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ENERGY CORRELATORS
In many fields, correlation functions are considered to be fundamental objects which encode the 
dynamics of the underlying theory.

<latexit sha1_base64="Z+Sx7hz4hnZLYwlJwXiGxVq5nOU=">AAACJ3icbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDP8KtfoFf40506Z+YaWdhWw8EDufcyz05QcKZNq77DUsbm1vbO+VdZ2//4PCoUj3u6DhVhLZJzGPVC7CmnEnaNsxw2ksUxSLgtBtM7nK/+0SVZrF8NNOE+gKPJIsYwcZK3YFmAnnusFJz6+4caJ14BamBAq1hFTqDMCapoNIQjrXue25i/AwrwwinM2eQappgMsEj2rdUYkG1n83zztC5VUIUxco+adBc/buRYaH1VAR2UmAz1qteLv7rPS8OLGmhzo8sa4FYSWiiGz9jMkkNlWQRMEo5MjHKS0MhU5QYPrUEE8XsHxEZY4WJsdU6tj1vtat10rmse1f1xkOj1rwteiyDU3AGLoAHrkET3IMWaAMCJuAFvII3+A4/4Cf8WoyWYLFzApYAf34BwIClnw==</latexit>⇠ 10meters, and observed at meters away)

Much like cosmology, we observe asymptotic energy flux at the detectors that are placed  
at cosmic scale away from where the events originated.

<latexit sha1_base64="kB/w1opbjAYy6MSBa8V5bVkt1iI="></latexit>

E(n̂1)

<latexit sha1_base64="URj7EFNIiNr13bx75N7eDct6Ips="></latexit>

E(n̂2)

<latexit sha1_base64="2HGCRa9p1beO6XMVDR4oLi6UKCs="></latexit>

hE(n̂1)E(n̂2)i

(Collision events happen at
orders in distance!

<latexit sha1_base64="JT2NtfMxTRIvOLl3B9H2K/ykoKE="></latexit>

�x ⇠ ~
10TeV

⇠ 2⇥ 10�20

<latexit sha1_base64="jgNW3+EGFh/16XjiCxIrlVyu74I=">AAACOnicbVDLTsJAFJ36RHyBbkzcNBITV6QlRF0S3bjERB4JVDKdXmDC9JGZWwNp6te41S/wR9y6M279AAfoQsCTTHJy7uPcOW4kuELL+jDW1jc2t7ZzO/ndvf2Dw0LxqKnCWDJosFCEsu1SBYIH0ECOAtqRBOq7Alru6HZabz2BVDwMHnASgePTQcD7nFHUUq9w0kUY42xPIsFLE9t6TCp2mvYKJatszWCuEjsjJZKh3isa+a4XstiHAJmgSnVsK0InoRI5E5Dmu7GCiLIRHUBH04D6oJxkZp2a51rxzH4o9QvQnKl/JxLqKzXxXd3pUxyq5dpU/Lc2nhssaJ6amixqrr90IfavnYQHUYwQsPmB/ViYGJrTHE2PS2AoJppQJrn+o8mGVFKGOu28Ts9ezmqVNCtl+7Jcva+WajdZjjlySs7IBbHJFamRO1InDcLIM3khr+TNeDc+jS/je966ZmQzx2QBxs8v9GCt2Q==</latexit>

1021

<latexit sha1_base64="O4MmLLzTyAUWxheMedSbSG6Mato=">AAACLnicbVDLSgMxFE3qq46vVpdugkWomzIjRV0W3bizgn1AO5ZMJtOGJjNDkhHL0P9wq1/g1wguxK2fYaadhW09EDiccy/35HgxZ0rb9icsrK1vbG4Vt62d3b39g1L5sK2iRBLaIhGPZNfDinIW0pZmmtNuLCkWHqcdb3yT+Z0nKhWLwgc9iakr8DBkASNYG+mxL7AeEczTu2nVORuUKnbNngGtEicnFZCjOShDq+9HJBE01IRjpXqOHWs3xVIzwunU6ieKxpiM8ZD2DA2xoMpNZ7Gn6NQoPgoiaV6o0Uz9u5FiodREeGYyi6mWvUz813ueH1jQfJUdWdQ8sZRQB1duysI40TQk84BBwpGOUNYd8pmkRPOJIZhIZv6IyAhLTLRp2DLtOctdrZL2ec25qNXv65XGdd5jERyDE1AFDrgEDXALmqAFCJDgBbyCN/gOP+AX/J6PFmC+cwQWAH9+AdSaqL4=</latexit>

O(1)
<latexit sha1_base64="Jypw1pwDi57rnjyufvoqXiZ/4vA=">AAACNnicbVC7TsMwFLV5lvBqgY0lokIqS5Wg8hgrWNgoEn1Ibagcx2mtOk5kO4gS5V9Y4Qv4FRY2xMon4LQZaMuRLB2dc6/u8XEjRqWyrA+4tLyyurZe2DA2t7Z3doulvZYMY4FJE4csFB0XScIoJ01FFSOdSBAUuIy03dF15rcfiZA05PdqHBEnQANOfYqR0lK/eNALkBpixJLbtGJbD4l9lp70i2Wrak1gLhI7J2WQo9EvQaPnhTgOCFeYISm7thUpJ0FCUcxIavRiSSKER2hAuppyFBDpJJP4qXmsFc/0Q6EfV+ZE/buRoEDKceDqySysnPcy8V/vaXpgRvNkdmRWc4O5hMq/dBLKo1gRjqcB/ZiZKjSzDk2PCoIVG2uCsKD6jyYeIoGw0k0buj17vqtF0jqt2ufV2l2tXL/KeyyAQ3AEKsAGF6AObkADNAEGz+AFvII3+A4/4Rf8no4uwXxnH8wA/vwCriCrFw==</latexit>

O(1015)
<latexit sha1_base64="l0R6FbM26XY7ey9So0v1r3bIIs4=">AAACNnicbVC7TsMwFHV4lvBqgY3FokIqS5VUFTBWsLBRJPqQ2lA5jtNadZzIdhAlyr+wwhfwKyxsiJVPwGkz0JYjWTo6517d4+NGjEplWR/Gyura+sZmYcvc3tnd2y+WDtoyjAUmLRyyUHRdJAmjnLQUVYx0I0FQ4DLSccfXmd95JELSkN+rSUScAA059SlGSkuD4lE/QGqEEUtu04ptPSQ1Oz0bFMtW1ZoCLhM7J2WQozkoGWbfC3EcEK4wQ1L2bCtSToKEopiR1OzHkkQIj9GQ9DTlKCDSSabxU3iqFQ/6odCPKzhV/24kKJByErh6MgsrF71M/Nd7mh2Y0zyZHZnX3GAhofIvnYTyKFaE41lAP2ZQhTDrEHpUEKzYRBOEBdV/hHiEBMJKN23q9uzFrpZJu1a1z6v1u3q5cZX3WADH4ARUgA0uQAPcgCZoAQyewQt4BW/Gu/FpfBnfs9EVI985BHMwfn4BqOSrFA==</latexit>

O(1021)meters meters meters
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In many fields, correlation functions are considered to be fundamental objects which encode the 
dynamics of the underlying theory.

Much like cosmology, we observe asymptotic energy flux at the detectors that are placed  
at cosmic scale away from where the events originated.

<latexit sha1_base64="kB/w1opbjAYy6MSBa8V5bVkt1iI="></latexit>

E(n̂1)

<latexit sha1_base64="URj7EFNIiNr13bx75N7eDct6Ips="></latexit>

E(n̂2)

<latexit sha1_base64="2HGCRa9p1beO6XMVDR4oLi6UKCs="></latexit>

hE(n̂1)E(n̂2)i

<latexit sha1_base64="BOVr4Ak+rFOvRzZrU5YJ3mWU/Ug=">AAACdXicbVFNaxsxEJW3X6n75bbHEBjqtrhQnN0Qml4KISXQYwJxEsjai1bW2iKSdpFmkxqhv5h7/kdpTy2V7 Q00TgcEjzdvRjNv8koKi3F83Yru3X/w8NHa4/aTp8+ev+i8fHVsy9owPmClLM1pTi2XQvMBCpT8tDKcqlzyk/z86zx/csGNFaU+wlnFh4pOtCgEoxiorDNNFcUpo9Lt+156wZnT/sOXVGjMXOxHLqACZx7GgJBKoSBzBlIjJlOkxpSXcCMwI7flQY+c8EehFITv4UcI2qZn1unG/XgRcBckDeiSJg6yzs90XLJacY1MUmvPkrjCoaMGBZPct9Pa8oqyczrhZwFqqrgduoUjHt4FZgxFacLTCAv23wpHlbUzlQflfH+7mpuT/819X35wi8vVyjRYfB46oasauWbLYYpaApYwPwGMheEM5SwAyowI+wCbUkMZhkO1g1HJqi13wfFWP/nU3z7c7u7uNZatkXXyhvRIQnbILvlGDsiAMHJFfpDf5E/rV7QRvY3eL6VRq6l5TW5FtPkXPO/Clw==</latexit>

E(~n) =
Z 1

0
dt lim

r!1
r2niT0i(t, r~n)

<latexit sha1_base64="Rn0WhyrUeuHwpyjLZBJixlUmmGI=">AAACIXicbVDLSgMxFM34rPU1PnZugkWomzIjRV0WRXBZwT6gM5RMmmlDk8yQZMQ69F8EV/on7sSd+B+uzbSzsK0HAodz7uWenCBmVGnH+bKWlldW19YLG8XNre2dXXtvv6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLzO/NYDkYpG4l6PYuJz1Bc0pBhpI3XtQ48jPcCIpTfjsjdAOhXj065dcirOBHCRuDkpgRz1rv3j9SKccCI0ZkipjuvE2k+R1BQzMi56iSIxwkPUJx1DBeJE+ekk/RieGKUHw0iaJzScqH83UsSVGvHATGZZ1byXif96j9MDM1rA59Lo8NJPqYgTTQSehgkTBnUEs7pgj0qCNRsZgrCk5j8QD5BEWJtSi6Yod76WRdI8q7jnlepdtVS7yisrgCNwDMrABRegBm5BHTQABk/gGbyCN+vFerc+rM/p6JKV7xyAGVjfv4SopGs=</latexit>

E(n̂)
<latexit sha1_base64="bhm7SkpGgZa8bWiLz/xwdnK2Mls=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBF0U2akqMuiG5cV7APaoWTStA3NZIbkjliG/oTgSv/Enbj1A/wR16btLGzrgcDhnHu5JyeIpTDout/Oyura+sZmbiu/vbO7t184OKybKNGM11gkI90MqOFSKF5DgZI3Y81pGEjeCIa3E7/xyLURkXrAUcz9kPaV6AlG0UrN9oBiqsbnnULRLblTkGXiZaQIGaqdwk+7G7Ek5AqZpMa0PDdGP6UaBZN8nG8nhseUDWmftyxVNOTGT6d5x+TUKl3Si7R9CslU/buR0tCYURjYyZDiwCx6E/Ff72l2YE4LwoU02Lv2U6HiBLliszC9RBKMyKQg0hWaM5QjSyjTwv6HsAHVlKGtMW+L8hZrWSb1i5J3WSrfl4uVm6yyHBzDCZyBB1dQgTuoQg0YSHiGV3hzXpx358P5nI2uONnOEczB+foFadSfJw==</latexit>

n̂)

Basham, Brown, Ellis, Love, `78-79
Sveshnikov, Tkachov, `95

Korchemsky, Sterman, `01

Energy Flow Operators  ( Light Ray Operators )

<latexit sha1_base64="6XxWEUvYmCa3j4Rxs3XWTTS7Sh0="></latexit>

E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

ENERGY CORRELATORS
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Indeed, energy-energy correlators are one of the very first studied event shape (or correlations) 
observables in QCD

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>

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

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

d�

dz
⇠ h |E (n̂1) E (n̂2)| i

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

d�

d✓

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

� (✓ � ✓ij)
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

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

10 1
0
yr

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

10 5
yr

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

10 �
3
2
s?

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

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

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

10 1
0
yr

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

10 5
yr

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

10 �
3
2
s?

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

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

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

Hofman, Maldacena, `08

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

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

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

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

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

JET SUBSTRUCTURE AS CORRELATION FUNCTIONS

Field theory often predicts universal scaling as operators approach 
each other

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

O(x)O(0) =
X

x�iciOi

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

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

…

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

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

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

Rethinking Jets with Energy Correlators

p

p

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

2019/2020

0.01 0.02 0.05 0.10 0.20 0.50

1.0

1.5

2.0

2.5

3.0

2022

Open data analyses and QCD Factorization

2023

Real Data analyses  
at the LHC

ALI-PREL-539525

ALI-PREL-539525

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

ALICE `23

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

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

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

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

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

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)
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ENERGY CORRELATORS MAPPING HIGH ENERGY COLLIDER EVENTS 
Pr

im
ord

ial
 flu

ctu
ati

on
s

W
ha

t c
osm

ic 
his

tor
y g

av
e r

ise
 to

 pr
im

ord
ial

 flu
ctu

ati
on

s?

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

10
10

yr

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

10
5
yr

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

10
�
32

s?

