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At colliders, microscopic dynamics of quantum field theory of nature is imprinted  
on macroscopic asymptotic flux measured at experimental detectors. 

ASYMPTOTIC DETECTOR CORRELATORS
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Much like cosmology, we infer 
microscopic (early time) physics  
from asymptotic (late time) detector flux

DECODING ASYMPTOTIC ENERGY FLUX IN COLLIDERS

We probe primordial perturbations by  
analyzing correlations in the CMB

From QFT point of view,  
what field theoretic observables  
describe this patterns of detector flux?
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MANY COLLIDER “COSMOLOGIES”
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Pb-Pb
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From the perspective of QFT, collider processes are 
study of correlation functions of energy flow operators.

= energy correlators!
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hE(n̂1) · · · E(n̂N )i ⌘

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

Hofman, Maldacena `08“Conformal collider physics”

Energy Flow Operators
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E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

• Generic field theories with stress-energy tensors can have a corresponding energy flow operators.

From QFT point of view, what is a detector?
ENERGY FLOW OPERATOR
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EEC: FIRST NONPERTURBATIVELY 
COMPUTED COLLIDER OBSERVABLES

Conformal collider bootstrap in  SYM𝒩 = 4

“We use a combination of perturbation theory, holography, supersymmetric localization, integrability, 
and numerical conformal bootstrap methods to constraint EEC in  SYM at finite coupling”𝒩 = 4

Dempsey, Karlsson, Pufu, Zahraee, Zhiboedov, `25
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
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<latexit sha1_base64="aTbL1xkKxwQ3F71nNQUP8z2mO+g="></latexit>

Ek
R3

(~n3)

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="jqWx1codUuDwMBg6DZSsAzpHfd8=">AAACQnicbVDLSgMxFM34rOOr1aWbYBHqpsyIVJdFEVxWsQ9oxyGTpm1okhmSTLEMs/Vr3OoX+BP+gjtx68JM24VtvRByOOde7rkniBhV2nE+rJXVtfWNzdyWvb2zu7efLxw0VBhLTOo4ZKFsBUgRRgWpa6oZaUWSIB4w0gyG15neHBGpaCge9DgiHkd9QXsUI20oPw87HOkBRiy5Sf3k3nfTx0Skpc6IYPP77qmfLzplZ1JwGbgzUASzqvkFy+50QxxzIjRmSKm260TaS5DUFDOS2p1YkQjhIeqTtoECcaK8ZHJKCk8M04W9UJonNJywfycSxJUa88B0ZsbVopaR/2pP0wVzXFdlS+a5gC841L1LL6EiijUReGqwFzOoQ5jlCbtUEqzZ2ACEJTU3QjxAEmFtUrdNeu5iVsugcVZ2K+XK3XmxejXLMQeOwDEoARdcgCq4BTVQBxg8gxfwCt6sd+vT+rK+p60r1mzmEMyV9fMLT/Kw9w==</latexit>

E n
R

1 (~n
1)

<latexit sha1_base64="Q/urDHjnJLAnPXUgvEhvG9xAedc=">AAACQnicbVDLTgIxFO3gC/EFunTTSExwQ2aIQZdEY+ISjTwSwEmnFGhoO5O2QyST2fo1bvUL/Al/wZ1x68IOzELAk9zk5Jx7c+89XsCo0rb9YWXW1jc2t7LbuZ3dvf2DfOGwqfxQYtLAPvNl20OKMCpIQ1PNSDuQBHGPkZY3vk781oRIRX3xoKcB6XE0FHRAMdJGcvOwy5EeYcSim9iN7t1K/BjxuNSdEByJ2K2cufmiXbZngKvESUkRpKi7BSvX7fs45ERozJBSHccOdC9CUlPMSJzrhooECI/RkHQMFYgT1Ytmr8Tw1Ch9OPClKaHhTP07ESGu1JR7pjM5XC17ifiv9zRfsKD1VbJkUfP40oV6cNmLqAhCTQSeHzgIGdQ+TPKEfSoJ1mxqCMKSmh8hHiGJsDap50x6znJWq6RZKTvVcvXuvFi7SnPMgmNwAkrAARegBm5BHTQABs/gBbyCN+vd+rS+rO95a8ZKZ47AAqyfX1G0sPg=</latexit>

