators
for different N provides an ideal set to validate the extractions among different N -point
observables and to study theory correlations and uncertainties. Being precise about the
correlations between different N -point projected correlators is beyond the scope of this work
and deserves further investigation; here we will carry out a more naive sensitivity study of
the observables to ↵s and ⌦1 with uncertainties and matching prescriptions described in
Sec. 5. We study the sensitivity to ↵s in Sec. 6.1, to ⌦1 as a whole in Sec. 6.2, and to the
less-constrained gluon parameter ⌦1g in particular in Sec. 6.3.

– 30 –

[Lee, Li, Xu, Zhang] 26
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Vector-boson recoil removes need for a jet algorithm

• New ingredient: hard function 
for this process. 

• Resummation essential to 
predict shape of distribution.

[Generet, Lee, Moult, Poncelet, Zhang]
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V = Z/�

Figure 1: Left: Illustration of the projected energy correlator in V + X. An electroweak boson
V = �, Z recoils against the QCD radiation produced in the collision, and the correlation of energy
flow in the recoiling radiation is measured by the energy flow operators E(~ni). Right: State of
the art calculation of the two-point energy correlator, at NLO+NNLL, and including leading non-
perturbative corrections.

the most precise extractions of ↵s from jet substructure to date, and they have also been measured
in Z-boson-tagged jets in heavy-ion collisions [33]. Complementary information has come from the
transverse energy-energy correlator, which is defined on the full hadronic final state and has been
used to determine ↵s at the LHC [34], although accessing the collinear scaling regime that makes
energy correlators such precise probes of ↵s is difficult for an observable defined on the entire
event. Together, these measurements make the experimental case for a precision jet substructure
program at the LHC. Realizing it requires a theoretical description with control over both the
perturbative and the non-perturbative components in the hadron collider environment.

The observable we study in this paper is especially well suited to closing this gap. We propose
measuring projected energy correlators on the QCD radiation recoiling against an electroweak
boson, pp ! V + X with V = �, Z. The key point is that the V supplies the hard scale of the
problem on its own. As a result, no jet algorithm is needed to reconstruct the hard scattering,
and the correlator can be measured directly on the hadronic recoil without reference to a jet axis.
This greatly simplifies the observable: there is no jet algorithm to complicate the perturbative
description, and none of the power corrections in the jet radius that accompany substructure
measured on a reconstructed jet. The result is an especially clean setting in which to combine
the three ingredients of precision QCD identified above. The observable is illustrated in Fig. 1:
the boson recoils against the QCD radiation produced in the collision, and the correlation of
energy flow is measured on that recoiling radiation. The process also places jet substructure in
direct contact with the frontier of multi-leg scattering amplitudes. Reaching NNLO accuracy,
for instance, requires the two-loop amplitude for the boson together with four partons, a five-
point amplitude with a single off-shell color-singlet leg, of the kind that has recently become
available [35].

At the heart of this program is a factorization theorem for the energy correlators in the
collinear limit, derived for the two-point case in Ref. [31] and generalized to the projected N -

– 3 –

Figure 8: The ratios of the differential N -point correlators to the differential two-point correlator
through NLO(+NNLL).

serve large perturbative corrections going from LO+NLL to NLO+NNLL. In this region, however,
the distribution is dominated by the fixed-order contribution, for which large NLO corrections are
not unusual. In the small angle regime, these distributions exhibit the characteristic enhance-
ment associated with a scaling behavior in the collinear limit. This behavior is identical to their
behavior in e

+
e
� collisions, or within jets.

In Fig. 8 we show ratios of the three- through six-point projected correlators with respect to the
two-point correlator at different orders. These ratios were originally proposed in Ref. [26] to isolate
the scaling behavior in the collinear limit of the energy correlators, analogous to three/two jet
ratios. Again, we include fixed-order curves together with the resummed distributions. Note that
the fixed-order results do not even qualitatively describe the shape of the distribution, indicating
that resummation is essential to obtain the correct behavior of the energy correlators in the
collinear limit.

To assess the stability of the slope, we compare these ratios (d�
ENC

/dRL)/(d�
E2C

/dRL) at
each order with the highest-order NLO+NNLL prediction. In Fig. 9, we show the cases of the
three- and four-point correlators. For 10�2

< RL < 10�1, avoiding the non-perturbative and
fixed-order regimes, the slope changes by about 10% between LO+NLL and NLO+NNLL for
the three-point case, indicating an uncertainty on the slope smaller than 10% at NLO+NNLL,
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Higher-point correlators are computationally expensive

28

• Time scales like  for an -point correlator of  particles.𝒪(MN) N M

traditional

3

leading non-perturbative contributions for PENCs and
provide explicit tests of our predictions against Monte
Carlo simulations. We summarize in Sec. V.

II. NEW APPROACH TO PENCS

In the traditional paramaterization of the projected N -
point correlator, the shape information of the N -points
is integrated out, keeping only the largest distance (an-
gular separation) between all pairs of particles [11]. In
Ref. [30], some of us introduced a new parametrization
that leads to a simpler phase-space structure, while main-
taining the key physics properties in the collinear limit.
There we showed that this enables a dramatic speed up,
making the evaluation of the projected N -point correla-
tor independent of N . We will recap the main points in
this section and show in Sec. III that the simpler struc-
ture has important implications for the theoretical de-
scription of the back-to-back limit. In Sec. IV, we will
discuss the non-perturbative corrections in the collinear
limit, using this parametrization.

The key idea in our approach is to only consider the
distances of all particles with respect to a “special” parti-
cle is, and subsequently perform an energy-weighted sum
over all possible choices of is. A cartoon illustrating the
difference between the traditional approach and our new
parameterization is shown in Fig. 1.

Concretely, the N -point projected energy correlator is
defined as

PENC(�) ⌘
1

�

d�[N ]

d�
=

1

�

Z
d�X

X

is

zis

X

i1...iN�1

zi1 . . . ziN�1

⇥ �
�
��max

j
{✓is,ij}

�
. (1)

Here d�X denotes the differential cross section for pro-
ducing a hadronic final-state X, and the sums over is

and {ij}
N�1
j=1 run over all M particles in X, zi = 2Ei/Q

are the energy fractions with respect to half the center-
of-mass energy of the collision1. The angular separation
of particle ij from the special particle is is denoted by
✓is,ij while � corresponds to the largest angular separa-
tion of the N � 1 final-state particles ij relative to is.
For the special case of N = 2 the traditional and new
parametrization coincide.

We will also use the cumulative distribution,

⌃N (�) =

Z �

0
d�0 d�

[N ]

d�0 =

Z
d�X

MX

is=1

zis

⇥
zdisk(is,�)

⇤N�1
,

(2)

1This extends the jet-based parametrization in Ref. [30] to a full
e+ e� event shape. We divide by half the center-of-mass energy in
zi, as this corresponds to the jet energy in the dijet limit.

�L

(a) traditional approach

�

is

(b) new parametrization

FIG. 1. An illustrative diagram comparing the (a) tradi-
tional approach for PENCs against the (b) new parametriza-
tion for N = 4. In (a) all

�
N
2

�
pairwise distances are needed

to determine the largest separation �L = maxj,k{✓ik,ij}. By
contrast, in (b) the PENCs are parametrized relative to a ref-
erence particle is, with the largest separation characterized
by � = maxj{✓is,ij}. In both cases all particles are summed
over, including the special particle in (b). The dashed region
illustrates the boundary of the jet, which is not needed in
e
+
e
� collisisons.

which provides a simple interpretation of our approach in
terms of the total energy fraction zdisk(is,�) in a disk of
radius � around the special particle is. This expression
emphasizes that, unlike the traditional parametrization,
no new intricacies arise when generalizing to non-integer
values of N . It also shows that these PENCs obey the
sum rule

1

�
⌃N (⇡) = 2N , (3)

which follows directly from energy conservation as
zdisk(is,⇡) = 2 and the summing over all possible choices
of the special particle also gives

P
is
zis = 2.

The cumulative distribution in Eq. (2) allows us to
highlight the major computational advantage of this new
parametrization in reducing the scaling in time of the N -
point projected correlator for M particles from O(MN )
to a simple O(M2 lnM) scaling, independent of the value
of N . One factor of M arises from the sum over is, while
the M lnM comes from sorting the particles by their dis-
tance relative to is, as explained in Ref. [30].

<latexit sha1_base64="qp6w6qFjCzSpnY8XPvfz04my3w8="></latexit>
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Higher-point correlators are computationally expensive

29

• Time scales like  for an -point correlator of  particles. 

• Solution: measure distances to a special particle

𝒪(MN) N M

traditional

3

leading non-perturbative contributions for PENCs and
provide explicit tests of our predictions against Monte
Carlo simulations. We summarize in Sec. V.

II. NEW APPROACH TO PENCS

In the traditional paramaterization of the projected N -
point correlator, the shape information of the N -points
is integrated out, keeping only the largest distance (an-
gular separation) between all pairs of particles [11]. In
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FIG. 1. An illustrative diagram comparing the (a) tradi-
tional approach for PENCs against the (b) new parametriza-
tion for N = 4. In (a) all

�
N
2

�
pairwise distances are needed

to determine the largest separation �L = maxj,k{✓ik,ij}. By
contrast, in (b) the PENCs are parametrized relative to a ref-
erence particle is, with the largest separation characterized
by � = maxj{✓is,ij}. In both cases all particles are summed
over, including the special particle in (b). The dashed region
illustrates the boundary of the jet, which is not needed in
e
+
e
� collisisons.

which provides a simple interpretation of our approach in
terms of the total energy fraction zdisk(is,�) in a disk of
radius � around the special particle is. This expression
emphasizes that, unlike the traditional parametrization,
no new intricacies arise when generalizing to non-integer
values of N . It also shows that these PENCs obey the
sum rule

1

�
⌃N (⇡) = 2N , (3)

which follows directly from energy conservation as
zdisk(is,⇡) = 2 and the summing over all possible choices
of the special particle also gives

P
is
zis = 2.