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

~kh?,s

~na
~nb

xipa xjpb

~kh?,i ~kh?,j

n̄a · pa = Q

n̄b · pb = Q

⇡�✓ij
2 ⇡ 1

Q

����
~kh
?,i

xi
+

~kh
?,j

xj
� ~kh?,s

����

General angle region Back-to-back regionCollinear limit
<latexit sha1_base64="IyaFioYAvAjMW/BPNTlOCF1Ksbs=">AAACLHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gGdoWQymTY0yQxJRixDf8OtfoFf40bErd9hpp2FbT0QOJxzL/fkBAln2jjOJyxtbG5t75R3K3v7B4dH1dpxV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gcpf7vSeqNIvlo5km1Bd4JFnECDZW8jwyZsgzMfISNqzWnYYzB1onbkHqoEB7WIMVL4xJKqg0hGOtB66TGD/DyjDC6azipZommEzwiA4slVhQ7Wfz0DN0bpUQRbGyTxo0V/9uZFhoPRWBnRTYjPWql4v/es+LA0taqPMjy1ogVhKa6MbPmExSQyVZBIxSjmw7eXMoZIoSw6eWYKKY/SMiY6wwMbbfim3PXe1qnXQvG+5Vo/nQrLduix7L4BScgQvggmvQAvegDTqAgAS8gFfwBt/hB/yC34vREix2TsAS4M8vOGGn7w==</latexit>

� ! ⇡
<latexit sha1_base64="ueJMYoF/CDv3owVW5b9KG52p4uk=">AAACKnicbVDLSgMxFE3qq46vVpdugkVwVWZE1GXRjcsK9oGdoWQymTY0yQxJRixD/8KtfoFf46649UNM21nY1gOBwzn3ck9OmHKmjetOYWljc2t7p7zr7O0fHB5VqsdtnWSK0BZJeKK6IdaUM0lbhhlOu6miWIScdsLR/czvvFClWSKfzDilgcADyWJGsLHSs0+GDPkmQW6/UnPr7hxonXgFqYECzX4VOn6UkExQaQjHWvc8NzVBjpVhhNOJ42eappiM8ID2LJVYUB3k88gTdG6VCMWJsk8aNFf/buRYaD0WoZ0U2Az1qjcT//VeFweWtEjPjixroVhJaOLbIGcyzQyVZBEwzjiy3cx6QxFTlBg+tgQTxewfERlihYmx7Tq2PW+1q3XSvqx71/Wrx6ta467osQxOwRm4AB64AQ3wAJqgBQiQ4A28gw/4Cb/gFH4vRkuw2DkBS4A/vyDsptY=</latexit>

� ! 0

<latexit sha1_base64="BOVr4Ak+rFOvRzZrU5YJ3mWU/Ug="></latexit>

E(~n) =
Z 1

0
dt lim

r!1
r2niT0i(t, r~n)

<latexit sha1_base64="Rn0WhyrUeuHwpyjLZBJixlUmmGI=">AAACIXicbVDLSgMxFM34rPU1PnZugkWomzIjRV0WRXBZwT6gM5RMmmlDk8yQZMQ69F8EV/on7sSd+B+uzbSzsK0HAodz7uWenCBmVGnH+bKWlldW19YLG8XNre2dXXtvv6miRGLSwBGLZDtAijAqSENTzUg7lgTxgJFWMLzO/NYDkYpG4l6PYuJz1Bc0pBhpI3XtQ48jPcCIpTfjsjdAOhXj065dcirOBHCRuDkpgRz1rv3j9SKccCI0ZkipjuvE2k+R1BQzMi56iSIxwkPUJx1DBeJE+ekk/RieGKUHw0iaJzScqH83UsSVGvHATGZZ1byXif96j9MDM1rA59Lo8NJPqYgTTQSehgkTBnUEs7pgj0qCNRsZgrCk5j8QD5BEWJtSi6Yod76WRdI8q7jnlepdtVS7yisrgCNwDMrABRegBm5BHTQABk/gGbyCN+vFerc+rM/p6JKV7xyAGVjfv4SopGs=</latexit>

E(n̂)
<latexit sha1_base64="bhm7SkpGgZa8bWiLz/xwdnK2Mls=">AAACE3icbVDLSgMxFL3js9ZX1aWbYBF0U2akqMuiG5cV7APaoWTStA3NZIbkjliG/oTgSv/Enbj1A/wR16btLGzrgcDhnHu5JyeIpTDout/Oyura+sZmbiu/vbO7t184OKybKNGM11gkI90MqOFSKF5DgZI3Y81pGEjeCIa3E7/xyLURkXrAUcz9kPaV6AlG0UrN9oBiqsbnnULRLblTkGXiZaQIGaqdwk+7G7Ek5AqZpMa0PDdGP6UaBZN8nG8nhseUDWmftyxVNOTGT6d5x+TUKl3Si7R9CslU/buR0tCYURjYyZDiwCx6E/Ff72l2YE4LwoU02Lv2U6HiBLliszC9RBKMyKQg0hWaM5QjSyjTwv6HsAHVlKGtMW+L8hZrWSb1i5J3WSrfl4uVm6yyHBzDCZyBB1dQgTuoQg0YSHiGV3hzXpx358P5nI2uONnOEczB+foFadSfJw==</latexit>

n̂)
<latexit sha1_base64="jYTQL9t25G3vg2IaCYvvOl5rD8g=">AAACIHicbVBNS8NAFNzUr1q/oj16CRbBU0mkqMeiFw8eKthWaEPZbDfp0s1u2H1RQ+lvETzpP/EmHvWHeHbb5mBbBxaGmfd4sxMknGlw3S+rsLK6tr5R3Cxtbe/s7tn7By0tU0Vok0gu1X2ANeVM0CYw4PQ+URTHAaftYHg18dsPVGkmxR1kCfVjHAkWMoLBSD273L2RIuI0BMWiAWCl5GPPrrhVdwpnmXg5qaAcjZ790+1LksZUAOFY647nJuCPsAJGOB2XuqmmCSZDHNGOoQLHVPujafixc2yUvhNKZZ4AZ6r+3RjhWOssDsxkjGGgF72J+K/3NDswpwXxQhoIL/wRE0kKVJBZmDDlDkhn0pbTZ4oS4JkhmChm/uOQAVaYgOm0ZIryFmtZJq3TqndWrd3WKvXLvLIiOkRH6AR56BzV0TVqoCYiKEPP6BW9WS/Wu/Vhfc5GC1a+U0ZzsL5/AYlKpH4=</latexit>()



Kyle Lee

~kh?,s

~na
~nb

xipa xjpb

~kh?,i ~kh?,j

n̄a · pa = Q

n̄b · pb = Q

⇡�✓ij
2 ⇡ 1

Q

����
~kh
?,i

xi
+

~kh
?,j

xj
� ~kh?,s

����

General angle region Back-to-back regionCollinear limit
<latexit sha1_base64="IyaFioYAvAjMW/BPNTlOCF1Ksbs=">AAACLHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gGdoWQymTY0yQxJRixDf8OtfoFf40bErd9hpp2FbT0QOJxzL/fkBAln2jjOJyxtbG5t75R3K3v7B4dH1dpxV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gcpf7vSeqNIvlo5km1Bd4JFnECDZW8jwyZsgzMfISNqzWnYYzB1onbkHqoEB7WIMVL4xJKqg0hGOtB66TGD/DyjDC6azipZommEzwiA4slVhQ7Wfz0DN0bpUQRbGyTxo0V/9uZFhoPRWBnRTYjPWql4v/es+LA0taqPMjy1ogVhKa6MbPmExSQyVZBIxSjmw7eXMoZIoSw6eWYKKY/SMiY6wwMbbfim3PXe1qnXQvG+5Vo/nQrLduix7L4BScgQvggmvQAvegDTqAgAS8gFfwBt/hB/yC34vREix2TsAS4M8vOGGn7w==</latexit>

� ! ⇡
<latexit sha1_base64="ueJMYoF/CDv3owVW5b9KG52p4uk=">AAACKnicbVDLSgMxFE3qq46vVpdugkVwVWZE1GXRjcsK9oGdoWQymTY0yQxJRixD/8KtfoFf46649UNM21nY1gOBwzn3ck9OmHKmjetOYWljc2t7p7zr7O0fHB5VqsdtnWSK0BZJeKK6IdaUM0lbhhlOu6miWIScdsLR/czvvFClWSKfzDilgcADyWJGsLHSs0+GDPkmQW6/UnPr7hxonXgFqYECzX4VOn6UkExQaQjHWvc8NzVBjpVhhNOJ42eappiM8ID2LJVYUB3k88gTdG6VCMWJsk8aNFf/buRYaD0WoZ0U2Az1qjcT//VeFweWtEjPjixroVhJaOLbIGcyzQyVZBEwzjiy3cx6QxFTlBg+tgQTxewfERlihYmx7Tq2PW+1q3XSvqx71/Wrx6ta467osQxOwRm4AB64AQ3wAJqgBQiQ4A28gw/4Cb/gFH4vRkuw2DkBS4A/vyDsptY=</latexit>

� ! 0

Dixon, Moult, Zhu, `19

<latexit sha1_base64="RZMm4U7WHHkbWPbQ6Sp4dMIgj3Y=">AAACH3icbVBLSwMxGMzWV62vtR69BIsgCGVXinosevFQagX7gHYp2TRtQ5PskmSlZelfETzpP/EmXvtHPJtt92BbBxKGme8jk/FDRpV2nJmV2djc2t7J7ub29g8Oj+zjfEMFkcSkjgMWyJaPFGFUkLqmmpFWKAniPiNNf3Sf+M0XIhUNxLOehMTjaCBon2KkjdS18x2O9FDyuFqtPF6aqzLt2gWn6MwB14mbkgJIUevaP51egCNOhMYMKdV2nVB7MZKaYkamuU6kSIjwCA1I21CBOFFePM8+hedG6cF+IM0RGs7Vvxsx4kpNuG8mk6Rq1UvEf73x4oElzecraXT/1oupCCNNBF6E6UcM6gAmZcEelQRrNjEEYUnNfyAeIomwNpXmTFHuai3rpHFVdK+LpadSoXyXVpYFp+AMXAAX3IAyeAA1UAcYjMEreAcf1pv1aX1Z34vRjJXunIAlWLNf/K+jBw==</latexit>

NNLO+NNLL

<latexit sha1_base64="VOVMXQuiXp6Sq8qJESbKeIoIuWI=">AAACIXicbVDLSgMxFM34rPU1PnZuBosgCGVGi7osunFRagX7gHZaMmmmDU0yQ5IR69B/EVzpn7gTd+J/uDbTzsK2HggczrmXe3K8kBKpbPvLWFhcWl5Zzaxl1zc2t7bNnd2aDCKBcBUFNBAND0pMCcdVRRTFjVBgyDyK697gOvHrD1hIEvB7NQyxy2CPE58gqLTUMfdbDKq+YHG5fVa6PSm3C6XSqGPm7Lw9hjVPnJTkQIpKx/xpdQMUMcwVolDKpmOHyo2hUARRPMq2IolDiAawh5uacsiwdONx+pF1pJWu5QdCP66ssfp3I4ZMyiHz9GSSVc56ifiv9zg5MKV5bCaN8i/dmPAwUpijSRg/opYKrKQuq0sERooONYFIEP0fC/WhgEjpUrO6KGe2lnlSO8075/nCXSFXvEory4ADcAiOgQMuQBHcgAqoAgSewDN4BW/Gi/FufBifk9EFI93ZA1Mwvn8BM5qjog==</latexit>

N
3
LO +N

4
LL

Duhr, Mistlberger, Vita, `22

Dixon, Luo, Shtabovenko, Yang, Zhu, `18

Henn, Sokatchev, Yan, Zhiboedov, `19

ENERGY CORRELATORS MAPPING HIGH ENERGY COLLIDER EVENTS 
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<latexit sha1_base64="hWNtdfmRf+7BtaK/tCf6Elnz+kQ="></latexit>

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

Up-type Jet
<latexit sha1_base64="5C/iP7bL0QeOdD+V/7TxAR1I0eY=">AAACNnicbVDLTgJBEJz1ifgC9eZlIzHxItk1RD0S9WA8YSKPBAiZHRqYMDu7melVcMO/eNUv8Fe8eDNe/QQH2IOAlUxSqepO15QXCq7RcT6speWV1bX11EZ6c2t7ZzeT3avoIFIMyiwQgap5VIPgEsrIUUAtVEB9T0DV61+P/eojKM0D+YDDEJo+7Ure4YyikVqZgwbCAOOb4Emejn37DnDUyuScvDOBvUjchORIglIra6Ub7YBFPkhkgmpdd50QmzFVyJmAUboRaQgp69Mu1A2V1AfdjCfxR/axUdp2J1DmSbQn6t+NmPpaD33PTPoUe3reG4v/eoPpgRmtrcdHZjXPn0uInctmzGUYIUg2DdiJhI2BPemozRUwFENDKFPc/NFmPaooQ9N02rTnzne1SCpnefc8X7gv5IpXSY8pckiOyAlxyQUpkltSImXCyDN5Ia/kzXq3Pq0v63s6umQlO/tkBtbPL2JyrA8=</latexit>