E m
R

2 (~n
2)

<latexit sha1_base64="aTbL1xkKxwQ3F71nNQUP8z2mO+g="></latexit>

E k
R

3 (~n
3)

Correlations of  general asymptotic detectors

<latexit sha1_base64="fmiWSj4QhIZ4W5p13zlrCa7xbgA=">AAACXnicbVFNTwIxEO2uiogioBcTLxuJiQdDdolBDx6IXjxiIh8JS0i3DNDQdjdt10gW/oy/xqvevPlTLLAHAWfS5OW9mczMaxAxqrTrflv2zu5eZj97kDs8yh8XiqWTlgpjSaBJQhbKToAVMCqgqalm0IkkYB4waAeTx4XefgWpaChe9DSCHscjQYeUYG2ofvHeZ1iMGPjX6znzxyrCBJIq4fPZpurLZVO/WHYr7jKcbeCloIzSaPRLVs4fhCTmIDRhWKmu50a6l2CpKWEwz/mxAjN2gkfQNVBgDqqXLM+cO5eGGTjDUJontLNk/3YkmCs15YGp5FiP1aa2IP/V3lYD1riBWgxZ5wK+saEe3vUSKqJYgyCrBYcxc3ToLLx2BlQC0WxqACaSmhsdMsYSE21+JGfc8za92gatasWrVWrPN+X6Q+pjFp2jC3SFPHSL6ugJNVATEfSOPtAn+rJ+7IydtwurUttKe07RWthnv7jRtag=</latexit>

h | | i<latexit sha1_base64="CjsVUK2FB7GO+03zOPEiaR+Y5Vw=">AAACK3icbVDLSgMxFE3qq9ZXq0s3wSLUTZkRqS6LblxWsA9oh5LJZNrQTDIkGbEM/Qy3+gV+jSvFrf9hpp2FbT0QOJxzL/fk+DFn2jjOJyxsbG5t7xR3S3v7B4dH5cpxR8tEEdomkkvV87GmnAnaNsxw2osVxZHPadef3GV+94kqzaR4NNOYehEeCRYygo2V+rXBGJtUzIbuxbBcderOHGiduDmpghytYQWWBoEkSUSFIRxr3Xed2HgpVoYRTmelQaJpjMkEj2jfUoEjqr10nnmGzq0SoFAq+4RBc/XvRoojraeRbycjbMZ61cvEf73nxYElLdDZkWXNj1YSmvDGS5mIE0MFWQQME46MRFlxKGCKEsOnlmCimP0jImOsMDG23pJtz13tap10Lutuo954uKo2b/Mei+AUnIEacME1aIJ70AJtQIAEL+AVvMF3+AG/4PditADznROwBPjzC2KPp4M=</latexit>

(n̂1)
<latexit sha1_base64="cFQko4kjeXMRQlfMal1FAjYp8I0=">AAACK3icbVDLSgMxFE181vpqdekmWIS6KTMi1WXRjSupYB/QDiWTybShmWRIMmIZ+hlu9Qv8GleKW//DTDsL23ogcDjnXu7J8WPOtHGcT7i2vrG5tV3YKe7u7R8clspHbS0TRWiLSC5V18eaciZoyzDDaTdWFEc+px1/fJv5nSeqNJPi0Uxi6kV4KFjICDZW6lX7I2xSMR3cnw9KFafmzIBWiZuTCsjRHJRhsR9IkkRUGMKx1j3XiY2XYmUY4XRa7CeaxpiM8ZD2LBU4otpLZ5mn6MwqAQqlsk8YNFP/bqQ40noS+XYywmakl71M/Nd7nh9Y0AKdHVnU/GgpoQmvvZSJODFUkHnAMOHISJQVhwKmKDF8Ygkmitk/IjLCChNj6y3a9tzlrlZJ+6Lm1mv1h8tK4ybvsQBOwCmoAhdcgQa4A03QAgRI8AJewRt8hx/wC37PR9dgvnMMFgB/fgGVFaeg</latexit>