The cumulative distribution in Eq. (2) allows us to
highlight the major computational advantage of this new
parametrization in reducing the scaling in time of the N -
point projected correlator for M particles from O(MN )
to a simple O(M2 lnM) scaling, independent of the value
of N . One factor of M arises from the sum over is, while
the M lnM comes from sorting the particles by their dis-
tance relative to is, as explained in Ref. [30].
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leading non-perturbative contributions for PENCs and
provide explicit tests of our predictions against Monte
Carlo simulations. We summarize in Sec. V.

II. NEW APPROACH TO PENCS

In the traditional paramaterization of the projected N -
point correlator, the shape information of the N -points
is integrated out, keeping only the largest distance (an-
gular separation) between all pairs of particles [11]. In
Ref. [30], some of us introduced a new parametrization
that leads to a simpler phase-space structure, while main-
taining the key physics properties in the collinear limit.
There we showed that this enables a dramatic speed up,
making the evaluation of the projected N -point correla-
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discuss the non-perturbative corrections in the collinear
limit, using this parametrization.
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distances of all particles with respect to a “special” parti-
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over all possible choices of is. A cartoon illustrating the
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Here d�X denotes the differential cross section for pro-
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j=1 run over all M particles in X, zi = 2Ei/Q
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e+ e� event shape. We divide by half the center-of-mass energy in
zi, as this corresponds to the jet energy in the dijet limit.
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to determine the largest separation �L = maxj,k{✓ik,ij}. By
contrast, in (b) the PENCs are parametrized relative to a ref-
erence particle is, with the largest separation characterized
by � = maxj{✓is,ij}. In both cases all particles are summed
over, including the special particle in (b). The dashed region
illustrates the boundary of the jet, which is not needed in
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which provides a simple interpretation of our approach in
terms of the total energy fraction zdisk(is,�) in a disk of
radius � around the special particle is. This expression
emphasizes that, unlike the traditional parametrization,
no new intricacies arise when generalizing to non-integer
values of N . It also shows that these PENCs obey the
sum rule

1

�
⌃N (⇡) = 2N , (3)

which follows directly from energy conservation as
zdisk(is,⇡) = 2 and the summing over all possible choices
of the special particle also gives

P
is
zis = 2.

The cumulative distribution in Eq. (2) allows us to
highlight the major computational advantage of this new
parametrization in reducing the scaling in time of the N -
point projected correlator for M particles from O(MN )
to a simple O(M2 lnM) scaling, independent of the value
of N . One factor of M arises from the sum over is, while
the M lnM comes from sorting the particles by their dis-
tance relative to is, as explained in Ref. [30].
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• Runtime is  for projected correlators for all . 

• This follows from the cumulative distribution:

𝒪(M2 ln M) N
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• Runtime is  for projected correlators for all . 

• This follows from the cumulative distribution: 

• Same theory framework, with 
differences starting at NNLL. 

• Analytic continuation in  
is straightforward.

𝒪(M2 ln M) N

N
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Power-law exponent for  approaches BFKLN → 0

32

• Fit CMS open data to a power law. 

• Quark/gluon mixing produces more than one exponent 
→ plot both DGLAP eigenvalues. 

• Interestingly, approaches BFKL for .N → 0
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• Correlation-Aware Triangular (CAT) divergence     quantifies 
the difference between model predictions. 

• Largest difference between PbPb and pp for .N → 0

JEWEL and Hybrid Model differ most at small N

33
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<latexit sha1_base64="edOiW/XKsnkhdcHlLWorI1a7uXo=">AAACE3icbVBLSgNBFOzxG+Mv6tJNYxBchRmR6DKiC5cRzAeSIfT0vEma9HzsfhMMIccQt3oOd+LWA3gMb2AnmYVJLGgoqt57XZSXSKHRtr+tldW19Y3N3FZ+e2d3b79wcFjXcao41HgsY9X0mAYpIqihQAnNRAELPQkNr38z8RsDUFrE0QMOE3BD1o1EIDhDI7ltFNIH2r4FiaxTKNolewq6TJyMFEmGaqfw0/ZjnoYQIZdM65ZjJ+iOmELBJYzz7VRDwnifdaFlaMRC0O5oGnpMT43i0yBW5kVIp+rfjRELtR6GnpkMGfb0ojcR//NaKQZX7khESYoQ8dlHQSopxnTSAPWFAo5yaAjjSpislPeYYhxNT3OX/IFIdJb6aRbbdOQsNrJM6uclp1wq318UK9dZWzlyTE7IGXHIJamQO1IlNcLJI3khr+TNerberQ/rcza6YmU7R2QO1tcvV+Cfig==</latexit>

�̃



• Correlation-Aware Triangular (CAT) divergence     quantifies 
the difference between model predictions. 

• Largest difference between PbPb and pp for . 

• Difference between Hybrid and JEWEL is even larger.

N → 0

JEWEL and Hybrid Model differ most at small N
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[Alipour-Fard, Budhraja, Kudinoor, Thaler, WW]
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Resolved correlators enhance medium sensitivity

• More sensitivity from resolved structure & analytic continuation.  

• Standard E3C has  and performs worst.p = q = 1
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Figure 1: (a) The cumulative energy correlator involves zdisk(s,R1), the momentum frac-
tion of all particles in a disk centered on the special particle s with radius R1. The energy
correlator follows is calculated by taking the derivative, represented as an orange ring. (b)
The azimuthal angle between two resolved emissions i1 and i2. Note that we do not require
R1 > R2, unlike in ref. [51].

Here zdisk(s,R1) denotes the total transverse momentum fraction of all particles within a331

radius R1 of the special particle s, see fig. 1(a). From this formulation it is clear that the332

general N case can be calculated in the same amount of time N = 2, and it also makes the333

analytic continuation in N straightforward.334

While ref. [51] focused mostly on resolving the particle with the second largest distance335

R2 from the special particle, we find it more useful to consider a generalization that allows336

arbitrary numbers of particles between the first and second resolved emission. This is337

achieved through the double projected energy correlator [51], which is defined as338

1

�

d�(p,q)
dR1 dR2

=

⌧X

s

zs
X

i1...ip

zi1 . . . zip�(R1�max{Rs,ik})
X

j1...jq

zj1 . . . zjq�(R2 �max{Rs,jk})

�
,

(3.3)

and is a more resolved version of the projected N = (p+q+1)-point correlator. For p 6= q,339

there is no R1 $ R2 symmetry and thus no reason to impose R1 > R2. Indeed, adding340

⇥(R1 > R2) would invalidate the sum rule that the integral of eq. (3.3) over R1 and R2341

yields 1, which follows directly
P

s zs = 1 and zdisk(s,R1 ! 1) = 1. Similarly, integrating342

the double projected correlator over R2 gives the (1+p)-projected correlator.343

We will also consider the angle � between the particles in the (y,') plane centered on344
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• Existing approaches offer either good theoretical control or 
good sensitivity to top quark mass → try energy correlators.

Top quark mass from energy correlators
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2

theoretical elegance of this approach, the jet pT has large
experimental uncertainties, making a precise determina-
tion of mt challenging in practice. We therefore believe
that identifying a top-mass-sensitive observable that is
simultaneously experimentally feasible at the LHC, com-
pletely robust to hadronization and UE, and calculable
to high perturbative orders remains an important open
problem.

In this Letter, we introduce an EEC-based observable
for precision top quark mass measurements, which over-
comes previous experimental difficulties. Our observable
is inspired by cosmology, where it is common that pre-
cisely measured observables, such as luminosity, are not
directly related to quantities of interest, such as dis-
tances. The use of standard candles then plays a cru-
cial role, providing a methodology for converting between
two independent dimensionful quantities. This is similar
to the present case of extracting masses from measure-
ments of high-multiplicity hadronic states: the dimen-
sionless angular scales [42] are robust observables, neces-
sitating the development of standard candles to enable
their use for precision mass measurements. Crucially,
the top quark predominately decays into an electroweak
scale particle whose mass has been measured with spec-
tacular accuracy, the W boson. This particle provides
the needed standard candle by introducing another di-
mensionless parameter, mt/mW , into the observable. In
this Letter, we study a hadronization and UE insensitive
standard candle constructed from EECs measured on the
W boson, allowing us to build a distance ladder all the
way back through the complicated QCD dynamics to the
time scales of the top quark. The outcome is a mea-
surement of the top mass in terms of the W mass. We
emphasize that this approach is distinct from current top
mass extractions [43, 44], which reconstruct the W decay
only to achieve a fine-grained calibration of the jet energy
scale to reduce experimental uncertainties. We demon-
strate the feasibility and properties of our approach at
the LHC through a Monte Carlo study and lay out a
roadmap for an experimental and theoretical program to
achieve a record top mass measurement.

Energy Correlators on Top Decays.—EECs map out
the angular scales of the asymptotic energy flux. There
has been rapid progress in our understanding of multi-
point energy correlators and their application to jet sub-
structure (see e.g. [32, 45–60]). Following their first cal-
culation in the collinear limit in [49], they have since been
calculated for generic angles [61, 62], analyzed theoret-
ically [63, 64], and measured on QCD jets [45, 51]. In
Ref. [32], the three-point correlator was applied to detect
the angular scale associated with the top decay. Since
at the leading order this is a hard three-body decay, it
was proposed that this could be detected in an equilat-
eral configuration for the correlator. However, the full
three-point correlator on top decays is a rich function of
three angles whose shape has not yet been explored.

(a) The shape of the three-point correlator on boosted top quark
jets, eq. (1). A large value of ⇣S selects the hard top decay process,
but by lowering ⇣S , the W peak emerges. Slices for specific values
of ⇣S are shown on the boundaries of the plot.

(b) Slices for specific values of ⇣S which emphasize the sharpness
of the W and top peaks. The green line with the small bump
corresponds to the equilateral projection considered in [32].

FIG. 1: Illustrative plots produced from Pythia showing
the imprint of top quark and W boson on the 3-point
EEC in eq. (1).