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

Gluon Jets

<latexit sha1_base64="I+zPhUukU28FoADlWdIOHw3zSFY="></latexit>

hEQEQEQi
hEtrEtrEtri

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

NLL accuracy

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

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

10
10

yr

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

10
5
yr

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

10
�
32

s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>
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General angle region Back-to-back regionCollinear limit
<latexit sha1_base64="IyaFioYAvAjMW/BPNTlOCF1Ksbs=">AAACLHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gGdoWQymTY0yQxJRixDf8OtfoFf40bErd9hpp2FbT0QOJxzL/fkBAln2jjOJyxtbG5t75R3K3v7B4dH1dpxV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gcpf7vSeqNIvlo5km1Bd4JFnECDZW8jwyZsgzMfISNqzWnYYzB1onbkHqoEB7WIMVL4xJKqg0hGOtB66TGD/DyjDC6azipZommEzwiA4slVhQ7Wfz0DN0bpUQRbGyTxo0V/9uZFhoPRWBnRTYjPWql4v/es+LA0taqPMjy1ogVhKa6MbPmExSQyVZBIxSjmw7eXMoZIoSw6eWYKKY/SMiY6wwMbbfim3PXe1qnXQvG+5Vo/nQrLduix7L4BScgQvggmvQAvegDTqAgAS8gFfwBt/hB/yC34vREix2TsAS4M8vOGGn7w==</latexit>

� ! ⇡
<latexit sha1_base64="ueJMYoF/CDv3owVW5b9KG52p4uk=">AAACKnicbVDLSgMxFE3qq46vVpdugkVwVWZE1GXRjcsK9oGdoWQymTY0yQxJRixD/8KtfoFf46649UNM21nY1gOBwzn3ck9OmHKmjetOYWljc2t7p7zr7O0fHB5VqsdtnWSK0BZJeKK6IdaUM0lbhhlOu6miWIScdsLR/czvvFClWSKfzDilgcADyWJGsLHSs0+GDPkmQW6/UnPr7hxonXgFqYECzX4VOn6UkExQaQjHWvc8NzVBjpVhhNOJ42eappiM8ID2LJVYUB3k88gTdG6VCMWJsk8aNFf/buRYaD0WoZ0U2Az1qjcT//VeFweWtEjPjixroVhJaOLbIGcyzQyVZBEwzjiy3cx6QxFTlBg+tgQTxewfERlihYmx7Tq2PW+1q3XSvqx71/Wrx6ta467osQxOwRm4AB64AQ3wAJqgBQiQ4A28gw/4Cb/gFH4vRkuw2DkBS4A/vyDsptY=</latexit>

� ! 0

How does intrinsic heavy quark mass affect each of these regions of particle collisions?

BeautyCharm
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ENERGY-ENERGY CORRELATORS AT GENERAL ANGLE WITH MASS

Collinear

<latexit sha1_base64="oXTnIbdTnsvN3Ycd8Ws7vCcYyys=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrRcCh3Pu5ZycIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTh1zvvlClWSyfzTShvsAjySJGsLFUb8CEdaF6WKm5dXcxaBN4BaiBYlrDKnQGYUxSQaUhHGvd99zE+BlWhhFOZ84g1TTBZIJHtG+hxIJqP1sEnqFLy4QoipV90qAF+/ciw0LrqQjspsBmrNe1nPxXe10arHChzk1WuUCsJTTRnZ8xmaSGSrIMGKUcmRjlraGQKUoMn1qAiWL2j4iMscLE2G4d25633tUm6FzXvZt646lRa94XPZbBObgAV8ADt6AJHkELtAEBHLyBd/ABP+EX/Ibz5WoJFjdnYGXgzy/tn6bS</latexit>

=)<latexit sha1_base64="oXTnIbdTnsvN3Ycd8Ws7vCcYyys=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrRcCh3Pu5ZycIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTh1zvvlClWSyfzTShvsAjySJGsLFUb8CEdaF6WKm5dXcxaBN4BaiBYlrDKnQGYUxSQaUhHGvd99zE+BlWhhFOZ84g1TTBZIJHtG+hxIJqP1sEnqFLy4QoipV90qAF+/ciw0LrqQjspsBmrNe1nPxXe10arHChzk1WuUCsJTTRnZ8xmaSGSrIMGKUcmRjlraGQKUoMn1qAiWL2j4iMscLE2G4d25633tUm6FzXvZt646lRa94XPZbBObgAV8ADt6AJHkELtAEBHLyBd/ABP+EX/Ibz5WoJFjdnYGXgzy/tn6bS</latexit>

=)

Back-to-back

<latexit sha1_base64="ltlHKtBCvpWTqGXcira9KqeO9H0=">AAACJHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gHtUDKZTCc0yQxJRixDf8GtfoFf405cuPFbzLSzsK0HAodz7uWeHD/hTBvH+Yaljc2t7Z3ybmVv/+DwqFo77uo4VYR2SMxj1fexppxJ2jHMcNpPFMXC57TnT+5yv/dElWaxfDTThHoCjyULGcEml4YkYqNq3Wk4c6B14hakDgq0RzVYGQYxSQWVhnCs9cB1EuNlWBlGOJ1VhqmmCSYTPKYDSyUWVHvZPOwMnVslQGGs7JMGzdW/GxkWWk+FbycFNpFe9XLxX+95cWBJC3R+ZFnzxUpCE954GZNJaqgki4BhypGJUd4YCpiixPCpJZgoZv+ISIQVJsb2WrHtuatdrZPuZcO9ajQfmvXWbdFjGZyCM3ABXHANWuAetEEHEBCBF/AK3uA7/ICf8GsxWoLFzglYAvz5BUbDpOs=</latexit>�
<latexit sha1_base64="lyFtVViUrR2nWR3cE6PRQkM6zNQ=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG3HVgn1AO5RMJtOGJpkhyYil9Avc6hf4Ne7EnfgzZtpZ2NYDgcM593JPTpBwpo3rfsPCxubW9k5x19nbPzg8KpWP2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vM7zxRpVksH80kob7AQ8kiRrCxUvNhUKq4VXcOtE68nFRAjsagDJ1+GJNUUGkIx1r3PDcx/hQrwwinM6efappgMsZD2rNUYkG1P50nnaFzq4QoipV90qC5+ndjioXWExHYSYHNSK96mfiv97w4sKSFOjuyrAViJaGJbvwpk0lqqCSLgFHKkYlRVhcKmaLE8IklmChm/4jICCtMjC3Vse15q12tk/Zl1buq1pq1Sv0277EITsEZuAAeuAZ1cA8aoAUIoOAFvII3+A4/4Cf8WowWYL5zApYAf34Bnkmjhw==</latexit>

J
<latexit sha1_base64="lyFtVViUrR2nWR3cE6PRQkM6zNQ=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG3HVgn1AO5RMJtOGJpkhyYil9Avc6hf4Ne7EnfgzZtpZ2NYDgcM593JPTpBwpo3rfsPCxubW9k5x19nbPzg8KpWP2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vM7zxRpVksH80kob7AQ8kiRrCxUvNhUKq4VXcOtE68nFRAjsagDJ1+GJNUUGkIx1r3PDcx/hQrwwinM6efappgMsZD2rNUYkG1P50nnaFzq4QoipV90qC5+ndjioXWExHYSYHNSK96mfiv97w4sKSFOjuyrAViJaGJbvwpk0lqqCSLgFHKkYlRVhcKmaLE8IklmChm/4jICCtMjC3Vse15q12tk/Zl1buq1pq1Sv0277EITsEZuAAeuAZ1cA8aoAUIoOAFvII3+A4/4Cf8WowWYL5zApYAf34Bnkmjhw==</latexit>

J
<latexit sha1_base64="IyaFioYAvAjMW/BPNTlOCF1Ksbs=">AAACLHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gGdoWQymTY0yQxJRixDf8OtfoFf40bErd9hpp2FbT0QOJxzL/fkBAln2jjOJyxtbG5t75R3K3v7B4dH1dpxV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gcpf7vSeqNIvlo5km1Bd4JFnECDZW8jwyZsgzMfISNqzWnYYzB1onbkHqoEB7WIMVL4xJKqg0hGOtB66TGD/DyjDC6azipZommEzwiA4slVhQ7Wfz0DN0bpUQRbGyTxo0V/9uZFhoPRWBnRTYjPWql4v/es+LA0taqPMjy1ogVhKa6MbPmExSQyVZBIxSjmw7eXMoZIoSw6eWYKKY/SMiY6wwMbbfim3PXe1qnXQvG+5Vo/nQrLduix7L4BScgQvggmvQAvegDTqAgAS8gFfwBt/hB/yC34vREix2TsAS4M8vOGGn7w==</latexit>

� ! ⇡
<latexit sha1_base64="ueJMYoF/CDv3owVW5b9KG52p4uk=">AAACKnicbVDLSgMxFE3qq46vVpdugkVwVWZE1GXRjcsK9oGdoWQymTY0yQxJRixD/8KtfoFf46649UNM21nY1gOBwzn3ck9OmHKmjetOYWljc2t7p7zr7O0fHB5VqsdtnWSK0BZJeKK6IdaUM0lbhhlOu6miWIScdsLR/czvvFClWSKfzDilgcADyWJGsLHSs0+GDPkmQW6/UnPr7hxonXgFqYECzX4VOn6UkExQaQjHWvc8NzVBjpVhhNOJ42eappiM8ID2LJVYUB3k88gTdG6VCMWJsk8aNFf/buRYaD0WoZ0U2Az1qjcT//VeFweWtEjPjixroVhJaOLbIGcyzQyVZBEwzjiy3cx6QxFTlBg+tgQTxewfERlihYmx7Tq2PW+1q3XSvqx71/Wrx6ta467osQxOwRm4AB64AQ3wAJqgBQiQ4A28gw/4Cb/gFH4vRkuw2DkBS4A/vyDsptY=</latexit>

� ! 0

<latexit sha1_base64="YoxIXmZFgXSnxVjhMjhvUdded+A="></latexit>Z ⇡

0
d�

d⌃

d�
= �totSum rule connects different singular regions 

Provides the mean to study singular regions

Opportunity to explore the function space of the observable

• useful for developing factorization formalism
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<latexit sha1_base64="yzvL8hpbLsn5CGRgexjUCRdhgRU=">AAACMXicbVDLSsNAFJ3UV42Ptrp0EyyCq5JIUZdFNy5bsA9oQphMJu3QmUmYmYgl5Evc6hf4Nd2JW3/CSZuFbT0wcDjnXu6ZEySUSGXbC6Oys7u3f1A9NI+OT05r9cbZQMapQLiPYhqLUQAlpoTjviKK4lEiMGQBxcNg9lj4wxcsJIn5s5on2GNwwklEEFRa8us1F02Jn/XcAIqsl+d+vWm37CWsbeKUpAlKdP2GYbphjFKGuUIUSjl27ER5GRSKIIpz000lTiCawQkea8ohw9LLlslz60oroRXFQj+urKX6dyODTMo5C/Qkg2oqN71C/Nd7XR1Y00JZHFnXAraRUEX3XkZ4kirM0SpglFJLxVZRnxUSgZGic00gEkT/0UJTKCBSumRTt+dsdrVNBjct57bV7rWbnYeyxyq4AJfgGjjgDnTAE+iCPkAgBW/gHXwYn8bC+DK+V6MVo9w5B2swfn4BW6yqDA==</latexit>�QQ̄<latexit sha1_base64="j66J7WYtZlMpJcwtPUj1zlR1HL8=">AAACOHicbZDNSsNAEMc39avGr1bBi5fFIngqSSnqQaHoxWML9gPaUDbbTbt0Nwm7GzHEvIxXfQLfxJs38eoTuGlzsK0DA39+M8PM/N2QUaks68MorK1vbG4Vt82d3b39g1L5sCODSGDSxgELRM9FkjDqk7aiipFeKAjiLiNdd3qX1buPREga+A8qDonD0dinHsVIaTQsHVvwGsY3A08gnNR4mrRSDexhqWJVrVnAVWHnogLyaA7LhjkYBTjixFeYISn7thUqJ0FCUcxIag4iSUKEp2hM+lr6iBPpJLMHUnimyQh6gdDpKzijfycSxKWMuas7OVITuVzL4L+1p/mCBTaS2ZJF5vKlC5V35STUDyNFfDw/0IsYVAHMXIQjKghWLNYCYUH1jxBPkPZQaa9N7Z697NWq6NSq9kW13qpXGre5j0VwAk7BObDBJWiAe9AEbYDBM3gBr+DNeDc+jS/je95aMPKZI7AQxs8v8d+rJw==</latexit>