(n̂N )<latexit sha1_base64="jaleGorbBYhQXaPazLsnSyE2Fuo=">AAACJnicbVDLSgMxFE181vHV6tLNYBFclRmR6rLoxmUF+4B2KJlMpo3NY0gyYhn6D271C/wadyLu/BQz7Sxs64HA4Zx7uScnTBjVxvO+4dr6xubWdmnH2d3bPzgsV47aWqYKkxaWTKpuiDRhVJCWoYaRbqII4iEjnXB8m/udJ6I0leLBTBIScDQUNKYYGSu1+ziSRg/KVa/mzeCuEr8gVVCgOahApx9JnHIiDGZI657vJSbIkDIUMzJ1+qkmCcJjNCQ9SwXiRAfZLO7UPbNK5MZS2SeMO1P/bmSIaz3hoZ3kyIz0speL/3rP8wMLWqTzI4tayJcSmvg6yKhIUkMEngeMU+Ya6eaduRFVBBs2sQRhRe0fXTxCCmFjm3Vse/5yV6ukfVHz67X6/WW1cVP0WAIn4BScAx9cgQa4A03QAhg8ghfwCt7gO/yAn/BrProGi51jsAD48wsqZqXq</latexit>· · ·

Primordial fluctuationsW
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="jqWx1codUuDwMBg6DZSsAzpHfd8=">AAACQnicbVDLSgMxFM34rOOr1aWbYBHqpsyIVJdFEVxWsQ9oxyGTpm1okhmSTLEMs/Vr3OoX+BP+gjtx68JM24VtvRByOOde7rkniBhV2nE+rJXVtfWNzdyWvb2zu7efLxw0VBhLTOo4ZKFsBUgRRgWpa6oZaUWSIB4w0gyG15neHBGpaCge9DgiHkd9QXsUI20oPw87HOkBRiy5Sf3k3nfTx0Skpc6IYPP77qmfLzplZ1JwGbgzUASzqvkFy+50QxxzIjRmSKm260TaS5DUFDOS2p1YkQjhIeqTtoECcaK8ZHJKCk8M04W9UJonNJywfycSxJUa88B0ZsbVopaR/2pP0wVzXFdlS+a5gC841L1LL6EiijUReGqwFzOoQ5jlCbtUEqzZ2ACEJTU3QjxAEmFtUrdNeu5iVsugcVZ2K+XK3XmxejXLMQeOwDEoARdcgCq4BTVQBxg8gxfwCt6sd+vT+rK+p60r1mzmEMyV9fMLT/Kw9w==</latexit>

En
R1

(~n1)
<latexit sha1_base64="Q/urDHjnJLAnPXUgvEhvG9xAedc=">AAACQnicbVDLTgIxFO3gC/EFunTTSExwQ2aIQZdEY+ISjTwSwEmnFGhoO5O2QyST2fo1bvUL/Al/wZ1x68IOzELAk9zk5Jx7c+89XsCo0rb9YWXW1jc2t7LbuZ3dvf2DfOGwqfxQYtLAPvNl20OKMCpIQ1PNSDuQBHGPkZY3vk781oRIRX3xoKcB6XE0FHRAMdJGcvOwy5EeYcSim9iN7t1K/BjxuNSdEByJ2K2cufmiXbZngKvESUkRpKi7BSvX7fs45ERozJBSHccOdC9CUlPMSJzrhooECI/RkHQMFYgT1Ytmr8Tw1Ch9OPClKaHhTP07ESGu1JR7pjM5XC17ifiv9zRfsKD1VbJkUfP40oV6cNmLqAhCTQSeHzgIGdQ+TPKEfSoJ1mxqCMKSmh8hHiGJsDap50x6znJWq6RZKTvVcvXuvFi7SnPMgmNwAkrAARegBm5BHTQABs/gBbyCN+vd+rS+rO95a8ZKZ47AAqyfX1G0sPg=</latexit>

Em
R2

(~n2)

<latexit sha1_base64="aTbL1xkKxwQ3F71nNQUP8z2mO+g="></latexit>

Ek
R3

(~n3)