The key object of our analysis is the following inte-
grated EEC (weighted cross-section) which enables the
simultaneous extraction of the top and W character-
istic angular scales. We express the angles between
the momenta of the correlated final state particles as
⇣ij = �⌘2ij + ��2

ij in terms of the standard rapidity-
azimuth coordinates. The observable we define is

T (⇣, ⇣S , ⇣A) ⌘
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d⇣ijk
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d⇣ijk
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Here the sum is over all (not necessarily distinct) triplets
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• Existing approaches offer either good theoretical control or 
good sensitivity to top quark mass → try energy correlators. 

• Convert the top quark peak position into a mass using W.

Top quark mass from energy correlators
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theoretical elegance of this approach, the jet pT has large
experimental uncertainties, making a precise determina-
tion of mt challenging in practice. We therefore believe
that identifying a top-mass-sensitive observable that is
simultaneously experimentally feasible at the LHC, com-
pletely robust to hadronization and UE, and calculable
to high perturbative orders remains an important open
problem.

In this Letter, we introduce an EEC-based observable
for precision top quark mass measurements, which over-
comes previous experimental difficulties. Our observable
is inspired by cosmology, where it is common that pre-
cisely measured observables, such as luminosity, are not
directly related to quantities of interest, such as dis-
tances. The use of standard candles then plays a cru-
cial role, providing a methodology for converting between
two independent dimensionful quantities. This is similar
to the present case of extracting masses from measure-
ments of high-multiplicity hadronic states: the dimen-
sionless angular scales [42] are robust observables, neces-
sitating the development of standard candles to enable
their use for precision mass measurements. Crucially,
the top quark predominately decays into an electroweak
scale particle whose mass has been measured with spec-
tacular accuracy, the W boson. This particle provides
the needed standard candle by introducing another di-
mensionless parameter, mt/mW , into the observable. In
this Letter, we study a hadronization and UE insensitive
standard candle constructed from EECs measured on the
W boson, allowing us to build a distance ladder all the
way back through the complicated QCD dynamics to the
time scales of the top quark. The outcome is a mea-
surement of the top mass in terms of the W mass. We
emphasize that this approach is distinct from current top
mass extractions [43, 44], which reconstruct the W decay
only to achieve a fine-grained calibration of the jet energy
scale to reduce experimental uncertainties. We demon-
strate the feasibility and properties of our approach at
the LHC through a Monte Carlo study and lay out a
roadmap for an experimental and theoretical program to
achieve a record top mass measurement.

Energy Correlators on Top Decays.—EECs map out
the angular scales of the asymptotic energy flux. There
has been rapid progress in our understanding of multi-
point energy correlators and their application to jet sub-
structure (see e.g. [32, 45–60]). Following their first cal-
culation in the collinear limit in [49], they have since been
calculated for generic angles [61, 62], analyzed theoret-
ically [63, 64], and measured on QCD jets [45, 51]. In
Ref. [32], the three-point correlator was applied to detect
the angular scale associated with the top decay. Since
at the leading order this is a hard three-body decay, it
was proposed that this could be detected in an equilat-
eral configuration for the correlator. However, the full
three-point correlator on top decays is a rich function of
three angles whose shape has not yet been explored.

(a) The shape of the three-point correlator on boosted top quark
jets, eq. (1). A large value of ⇣S selects the hard top decay process,
but by lowering ⇣S , the W peak emerges. Slices for specific values
of ⇣S are shown on the boundaries of the plot.

(b) Slices for specific values of ⇣S which emphasize the sharpness
of the W and top peaks. The green line with the small bump
corresponds to the equilateral projection considered in [32].

FIG. 1: Illustrative plots produced from Pythia showing
the imprint of top quark and W boson on the 3-point
EEC in eq. (1).

The key object of our analysis is the following inte-
grated EEC (weighted cross-section) which enables the
simultaneous extraction of the top and W character-
istic angular scales. We express the angles between
the momenta of the correlated final state particles as
⇣ij = �⌘2ij + ��2

ij in terms of the standard rapidity-
azimuth coordinates. The observable we define is
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Large samples of highly boosted top quarks produced at the LHC! 

W boson allows calibration of the top quark jet to circumvent 
determination of the NP effects in the hard scale! 

Yet another demonstration of higher-point correlator giving  
more rich information of the underlying dynamics

ENERGY ENERGY CORRELATORS ON TOP JET
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ML-optimized triangle for top quark determination

• Learn ( ) using DNN. 

• Find optimal configuration for identifying : 
the right triangle
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Figure 9: Error associated with EEEC shapes for mMC
t = 172.5 GeV. For left to right,

we plot the bias �mDev
t , variance �mShape

t , and the combined RMS average of the two

quantities as a function of (n1, n2), with n2 � n1. The diagonal line are isosceles triangles

with one short and two long sides, while the left vertical line are isosceles triangles with

one long and two short sides. Equilateral triangles are in the bottom left.

given an EEEC shape, we proceed to perform a search for an optimal shape that is max-

imally sensitive to the underlying mMC
t . The metric for estimating this sensitivity can be

quantified using two quantities, as defined below

�mDev
t = |mMAP

t � mMC
t | �mShape

t =
max ⇥↵=0.95 � min ⇥↵=0.95

2
. (3.7)

�mDev
t and �mShape

t quantify the bias and variance in the NRE posterior for a given

shape. Assuming that these quantities are independent, we associate their root mean

squared (RMS) average as the overall error for a given shape.4 The exercise is then to find

the shape that minimizes it. We compute these quantities (by averaging over a set of 200

noisy shapes) for (n1, n2) in the grid [1, 3]⇥ [1, 3] consisting of 250 uniformly spaced points

in each dimension, while enforcing the constraint n2 � n1. The resultant errors on the grid

can be computed for each mMC
t . For example, the error for mMC

t = 172.5 GeV is shown in

Fig. 9. We find that the shape with the least error has

(n?
1, n

?
2) = (1.02, 1.99) (3.8)

producing the estimate

mInferred
t = 172.47MAP ± 0.31

�mShape
t

GeV (3.9)

Thus, the grid search finds a shape (3.8) where the triangle is nearly isosceles in the

small angle limit, with the ratio of largest to smallest side being approximately
p

n?
2 ⇠

p
2,

(i.e) right isosceles triangles. While we expect our method for shape comparison to be

robust, the actual number corresponding to this error should be taken with a grain of salt.

4While it is unusual to add a bias and variance, both give us an important measure of how far the

top-quark mass is from the true value. Additionally, other attempts to combine the two, such as taking the

distance from the true mMC
t to the furthest value within 1� of the posterior, are significantly more volatile.
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Conclusions

• Two-point correlator: scaling of plateau, and boosted Z. 

• Tracks: superior angular resolution with precise theory. 

• Higher-point correlators: NNLL predictions, ratios with EEC 
have enhanced sensitive to . 

• Fast parametrization: arbitrary N, including analytic 
continuation. New probes of e.g. BFKL and QGP.

αs

7

�
⇤

�
⇤

(a)
qqgg

�
⇤

�
⇤

(b
)
qq̄q

0q̄
0

�
⇤

�
⇤

(c)
qq̄qq̄

�
⇤

�
⇤

(d
)
qq̄qq̄

F
IG

.
2:

R
ep
resentative

cu
t
d
iagram

s
for

real
correction

s
to

th
e
E
E
C

at
N
L
O
.

S
U
P
P
L
E
M

E
N
T
A
L

M
A
T
E
R
IA

L

In
th
is

su
p
p
lem

ental
m
aterial,

w
e
p
rovid

e
d
etailed

an
alytic

form
u
lae

for
th
e
rem

ain
in
g
coe�

cients
in

th
e
color

d
ecom

p
osition

of
th
e
E
E
C

at
N
L
O
,
as

w
ell

as
for

an
id
entical-qu

ark
p
iece

th
at

can
n
ot

b
e
isolated

by
color

alon
e.

W
e
d
escrib

e
th
e
z
!

�
1

lim
it

of
th
e
variou

s
color

com
p
on

ents,
an

d
p
rovid

e
th
e
z
!

0,
1
an

d
�
1

lim
its

of
th
e

id
entical-qu

ark
p
iece.

T
h
e
z
!

0
lim

it
of

th
is
p
iece

can
b
e
interp

reted
u
sin

g
jet

calcu
lu
s
at

n
ext-to-lead

in
g
logarith

m
.

F
in
ally,

w
e
valid

ate
ou

r
an

alytic
resu

lts
for

each
color

com
p
on

ent
nu

m
erically

again
st

E
v
e
n
t
2
.

A
n
a
ly
tica

l
re

su
lts

fo
r
re

m
a
in
in
g
co

lo
r
co

e
�
cie

n
ts

T
h
e
m
ost

com
p
licated

p
art

of
th
is

calcu
lation

involves
th
e
real

correction
s.

W
e
sh
ow

rep
resentative

cu
t
d
iagram

s
for

real
correction

s
w
ith

fi
n
al

states
qq̄gg

(F
ig.

2a),
qq̄q 0q̄ 0

(F
ig.

2b
),
an

d
qq̄qq̄

(F
ig.

2c
an

d
2d

).
N
ote

th
at

th
e
class

of
d
iagram

s
in

F
ig.

2d
van

ish
es

for
a
virtu

al
p
h
oton

th
an

ks
to

F
u
rry’s

th
eorem

,
b
ecau

se
th
ere

are
th
ree

vector
cou

p
lin

gs
attach

ed
to

each
ferm

ion
“loop

”
an

d
th
e
m
easu

rem
ent

fu
n
ction

is
invariant

u
n
d
er

ch
arge

con
ju
gation

[40].
(A

t
th
e
Z

p
ole,

th
e
p
u
rely

axial-vector
contrib

u
tion

s
rep

resented
by

F
ig.