0 < y =
2m

Q
< 1

I II III III

I Phase space

<latexit sha1_base64="SAczW/lshzJLRKb/n7TP99ZR1cI=">AAACKXicbVDLTgIxFG3xheMLdOmmkZi4IjOGqEuiG5eQyMPAhHQ6HWhoO5O2YyQTvsKtfoFf407d+iMWmIWAJ2lycs69uacnSDjTxnW/YGFjc2t7p7jr7O0fHB6VysdtHaeK0BaJeay6AdaUM0lbhhlOu4miWAScdoLx3czvPFGlWSwfzCShvsBDySJGsLHSY5+M2CBrDqeDUsWtunOgdeLlpAJyNAZl6PTDmKSCSkM41rrnuYnxM6wMI5xOnX6qaYLJGA9pz1KJBdV+Nk88RedWCVEUK/ukQXP170aGhdYTEdhJgc1Ir3oz8V/veXFgSQv17MiyFoiVhCa68TMmk9RQSRYBo5QjE6NZbShkihLDJ5Zgopj9IyIjrDAxtlzHtuetdrVO2pdV76paa9Yq9du8xyI4BWfgAnjgGtTBPWiAFiBAgBfwCt7gO/yAn/B7MVqA+c4JWAL8+QWgm6cs</latexit>�Qg

<latexit sha1_base64="blSP+BusfZQD+w16WorhNDI1Ua8=">AAACMXicbVDLSsNAFJ3UV42Ptrp0EyyCq5JIUZdFNy5bsA9oQphMJu3QmUmYmYgl5Evc6hf4Nd2JW3/CSZuFbT0wcDjnXu6ZEySUSGXbC6Oys7u3f1A9NI+OT05r9cbZQMapQLiPYhqLUQAlpoTjviKK4lEiMGQBxcNg9lj4wxcsJIn5s5on2GNwwklEEFRa8us1F02Jn7kBFFkvn+R+vWm37CWsbeKUpAlKdP2GYbphjFKGuUIUSjl27ER5GRSKIIpz000lTiCawQkea8ohw9LLlslz60oroRXFQj+urKX6dyODTMo5C/Qkg2oqN71C/Nd7XR1Y00JZHFnXAraRUEX3XkZ4kirM0SpglFJLxVZRnxUSgZGic00gEkT/0UJTKCBSumRTt+dsdrVNBjct57bV7rWbnYeyxyq4AJfgGjjgDnTAE+iCPkAgBW/gHXwYn8bC+DK+V6MVo9w5B2swfn4BgqOqIg==</latexit>�Q̄g

<latexit sha1_base64="WQZp19YEdwUSs3Xrq8g8ckPPX/Q="></latexit>

}

<latexit sha1_base64="WQZp19YEdwUSs3Xrq8g8ckPPX/Q="></latexit>

}

<latexit sha1_base64="Iq9tXbNt16ECb9PLevJKHTLfxck="></latexit>xQ̄

<latexit sha1_base64="dMyWptiXcIos6azo7u4ZFZUgEXY="></latexit> x
Q

• Phase space suppression for massive final states

<latexit sha1_base64="wdvbM10rFqxpjj1zeNk7pX/HomE="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
2xQxQ̄�

�
�QQ̄ � fQQ̄

�
xQ, xQ̄, y

��
+ 2xQxg�

�
�Qg � fQg

�
xQ, xQ̄, y

��
+ Q̄gcase

⇤
<latexit sha1_base64="aOB9heLNL6cYOySCUD0IsBAlgP0="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
+Q̄gcase

⇤
<latexit sha1_base64="6N2Q57JtySOiU6cs/Zoax/GtohI=">AAACO3icbVDLSsNAFJ2prxpfra7EzWARXJWkFHVZLIjLCvYBJoTJdNIOnTyYmYglBL/GrX6BH+Lanbh176TNwrYeuHA4517uvceLOZPKND9gaW19Y3OrvG3s7O7tH1Sqhz0ZJYLQLol4JAYelpSzkHYVU5wOYkFx4HHa9ybt3O8/UiFZFN6raUydAI9C5jOClZbcyrHtC0xSG/N4jF2J2u5NljbsmGVupWbWzRnQKrEKUgMFOm4VGvYwIklAQ0U4lvLBMmPlpFgoRjjNDDuRNMZkgkf0QdMQB1Q66eyHDJ1pZYj8SOgKFZqpfydSHEg5DTzdGWA1lsteLv7rPc0XLGhDmS9Z1Lxg6ULlXzkpC+NE0ZDMD/QTjlSE8iDRkAlKFJ9qgolg+kdExliHqXTchk7PWs5qlfQadeui3rxr1lrXRY5lcAJOwTmwwCVogVvQAV1AwDN4Aa/gDb7DT/gFv+etJVjMHIEFwJ9fJc2t6Q==</latexit>

↵sCF

2⇡

<latexit sha1_base64="wdvbM10rFqxpjj1zeNk7pX/HomE="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
2xQxQ̄�

�
�QQ̄ � fQQ̄

�
xQ, xQ̄, y

��
+ 2xQxg�

�
�Qg � fQg

�
xQ, xQ̄, y

��
+ Q̄gcase

⇤
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<latexit sha1_base64="yzvL8hpbLsn5CGRgexjUCRdhgRU=">AAACMXicbVDLSsNAFJ3UV42Ptrp0EyyCq5JIUZdFNy5bsA9oQphMJu3QmUmYmYgl5Evc6hf4Nd2JW3/CSZuFbT0wcDjnXu6ZEySUSGXbC6Oys7u3f1A9NI+OT05r9cbZQMapQLiPYhqLUQAlpoTjviKK4lEiMGQBxcNg9lj4wxcsJIn5s5on2GNwwklEEFRa8us1F02Jn/XcAIqsl+d+vWm37CWsbeKUpAlKdP2GYbphjFKGuUIUSjl27ER5GRSKIIpz000lTiCawQkea8ohw9LLlslz60oroRXFQj+urKX6dyODTMo5C/Qkg2oqN71C/Nd7XR1Y00JZHFnXAraRUEX3XkZ4kirM0SpglFJLxVZRnxUSgZGic00gEkT/0UJTKCBSumRTt+dsdrVNBjct57bV7rWbnYeyxyq4AJfgGjjgDnTAE+iCPkAgBW/gHXwYn8bC+DK+V6MVo9w5B2swfn4BW6yqDA==</latexit>�QQ̄<latexit sha1_base64="j66J7WYtZlMpJcwtPUj1zlR1HL8=">AAACOHicbZDNSsNAEMc39avGr1bBi5fFIngqSSnqQaHoxWML9gPaUDbbTbt0Nwm7GzHEvIxXfQLfxJs38eoTuGlzsK0DA39+M8PM/N2QUaks68MorK1vbG4Vt82d3b39g1L5sCODSGDSxgELRM9FkjDqk7aiipFeKAjiLiNdd3qX1buPREga+A8qDonD0dinHsVIaTQsHVvwGsY3A08gnNR4mrRSDexhqWJVrVnAVWHnogLyaA7LhjkYBTjixFeYISn7thUqJ0FCUcxIag4iSUKEp2hM+lr6iBPpJLMHUnimyQh6gdDpKzijfycSxKWMuas7OVITuVzL4L+1p/mCBTaS2ZJF5vKlC5V35STUDyNFfDw/0IsYVAHMXIQjKghWLNYCYUH1jxBPkPZQaa9N7Z697NWq6NSq9kW13qpXGre5j0VwAk7BObDBJWiAe9AEbYDBM3gBr+DNeDc+jS/je95aMPKZI7AQxs8v8d+rJw==</latexit>

0 < y =
2m

Q
< 1

I II III III

<latexit sha1_base64="SAczW/lshzJLRKb/n7TP99ZR1cI=">AAACKXicbVDLTgIxFG3xheMLdOmmkZi4IjOGqEuiG5eQyMPAhHQ6HWhoO5O2YyQTvsKtfoFf407d+iMWmIWAJ2lycs69uacnSDjTxnW/YGFjc2t7p7jr7O0fHB6VysdtHaeK0BaJeay6AdaUM0lbhhlOu4miWAScdoLx3czvPFGlWSwfzCShvsBDySJGsLHSY5+M2CBrDqeDUsWtunOgdeLlpAJyNAZl6PTDmKSCSkM41rrnuYnxM6wMI5xOnX6qaYLJGA9pz1KJBdV+Nk88RedWCVEUK/ukQXP170aGhdYTEdhJgc1Ir3oz8V/veXFgSQv17MiyFoiVhCa68TMmk9RQSRYBo5QjE6NZbShkihLDJ5Zgopj9IyIjrDAxtlzHtuetdrVO2pdV76paa9Yq9du8xyI4BWfgAnjgGtTBPWiAFiBAgBfwCt7gO/yAn/B7MVqA+c4JWAL8+QWgm6cs</latexit>�Qg

<latexit sha1_base64="blSP+BusfZQD+w16WorhNDI1Ua8=">AAACMXicbVDLSsNAFJ3UV42Ptrp0EyyCq5JIUZdFNy5bsA9oQphMJu3QmUmYmYgl5Evc6hf4Nd2JW3/CSZuFbT0wcDjnXu6ZEySUSGXbC6Oys7u3f1A9NI+OT05r9cbZQMapQLiPYhqLUQAlpoTjviKK4lEiMGQBxcNg9lj4wxcsJIn5s5on2GNwwklEEFRa8us1F02Jn7kBFFkvn+R+vWm37CWsbeKUpAlKdP2GYbphjFKGuUIUSjl27ER5GRSKIIpz000lTiCawQkea8ohw9LLlslz60oroRXFQj+urKX6dyODTMo5C/Qkg2oqN71C/Nd7XR1Y00JZHFnXAraRUEX3XkZ4kirM0SpglFJLxVZRnxUSgZGic00gEkT/0UJTKCBSumRTt+dsdrVNBjct57bV7rWbnYeyxyq4AJfgGjjgDnTAE+iCPkAgBW/gHXwYn8bC+DK+V6MVo9w5B2swfn4BgqOqIg==</latexit>�Q̄g

<latexit sha1_base64="WQZp19YEdwUSs3Xrq8g8ckPPX/Q="></latexit>

}

<latexit sha1_base64="WQZp19YEdwUSs3Xrq8g8ckPPX/Q="></latexit>

}<latexit sha1_base64="wdvbM10rFqxpjj1zeNk7pX/HomE="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
2xQxQ̄�

�
�QQ̄ � fQQ̄

�
xQ, xQ̄, y

��
+ 2xQxg�

�
�Qg � fQg

�
xQ, xQ̄, y

��
+ Q̄gcase

⇤
<latexit sha1_base64="aOB9heLNL6cYOySCUD0IsBAlgP0="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
+Q̄gcase

⇤
<latexit sha1_base64="6N2Q57JtySOiU6cs/Zoax/GtohI=">AAACO3icbVDLSsNAFJ2prxpfra7EzWARXJWkFHVZLIjLCvYBJoTJdNIOnTyYmYglBL/GrX6BH+Lanbh176TNwrYeuHA4517uvceLOZPKND9gaW19Y3OrvG3s7O7tH1Sqhz0ZJYLQLol4JAYelpSzkHYVU5wOYkFx4HHa9ybt3O8/UiFZFN6raUydAI9C5jOClZbcyrHtC0xSG/N4jF2J2u5NljbsmGVupWbWzRnQKrEKUgMFOm4VGvYwIklAQ0U4lvLBMmPlpFgoRjjNDDuRNMZkgkf0QdMQB1Q66eyHDJ1pZYj8SOgKFZqpfydSHEg5DTzdGWA1lsteLv7rPc0XLGhDmS9Z1Lxg6ULlXzkpC+NE0ZDMD/QTjlSE8iDRkAlKFJ9qgolg+kdExliHqXTchk7PWs5qlfQadeui3rxr1lrXRY5lcAJOwTmwwCVogVvQAV1AwDN4Aa/gDb7DT/gFv+etJVjMHIEFwJ9fJc2t6Q==</latexit>

↵sCF

2⇡

<latexit sha1_base64="wdvbM10rFqxpjj1zeNk7pX/HomE="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
2xQxQ̄�

�
�QQ̄ � fQQ̄

�
xQ, xQ̄, y

��
+ 2xQxg�

�
�Qg � fQg

�
xQ, xQ̄, y

��
+ Q̄gcase

⇤

Matrix ElementsII

<latexit sha1_base64="HoS0ZoEEiurZ3RrMrGwlGMmF/zg="></latexit>

H0(xQ, xQ̄) ⇠
x
2
Q + x

2
Q̄

(1� xQ)(1� xQ̄)