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="jqWx1codUuDwMBg6DZSsAzpHfd8=">AAACQnicbVDLSgMxFM34rOOr1aWbYBHqpsyIVJdFEVxWsQ9oxyGTpm1okhmSTLEMs/Vr3OoX+BP+gjtx68JM24VtvRByOOde7rkniBhV2nE+rJXVtfWNzdyWvb2zu7efLxw0VBhLTOo4ZKFsBUgRRgWpa6oZaUWSIB4w0gyG15neHBGpaCge9DgiHkd9QXsUI20oPw87HOkBRiy5Sf3k3nfTx0Skpc6IYPP77qmfLzplZ1JwGbgzUASzqvkFy+50QxxzIjRmSKm260TaS5DUFDOS2p1YkQjhIeqTtoECcaK8ZHJKCk8M04W9UJonNJywfycSxJUa88B0ZsbVopaR/2pP0wVzXFdlS+a5gC841L1LL6EiijUReGqwFzOoQ5jlCbtUEqzZ2ACEJTU3QjxAEmFtUrdNeu5iVsugcVZ2K+XK3XmxejXLMQeOwDEoARdcgCq4BTVQBxg8gxfwCt6sd+vT+rK+p60r1mzmEMyV9fMLT/Kw9w==</latexit>

E n
R

1 (~n
1)

<latexit sha1_base64="Q/urDHjnJLAnPXUgvEhvG9xAedc=">AAACQnicbVDLTgIxFO3gC/EFunTTSExwQ2aIQZdEY+ISjTwSwEmnFGhoO5O2QyST2fo1bvUL/Al/wZ1x68IOzELAk9zk5Jx7c+89XsCo0rb9YWXW1jc2t7LbuZ3dvf2DfOGwqfxQYtLAPvNl20OKMCpIQ1PNSDuQBHGPkZY3vk781oRIRX3xoKcB6XE0FHRAMdJGcvOwy5EeYcSim9iN7t1K/BjxuNSdEByJ2K2cufmiXbZngKvESUkRpKi7BSvX7fs45ERozJBSHccOdC9CUlPMSJzrhooECI/RkHQMFYgT1Ytmr8Tw1Ch9OPClKaHhTP07ESGu1JR7pjM5XC17ifiv9zRfsKD1VbJkUfP40oV6cNmLqAhCTQSeHzgIGdQ+TPKEfSoJ1mxqCMKSmh8hHiGJsDap50x6znJWq6RZKTvVcvXuvFi7SnPMgmNwAkrAARegBm5BHTQABs/gBbyCN+vd+rS+rO95a8ZKZ47AAqyfX1G0sPg=</latexit>

E m
R

2 (~n
2)

<latexit sha1_base64="aTbL1xkKxwQ3F71nNQUP8z2mO+g="></latexit>

E k
R

3 (~n
3)

Energy Flow Operators
<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="PSRiHsXQdHP2pPxwptlGUexMy48=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqhuh6MZlC/YB7VAymUwbmmSGJCOW0i9wq1/g17gTd+LPmGlnYVsPBA7n3Ms9OUHCmTau+w0LG5tb2zvFXWdv/+DwqFQ+bus4VYS2SMxj1Q2wppxJ2jLMcNpNFMUi4LQTjO8zv/NElWaxfDSThPoCDyWLGMHGSs3bQaniVt050DrxclIBORqDMnT6YUxSQaUhHGvd89zE+FOsDCOczpx+qmmCyRgPac9SiQXV/nSedIbOrRKiKFb2SYPm6t+NKRZaT0RgJwU2I73qZeK/3vPiwJIW6uzIshaIlYQmuvGnTCapoZIsAkYpRyZGWV0oZIoSwyeWYKKY/SMiI6wwMbZUx7bnrXa1TtqXVa9WrTWvKvW7vMciOAVn4AJ44BrUwQNogBYggIIX8Are4Dv8gJ/wazFagPnOCVgC/PkFiFSjfA==</latexit>=

ASYMPTOTIC DETECTOR OPERATORS 𝒟( ⃗n)
From QFT point of view, what are the operators describing asymptotic flux measured in experiments?