2d
van

ish
for

th
e
fi
rst

tw
o
gen

eration
s
in

th
e
m
assless

qu
ark

lim
it,

w
h
ile

th
e
th
ird

gen
eration

contrib
u
tion

is
tiny

[59].)
T
h
e
su
b
lead

in
g
color

coe�
cient

B
n
lc
ap

p
earin

g
in

E
q.

(8)
is

given
by

B
n
lc
=

+
57600z

7
�

115200z
6
+
75748z

5
�

17359z
4
+
902z

3
+
14966z

2
�

27552z
+
9320

720(1
�

z)z
4

�
�
115200z

9
+
316800z

8
�
321680z

7
+
147846z

6
�
31035z

5
+
3225z

4
�

3571z
3
+
11322z

2
�

12412z
+
4880

360(1
�

z)z
5

g
(1

)
1

�
230400z

8
�
518400z

7
+
412960z

6
�

138600z
5
+
18696z

4
�

742z
3
+
10971z

2
�
25029z

+
11424

720(1
�
z)z

4
g
(1

)
2

+
�
91z

7
+
235z

6
�

184z
5
+
15z

4
�

140z
3
+
721z

2
�

760z
+
314

120(1
�
z)z

5
g
(2

)
1

5

(a) (b)

FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵
divided by the number of events in the MC

sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-

Hannah Bossi (MIT) for the  alliance*   
QCD @ LHC 

Stony Brook, NY, USA 
September 9th, 2025

e+e−

MIT HIG’s work was supported by US DOE-NP

Precision QCD Measurements 
Using Archived ALEPH Data

* Anthony Badea, Austin Baty, Hannah Bossi, Paoti Chang, Yu-Chen Chen, Yi Chen, Gian 
Michele Innocenti, Yen-Jie Lee, Luke Lu, Marcello Maggi, Chris McGinn, Benjamin 

Nachman, Michael Peters, Tzu-An Sheng, Jesse Thaler, Jingyu Zhang

<latexit sha1_base64="IdkO0ul8QCWoU2Dt5Iot+r5QZ4c=">AAACAnicdVDLSgMxFM34tr5GXYmbYBEEcci0trU70Y1LBauFvsiktzY0kxmSjFiG4sZfceNCEbd+hTv/xrRWUNEDFw7n3EtyThALrg0h787E5NT0zOzcfGZhcWl5xV1du9BRohhUWCQiVQ2oBsElVAw3AqqxAhoGAi6D3vHQv7wGpXkkz00/hkZIryTvcEaNlVruBjR3obmH6yayAzcm7dK2iqQetNws8Ug5X/BzmHh+ueznSpYU8mVCCtj3yAhZNMZpy32rtyOWhCANE1Trmk9i00ipMpwJGGTqiYaYsh69gpqlkoagG+kowgBvW6WNO5GyIw0eqd8vUhpq3Q8DuxlS09W/vaH4l1dLTOegkXIZJwYk+3yokwhs8w77wG2ugBnRt4Qyxe1fMetSRZmxrWVsCV9J8f/kIuf5Ra94tp89PBrXMYc20RbaQT4qoUN0gk5RBTF0i+7RI3py7pwH59l5+VydcMY36+gHnNcPMEOXXA==</latexit>

e+e� ! hadrons
<latexit sha1_base64="NM+aqvMD6E6MP89Af6A8cQZ/k6Q="></latexit>p
s = 91.2GeV

<latexit sha1_base64="AW7p/DnzSVZL7npEQUdiopCjqnw="></latexit>

hE(n1)E(n2)i

<latexit sha1_base64="5i8cSqLFN+InWlGW0ZwpFYDG7zg=">AAACA3icdVDJSgNBEO2JW4xb1JteGoPgaZgxMYm3oBePEbIISQg9nYpp0rPQXSOGIeDFX/HiQRGv/oQ3/8bOIqjog4LHe1VU1fMiKTQ6zoeVWlhcWl5Jr2bW1jc2t7LbOw0dxopDnYcyVFce0yBFAHUUKOEqUsB8T0LTG55P/OYNKC3CoIajCDo+uw5EX3CGRupm99oIt5hUQWGsvKlIawMI1WjczeYc2znNF0p56tjuablULhpyUsgXTsrUtZ0pcmSOajf73u6FPPYhQC6Z1i3XibCTMIWCSxhn2rGGiPEhu4aWoQHzQXeS6Q9jemiUHu2HylSAdKp+n0iYr/XI90ynz3Cgf3sT8S+vFWO/3ElEEMUIAZ8t6seSYkgngdCeUMBRjgxhXAlzK+UDphhHE1vGhPD1Kf2fNI5tt2gXLwu5ytk8jjTZJwfkiLikRCrkglRJnXByRx7IE3m27q1H68V6nbWmrPnMLvkB6+0TkFKYyw==</latexit>

Perturbation Theory

<latexit sha1_base64="QeCUsT6ij1pyrG9DhVkBg/wVrVI=">AAAB/HicdVBNS8NAEN34bf2KevSyWARPYVOtNjdRBA+CFawKbSib7aZduvlgdyKGUP+KFw+KePWHePPfuK0VVPTBwOO9GWbmBakUGgh5tyYmp6ZnZufmSwuLS8sr9urapU4yxXiDJTJR1wHVXIqYN0CA5Nep4jQKJL8K+kdD/+qGKy2S+ALylPsR7cYiFIyCkdr2egv4LRSnotsDRXN8Vj8etO0ycUjNq7geJo7reZVqzZDqjkcqBLsOGaGMxqi37bdWJ2FZxGNgkmrddEkKfkEVCCb5oNTKNE8p69Mubxoa04hrvxgdP8BbRungMFGmYsAj9ftEQSOt8ygwnRGFnv7tDcW/vGYGYc0vRJxmwGP2uSjMJIYED5PAHaE4A5kbQpkS5lbMelRRBiavkgnh61P8P7msOO6es3e+Wz44HMcxhzbQJtpGLtpHB+gE1VEDMZSje/SInqw768F6tl4+Wyes8cw6+gHr9QMx05Un</latexit>

Lightray OPE
<latexit sha1_base64="pzdv2ElPf9Atr1l8XrjXdBefxYc=">AAAB/3icdVBNSwMxEM36WetXVfDiJVgET0u2tWpvRRE8CFawttCWkk3TNjSbXZJZsaw9+Fe8eFDEq3/Dm//GtFZQ0QcDj/dmkpnnR1IYIOTdmZqemZ2bTy2kF5eWV1Yza+tXJow14xUWylDXfGq4FIpXQIDktUhzGviSV/3+8civXnNtRKguYRDxZkC7SnQEo2ClVmazAfwGkqqQJlT4zL6Cz8snw1YmS1xSzBe8HCauVyx6uQNLCvkiIQXsuWSMLJqg3Mq8NdohiwOugElqTN0jETQTqkEwyYfpRmx4RFmfdnndUkUDbprJeP8h3rFKG3dCbUsBHqvfJxIaGDMIfNsZUOiZ395I/Murx9A5bCZCRTFwxT4/6sQSQ4hHYeC20JyBHFhCmRZ2V8x6VFMGNrK0DeHrUvw/ucq53r67f7GXLR1N4kihLbSNdpGHDlAJnaIyqiCGbtE9ekRPzp3z4Dw7L5+tU85kZgP9gPP6Afr4lho=</latexit>

Wilson Line OPE

<latexit sha1_base64="Ny1567stD7yrTAOWE9KWMFAVGtE=">AAAB/3icdVDLSgNBEJyN7/iKCl68DAbB07JrYhJvoqAeFYwRkhBmJ51kcHZ2mekVw5qDv+LFgyJe/Q1v/o2TGEFFCxqKqm66u4JYCoOe9+5kJianpmdm57LzC4tLy7mV1QsTJZpDlUcy0pcBMyCFgioKlHAZa2BhIKEWXB0O/do1aCMidY79GJoh6yrREZyhlVq59QbCDaZHGoCesLaOFD1mZtDK5T3X2ysUywXquf5epVwpWbJbLBR3K9R3vRHyZIzTVu6t0Y54EoJCLpkxdd+LsZkyjYJLGGQbiYGY8SvWhbqlioVgmuno/gHdskqbdiJtSyEdqd8nUhYa0w8D2xky7Jnf3lD8y6sn2Kk0U6HiBEHxz0WdRFKM6DAM2hYaOMq+JYxrYW+lvMc042gjy9oQvj6l/5OLHdcvuaWzYn7/YBzHLNkgm2Sb+KRM9skJOSVVwsktuSeP5Mm5cx6cZ+flszXjjGfWyA84rx8zMpZC</latexit>

Free Hadron Gas

<latexit sha1_base64="Ny1567stD7yrTAOWE9KWMFAVGtE=">AAAB/3icdVDLSgNBEJyN7/iKCl68DAbB07JrYhJvoqAeFYwRkhBmJ51kcHZ2mekVw5qDv+LFgyJe/Q1v/o2TGEFFCxqKqm66u4JYCoOe9+5kJianpmdm57LzC4tLy7mV1QsTJZpDlUcy0pcBMyCFgioKlHAZa2BhIKEWXB0O/do1aCMidY79GJoh6yrREZyhlVq59QbCDaZHGoCesLaOFD1mZtDK5T3X2ysUywXquf5epVwpWbJbLBR3K9R3vRHyZIzTVu6t0Y54EoJCLpkxdd+LsZkyjYJLGGQbiYGY8SvWhbqlioVgmuno/gHdskqbdiJtSyEdqd8nUhYa0w8D2xky7Jnf3lD8y6sn2Kk0U6HiBEHxz0WdRFKM6DAM2hYaOMq+JYxrYW+lvMc042gjy9oQvj6l/5OLHdcvuaWzYn7/YBzHLNkgm2Sb+KRM9skJOSVVwsktuSeP5Mm5cx6cZ+flszXjjGfWyA84rx8zMpZC</latexit>