<latexit sha1_base64="1P+Cqrg0FK6fXuzHjSB+DgtT/LU="></latexit>

H(xQ, xQ̄, y) = H0(xQ, xQ̄) + y
2
H2(xQ, xQ̄) + y

4
H4(xQ, xQ̄)

The usual massless one
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<latexit sha1_base64="yzvL8hpbLsn5CGRgexjUCRdhgRU=">AAACMXicbVDLSsNAFJ3UV42Ptrp0EyyCq5JIUZdFNy5bsA9oQphMJu3QmUmYmYgl5Evc6hf4Nd2JW3/CSZuFbT0wcDjnXu6ZEySUSGXbC6Oys7u3f1A9NI+OT05r9cbZQMapQLiPYhqLUQAlpoTjviKK4lEiMGQBxcNg9lj4wxcsJIn5s5on2GNwwklEEFRa8us1F02Jn/XcAIqsl+d+vWm37CWsbeKUpAlKdP2GYbphjFKGuUIUSjl27ER5GRSKIIpz000lTiCawQkea8ohw9LLlslz60oroRXFQj+urKX6dyODTMo5C/Qkg2oqN71C/Nd7XR1Y00JZHFnXAraRUEX3XkZ4kirM0SpglFJLxVZRnxUSgZGic00gEkT/0UJTKCBSumRTt+dsdrVNBjct57bV7rWbnYeyxyq4AJfgGjjgDnTAE+iCPkAgBW/gHXwYn8bC+DK+V6MVo9w5B2swfn4BW6yqDA==</latexit>�QQ̄<latexit sha1_base64="j66J7WYtZlMpJcwtPUj1zlR1HL8=">AAACOHicbZDNSsNAEMc39avGr1bBi5fFIngqSSnqQaHoxWML9gPaUDbbTbt0Nwm7GzHEvIxXfQLfxJs38eoTuGlzsK0DA39+M8PM/N2QUaks68MorK1vbG4Vt82d3b39g1L5sCODSGDSxgELRM9FkjDqk7aiipFeKAjiLiNdd3qX1buPREga+A8qDonD0dinHsVIaTQsHVvwGsY3A08gnNR4mrRSDexhqWJVrVnAVWHnogLyaA7LhjkYBTjixFeYISn7thUqJ0FCUcxIag4iSUKEp2hM+lr6iBPpJLMHUnimyQh6gdDpKzijfycSxKWMuas7OVITuVzL4L+1p/mCBTaS2ZJF5vKlC5V35STUDyNFfDw/0IsYVAHMXIQjKghWLNYCYUH1jxBPkPZQaa9N7Z697NWq6NSq9kW13qpXGre5j0VwAk7BObDBJWiAe9AEbYDBM3gBr+DNeDc+jS/je95aMPKZI7AQxs8v8d+rJw==</latexit>

0 < y =
2m

Q
< 1

I II III III

<latexit sha1_base64="SAczW/lshzJLRKb/n7TP99ZR1cI=">AAACKXicbVDLTgIxFG3xheMLdOmmkZi4IjOGqEuiG5eQyMPAhHQ6HWhoO5O2YyQTvsKtfoFf407d+iMWmIWAJ2lycs69uacnSDjTxnW/YGFjc2t7p7jr7O0fHB6VysdtHaeK0BaJeay6AdaUM0lbhhlOu4miWAScdoLx3czvPFGlWSwfzCShvsBDySJGsLHSY5+M2CBrDqeDUsWtunOgdeLlpAJyNAZl6PTDmKSCSkM41rrnuYnxM6wMI5xOnX6qaYLJGA9pz1KJBdV+Nk88RedWCVEUK/ukQXP170aGhdYTEdhJgc1Ir3oz8V/veXFgSQv17MiyFoiVhCa68TMmk9RQSRYBo5QjE6NZbShkihLDJ5Zgopj9IyIjrDAxtlzHtuetdrVO2pdV76paa9Yq9du8xyI4BWfgAnjgGtTBPWiAFiBAgBfwCt7gO/yAn/B7MVqA+c4JWAL8+QWgm6cs</latexit>�Qg

<latexit sha1_base64="blSP+BusfZQD+w16WorhNDI1Ua8=">AAACMXicbVDLSsNAFJ3UV42Ptrp0EyyCq5JIUZdFNy5bsA9oQphMJu3QmUmYmYgl5Evc6hf4Nd2JW3/CSZuFbT0wcDjnXu6ZEySUSGXbC6Oys7u3f1A9NI+OT05r9cbZQMapQLiPYhqLUQAlpoTjviKK4lEiMGQBxcNg9lj4wxcsJIn5s5on2GNwwklEEFRa8us1F02Jn7kBFFkvn+R+vWm37CWsbeKUpAlKdP2GYbphjFKGuUIUSjl27ER5GRSKIIpz000lTiCawQkea8ohw9LLlslz60oroRXFQj+urKX6dyODTMo5C/Qkg2oqN71C/Nd7XR1Y00JZHFnXAraRUEX3XkZ4kirM0SpglFJLxVZRnxUSgZGic00gEkT/0UJTKCBSumRTt+dsdrVNBjct57bV7rWbnYeyxyq4AJfgGjjgDnTAE+iCPkAgBW/gHXwYn8bC+DK+V6MVo9w5B2swfn4BgqOqIg==</latexit>�Q̄g

<latexit sha1_base64="WQZp19YEdwUSs3Xrq8g8ckPPX/Q="></latexit>

}

<latexit sha1_base64="WQZp19YEdwUSs3Xrq8g8ckPPX/Q="></latexit>

}<latexit sha1_base64="wdvbM10rFqxpjj1zeNk7pX/HomE="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
2xQxQ̄�

�
�QQ̄ � fQQ̄

�
xQ, xQ̄, y

��
+ 2xQxg�

�
�Qg � fQg

�
xQ, xQ̄, y

��
+ Q̄gcase

⇤
<latexit sha1_base64="aOB9heLNL6cYOySCUD0IsBAlgP0="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
+Q̄gcase

⇤
<latexit sha1_base64="6N2Q57JtySOiU6cs/Zoax/GtohI=">AAACO3icbVDLSsNAFJ2prxpfra7EzWARXJWkFHVZLIjLCvYBJoTJdNIOnTyYmYglBL/GrX6BH+Lanbh176TNwrYeuHA4517uvceLOZPKND9gaW19Y3OrvG3s7O7tH1Sqhz0ZJYLQLol4JAYelpSzkHYVU5wOYkFx4HHa9ybt3O8/UiFZFN6raUydAI9C5jOClZbcyrHtC0xSG/N4jF2J2u5NljbsmGVupWbWzRnQKrEKUgMFOm4VGvYwIklAQ0U4lvLBMmPlpFgoRjjNDDuRNMZkgkf0QdMQB1Q66eyHDJ1pZYj8SOgKFZqpfydSHEg5DTzdGWA1lsteLv7rPc0XLGhDmS9Z1Lxg6ULlXzkpC+NE0ZDMD/QTjlSE8iDRkAlKFJ9qgolg+kdExliHqXTchk7PWs5qlfQadeui3rxr1lrXRY5lcAJOwTmwwCVogVvQAV1AwDN4Aa/gDb7DT/gFv+etJVjMHIEFwJ9fJc2t6Q==</latexit>

↵sCF

2⇡

<latexit sha1_base64="wdvbM10rFqxpjj1zeNk7pX/HomE="></latexit>

d⌃(1)
M

d�

�����
e+e�

⇠
Z

dxQdxQ̄H
�
xQ, xQ̄, y

� ⇥
2xQxQ̄�

�
�QQ̄ � fQQ̄

�
xQ, xQ̄, y

��
+ 2xQxg�

�
�Qg � fQg

�
xQ, xQ̄, y

��
+ Q̄gcase

⇤

MeasurementsIII
<latexit sha1_base64="173IbWclJidsmGpV4bmdUOEc9II="></latexit>

fQg ⇠ 1

xg

q
x2
Q � y2

<latexit sha1_base64="qXp6w6FPECQJwIQjGcDjaK7VbXg=">AAACZXicbZHdSsMwFMez+jXr1/zAGy8MDsEbRzuGejn0xssN3CbYraRZqmFJW5NULKEP5NN4q0/ga5htHbjNA4F/fucczsk/QcKoVI7zXbJWVtfWN8qb9tb2zu5eZf+gK+NUYNLBMYvFY4AkYTQiHUUVI4+JIIgHjPSC0d0433sjQtI4elBZQvocPUc0pBgpg/zKXejrthcgodt57knKoRcKhLWba0++CqXf/fagfpkN6vnsrm flBc/9StWpOZOAy8ItRBUU0fL3S7Y3jHHKSaQwQ1I+uU6i+hoJRTEjue2lkiQIj9AzeTIyQpzIvp68NofnhgxhGAtzIgUn9G+HRlzKjAemkiP1IhdzY/hv7n06YI4N5XjIPAv4woYqvOlrGiWpIhGeLhimDKoYji2HQyoIViwzAmFBzRshfkHGZWU+xjbuuYteLYtuveZe1RrtRrV5W/hYBifgDFwAF1yDJrgHLdABGHyAT/AFvks/1o51ZB1PS61S0XMI5sI6/QUggbxl</latexit>

fQQ̄ ⇠ 1q
x2
Q � y2

q
x2
Q̄
� y2

can be rationalized, usual logarithmic structure

cannot be rationalized

<latexit sha1_base64="4XVSFx4k+eDrlOW9x/5QsRCwAwg="></latexit>

⇠
Z

dx⇤ 1p
P4(x⇤)

<latexit sha1_base64="oXTnIbdTnsvN3Ycd8Ws7vCcYyys=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrRcCh3Pu5ZycIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTh1zvvlClWSyfzTShvsAjySJGsLFUb8CEdaF6WKm5dXcxaBN4BaiBYlrDKnQGYUxSQaUhHGvd99zE+BlWhhFOZ84g1TTBZIJHtG+hxIJqP1sEnqFLy4QoipV90qAF+/ciw0LrqQjspsBmrNe1nPxXe10arHChzk1WuUCsJTTRnZ8xmaSGSrIMGKUcmRjlraGQKUoMn1qAiWL2j4iMscLE2G4d25633tUm6FzXvZt646lRa94XPZbBObgAV8ADt6AJHkELtAEBHLyBd/ABP+EX/Ibz5WoJFjdnYGXgzy/tn6bS</latexit>

=) Elliptic integrals Dixon et al,  Henn et al, …
Amplitude bootstrap

(Study of function space of Energy-Energy Correlators)

7-loops
<latexit sha1_base64="9UDetzlXEJfL3TfMYSMVaRiG4cM="></latexit>

N = 4
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ENERGY-ENERGY CORRELATORS AT GENERAL ANGLE WITH MASS
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0.150
<latexit sha1_base64="SC617PkmpDPBxRiCs33m8dktmN0=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWZE1GXRjcsW7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrQcCh3Pu5Z6cIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTx9zvvlClWSyfzTShvsAjySJGsLFSrzUIsMpas2Gl5tbdBdAm8QpSAwWawyp0BmFMUkGlIRxr3ffcxPgZVoYRTmfOINU0wWSCR7RvqcSCaj9bBJ6hS6uEKIqVfdKghfp3I8NC66kI7KTAZqzXvVz813tdHljRQp0fWdUCsZbQRPd+xmSSGirJMmCUcmRilLeGQqYoMXxqCSaK2T8iMsYKE2O7dWx73npXm6RzXfdu6zetm1rjoeixDM7BBbgCHrgDDfAEmqANCODgDbyDD/gJv+A3nC9HS7DYOQMrgD+/rh+mrg==</latexit>

QQ̄

<latexit sha1_base64="oXTnIbdTnsvN3Ycd8Ws7vCcYyys=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrRcCh3Pu5ZycIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTh1zvvlClWSyfzTShvsAjySJGsLFUb8CEdaF6WKm5dXcxaBN4BaiBYlrDKnQGYUxSQaUhHGvd99zE+BlWhhFOZ84g1TTBZIJHtG+hxIJqP1sEnqFLy4QoipV90qAF+/ciw0LrqQjspsBmrNe1nPxXe10arHChzk1WuUCsJTTRnZ8xmaSGSrIMGKUcmRjlraGQKUoMn1qAiWL2j4iMscLE2G4d25633tUm6FzXvZt646lRa94XPZbBObgAV8ADt6AJHkELtAEBHLyBd/ABP+EX/Ibz5WoJFjdnYGXgzy/tn6bS</latexit>

=)<latexit sha1_base64="oXTnIbdTnsvN3Ycd8Ws7vCcYyys=">AAACKHicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5cV7APaoWQymTY0yQxJRixDf8KtfoFf40669UvMtLOwrRcCh3Pu5ZycIOFMG9edw9LW9s7uXnnfOTg8Oj6pVE87Ok4VoW0S81j1AqwpZ5K2DTOc9hJFsQg47QaTh1zvvlClWSyfzTShvsAjySJGsLFUb8CEdaF6WKm5dXcxaBN4BaiBYlrDKnQGYUxSQaUhHGvd99zE+BlWhhFOZ84g1TTBZIJHtG+hxIJqP1sEnqFLy4QoipV90qAF+/ciw0LrqQjspsBmrNe1nPxXe10arHChzk1WuUCsJTTRnZ8xmaSGSrIMGKUcmRjlraGQKUoMn1qAiWL2j4iMscLE2G4d25633tUm6FzXvZt646lRa94XPZbBObgAV8ADt6AJHkELtAEBHLyBd/ABP+EX/Ibz5WoJFjdnYGXgzy/tn6bS</latexit>