Charge Operators
<latexit sha1_base64="7xv4hO4f/FlsU1eWvrY3H1+kJtM="></latexit>

Q(ωn) =

∫ →

0
dt lim

r↑→
r2niJi(t, rn̂)

<latexit sha1_base64="PSRiHsXQdHP2pPxwptlGUexMy48=">AAACIXicbVDLSgMxFE3qq46vVpdugkVwVWZEqhuh6MZlC/YB7VAymUwbmmSGJCOW0i9wq1/g17gTd+LPmGlnYVsPBA7n3Ms9OUHCmTau+w0LG5tb2zvFXWdv/+DwqFQ+bus4VYS2SMxj1Q2wppxJ2jLMcNpNFMUi4LQTjO8zv/NElWaxfDSThPoCDyWLGMHGSs3bQaniVt050DrxclIBORqDMnT6YUxSQaUhHGvd89zE+FOsDCOczpx+qmmCyRgPac9SiQXV/nSedIbOrRKiKFb2SYPm6t+NKRZaT0RgJwU2I73qZeK/3vPiwJIW6uzIshaIlYQmuvGnTCapoZIsAkYpRyZGWV0oZIoSwyeWYKKY/SMiI6wwMbZUx7bnrXa1TtqXVa9WrTWvKvW7vMciOAVn4AJ44BrUwQNogBYggIIX8Are4Dv8gJ/wazFagPnOCVgC/PkFiFSjfA==</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="jqWx1codUuDwMBg6DZSsAzpHfd8=">AAACQnicbVDLSgMxFM34rOOr1aWbYBHqpsyIVJdFEVxWsQ9oxyGTpm1okhmSTLEMs/Vr3OoX+BP+gjtx68JM24VtvRByOOde7rkniBhV2nE+rJXVtfWNzdyWvb2zu7efLxw0VBhLTOo4ZKFsBUgRRgWpa6oZaUWSIB4w0gyG15neHBGpaCge9DgiHkd9QXsUI20oPw87HOkBRiy5Sf3k3nfTx0Skpc6IYPP77qmfLzplZ1JwGbgzUASzqvkFy+50QxxzIjRmSKm260TaS5DUFDOS2p1YkQjhIeqTtoECcaK8ZHJKCk8M04W9UJonNJywfycSxJUa88B0ZsbVopaR/2pP0wVzXFdlS+a5gC841L1LL6EiijUReGqwFzOoQ5jlCbtUEqzZ2ACEJTU3QjxAEmFtUrdNeu5iVsugcVZ2K+XK3XmxejXLMQeOwDEoARdcgCq4BTVQBxg8gxfwCt6sd+vT+rK+p60r1mzmEMyV9fMLT/Kw9w==</latexit>

E n
R

1 (~n
1)

<latexit sha1_base64="Q/urDHjnJLAnPXUgvEhvG9xAedc=">AAACQnicbVDLTgIxFO3gC/EFunTTSExwQ2aIQZdEY+ISjTwSwEmnFGhoO5O2QyST2fo1bvUL/Al/wZ1x68IOzELAk9zk5Jx7c+89XsCo0rb9YWXW1jc2t7LbuZ3dvf2DfOGwqfxQYtLAPvNl20OKMCpIQ1PNSDuQBHGPkZY3vk781oRIRX3xoKcB6XE0FHRAMdJGcvOwy5EeYcSim9iN7t1K/BjxuNSdEByJ2K2cufmiXbZngKvESUkRpKi7BSvX7fs45ERozJBSHccOdC9CUlPMSJzrhooECI/RkHQMFYgT1Ytmr8Tw1Ch9OPClKaHhTP07ESGu1JR7pjM5XC17ifiv9zRfsKD1VbJkUfP40oV6cNmLqAhCTQSeHzgIGdQ+TPKEfSoJ1mxqCMKSmh8hHiGJsDap50x6znJWq6RZKTvVcvXuvFi7SnPMgmNwAkrAARegBm5BHTQABs/gBbyCN+vd+rS+rO95a8ZKZ47AAqyfX1G0sPg=</latexit>

E m
R

2 (~n
2)

<latexit sha1_base64="aTbL1xkKxwQ3F71nNQUP8z2mO+g="></latexit>

E k
R

3 (~n
3)

Gonzaelz, KL, Moult `26

Correlations of detector operators  
are well-defined field theoretic objects
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BRINGING IDEAS FROM FORMAL THEORY, PHENOMENOLOGY, 
AND EXPERIMENTALISTS

7

…This conference will bring together formal 
theorists, phenomenologists, and experimentalists 
to advance the use of energy flow observables 
across collider physics and formal quantum field 
theory.