Free Hadron Gas

<latexit sha1_base64="PZW64dElM+paU/8NlgWj3FsppFE=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqTdNb0YvHCrYV2lA22027dpMNuxOhlP4HLx4U8er/8ea/cfshqOiDgcd7M8zMC1PBNTjOh5VbWV1b38hvFra2d3b3ivsHLS0zRVmTSiHVbUg0EzxhTeAg2G2qGIlDwdrh6HLmt++Z0lwmNzBOWRCTQcIjTgkYqdWFIQPSK5Yc26l43rmHHbtc885qviF+1fUrDnZtZ44SWqLRK753+5JmMUuACqJ1x3VSCCZEAaeCTQvdTLOU0BEZsI6hCYmZDibza6f4xCh9HEllKgE8V79PTEis9TgOTWdMYKh/ezPxL6+TQeQHE56kGbCELhZFmcAg8ex13OeKURBjQwhV3NyK6ZAoQsEEVDAhfH2K/yetsu16tnddKdUvlnHk0RE6RqfIRVVUR1eogZqIojv0gJ7QsyWtR+vFel205qzlzCH6AevtEyysj48=</latexit>

✓ <latexit sha1_base64="PZW64dElM+paU/8NlgWj3FsppFE=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqTdNb0YvHCrYV2lA22027dpMNuxOhlP4HLx4U8er/8ea/cfshqOiDgcd7M8zMC1PBNTjOh5VbWV1b38hvFra2d3b3ivsHLS0zRVmTSiHVbUg0EzxhTeAg2G2qGIlDwdrh6HLmt++Z0lwmNzBOWRCTQcIjTgkYqdWFIQPSK5Yc26l43rmHHbtc885qviF+1fUrDnZtZ44SWqLRK753+5JmMUuACqJ1x3VSCCZEAaeCTQvdTLOU0BEZsI6hCYmZDibza6f4xCh9HEllKgE8V79PTEis9TgOTWdMYKh/ezPxL6+TQeQHE56kGbCELhZFmcAg8ex13OeKURBjQwhV3NyK6ZAoQsEEVDAhfH2K/yetsu16tnddKdUvlnHk0RE6RqfIRVVUR1eogZqIojv0gJ7QsyWtR+vFel205qzlzCH6AevtEyysj48=</latexit>

✓

5

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="wpT8+rqjqZl/W6vOlcDh1bbqLeU="></latexit>

Using dihadron EEC jet

at LL accuracy

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="o3Qd7JrGZ+/ZMiVlHtrQjBLE0Kc="></latexit>

Using dihadron EEC jet

at NLL accuracy

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
<latexit sha1_base64="gArBYaqlr6PCW14oX8kEJrcT0VI=">AAACOnicbVC7TsMwFLXLq5RXCyOLRYXEVCUVKowVLIytRB9SGyrHcVqrdhLZDqJE/QVW+Bh+hJUNsfIBOG0G0nIlS8fn3Ot7fNyIM6Ut6wMWNja3tneKu6W9/YPDo3LluKvCWBLaISEPZd/FinIW0I5mmtN+JCkWLqc9d3qb6r1HKhULg3s9i6gj8DhgPiNYp9Rz+6E+KletmrUotA7sDFRBVq1RBaKhF5JY0EATjpUa2FaknQRLzQin89IwVjTCZIrHdGBggAVVTrIwO0fnhvGQH0pzAo0W7N+JBAulZsI1nQLriVrVUvJf7Wm5IMd5Kl2S51yRv6cvSeWrFd/av3YSFkSxpgFZ2vZjjnSI0hyRxyQlms8MwEQy83NEJlhiok3aJZOpvZrgOujWa3aj1mhfVps3WbpFcArOwAWwwRVogjvQAh1AwAS8gFfwBt/hJ/yC38vWAsxmTkCu4M8vmYSuGw==</latexit>

zQ
2

<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
<latexit sha1_base64="gArBYaqlr6PCW14oX8kEJrcT0VI=">AAACOnicbVC7TsMwFLXLq5RXCyOLRYXEVCUVKowVLIytRB9SGyrHcVqrdhLZDqJE/QVW+Bh+hJUNsfIBOG0G0nIlS8fn3Ot7fNyIM6Ut6wMWNja3tneKu6W9/YPDo3LluKvCWBLaISEPZd/FinIW0I5mmtN+JCkWLqc9d3qb6r1HKhULg3s9i6gj8DhgPiNYp9Rz+6E+KletmrUotA7sDFRBVq1RBaKhF5JY0EATjpUa2FaknQRLzQin89IwVjTCZIrHdGBggAVVTrIwO0fnhvGQH0pzAo0W7N+JBAulZsI1nQLriVrVUvJf7Wm5IMd5Kl2S51yRv6cvSeWrFd/av3YSFkSxpgFZ2vZjjnSI0hyRxyQlms8MwEQy83NEJlhiok3aJZOpvZrgOujWa3aj1mhfVps3WbpFcArOwAWwwRVogjvQAh1AwAS8gFfwBt/hJ/yC38vWAsxmTkCu4M8vmYSuGw==</latexit>

zQ
2

<latexit sha1_base64="+NotdODUCgdXQhqlT/011yPIH5U="></latexit>

0.01

<latexit sha1_base64="rS2YyZECix7ilY0zuuO81As30p8="></latexit>

0.0075

<latexit sha1_base64="k8UFoRqh+2eFHqUeczRs/6BGCFo="></latexit>

0.005

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="+NotdODUCgdXQhqlT/011yPIH5U="></latexit>

0.01

<latexit sha1_base64="rS2YyZECix7ilY0zuuO81As30p8="></latexit>

0.0075

<latexit sha1_base64="k8UFoRqh+2eFHqUeczRs/6BGCFo="></latexit>

0.005

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="/k96vUdXXPgpsUuWQ3cOjz9pcGA="></latexit>

1

�tot

d�EEC

dzQ2

<latexit sha1_base64="/k96vUdXXPgpsUuWQ3cOjz9pcGA="></latexit>

1

�tot

d�EEC

dzQ2

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="wpT8+rqjqZl/W6vOlcDh1bbqLeU="></latexit>

Using dihadron EEC jet

at LL accuracy

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="o3Qd7JrGZ+/ZMiVlHtrQjBLE0Kc="></latexit>

Using dihadron EEC jet

at NLL accuracy

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
<latexit sha1_base64="gArBYaqlr6PCW14oX8kEJrcT0VI=">AAACOnicbVC7TsMwFLXLq5RXCyOLRYXEVCUVKowVLIytRB9SGyrHcVqrdhLZDqJE/QVW+Bh+hJUNsfIBOG0G0nIlS8fn3Ot7fNyIM6Ut6wMWNja3tneKu6W9/YPDo3LluKvCWBLaISEPZd/FinIW0I5mmtN+JCkWLqc9d3qb6r1HKhULg3s9i6gj8DhgPiNYp9Rz+6E+KletmrUotA7sDFRBVq1RBaKhF5JY0EATjpUa2FaknQRLzQin89IwVjTCZIrHdGBggAVVTrIwO0fnhvGQH0pzAo0W7N+JBAulZsI1nQLriVrVUvJf7Wm5IMd5Kl2S51yRv6cvSeWrFd/av3YSFkSxpgFZ2vZjjnSI0hyRxyQlms8MwEQy83NEJlhiok3aJZOpvZrgOujWa3aj1mhfVps3WbpFcArOwAWwwRVogjvQAh1AwAS8gFfwBt/hJ/yC38vWAsxmTkCu4M8vmYSuGw==</latexit>

zQ
2

<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
<latexit sha1_base64="gArBYaqlr6PCW14oX8kEJrcT0VI=">AAACOnicbVC7TsMwFLXLq5RXCyOLRYXEVCUVKowVLIytRB9SGyrHcVqrdhLZDqJE/QVW+Bh+hJUNsfIBOG0G0nIlS8fn3Ot7fNyIM6Ut6wMWNja3tneKu6W9/YPDo3LluKvCWBLaISEPZd/FinIW0I5mmtN+JCkWLqc9d3qb6r1HKhULg3s9i6gj8DhgPiNYp9Rz+6E+KletmrUotA7sDFRBVq1RBaKhF5JY0EATjpUa2FaknQRLzQin89IwVjTCZIrHdGBggAVVTrIwO0fnhvGQH0pzAo0W7N+JBAulZsI1nQLriVrVUvJf7Wm5IMd5Kl2S51yRv6cvSeWrFd/av3YSFkSxpgFZ2vZjjnSI0hyRxyQlms8MwEQy83NEJlhiok3aJZOpvZrgOujWa3aj1mhfVps3WbpFcArOwAWwwRVogjvQAh1AwAS8gFfwBt/hJ/yC38vWAsxmTkCu4M8vmYSuGw==</latexit>

zQ
2

<latexit sha1_base64="+NotdODUCgdXQhqlT/011yPIH5U="></latexit>

0.01

<latexit sha1_base64="rS2YyZECix7ilY0zuuO81As30p8="></latexit>

0.0075

<latexit sha1_base64="k8UFoRqh+2eFHqUeczRs/6BGCFo="></latexit>

0.005

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="+NotdODUCgdXQhqlT/011yPIH5U="></latexit>

0.01

<latexit sha1_base64="rS2YyZECix7ilY0zuuO81As30p8="></latexit>

0.0075

<latexit sha1_base64="k8UFoRqh+2eFHqUeczRs/6BGCFo="></latexit>

0.005

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="GxGBmvJK2zcceyY9VmrHzp8NOuw="></latexit>

0.0025

<latexit sha1_base64="/k96vUdXXPgpsUuWQ3cOjz9pcGA="></latexit>

1

�tot

d�EEC

dzQ2

<latexit sha1_base64="/k96vUdXXPgpsUuWQ3cOjz9pcGA="></latexit>

1

�tot

d�EEC

dzQ2

FIG. 2. Leading logarithmic (top) and next-to-leading loga-
rithmic (bottom) predictions of EEC as a function of zQ2 in
the zQ2 ⇠ ⇤2

QCD region. Only the central curve (dashed) at
Q = mZ is fit, while rest of the curves are derived according
to the perturbative evolution from Eq. (15).