=)<latexit sha1_base64="ltlHKtBCvpWTqGXcira9KqeO9H0=">AAACJHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gHtUDKZTCc0yQxJRixDf8GtfoFf405cuPFbzLSzsK0HAodz7uWeHD/hTBvH+Yaljc2t7Z3ybmVv/+DwqFo77uo4VYR2SMxj1fexppxJ2jHMcNpPFMXC57TnT+5yv/dElWaxfDTThHoCjyULGcEml4YkYqNq3Wk4c6B14hakDgq0RzVYGQYxSQWVhnCs9cB1EuNlWBlGOJ1VhqmmCSYTPKYDSyUWVHvZPOwMnVslQGGs7JMGzdW/GxkWWk+FbycFNpFe9XLxX+95cWBJC3R+ZFnzxUpCE954GZNJaqgki4BhypGJUd4YCpiixPCpJZgoZv+ISIQVJsb2WrHtuatdrZPuZcO9ajQfmvXWbdFjGZyCM3ABXHANWuAetEEHEBCBF/AK3uA7/ICf8GsxWoLFzglYAvz5BUbDpOs=</latexit>�
<latexit sha1_base64="lyFtVViUrR2nWR3cE6PRQkM6zNQ=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG3HVgn1AO5RMJtOGJpkhyYil9Avc6hf4Ne7EnfgzZtpZ2NYDgcM593JPTpBwpo3rfsPCxubW9k5x19nbPzg8KpWP2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vM7zxRpVksH80kob7AQ8kiRrCxUvNhUKq4VXcOtE68nFRAjsagDJ1+GJNUUGkIx1r3PDcx/hQrwwinM6efappgMsZD2rNUYkG1P50nnaFzq4QoipV90qC5+ndjioXWExHYSYHNSK96mfiv97w4sKSFOjuyrAViJaGJbvwpk0lqqCSLgFHKkYlRVhcKmaLE8IklmChm/4jICCtMjC3Vse15q12tk/Zl1buq1pq1Sv0277EITsEZuAAeuAZ1cA8aoAUIoOAFvII3+A4/4Cf8WowWYL5zApYAf34Bnkmjhw==</latexit>

J
<latexit sha1_base64="lyFtVViUrR2nWR3cE6PRQkM6zNQ=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG3HVgn1AO5RMJtOGJpkhyYil9Avc6hf4Ne7EnfgzZtpZ2NYDgcM593JPTpBwpo3rfsPCxubW9k5x19nbPzg8KpWP2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vM7zxRpVksH80kob7AQ8kiRrCxUvNhUKq4VXcOtE68nFRAjsagDJ1+GJNUUGkIx1r3PDcx/hQrwwinM6efappgMsZD2rNUYkG1P50nnaFzq4QoipV90qC5+ndjioXWExHYSYHNSK96mfiv97w4sKSFOjuyrAViJaGJbvwpk0lqqCSLgFHKkYlRVhcKmaLE8IklmChm/4jICCtMjC3Vse15q12tk/Zl1buq1pq1Sv0277EITsEZuAAeuAZ1cA8aoAUIoOAFvII3+A4/4Cf8WowWYL5zApYAf34Bnkmjhw==</latexit>

J

<latexit sha1_base64="SAczW/lshzJLRKb/n7TP99ZR1cI=">AAACKXicbVDLTgIxFG3xheMLdOmmkZi4IjOGqEuiG5eQyMPAhHQ6HWhoO5O2YyQTvsKtfoFf407d+iMWmIWAJ2lycs69uacnSDjTxnW/YGFjc2t7p7jr7O0fHB6VysdtHaeK0BaJeay6AdaUM0lbhhlOu4miWAScdoLx3czvPFGlWSwfzCShvsBDySJGsLHSY5+M2CBrDqeDUsWtunOgdeLlpAJyNAZl6PTDmKSCSkM41rrnuYnxM6wMI5xOnX6qaYLJGA9pz1KJBdV+Nk88RedWCVEUK/ukQXP170aGhdYTEdhJgc1Ir3oz8V/veXFgSQv17MiyFoiVhCa68TMmk9RQSRYBo5QjE6NZbShkihLDJ5Zgopj9IyIjrDAxtlzHtuetdrVO2pdV76paa9Yq9du8xyI4BWfgAnjgGtTBPWiAFiBAgBfwCt7gO/yAn/B7MVqA+c4JWAL8+QWgm6cs</latexit>�Qg

<latexit sha1_base64="blSP+BusfZQD+w16WorhNDI1Ua8=">AAACMXicbVDLSsNAFJ3UV42Ptrp0EyyCq5JIUZdFNy5bsA9oQphMJu3QmUmYmYgl5Evc6hf4Nd2JW3/CSZuFbT0wcDjnXu6ZEySUSGXbC6Oys7u3f1A9NI+OT05r9cbZQMapQLiPYhqLUQAlpoTjviKK4lEiMGQBxcNg9lj4wxcsJIn5s5on2GNwwklEEFRa8us1F02Jn7kBFFkvn+R+vWm37CWsbeKUpAlKdP2GYbphjFKGuUIUSjl27ER5GRSKIIpz000lTiCawQkea8ohw9LLlslz60oroRXFQj+urKX6dyODTMo5C/Qkg2oqN71C/Nd7XR1Y00JZHFnXAraRUEX3XkZ4kirM0SpglFJLxVZRnxUSgZGic00gEkT/0UJTKCBSumRTt+dsdrVNBjct57bV7rWbnYeyxyq4AJfgGjjgDnTAE+iCPkAgBW/gHXwYn8bC+DK+V6MVo9w5B2swfn4BgqOqIg==</latexit>�Q̄g

<latexit sha1_base64="yzvL8hpbLsn5CGRgexjUCRdhgRU=">AAACMXicbVDLSsNAFJ3UV42Ptrp0EyyCq5JIUZdFNy5bsA9oQphMJu3QmUmYmYgl5Evc6hf4Nd2JW3/CSZuFbT0wcDjnXu6ZEySUSGXbC6Oys7u3f1A9NI+OT05r9cbZQMapQLiPYhqLUQAlpoTjviKK4lEiMGQBxcNg9lj4wxcsJIn5s5on2GNwwklEEFRa8us1F02Jn/XcAIqsl+d+vWm37CWsbeKUpAlKdP2GYbphjFKGuUIUSjl27ER5GRSKIIpz000lTiCawQkea8ohw9LLlslz60oroRXFQj+urKX6dyODTMo5C/Qkg2oqN71C/Nd7XR1Y00JZHFnXAraRUEX3XkZ4kirM0SpglFJLxVZRnxUSgZGic00gEkT/0UJTKCBSumRTt+dsdrVNBjct57bV7rWbnYeyxyq4AJfgGjjgDnTAE+iCPkAgBW/gHXwYn8bC+DK+V6MVo9w5B2swfn4BW6yqDA==</latexit>�QQ̄

CollinearBack-to-back
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<latexit sha1_base64="gn7vf6Sg6MVbAbapFtMrtgSs5dw=">AAACInicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG5et2Ae0Q8lkMm1okhmSjFiG/oFb/QK/xp24EvwY03YWtvVA4HDOvdyTEyScaeO637Cwsbm1vVPcdfb2Dw6PSuXjto5TRWiLxDxW3QBrypmkLcMMp91EUSwCTjvB+G7md56o0iyWj2aSUF/goWQRI9hY6aE5HJQqbtWdA60TLycVkKMxKEOnH8YkFVQawrHWPc9NjJ9hZRjhdOr0U00TTMZ4SHuWSiyo9rN51Ck6t0qIoljZJw2aq383Miy0nojATgpsRnrVm4n/es+LA0taqGdHlrVArCQ00Y2fMZmkhkqyCBilHJkYzfpCIVOUGD6xBBPF7B8RGWGFibGtOrY9b7WrddK+rHpX1VqzVqnf5j0WwSk4AxfAA9egDu5BA7QAARF4Aa/gDb7DD/gJvxajBZjvnIAlwJ9fgvyj/w==</latexit>

Qg
<latexit sha1_base64="Cxa34DMfZq+F2qvNTOG1untT9AA=">AAACKnicbVBLTsMwFLT5lvBrYcnGogKxqhJUAcsKNixbiX5EE1WO47RWHSeyHUQV9RZs4QSchl3FloPgtFnQlpEsjWbe0xuPn3CmtG3P4Mbm1vbObmnP2j84PDouV046Kk4loW0S81j2fKwoZ4K2NdOc9hJJceRz2vXHD7nffaFSsVg86UlCvQgPBQsZwdpIz+6l62OZtabDQblq1+w50DpxClIFBZqDCrTcICZpRIUmHCvVd+xEexmWmhFOp5abKppgMsZD2jdU4IgqL5tHnqILowQojKV5QqO5+ncjw5FSk8g3kxHWI7Xq5eK/3uviwJIWqPzIsuZHKwl1eOdlTCSppoIsAoYpRzpGeW8oYJISzSeGYCKZ+SMiIywx0aZdy7TnrHa1TjrXNeemVm/Vq437oscSOAPn4Ao44BY0wCNogjYgQIA38A4+4Cf8gjP4vRjdgMXOKVgC/PkFBdynWg==</latexit>

&Q̄g

0.5 1.0 1.5 2.0 2.5 3.0
0
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0.4

0.6
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BACK-TO-BACK ENERGY-ENERGY 
CORRELATORS WITH MASS

<latexit sha1_base64="ltlHKtBCvpWTqGXcira9KqeO9H0=">AAACJHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gHtUDKZTCc0yQxJRixDf8GtfoFf405cuPFbzLSzsK0HAodz7uWeHD/hTBvH+Yaljc2t7Z3ybmVv/+DwqFo77uo4VYR2SMxj1fexppxJ2jHMcNpPFMXC57TnT+5yv/dElWaxfDTThHoCjyULGcEml4YkYqNq3Wk4c6B14hakDgq0RzVYGQYxSQWVhnCs9cB1EuNlWBlGOJ1VhqmmCSYTPKYDSyUWVHvZPOwMnVslQGGs7JMGzdW/GxkWWk+FbycFNpFe9XLxX+95cWBJC3R+ZFnzxUpCE954GZNJaqgki4BhypGJUd4YCpiixPCpJZgoZv+ISIQVJsb2WrHtuatdrZPuZcO9ajQfmvXWbdFjGZyCM3ABXHANWuAetEEHEBCBF/AK3uA7/ICf8GsxWoLFzglYAvz5BUbDpOs=</latexit>�
<latexit sha1_base64="lyFtVViUrR2nWR3cE6PRQkM6zNQ=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG3HVgn1AO5RMJtOGJpkhyYil9Avc6hf4Ne7EnfgzZtpZ2NYDgcM593JPTpBwpo3rfsPCxubW9k5x19nbPzg8KpWP2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vM7zxRpVksH80kob7AQ8kiRrCxUvNhUKq4VXcOtE68nFRAjsagDJ1+GJNUUGkIx1r3PDcx/hQrwwinM6efappgMsZD2rNUYkG1P50nnaFzq4QoipV90qC5+ndjioXWExHYSYHNSK96mfiv97w4sKSFOjuyrAViJaGJbvwpk0lqqCSLgFHKkYlRVhcKmaLE8IklmChm/4jICCtMjC3Vse15q12tk/Zl1buq1pq1Sv0277EITsEZuAAeuAZ1cA8aoAUIoOAFvII3+A4/4Cf8WowWYL5zApYAf34Bnkmjhw==</latexit>

J
<latexit sha1_base64="lyFtVViUrR2nWR3cE6PRQkM6zNQ=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG3HVgn1AO5RMJtOGJpkhyYil9Avc6hf4Ne7EnfgzZtpZ2NYDgcM593JPTpBwpo3rfsPCxubW9k5x19nbPzg8KpWP2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vM7zxRpVksH80kob7AQ8kiRrCxUvNhUKq4VXcOtE68nFRAjsagDJ1+GJNUUGkIx1r3PDcx/hQrwwinM6efappgMsZD2rNUYkG1P50nnaFzq4QoipV90qC5+ndjioXWExHYSYHNSK96mfiv97w4sKSFOjuyrAViJaGJbvwpk0lqqCSLgFHKkYlRVhcKmaLE8IklmChm/4jICCtMjC3Vse15q12tk/Zl1buq1pq1Sv0277EITsEZuAAeuAZ1cA8aoAUIoOAFvII3+A4/4Cf8WowWYL5zApYAf34Bnkmjhw==</latexit>

J



Kyle Lee

BACK-TO-BACK ENERGY-ENERGY CORRELATORS WITH MASS
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<latexit sha1_base64="F8vbbcABW8fA8sLE/8tqgxPV46k="></latexit>
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<latexit sha1_base64="2/P6yFWmw3abTtrAFXv8RNOOVTg="></latexit>
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<latexit sha1_base64="SrmapRGtIAfxhTlLuXmhVuqfbvc=">AAACOnicbVDLSsNAFJ3UV42vVjeCm8EiCEJJSlE3QtGNywr2AU0ok+mkHTrJhJmJWEP8Grf6Bf6IW3fi1g9w0mZhWw9cOJxzL/fe40WMSmVZH0ZhZXVtfaO4aW5t7+zulcr7bcljgUkLc8ZF10OSMBqSlqKKkW4kCAo8Rjre+CbzOw9ESMrDezWJiBugYUh9ipHSUr90+ASvoOMLhBP7zMFcOnhE06SW9ksVq2pNAZeJnZMKyNHslw3TGXAcByRUmCEpe7YVKTdBQlHMSGo6sSQRwmM0JD1NQxQQ6SbTF1J4opUB9LnQFSo4Vf9OJCiQchJ4ujNAaiQXvUz813ucLZjTBjJbMq95wcKFyr90ExpGsSIhnh3oxwwqDrMc4YAKghWbaIKwoPpHiEdI56h02qZOz17Mapm0a1X7vFq/q1ca13mORXAEjsEpsMEFaIBb0AQtgMEzeAGv4M14Nz6NL+N71low8pkDMAfj5xdNBazy</latexit>

z =
1 + cos�

2
where

<latexit sha1_base64="VzyORqZgxrZBPNL+A2lUcBBY2XA="></latexit>

⇤2
QCD ⌧ Q2(1� z)Assuming , [See Rebecca’s talk for NP matching]

<latexit sha1_base64="KGYnurP5S3wLzTrZOwS53EMj9lk="></latexit>

JM

n
(b?,m, µ, ⌫) =

X

h

Z
dx xDh/Q (x, b?,m, µ, ⌫) =

Z
dx x dQ/Q (x, b?,m, µ, ⌫)

 
X

H

�H +O

✓
⇤QCD

m

◆!