Asymptotic Detectors are fundamental objects  
of Lorentzian Field Theories!
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MACROSCOPIC CONSEQUENCES OF 
MICROSCOPIC DYNAMICS
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MACROSCOPIC CONSEQUENCES OF 
MICROSCOPIC DYNAMICS

<latexit sha1_base64="9Tj54LGQj2CGt+x0EL9zT5EPAfI=">AAACS3icbVDLSsNAFJ1Uq7W+qi7dDBbBVUlEqkvRjcsK1hbaUiaTGx2cPJi5kYaQb3GrH+MH+B3uxIWTNAtbvTBw7rmPc+e4sRQabfvDqq2s1tfWGxvNza3tnd3W3v69jhLFoc8jGamhyzRIEUIfBUoYxgpY4EoYuE/XRX3wDEqLKLzDNIZJwB5C4QvO0FDT1sEYYYblnkyBl2fjPJ+22nbHLoP+BU4F2qSK3nTPomMv4kkAIXLJtB45doyTjCkUXELeHCcaYsaf2AOMDAxZAHqSlao5PTaMR/1ImRciLdnfExkLtE4D13QGDB/1cq0g/63N5gILnKcLkUXODRbzYpPSvl66G/2LSSbCOEEI+fxsP5EUI1oYSz2hgKNMDWBcCfNzyh+ZYhyN/U3jqbPs4F9wf9pxup3u7Vn78qpyt0EOyRE5IQ45J5fkhvRIn3CSkhfySt6sd+vT+rK+5601q5o5IAtRq/8AK/O0zA==</latexit>

}
<latexit sha1_base64="lLyKPNgsfXlfHrwwPIYATfJveEk="></latexit>

z⇠⇤
2
QCD/Q

2

<latexit sha1_base64="fzeksgVofQt/iU5l0dvLpTyjX+w="></latexit>

confinement

Transition 
Region

<latexit sha1_base64="gZe4ISrB6JzGZPxrBf0Z9Dqd4Sw="></latexit>

✓ ⇠ ⇤QCD

pT

Phenomenological Applications
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MACROSCOPIC CONSEQUENCES OF 
MICROSCOPIC DYNAMICS
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t <latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>
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1
0
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<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit> 10
5
yr

<latexit sha1_base64="SWRV6Pk+9jc3vaiAbxIG9oDZNEg="></latexit>
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�
3
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<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>
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t <latexit sha1_base64="3dz/RxiC1WAJpbh5+C2eyFV8gYA="></latexit>
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<latexit sha1_base64="M2YUKL/PwPy6HpVOBY8eRcGXEDE="></latexit> 10
5
yr

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

10
�
3
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<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>
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<latexit sha1_base64="R2Ix21GgAs4F6Eq48dDUOkPHDmg="></latexit>

Light Jet

Charm Jet

Beauty Jet

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

AK5 Jets, |⌘| < 1.9

pT = 500-550 GeV

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

AK5 Jets, |⌘| < 1.9

pT = 500-550 GeV

<latexit sha1_base64="R2Ix21GgAs4F6Eq48dDUOkPHDmg="></latexit>

Light Jet

Charm Jet

Beauty Jet
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Kyle Lee

MACROSCOPIC CONSEQUENCES OF 
MICROSCOPIC DYNAMICS

<latexit sha1_base64="5bCyd0gYv8CeZMXZW/avxKBuZUk=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSQi1WPRi8cK9gPaUDbbTbt2sxt2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZemAhu0PO+ncLa+sbmVnG7tLO7t39QPjxqGZVqyppUCaU7ITFMcMmayFGwTqIZiUPB2uH4dua3n5g2XMkHnCQsiMlQ8ohTglZq9XDEkPTLFa/qzeGuEj8nFcjR6Je/egNF05hJpIIY0/W9BIOMaORUsGmplxqWEDomQ9a1VJKYmSCbXzt1z6wycCOlbUl05+rviYzExkzi0HbGBEdm2ZuJ/3ndFKPrIOMySZFJulgUpcJF5c5edwdcM4piYgmhmttbXToimlC0AZVsCP7yy6ukdVH1a9Xa/WWlfpPHUYQTOIVz8OEK6nAHDWgChUd4hld4c5Tz4rw7H4vWgpPPHMMfOJ8/p4mPMw==</latexit>