Instead, we apply Eq. (11) in reverse to provide deeper
physical insight into the dihadron FFs through the con-
finement transition exhibited by the EEC. In the flat
confining region this predicts that a weighted integral
(“sum-rule”) over the (di)hadron fragmentation function
predicts a remarkable free streaming behavior from the
cloud of hadrons produced via the confining fragmenta-
tion process. The analog in the OPE scaling region pre-
dicts that this weighted integral over the fragmentation
functions has a perturbatively calculable dependence on
zQ

2, which eventually transitions into the free streaming
hadrons as it becomes confined.

Using Eq. (16) we extract the quark and gluon jet
functions at µ0 = 10 GeV using Pythia simulations of
e
+
e
�

! �
⇤
/Z ! qq̄ and H ! gg with Q = mH =

91.2 GeV = mZ , by evolving Ji to µ = mZ and com-
bining it with the LO coe�cients Hi. We chose this µ0

since the transition begins at
p

zQ ⇠ 10GeV. In Fig. 2
(upper panel) we show the results from LL RG evolution
(using Runge-Kutta), where the dashed Q = mZ curve
is the starting input. We use Ji at µ = Q, Q/2, 2Q to ob-
tain an estimate for the perturbative uncertainties, and

observe that the evolution agrees with the general trend
seen also in MC, though the uncertainties are fairly large.
In Fig. 2 (lower panel), we repeat the exercise with NLO
Hi, and carrying out NLL RG evolution. We note a
dramatic reduction in the perturbative uncertainty, and
better agreement with Pythia at all Q values. This gives
a useful cross check on the validity of our results.

Recent work in Refs. [21, 22] have also explored the Q

dependence of d�EEC/dz in the z ⌧ 1 confinement transi-
tion region, but with TMD-factorization–inspired models
rather than first-principles QCD. In [21] d�EEC/dz was
modeled by the TMD distribution structure with a non-
perturbative Sudakov exponent, and the Q dependence
was predicted by Collins-Soper evolution within the Su-
dakov. In [22] they exploited collinear factorization, and
then TMD modeling for Ji with a (di↵erent) nonper-
turbative Sudakov factor in the confinement transition
region. They predicted the Q dependence by evolving
their jet function at LL accuracy according to Eq. (15),
and observed the same trend seen in our Fig. 2 (upper
panel). Our work puts such tests of the Q dependence of
the confinement transition on a firm theoretical footing.

Conclusions and Outlook. In this letter, we proved
the collinear factorization of EEC in the hadron tran-
sition region Q

2
z ⇠ ⇤2

QCD and determined its univer-
sal nonperturbative jet functions in terms of transverse-
momentum-sensitive dihadron fragmentation functions.
This enables predictions of the Q dependence through
RG evolution, and a QCD based interpretation of the
confinement transition. We also provide a factorization
of dihadron FFs for ⇤2

QCD ⌧ ~P
2
a? ⌧ Q

2 which is con-
sistent with the collinear factorization of the EEC in the
OPE region [11].

Our work provides exciting connections between the
fields of energy correlators and multi-hadron production,
providing a powerful tool for phenomenological applica-
tions. It is straightforward to generalize our results to
higher-point energy correlators [42, 47–50], and when
~P

2
a? ⇠ ⇤2

QCD we expect the nonperturbative dynam-
ics to be described by higher multiplicity transverse-
momentum-sensitive multi-hadron fragmentation func-
tions. These can also be measured with di↵erent quan-
tum numbers [39–41, 51–53], such as spin, charge, and
heavy-flavor number, and it would be interesting to track
how this a↵ects the nonperturbative confinement transi-
tion. It would also be interesting to calculate the EEC
jet function with chiral perturbation theory [54–56]. Fi-
nally, applying this formalism to probe jet [57–64] and
nuclear [65–67] substructures in the confinement transi-
tion region will be very interesting.
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Conclusions

• Two-point correlator: scaling of plateau, and boosted Z. 

• Tracks: superior angular resolution with precise theory. 

• Higher-point correlators: NNLL predictions, ratios with EEC 
have enhanced sensitive to . 

• Fast parametrization: arbitrary N, including analytic 
continuation. New probes of e.g. BFKL and QGP.
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FIG. 1. (a) E↵ective luminosity for the single-jet triggers as a function of the cumulative number of LBs, ordered in time.
Note that the Jet300 trigger used for our jet studies turns on after around 50 pb�1 has already been collected, but this is a
relatively small fraction of the total 2.3 fb�1 collected over the course of Run 2011A. The luminosity profile as a function of
date is shown in Fig. 18 of App. A. (b) E↵ective cross section for the single-jet triggers in each LB where the trigger fired. The
flatness of these curves indicates that the trigger behavior is roughly constant across the entire run, apart from moments where
the trigger criteria or prescale factors changed. The horizontal dashed lines correspond to the total e↵ective cross section for
that trigger from Table I.

samples with non-overlapping hard-scattering parton p̂T

ranges [67–81], totaling 13.4 TB. They are labeled by
CMS as QCD Pt-MINtoMAX TuneZ2 7TeV pythia6, where
p̂T 2 [MIN, MAX] GeV. These events are then simu-
lated and reconstructed using the CMS detector simu-
lation based on Geant 4 [83]. Throughout this paper,
we use “generation” to refer to the output of the parton
shower generator, and “simulation” to refer to the output
of the detector simulation.

Both the generation-level and simulation-level objects
are stored in AODSIM format by CMS, and we convert
them to our MOD format using MODProducer. Apart
from the generation-level event record from Pythia, the
AODSIM format is very similar to AOD. In particu-
lar, AODSIM includes reconstructed AK5 jets, simulated
trigger information, as well as the addition of pileup. We
store the simulated PFCs, the final-state particles in the
Pythia event record, and the 2 ! 2 hard-scattering
process for anticipated future studies related to parton
flavor. If an association between simulation-level and
generation-level jets is needed, jets are matched if their
jet axes are within �R = 0.5 of each other. To enable
future jet flavor studies, generation-level jets are also
matched to hard-process partons if they are less than
�R = 1.0 apart.

Because of the steep dependence of the QCD dijet cross
section on p̂T , the MC events have di↵erent weights,
though the weights for all events in a single MC sam-
ple are the same. Therefore, when filling histograms, we
have to weight each MC event by the generated cross
section �MC

e↵
divided by the number of events in the MC

sample, as given in Table II. As discussed in App. B,
we also weight the MC events according to the number
of primary vertices in order to match the distribution of
pileup seen in the data.

One subtlety in using the generation-level Pythia in-
formation is that there is a cuto↵ on the hadron life-
time above which they are considered stable. This cuto↵
is set to c ⌧stable = 10mm, which means that various
hadrons with non-zero strangeness are considered stable,
notably the K0

S meson. Typically, these strange hadrons
decay within the CMS detector volume and are often
reconstructed as if the decay products came from the
primary vertex. For example, K0

S ! ⇡+⇡� will typi-
cally be reconstructed as two pion-labeled PFCs. This
leads to a mismatch in observables like track multiplic-
ity unless we manually decay these strange hadrons. As
a workaround, we load the generation-level event record
into Pythia 8.235 [123] and adjust the hadron lifetime
threshold to c ⌧stable = 1000mm. Because the kinemat-
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<latexit sha1_base64="IdkO0ul8QCWoU2Dt5Iot+r5QZ4c=">AAACAnicdVDLSgMxFM34tr5GXYmbYBEEcci0trU70Y1LBauFvsiktzY0kxmSjFiG4sZfceNCEbd+hTv/xrRWUNEDFw7n3EtyThALrg0h787E5NT0zOzcfGZhcWl5xV1du9BRohhUWCQiVQ2oBsElVAw3AqqxAhoGAi6D3vHQv7wGpXkkz00/hkZIryTvcEaNlVruBjR3obmH6yayAzcm7dK2iqQetNws8Ug5X/BzmHh+ueznSpYU8mVCCtj3yAhZNMZpy32rtyOWhCANE1Trmk9i00ipMpwJGGTqiYaYsh69gpqlkoagG+kowgBvW6WNO5GyIw0eqd8vUhpq3Q8DuxlS09W/vaH4l1dLTOegkXIZJwYk+3yokwhs8w77wG2ugBnRt4Qyxe1fMetSRZmxrWVsCV9J8f/kIuf5Ra94tp89PBrXMYc20RbaQT4qoUN0gk5RBTF0i+7RI3py7pwH59l5+VydcMY36+gHnNcPMEOXXA==</latexit>

e+e� ! hadrons
<latexit sha1_base64="NM+aqvMD6E6MP89Af6A8cQZ/k6Q="></latexit>p
s = 91.2GeV

<latexit sha1_base64="AW7p/DnzSVZL7npEQUdiopCjqnw="></latexit>

hE(n1)E(n2)i

<latexit sha1_base64="5i8cSqLFN+InWlGW0ZwpFYDG7zg=">AAACA3icdVDJSgNBEO2JW4xb1JteGoPgaZgxMYm3oBePEbIISQg9nYpp0rPQXSOGIeDFX/HiQRGv/oQ3/8bOIqjog4LHe1VU1fMiKTQ6zoeVWlhcWl5Jr2bW1jc2t7LbOw0dxopDnYcyVFce0yBFAHUUKOEqUsB8T0LTG55P/OYNKC3CoIajCDo+uw5EX3CGRupm99oIt5hUQWGsvKlIawMI1WjczeYc2znNF0p56tjuablULhpyUsgXTsrUtZ0pcmSOajf73u6FPPYhQC6Z1i3XibCTMIWCSxhn2rGGiPEhu4aWoQHzQXeS6Q9jemiUHu2HylSAdKp+n0iYr/XI90ynz3Cgf3sT8S+vFWO/3ElEEMUIAZ8t6seSYkgngdCeUMBRjgxhXAlzK+UDphhHE1vGhPD1Kf2fNI5tt2gXLwu5ytk8jjTZJwfkiLikRCrkglRJnXByRx7IE3m27q1H68V6nbWmrPnMLvkB6+0TkFKYyw==</latexit>