<latexit sha1_base64="AjC/XRpL27oQiqOGSWV7o0OL3qc="></latexit>

+

Z
dx x dQ̄/Q (x, b?,m, µ, ⌫)

 
X

H̄

�H̄ +O

✓
⇤QCD

m

◆!

Favored contribution

Disfavored contribution

Light hadron contribution

<latexit sha1_base64="KGYnurP5S3wLzTrZOwS53EMj9lk="></latexit>

JM

n
(b?,m, µ, ⌫) =

X

h

Z
dx xDh/Q (x, b?,m, µ, ⌫) =

Z
dx x dQ/Q (x, b?,m, µ, ⌫)

 
X

H

�H +O

✓
⇤QCD

m

◆!

<latexit sha1_base64="AjC/XRpL27oQiqOGSWV7o0OL3qc="></latexit>

+

Z
dx x dQ̄/Q (x, b?,m, µ, ⌫)

 
X

H̄

�H̄ +O

✓
⇤QCD

m

◆!

<latexit sha1_base64="AjC/XRpL27oQiqOGSWV7o0OL3qc=">AAACx3icbVFdb9MwFHXC1+iAdfDIi0WFNLSqJGgCBC8T42FISKwS3SbNVeU4TmvNdiL7Zmpl+YEfw4/i3+A0QdCOK38cn3uvfX1uVklhIUl+RfGdu/fuP9h52Nt99PjJXn//6bkta8P4hJWyNJcZtVwKzScgQPLLynCqMskvsuuTxn9xw40Vpf4Oq4pPFZ1rUQhGIVCz/s9DIjTgfEmGYeQzRzJq3Njj13jsie QFHCyHOAt8xU3lh1gNMVF1WHRNjJgv4FUbRWytuuxT7zFhC/H3eEgUhQWj0n3rLiWFocyRr6HSnIbAxm+UG5989t475f/c3W6z/iAZJWvDt0HagQHq7Gy2H/VIXrJacQ1MUmuv0qSCqaMGBJPc90hteUXZNZ3zqwA1VdxO3VpPj18GJsdFacIM4qzZfzMcVdauVBYim7rttq8h/+tbtg9scLltHtnkMrVVIRTvp07oqgauWVtgUUsMJW6ainNhOAO5CoAyI8IfMVvQoDCE1veCeum2VrfB+ZtR+nZ0ND4aHH/qdNxBz9ELdIBS9A4do1N0hiaIRbtRGn2IPsZf4jK+iZdtaBx1Oc/QhsU/fgNUOd61</latexit>

+

Z
dx x dQ̄/Q (x, b?,m, µ, ⌫)

 
X

H̄

�H̄ +O

✓
⇤QCD

m

◆!

<latexit sha1_base64="fLIIe9V2/rWcaMFVHi9pYEysHEI="></latexit>

= 1

von Kuk, Michel, Sun `23

<latexit sha1_base64="YCRjnoHpr8fle1+W+rsyZqqeNmQ="></latexit>

Q2(1� z) ⇠ m2

<latexit sha1_base64="fLIIe9V2/rWcaMFVHi9pYEysHEI="></latexit>

= 1

<latexit sha1_base64="fLIIe9V2/rWcaMFVHi9pYEysHEI="></latexit>

= 1
<latexit sha1_base64="4vTxYJ6F/E8NiQ3NkHTOI5wNCe0="></latexit>

+O

✓
⇤QCD

Q
p
1� z

◆

<latexit sha1_base64="UBCgvaJB1GvAoN2kHyc0d3bFca4="></latexit>

+

Z
d⌧ ⌧

X

j

IQj (⌧, b?,m, µ, ⌫)
<latexit sha1_base64="53oFVbReVlxYW9ImmvkQQaZTRlI="></latexit>X

h

Z
dz z Dj!h(z, µ)

<latexit sha1_base64="+nvRAf2lu4t7bsLqweTYxpdCr8E=">AAACOnicbVBdSwJBFJ21L7MvrZeglyUJDER2Q6pHqZcejfIDXJHZ8aqDM7PLzKwki/2aXusX9Ed67S167Qc0qz6kduDC4Zx7ufceP2RUacf5sFJr6xubW+ntzM7u3v5BNndYV0EkCdRIwALZ9LECRgXUNNUMmqEEzH0GDX94m/iNEUhFA/GoxyG0Oe4L2qMEayN1sscPBW8EJPYnHS8EGRY9HhU9EZ13snmn5ExhrxJ3TvJojmonZ2W8bkAiDkIThpVquU6o2zGWmhIGk4wXKQgxGeI+tAwVmINqx9MXJvaZUbp2L5CmhLan6t+JGHOlxtw3nRzrgVr2EvFf72m2YEHrqmTJoubzpQt177odUxFGGgSZHdiLmK0DO8nR7lIJRLOxIZhIan60yQBLTLRJO2PSc5ezWiX1i5J7WSrfl/OVm3mOaXSCTlEBuegKVdAdqqIaIugZvaBX9Ga9W5/Wl/U9a01Z85kjtADr5xfJFK0z</latexit>

S(~b?, µ, ⌫)
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Kyle Lee

BACK-TO-BACK ENERGY-ENERGY CORRELATORS WITH MASS

<latexit sha1_base64="ltlHKtBCvpWTqGXcira9KqeO9H0=">AAACJHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gHtUDKZTCc0yQxJRixDf8GtfoFf405cuPFbzLSzsK0HAodz7uWeHD/hTBvH+Yaljc2t7Z3ybmVv/+DwqFo77uo4VYR2SMxj1fexppxJ2jHMcNpPFMXC57TnT+5yv/dElWaxfDTThHoCjyULGcEml4YkYqNq3Wk4c6B14hakDgq0RzVYGQYxSQWVhnCs9cB1EuNlWBlGOJ1VhqmmCSYTPKYDSyUWVHvZPOwMnVslQGGs7JMGzdW/GxkWWk+FbycFNpFe9XLxX+95cWBJC3R+ZFnzxUpCE954GZNJaqgki4BhypGJUd4YCpiixPCpJZgoZv+ISIQVJsb2WrHtuatdrZPuZcO9ajQfmvXWbdFjGZyCM3ABXHANWuAetEEHEBCBF/AK3uA7/ICf8GsxWoLFzglYAvz5BUbDpOs=</latexit>�
<latexit sha1_base64="lyFtVViUrR2nWR3cE6PRQkM6zNQ=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG3HVgn1AO5RMJtOGJpkhyYil9Avc6hf4Ne7EnfgzZtpZ2NYDgcM593JPTpBwpo3rfsPCxubW9k5x19nbPzg8KpWP2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vM7zxRpVksH80kob7AQ8kiRrCxUvNhUKq4VXcOtE68nFRAjsagDJ1+GJNUUGkIx1r3PDcx/hQrwwinM6efappgMsZD2rNUYkG1P50nnaFzq4QoipV90qC5+ndjioXWExHYSYHNSK96mfiv97w4sKSFOjuyrAViJaGJbvwpk0lqqCSLgFHKkYlRVhcKmaLE8IklmChm/4jICCtMjC3Vse15q12tk/Zl1buq1pq1Sv0277EITsEZuAAeuAZ1cA8aoAUIoOAFvII3+A4/4Cf8WowWYL5zApYAf34Bnkmjhw==</latexit>

J
<latexit sha1_base64="lyFtVViUrR2nWR3cE6PRQkM6zNQ=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWakqMuiG3HVgn1AO5RMJtOGJpkhyYil9Avc6hf4Ne7EnfgzZtpZ2NYDgcM593JPTpBwpo3rfsPCxubW9k5x19nbPzg8KpWP2zpOFaEtEvNYdQOsKWeStgwznHYTRbEIOO0E47vM7zxRpVksH80kob7AQ8kiRrCxUvNhUKq4VXcOtE68nFRAjsagDJ1+GJNUUGkIx1r3PDcx/hQrwwinM6efappgMsZD2rNUYkG1P50nnaFzq4QoipV90qC5+ndjioXWExHYSYHNSK96mfiv97w4sKSFOjuyrAViJaGJbvwpk0lqqCSLgFHKkYlRVhcKmaLE8IklmChm/4jICCtMjC3Vse15q12tk/Zl1buq1pq1Sv0277EITsEZuAAeuAZ1cA8aoAUIoOAFvII3+A4/4Cf8WowWYL5zApYAf34Bnkmjhw==</latexit>

J<latexit sha1_base64="IyaFioYAvAjMW/BPNTlOCF1Ksbs=">AAACLHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gGdoWQymTY0yQxJRixDf8OtfoFf40bErd9hpp2FbT0QOJxzL/fkBAln2jjOJyxtbG5t75R3K3v7B4dH1dpxV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gcpf7vSeqNIvlo5km1Bd4JFnECDZW8jwyZsgzMfISNqzWnYYzB1onbkHqoEB7WIMVL4xJKqg0hGOtB66TGD/DyjDC6azipZommEzwiA4slVhQ7Wfz0DN0bpUQRbGyTxo0V/9uZFhoPRWBnRTYjPWql4v/es+LA0taqPMjy1ogVhKa6MbPmExSQyVZBIxSjmw7eXMoZIoSw6eWYKKY/SMiY6wwMbbfim3PXe1qnXQvG+5Vo/nQrLduix7L4BScgQvggmvQAvegDTqAgAS8gFfwBt/hB/yC34vREix2TsAS4M8vOGGn7w==</latexit>

� ! ⇡

<latexit sha1_base64="k/qlEzIupN2gRDmJePVH6EEN7Os="></latexit>

=)

0.001 0.0050.010 0.0500.100 0.500 1

5

10

50

100

<latexit sha1_base64="gDED5wPjPc2w/nqcyf1Qc6x8bg8=">AAACInicbVDLSgMxFE3qq46vVpdugkVwVWZE1GXRjcsq9gHtUDKZTBuaZIYkI5ahf+BWv8CvcSeuBD/GTDsL23ogcDjnXu7JCRLOtHHdb1haW9/Y3CpvOzu7e/sHlephW8epIrRFYh6rboA15UzSlmGG026iKBYBp51gfJv7nSeqNIvlo5kk1Bd4KFnECDZWeuhPB5WaW3dnQKvEK0gNFGgOqtDphzFJBZWGcKx1z3MT42dYGUY4nTr9VNMEkzEe0p6lEguq/WwWdYpOrRKiKFb2SYNm6t+NDAutJyKwkwKbkV72cvFf73l+YEELdX5kUQvEUkITXfsZk0lqqCTzgFHKkYlR3hcKmaLE8IklmChm/4jICCtMjG3Vse15y12tkvZ53busX9xf1Bo3RY9lcAxOwBnwwBVogDvQBC1AQARewCt4g+/wA37Cr/loCRY7R2AB8OcXvGSkIA==</latexit>

} 0.995 0.996 0.997 0.998 0.999 1.000

5000

1×104

5×104

1×105
<latexit sha1_base64="BT2T48TOhh3tsCVvQYRl0Mq9jmc=">AAACMXicbVDLSgMxFE3qq46Ptrp0EyyCqzIjom6EohuXLdgHtEPJZDJtaDIzJBmxDPMlbvUL/JruxK0/YaadhW09EDiccy/35HgxZ0rb9hyWtrZ3dvfK+9bB4dFxpVo76aookYR2SMQj2fewopyFtKOZ5rQfS4qFx2nPmz7mfu+FSsWi8FnPYuoKPA5ZwAjWRhpVK+IeDQOJSdrOUsfORtW63bAXQJvEKUgdFGiNatAa+hFJBA014VipgWPH2k2x1IxwmlnDRNEYkyke04GhIRZUuekieYYujOKjIJLmhRot1L8bKRZKzYRnJgXWE7Xu5eK/3uvywIrmq/zIquaJtYQ6uHNTFsaJpiFZBgwSjnSE8vqQzyQlms8MwUQy80dEJtj0p03JlmnPWe9qk3SvGs5N47p9XW8+FD2WwRk4B5fAAbegCZ5AC3QAAQl4A+/gA37COfyC38vREix2TsEK4M8vKMOpXg==</latexit>

m =
Q

10

<latexit sha1_base64="BT2T48TOhh3tsCVvQYRl0Mq9jmc=">AAACMXicbVDLSgMxFE3qq46Ptrp0EyyCqzIjom6EohuXLdgHtEPJZDJtaDIzJBmxDPMlbvUL/JruxK0/YaadhW09EDiccy/35HgxZ0rb9hyWtrZ3dvfK+9bB4dFxpVo76aookYR2SMQj2fewopyFtKOZ5rQfS4qFx2nPmz7mfu+FSsWi8FnPYuoKPA5ZwAjWRhpVK+IeDQOJSdrOUsfORtW63bAXQJvEKUgdFGiNatAa+hFJBA014VipgWPH2k2x1IxwmlnDRNEYkyke04GhIRZUuekieYYujOKjIJLmhRot1L8bKRZKzYRnJgXWE7Xu5eK/3uvywIrmq/zIquaJtYQ6uHNTFsaJpiFZBgwSjnSE8vqQzyQlms8MwUQy80dEJtj0p03JlmnPWe9qk3SvGs5N47p9XW8+FD2WwRk4B5fAAbegCZ5AC3QAAQl4A+/gA37COfyC38vREix2TsEK4M8vKMOpXg==</latexit>

m =
Q

10

One can see that the fixed order and factorization results with finite mass agrees in the 
back-to-back region!
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COLLINEAR ENERGY-ENERGY 
CORRELATORS WITH MASS
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t<latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>

10
10

yr

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

10
5
yr

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

10
�
32

s?