ω
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Universal Scaling  
In The Collinear Limit of Detectors



Kyle Lee

SCALING BEHAVIOR IN QFT

• Critical phenomena give us access to universal scaling behavior as Euclidean operators are brought 
together

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

O(x)O(0) =
X

x�iciOi

Wilson `70

Euclidean Operator Product Expansion

• QFTs display universal scaling behaviors when operators approach one another
• Why is the study of jet substructure of interest in QFT?

9 /29
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Hofman, Maldacena `08

Light-ray Operator Product Expansion

UNIVERSAL LORENTZIAN SCALING WITHIN JETS

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

=) Profound field theory predictions within jets!

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

E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

• Jet substructure describes the limit where energy flow operators are brought 
together, thus probing the OPE limit of Lorentzian operators

• Light-ray Operator Product Expansion predicted universal scaling within jets within the context 
of conformal field theory

Primordial fluctuationsW
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="vecReR01/ad1nZqVbio6Vz4ghtI="></latexit>

E(~n1)

<latexit sha1_base64="m2GzO6gsXZ6tKUyB9t/unIWYnMU="></latexit>

E(~n2)

<latexit sha1_base64="zw38n7Possu9neeFiU7lOYDevTk=">AAACOXicbVDLTsJAFJ3iC+sLdOHCTSMxcUVaQ9Ql0Y1LTOSRUEKm0wtMmD4yc2sgTb/GrX6BX+LSnXHrDzgFFgKeZJKTcx/nzvFiwRXa9odR2Njc2t4p7pp7+weHR6XycUtFiWTQZJGIZMejCgQPoYkcBXRiCTTwBLS98X1ebz+DVDwKn3AaQy+gw5APOKOopX7p1EWY4GxPKsHPUhdHgDTrlyp21Z7BWifOglTIAo1+2TBdP2JJACEyQZXqOnaMvZRK5ExAZrqJgpiyMR1CV9OQBqB66cw5sy604luDSOoXojVT/06kNFBqGni6M6A4Uqu1XPy3NpkbLGm+yk2WNS9YuRAHt72Uh3GCELL5gYNEWBhZeYyWzyUwFFNNKJNc/9FiIyopQx22qdNzVrNaJ62rqnNdrT3WKvW7RY5FckbOySVxyA2pkwfSIE3CSEZeyCt5M96NT+PL+J63FozFzAlZgvHzC2Hnric=</latexit>

✓

<latexit sha1_base64="AdgBdfKpbkoNWNymuV+9Qn6IQNc="></latexit>

E (n̂1) E (n̂2) ⇠
X

✓�(3)�2
Oi (n̂1)
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Hofman, Maldacena `08

Light-ray Operator Product Expansion

UNIVERSAL LORENTZIAN SCALING WITHIN JETS

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

=) Profound field theory predictions within jets!

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

E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

• Jet substructure describes the limit where energy flow operators are brought 
together, thus probing the OPE limit of Lorentzian operators

• Light-ray Operator Product Expansion predicted universal scaling within jets within the context 
of conformal field theory

Primordial fluctuationsW
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="vecReR01/ad1nZqVbio6Vz4ghtI="></latexit>

E(~n1)

<latexit sha1_base64="m2GzO6gsXZ6tKUyB9t/unIWYnMU="></latexit>

E(~n2)