Perturbation Theory

<latexit sha1_base64="QeCUsT6ij1pyrG9DhVkBg/wVrVI=">AAAB/HicdVBNS8NAEN34bf2KevSyWARPYVOtNjdRBA+CFawKbSib7aZduvlgdyKGUP+KFw+KePWHePPfuK0VVPTBwOO9GWbmBakUGgh5tyYmp6ZnZufmSwuLS8sr9urapU4yxXiDJTJR1wHVXIqYN0CA5Nep4jQKJL8K+kdD/+qGKy2S+ALylPsR7cYiFIyCkdr2egv4LRSnotsDRXN8Vj8etO0ycUjNq7geJo7reZVqzZDqjkcqBLsOGaGMxqi37bdWJ2FZxGNgkmrddEkKfkEVCCb5oNTKNE8p69Mubxoa04hrvxgdP8BbRungMFGmYsAj9ftEQSOt8ygwnRGFnv7tDcW/vGYGYc0vRJxmwGP2uSjMJIYED5PAHaE4A5kbQpkS5lbMelRRBiavkgnh61P8P7msOO6es3e+Wz44HMcxhzbQJtpGLtpHB+gE1VEDMZSje/SInqw768F6tl4+Wyes8cw6+gHr9QMx05Un</latexit>

Lightray OPE
<latexit sha1_base64="pzdv2ElPf9Atr1l8XrjXdBefxYc=">AAAB/3icdVBNSwMxEM36WetXVfDiJVgET0u2tWpvRRE8CFawttCWkk3TNjSbXZJZsaw9+Fe8eFDEq3/Dm//GtFZQ0QcDj/dmkpnnR1IYIOTdmZqemZ2bTy2kF5eWV1Yza+tXJow14xUWylDXfGq4FIpXQIDktUhzGviSV/3+8civXnNtRKguYRDxZkC7SnQEo2ClVmazAfwGkqqQJlT4zL6Cz8snw1YmS1xSzBe8HCauVyx6uQNLCvkiIQXsuWSMLJqg3Mq8NdohiwOugElqTN0jETQTqkEwyYfpRmx4RFmfdnndUkUDbprJeP8h3rFKG3dCbUsBHqvfJxIaGDMIfNsZUOiZ395I/Murx9A5bCZCRTFwxT4/6sQSQ4hHYeC20JyBHFhCmRZ2V8x6VFMGNrK0DeHrUvw/ucq53r67f7GXLR1N4kihLbSNdpGHDlAJnaIyqiCGbtE9ekRPzp3z4Dw7L5+tU85kZgP9gPP6Afr4lho=</latexit>

Wilson Line OPE

<latexit sha1_base64="Ny1567stD7yrTAOWE9KWMFAVGtE=">AAAB/3icdVDLSgNBEJyN7/iKCl68DAbB07JrYhJvoqAeFYwRkhBmJ51kcHZ2mekVw5qDv+LFgyJe/Q1v/o2TGEFFCxqKqm66u4JYCoOe9+5kJianpmdm57LzC4tLy7mV1QsTJZpDlUcy0pcBMyCFgioKlHAZa2BhIKEWXB0O/do1aCMidY79GJoh6yrREZyhlVq59QbCDaZHGoCesLaOFD1mZtDK5T3X2ysUywXquf5epVwpWbJbLBR3K9R3vRHyZIzTVu6t0Y54EoJCLpkxdd+LsZkyjYJLGGQbiYGY8SvWhbqlioVgmuno/gHdskqbdiJtSyEdqd8nUhYa0w8D2xky7Jnf3lD8y6sn2Kk0U6HiBEHxz0WdRFKM6DAM2hYaOMq+JYxrYW+lvMc042gjy9oQvj6l/5OLHdcvuaWzYn7/YBzHLNkgm2Sb+KRM9skJOSVVwsktuSeP5Mm5cx6cZ+flszXjjGfWyA84rx8zMpZC</latexit>

Free Hadron Gas

<latexit sha1_base64="Ny1567stD7yrTAOWE9KWMFAVGtE=">AAAB/3icdVDLSgNBEJyN7/iKCl68DAbB07JrYhJvoqAeFYwRkhBmJ51kcHZ2mekVw5qDv+LFgyJe/Q1v/o2TGEFFCxqKqm66u4JYCoOe9+5kJianpmdm57LzC4tLy7mV1QsTJZpDlUcy0pcBMyCFgioKlHAZa2BhIKEWXB0O/do1aCMidY79GJoh6yrREZyhlVq59QbCDaZHGoCesLaOFD1mZtDK5T3X2ysUywXquf5epVwpWbJbLBR3K9R3vRHyZIzTVu6t0Y54EoJCLpkxdd+LsZkyjYJLGGQbiYGY8SvWhbqlioVgmuno/gHdskqbdiJtSyEdqd8nUhYa0w8D2xky7Jnf3lD8y6sn2Kk0U6HiBEHxz0WdRFKM6DAM2hYaOMq+JYxrYW+lvMc042gjy9oQvj6l/5OLHdcvuaWzYn7/YBzHLNkgm2Sb+KRM9skJOSVVwsktuSeP5Mm5cx6cZ+flszXjjGfWyA84rx8zMpZC</latexit>

Free Hadron Gas

<latexit sha1_base64="PZW64dElM+paU/8NlgWj3FsppFE=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqTdNb0YvHCrYV2lA22027dpMNuxOhlP4HLx4U8er/8ea/cfshqOiDgcd7M8zMC1PBNTjOh5VbWV1b38hvFra2d3b3ivsHLS0zRVmTSiHVbUg0EzxhTeAg2G2qGIlDwdrh6HLmt++Z0lwmNzBOWRCTQcIjTgkYqdWFIQPSK5Yc26l43rmHHbtc885qviF+1fUrDnZtZ44SWqLRK753+5JmMUuACqJ1x3VSCCZEAaeCTQvdTLOU0BEZsI6hCYmZDibza6f4xCh9HEllKgE8V79PTEis9TgOTWdMYKh/ezPxL6+TQeQHE56kGbCELhZFmcAg8ex13OeKURBjQwhV3NyK6ZAoQsEEVDAhfH2K/yetsu16tnddKdUvlnHk0RE6RqfIRVVUR1eogZqIojv0gJ7QsyWtR+vFel205qzlzCH6AevtEyysj48=</latexit>

✓ <latexit sha1_base64="PZW64dElM+paU/8NlgWj3FsppFE=">AAAB7XicdVBNS8NAEN3Ur1q/qh69LBbBU0hqTdNb0YvHCrYV2lA22027dpMNuxOhlP4HLx4U8er/8ea/cfshqOiDgcd7M8zMC1PBNTjOh5VbWV1b38hvFra2d3b3ivsHLS0zRVmTSiHVbUg0EzxhTeAg2G2qGIlDwdrh6HLmt++Z0lwmNzBOWRCTQcIjTgkYqdWFIQPSK5Yc26l43rmHHbtc885qviF+1fUrDnZtZ44SWqLRK753+5JmMUuACqJ1x3VSCCZEAaeCTQvdTLOU0BEZsI6hCYmZDibza6f4xCh9HEllKgE8V79PTEis9TgOTWdMYKh/ezPxL6+TQeQHE56kGbCELhZFmcAg8ex13OeKURBjQwhV3NyK6ZAoQsEEVDAhfH2K/yetsu16tnddKdUvlnHk0RE6RqfIRVVUR1eogZqIojv0gJ7QsyWtR+vFel205qzlzCH6AevtEyysj48=</latexit>

✓

5

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="wpT8+rqjqZl/W6vOlcDh1bbqLeU="></latexit>

Using dihadron EEC jet

at LL accuracy

<latexit sha1_base64="vQoY/88beu8ppy6WGKxD16RK/QQ=">AAACO3icbVC7TsMwFHV4lvJqYWSxqJCYqgShwoJUwcLYSqStaKPKcZzWqu1EtoOoon4DK3wMH8LMhljZcdoMpOVKlo7Pudf3+Pgxo0rb9oe1tr6xubVd2inv7u0fHFaqRx0VJRITF0cskj0fKcKoIK6mmpFeLAniPiNdf3KX6d0nIhWNxIOexsTjaCRoSDHShnLbN3z4OKzU7Lo9L7gKnBzUQF6tYdWCgyDCCSdCY4aU6jt2rL0USU0xI7PyIFEkRniCRqRvoECcKC+du53BM8MEMIykOULDOft3IkVcqSn3TSdHeqyWtYz8V3teLChwgcqWFDmfF+/ZS1KFasm3Dq+9lIo40UTghe0wYVBHMAsSBlQSrNnUAIQlNT+HeIwkwtrEXTaZOssJroLORd1p1Bvty1rzNk+3BE7AKTgHDrgCTXAPWsAFGFDwAl7Bm/VufVpf1veidc3KZ45BoayfX2Htrn4=</latexit>

Q = mZ

<latexit sha1_base64="KCt4Uv77XgKdpl2pmMhbY9R8VBs=">AAACRHicbVDLTgIxFG3xhfgCXbppJCauyIwadGNCdKFLSOSRwEg6nQ40tDOTtmMkE/wOt/ox/oP/4M64NXaAhQPepMnpOff2nh434kxpy/qAuZXVtfWN/GZha3tnd69Y2m+pMJaENknIQ9lxsaKcBbSpmea0E0mKhctp2x3dpHr7kUrFwuBejyPqCDwImM8I1oZ6aFydWdZzT4rklrYm/WLZqljTQsvAnoMymFe9X4Ko54UkFjTQhGOlurYVaSfBUjPC6aTQixWNMBnhAe0aGGBBlZNMbU/QsWE85IfSnECjKft3IsFCqbFwTafAeqgWtZT8V3uaLchwnkqXZDlXZO/pS1L5asG39i+dhAVRrGlAZrb9mCMdojRR5DFJieZjAzCRzPwckSGWmGiTe8Fkai8muAxapxW7Wqk2zsu163m6eXAIjsAJsMEFqIE7UAdNQIAEL+AVvMF3+Am/4PesNQfnMwcgU/DnF325sfg=</latexit>