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



Kyle Lee

COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS

Pr
im

ord
ial

 fl
uc

tu
at

ion
s W
ha

t c
os

mi
c h

ist
ory

 g
av

e r
ise

 to
 pr

im
ord

ial
 fl

uc
tu

at
ion

s?

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

10
1
0
yr

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

10
5
yr

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

10
�
3
2
s?

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

Collinear dynamics factorize identically for different collider environment

<latexit sha1_base64="SlOzgUuLqsZS17hgWPKnbo8p6Ek=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGxcu6qMPaIeSSTNtaJIZkoxYhn6C4Er/xJ249Rf8Edem7Sxs64HA4Zx7uScniDnTxnW/ndzS8srqWn69sLG5tb1T3N2r6yhRhNZIxCPVDLCmnElaM8xw2owVxSLgtBEMrsZ+45EqzSL5YIYx9QXuSRYygo2V7u86N51iyS27E6BF4mWkBBmqneJPuxuRRFBpCMdatzw3Nn6KlWGE01GhnWgaYzLAPdqyVGJBtZ9Ooo7QkVW6KIyUfdKgifp3I8VC66EI7KTApq/nvbH4r/c0PTCjBWIujQkv/JTJODFUkmmYMOHIRGjcDeoyRYnhQ0swUcz+B5E+VpgY22DBFuXN17JI6idl76x8entaqlxmleXhAA7hGDw4hwpcQxVqQKAHz/AKb86L8+58OJ/T0ZyT7ezDDJyvXw6gnMo=</latexit>

RL

<latexit sha1_base64="xC/R7nxQPCfr+g94IyeO7GzOfqk="></latexit>

E (n̂1) E (n̂2) =
1

✓2(1��3)

X
~OJ=3

i (n̂1)

<latexit sha1_base64="jYTQL9t25G3vg2IaCYvvOl5rD8g=">AAACIHicbVBNS8NAFNzUr1q/oj16CRbBU0mkqMeiFw8eKthWaEPZbDfp0s1u2H1RQ+lvETzpP/EmHvWHeHbb5mBbBxaGmfd4sxMknGlw3S+rsLK6tr5R3Cxtbe/s7tn7By0tU0Vok0gu1X2ANeVM0CYw4PQ+URTHAaftYHg18dsPVGkmxR1kCfVjHAkWMoLBSD273L2RIuI0BMWiAWCl5GPPrrhVdwpnmXg5qaAcjZ790+1LksZUAOFY647nJuCPsAJGOB2XuqmmCSZDHNGOoQLHVPujafixc2yUvhNKZZ4AZ6r+3RjhWOssDsxkjGGgF72J+K/3NDswpwXxQhoIL/wRE0kKVJBZmDDlDkhn0pbTZ4oS4JkhmChm/uOQAVaYgOm0ZIryFmtZJq3TqndWrd3WKvXLvLIiOkRH6AR56BzV0TVqoCYiKEPP6BW9WS/Wu/Vhfc5GC1a+U0ZzsL5/AYlKpH4=</latexit>()

• The universal scaling behavior is given by the Light-Ray OPE  
in the conformal region.

<latexit sha1_base64="oxhhrzPZu57gjMLdVAXXtMrOz5Y="></latexit>

⌃
�
�, p

2
T ,mQ, µ

�
=

Z 1

0
dx x

2 ~J (�, x,mQ, µ) · ~H
�
x, p

2
T , µ

�

<latexit sha1_base64="ciyVokcB24s0+614IwipyFnlgnQ="></latexit>�
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COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS

M. Swiatlowski (TRIUMF) August 4, 2023

EECs for … in practiceαs

33

Chengfeng 

Huge amount of effort! %

Now need to scrutinize 
and understand… #

(Overlay from MLB)Energy Correlators in Jet

CMS Collaboration `23

Universal scaling measured in real data from ALICE, CMS, and STAR 
from 15 GeV to 1784 GeV!

17/25



Kyle Lee

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

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

E (n̂1) E (n̂2) ⇠
X

✓⌧i�4
Oi (n̂1)

Interacting quarks and gluons
Free hadrons

Hofman, Maldacena, `08

EEC gives angular scale

<latexit sha1_base64="wb/i+f8kOrkmHhMlwyUEsg+ux2U="></latexit>

d�

d✓2
= const

<latexit sha1_base64="ChliF9z7XyBOqY3MS4CTjAShhF8="></latexit>

d�

d✓
= const⇥ 2✓

Kyle Lee

ALI-PREL-539525

ALI-PREL-539525

22/32

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

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

10 1
0
yr

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

10 5
yr

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

10 �
3
2
s?

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

C
on

fin
em

en
t

universal anomalous 
scaling region

Fr
ee

 H
ad
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ns

<latexit sha1_base64="ciyVokcB24s0+614IwipyFnlgnQ="></latexit>�
KL, Meçaj, Moult `22

Komiske, Moult, Thaler, Zhu `22

<latexit sha1_base64="X6klVkvHu1ri0QxtGhsaFq6kaCY=">AAACOXicbVDLSsNAFJ34rPXV6sKFm8EiuCqJFHVZdOOyQl/QhDCZTNuxM0mYuRFLyNe41S/wS1y6E7f+gNPHwrYeuHA4517uvSdIBNdg2x/W2vrG5tZ2Yae4u7d/cFgqH7V1nCrKWjQWseoGRDPBI9YCDoJ1E8WIDATrBKO7id95YkrzOGrCOGGeJIOI9zklYCS/dOLK1NVc4sRvYheGDIif8cfcL1Xsqj0FXiXOnFTQHA2/bBXdMKapZBFQQbTuOXYCXkYUcCpYXnRTzRJCR2TAeoZGRDLtZdMPcnxulBD3Y2UqAjxV/05kRGo9loHplASGetmbiP96z7MFC1qoJ0sWtUAuXQj9Gy/jUZICi+jswH4qMMR4EiMOuWIUxNgQQhU3P2I6JIpQMGEXTXrOclarpH1Zda6qtYdapX47z7GATtEZukAOukZ1dI8aqIUoytELekVv1rv1aX1Z37PWNWs+c4wWYP38AqDGrSw=</latexit>

µ ⇠ pT ✓ij

COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS
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Kyle Lee

VERY FIRST DIRECT DETECTION OF DEADCONE

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

No deadcone

Yes deadcone
[ALICE 2022]

[See also Ibrahim’s talk]

19/25

[See Nima’s talk]
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COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS

Collinear dynamics factorize identically for different collider environment
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• Presence of the mass forces heavy flavor hadrons to be  
formed at an earlier time. This is clearly probed via energy correlators!

<latexit sha1_base64="oxhhrzPZu57gjMLdVAXXtMrOz5Y="></latexit>

⌃
�
�, p

2
T ,mQ, µ

�
=

Z 1

0
dx x

2 ~J (�, x,mQ, µ) · ~H
�
x, p

2
T , µ

�

0.001 0.005 0.010 0.050 0.100 0.500
0.0

0.5

1.0

1.5

2.0

<latexit sha1_base64="ciyVokcB24s0+614IwipyFnlgnQ="></latexit>�

<latexit sha1_base64="ciyVokcB24s0+614IwipyFnlgnQ="></latexit>�

Pr
im

ord
ial

 fl
uc

tu
at

ion
s W
ha

t c
os

mi
c h

ist
ory

 g
av

e r
ise

 to
 pr

im
ord

ial
 fl

uc
tu

at
ion

s?

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

10
1
0
yr

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

10
5
yr

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

10
�
3
2
s?

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

20/25



Kyle Lee

COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS

Collinear dynamics factorize identically for different collider environment
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Kyle Lee

COLLINEAR ENERGY-ENERGY CORRELATORS WITH MASS
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Making contact with the general angle result:

<latexit sha1_base64="IyaFioYAvAjMW/BPNTlOCF1Ksbs=">AAACLHicbVDLSgMxFE3qq9ZXq0s3wSK4KjNS1GXRjcsK9gGdoWQymTY0yQxJRixDf8OtfoFf40bErd9hpp2FbT0QOJxzL/fkBAln2jjOJyxtbG5t75R3K3v7B4dH1dpxV8epIrRDYh6rfoA15UzSjmGG036iKBYBp71gcpf7vSeqNIvlo5km1Bd4JFnECDZW8jwyZsgzMfISNqzWnYYzB1onbkHqoEB7WIMVL4xJKqg0hGOtB66TGD/DyjDC6azipZommEzwiA4slVhQ7Wfz0DN0bpUQRbGyTxo0V/9uZFhoPRWBnRTYjPWql4v/es+LA0taqPMjy1ogVhKa6MbPmExSQyVZBIxSjmw7eXMoZIoSw6eWYKKY/SMiY6wwMbbfim3PXe1qnXQvG+5Vo/nQrLduix7L4BScgQvggmvQAvegDTqAgAS8gFfwBt/hB/yC34vREix2TsAS4M8vOGGn7w==</latexit>

� ! ⇡

<latexit sha1_base64="k/qlEzIupN2gRDmJePVH6EEN7Os="></latexit>

=)

<latexit sha1_base64="UHawzOyNpdJP+fGYVI6GG31GmBU="></latexit>/

<latexit sha1_base64="QPdvqYWsxERZ9I5y2rRHbHhCIRg="></latexit>

d�

dz

����
z!0

Qg+Q̄g

= LP + NLP + NNLP +O
�
z2
�

LP =
1

2z

⇢⇥
�4(i�)4 + 12(i�)3 � 4(i�)2

⇤
ln

✓
i�

1 + i�

◆
+
⇥
�(i�)4 + 4(i�)3 � 2(i�)2 + 3

⇤ 1

(1 + i�)
+ 9(i�)2

�
+ c.c,

NLP =
�2

�
300�8 + 530�6 + 208�4 + 41�2 � 27

�

15 (�2 + 1)2
+

15�3
�
�2 + 1

�2 ⇣
6� log

⇣
�2+1
�2

⌘
+ i

�
1� 20�2

�
log

⇣
�+i
��i

⌘⌘

15 (�2 + 1)2
<latexit sha1_base64="UHawzOyNpdJP+fGYVI6GG31GmBU="></latexit>/

<latexit sha1_base64="njkVTleoFUWZztsbQMkX96K1riM="></latexit>

LP

<latexit sha1_base64="yQo2BkjYChjtqi2cFZdmGGMMIDc="></latexit>

NLP

<latexit sha1_base64="4rvjWrc5UuJfCQ+6yhPxd9/gMI4="></latexit>· · ·

Leading power agrees and one can obtain higher power results from expanding the general angle result!
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Kyle Lee

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


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

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

Barata, Mehtar-Tani `23

EEC gives angular scale
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Kyle Lee

Higher-point correlators probe more detailed aspects of interactions.


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

We must also dream big!

PROBING HIGHER POINT STRUCTURE

Maldacena `02, Komatsu `10  
Cabass, Pajer, Stefanyszyn, Supel `21,…

24/25



Kyle Lee

BEAUTIFUL AND CHARMING ENERGY CORRELATORS

Craft, Gonzalez, KL, Meçaj, Moult `23

One can statistically measure the gluon suppression (dead cone) within the heavy jets 
as compared to the light jets by taking the ratio of energy correlators.
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Craft, KL, Meçaj, Moult `22

Higher-point structure provides nontrivial shape information

EEC gives angular scale
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Kyle Lee

BEAUTIFUL AND CHARMING ENERGY CORRELATORS

Craft, Gonzalez, KL, Meçaj, Moult `23

One can statistically measure the gluon suppression (dead cone) within the heavy jets 
as compared to the light jets by taking the ratio of energy correlators.
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Beautiful and Charming future ahead with Energy Correlators!