Q = 300 GeV
<latexit sha1_base64="tdTjDYzr3KUwPnUKVsOx2BNnDHk=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzIjUt0IRRe6bME+oB1KJpNpQ5PMkGTEMtQfcasf4yf4Fe7EpZl2Fk7rhcDJOffmnhwvYlRp2/60ChubW9s7xd3S3v7BYblSPeqqMJaYdHDIQtn3kCKMCtLRVDPSjyRB3GOk503vUr33RKSioXjUs4i4HI0FDShG2lCjSrl949i2/TKUPLkn3fmoUrPr9qLgOnAyUANZtUZVCw79EMecCI0ZUmrg2JF2EyQ1xYzMS8NYkQjhKRqTgYECcaLcZOF8Ds8M48MglOYIDRfs34kEcaVm3DOdHOmJWtVS8l/tebkgx/kqXZLnPJ6/py9JFagV3zq4dhMqolgTgZe2g5hBHcI0VOhTSbBmMwMQltT8HOIJkghrE33JZOqsJrgOuhd1p1FvtC9rzdss3SI4AafgHDjgCjTBA2iBDsAgBq/gDbxbH9aX9W39LFsLVjZzDHJVsH4BegCxYg==</latexit>

Q = 1000 GeV
<latexit sha1_base64="EwUv1WFsm5kK6LUmy9ySxQ04RIA=">AAACR3icbVDLSgMxFM3UV62Ptrp0EyyCqzKjUt0IRRe6bME+oB1KJpNpg0lmSDJiGeqPuNWP8RP8Cnfi0kw7C6f1QuDknHtzT44XMaq0bX9ahbX1jc2t4nZpZ3dvv1ypHnRVGEtMOjhkoex7SBFGBeloqhnpR5Ig7jHS8x5vU733RKSioXjQ04i4HI0FDShG2lCjSrl9fW7b9stQ8uSOdGejSs2u2/OCq8DJQA1k1RpVLTj0QxxzIjRmSKmBY0faTZDUFDMyKw1jRSKEH9GYDAwUiBPlJnPnM3hiGB8GoTRHaDhn/04kiCs15Z7p5EhP1LKWkv9qz4sFOc5X6ZI85/H8PX1JqkAt+dbBlZtQEcWaCLywHcQM6hCmoUKfSoI1mxqAsKTm5xBPkERYm+hLJlNnOcFV0D2rO416o31Ra95k6RbBETgGp8ABl6AJ7kELdAAGMXgFb+Dd+rC+rG/rZ9FasLKZQ5CrgvULfb6xZA==</latexit>

Q = 3000 GeV

<latexit sha1_base64="Q5Rf9hg5lDt0aOBn+AMfNaOFXHo=">AAACUHicbVFNSwMxEJ2t3/Wr6kXwEiyCXsquiHoUvXhUsCrYUrLZWRvMZpdkVixL/TVe9cd4859402xbwVYHQl7eTPJmXsJMSUu+/+FVpqZnZufmF6qLS8srq7W19Wub5kZgU6QqNbcht6ikxiZJUnibGeRJqPAmfDgr8zePaKxM9RX1Mmwn/F7LWApOjurUNluET1Tsplr1WMRtFyMWS9rrd2p1v+EPgv0FwQjUYRQXnTWPtaJU5AlqEopbexf4GbULbkgKhf1qK7eYcfHA7/HOQc0TtO1iMEKf7TjGKafGLU1swP6+UfDE2l4SusqEU9dO5kry39zTUGCMi2wpMs6Fyfi5fMnY2E70TfFxu5A6ywm1GLYd54pRykp3WSQNCiqtlFwY6SZnossNF+T+oOo8DSYd/Auu9xvBYePw8qB+cjpydx62YBt2IYAjOIFzuIAmCHiGF3iFN+/d+/S+Kt6w9GeHDRiLSvUbbBq00w==</latexit>

(only dashed fit)
<latexit sha1_base64="o3Qd7JrGZ+/ZMiVlHtrQjBLE0Kc="></latexit>

Using dihadron EEC jet

at NLL accuracy

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="4Weu++ExeZ9dKaTFRCf6nw8W5b8="></latexit>

e
+
e
�

<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
<latexit sha1_base64="gArBYaqlr6PCW14oX8kEJrcT0VI=">AAACOnicbVC7TsMwFLXLq5RXCyOLRYXEVCUVKowVLIytRB9SGyrHcVqrdhLZDqJE/QVW+Bh+hJUNsfIBOG0G0nIlS8fn3Ot7fNyIM6Ut6wMWNja3tneKu6W9/YPDo3LluKvCWBLaISEPZd/FinIW0I5mmtN+JCkWLqc9d3qb6r1HKhULg3s9i6gj8DhgPiNYp9Rz+6E+KletmrUotA7sDFRBVq1RBaKhF5JY0EATjpUa2FaknQRLzQin89IwVjTCZIrHdGBggAVVTrIwO0fnhvGQH0pzAo0W7N+JBAulZsI1nQLriVrVUvJf7Wm5IMd5Kl2S51yRv6cvSeWrFd/av3YSFkSxpgFZ2vZjjnSI0hyRxyQlms8MwEQy83NEJlhiok3aJZOpvZrgOujWa3aj1mhfVps3WbpFcArOwAWwwRVogjvQAh1AwAS8gFfwBt/hJ/yC38vWAsxmTkCu4M8vmYSuGw==</latexit>

zQ
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<latexit sha1_base64="NxOVi/bAxUsLdOP0v5dG9PpjiIg="></latexit>

(GeV2)
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FIG. 2. Leading logarithmic (top) and next-to-leading loga-
rithmic (bottom) predictions of EEC as a function of zQ2 in
the zQ2 ⇠ ⇤2

QCD region. Only the central curve (dashed) at
Q = mZ is fit, while rest of the curves are derived according
to the perturbative evolution from Eq. (15).

Instead, we apply Eq. (11) in reverse to provide deeper
physical insight into the dihadron FFs through the con-
finement transition exhibited by the EEC. In the flat
confining region this predicts that a weighted integral
(“sum-rule”) over the (di)hadron fragmentation function
predicts a remarkable free streaming behavior from the
cloud of hadrons produced via the confining fragmenta-
tion process. The analog in the OPE scaling region pre-
dicts that this weighted integral over the fragmentation
functions has a perturbatively calculable dependence on
zQ

2, which eventually transitions into the free streaming
hadrons as it becomes confined.

Using Eq. (16) we extract the quark and gluon jet
functions at µ0 = 10 GeV using Pythia simulations of
e
+
e
�

! �
⇤
/Z ! qq̄ and H ! gg with Q = mH =

91.2 GeV = mZ , by evolving Ji to µ = mZ and com-
bining it with the LO coe�cients Hi. We chose this µ0

since the transition begins at
p

zQ ⇠ 10GeV. In Fig. 2
(upper panel) we show the results from LL RG evolution
(using Runge-Kutta), where the dashed Q = mZ curve
is the starting input. We use Ji at µ = Q, Q/2, 2Q to ob-
tain an estimate for the perturbative uncertainties, and

observe that the evolution agrees with the general trend
seen also in MC, though the uncertainties are fairly large.
In Fig. 2 (lower panel), we repeat the exercise with NLO
Hi, and carrying out NLL RG evolution. We note a
dramatic reduction in the perturbative uncertainty, and
better agreement with Pythia at all Q values. This gives
a useful cross check on the validity of our results.

Recent work in Refs. [21, 22] have also explored the Q

dependence of d�EEC/dz in the z ⌧ 1 confinement transi-
tion region, but with TMD-factorization–inspired models
rather than first-principles QCD. In [21] d�EEC/dz was
modeled by the TMD distribution structure with a non-
perturbative Sudakov exponent, and the Q dependence
was predicted by Collins-Soper evolution within the Su-
dakov. In [22] they exploited collinear factorization, and
then TMD modeling for Ji with a (di↵erent) nonper-
turbative Sudakov factor in the confinement transition
region. They predicted the Q dependence by evolving
their jet function at LL accuracy according to Eq. (15),
and observed the same trend seen in our Fig. 2 (upper
panel). Our work puts such tests of the Q dependence of
the confinement transition on a firm theoretical footing.

Conclusions and Outlook. In this letter, we proved
the collinear factorization of EEC in the hadron tran-
sition region Q

2
z ⇠ ⇤2

QCD and determined its univer-
sal nonperturbative jet functions in terms of transverse-
momentum-sensitive dihadron fragmentation functions.
This enables predictions of the Q dependence through
RG evolution, and a QCD based interpretation of the
confinement transition. We also provide a factorization
of dihadron FFs for ⇤2

QCD ⌧ ~P
2
a? ⌧ Q

2 which is con-
sistent with the collinear factorization of the EEC in the
OPE region [11].

Our work provides exciting connections between the
fields of energy correlators and multi-hadron production,
providing a powerful tool for phenomenological applica-
tions. It is straightforward to generalize our results to
higher-point energy correlators [42, 47–50], and when
~P

2
a? ⇠ ⇤2

QCD we expect the nonperturbative dynam-
ics to be described by higher multiplicity transverse-
momentum-sensitive multi-hadron fragmentation func-
tions. These can also be measured with di↵erent quan-
tum numbers [39–41, 51–53], such as spin, charge, and
heavy-flavor number, and it would be interesting to track
how this a↵ects the nonperturbative confinement transi-
tion. It would also be interesting to calculate the EEC
jet function with chiral perturbation theory [54–56]. Fi-
nally, applying this formalism to probe jet [57–64] and
nuclear [65–67] substructures in the confinement transi-
tion region will be very interesting.
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• Challenge:  from event shapes correlated with leading 
nonperturbative parameter . 

• Potential solution: combine collinear and back-to-back region.
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