<latexit sha1_base64="zw38n7Possu9neeFiU7lOYDevTk=">AAACOXicbVDLTsJAFJ3iC+sLdOHCTSMxcUVaQ9Ql0Y1LTOSRUEKm0wtMmD4yc2sgTb/GrX6BX+LSnXHrDzgFFgKeZJKTcx/nzvFiwRXa9odR2Njc2t4p7pp7+weHR6XycUtFiWTQZJGIZMejCgQPoYkcBXRiCTTwBLS98X1ebz+DVDwKn3AaQy+gw5APOKOopX7p1EWY4GxPKsHPUhdHgDTrlyp21Z7BWifOglTIAo1+2TBdP2JJACEyQZXqOnaMvZRK5ExAZrqJgpiyMR1CV9OQBqB66cw5sy604luDSOoXojVT/06kNFBqGni6M6A4Uqu1XPy3NpkbLGm+yk2WNS9YuRAHt72Uh3GCELL5gYNEWBhZeYyWzyUwFFNNKJNc/9FiIyopQx22qdNzVrNaJ62rqnNdrT3WKvW7RY5FckbOySVxyA2pkwfSIE3CSEZeyCt5M96NT+PL+J63FozFzAlZgvHzC2Hnric=</latexit>

✓

<latexit sha1_base64="AdgBdfKpbkoNWNymuV+9Qn6IQNc="></latexit>

E (n̂1) E (n̂2) ⇠
X

✓�(3)�2
Oi (n̂1)

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

10/29



Kyle Lee

UNIVERSAL SCALING BEHAVIOR IN JETS!
• In QCD, we developed the proper framework to observe the universal scaling behavior within jets!

Primordial fluctuationsW
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="vecReR01/ad1nZqVbio6Vz4ghtI="></latexit>

E(~n1)

<latexit sha1_base64="m2GzO6gsXZ6tKUyB9t/unIWYnMU="></latexit>

E(~n2)

<latexit sha1_base64="zw38n7Possu9neeFiU7lOYDevTk=">AAACOXicbVDLTsJAFJ3iC+sLdOHCTSMxcUVaQ9Ql0Y1LTOSRUEKm0wtMmD4yc2sgTb/GrX6BX+LSnXHrDzgFFgKeZJKTcx/nzvFiwRXa9odR2Njc2t4p7pp7+weHR6XycUtFiWTQZJGIZMejCgQPoYkcBXRiCTTwBLS98X1ebz+DVDwKn3AaQy+gw5APOKOopX7p1EWY4GxPKsHPUhdHgDTrlyp21Z7BWifOglTIAo1+2TBdP2JJACEyQZXqOnaMvZRK5ExAZrqJgpiyMR1CV9OQBqB66cw5sy604luDSOoXojVT/06kNFBqGni6M6A4Uqu1XPy3NpkbLGm+yk2WNS9YuRAHt72Uh3GCELL5gYNEWBhZeYyWzyUwFFNNKJNc/9FiIyopQx22qdNzVrNaJ62rqnNdrT3WKvW7RY5FckbOySVxyA2pkwfSIE3CSEZeyCt5M96NT+PL+J63FozFzAlZgvHzC2Hnric=</latexit>

✓

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

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

10 10
yr

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

10 5
yr

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

10 �
32

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

Light-ray OPE
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Kyle Lee

SCALING FROM 15 GEV TO 2 TEV IN DATA!

• Universal scaling of QCD operators revealed in data from STAR, ALICE, and CMS, from 15 GeV to 1784 GeV!
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Kyle Lee

STRONG COUPLING DETERMINATION
• How strong is the Strong Force? In comparison, EM coupling: 
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Quarks are never free, and thus it is very hard to measure their coupling

CMS collaboration carried out most precise determination  
of the strong coupling constant for jet substructure
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Kyle Lee

QCD FACTORIZATION FRAMEWORK OF JET SUBSTRUCTURE

Precision Jet Substructure at the LHC

• Dominant uncertainty is the calculation of the single jet state.

• We have developed a factorization theorem to interface with
state-of-the-art perturbative calculations.

• Warm Up: Small-R jet production at NNLO+NNLL:

Figure 18: Combined ratio plots for three representative values of R.
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Figure 18: Combined ratio plots for three representative values of R.

– 22 –

• Exciting era of precision jet substructure on the horizon!

[Generet, Lee, Moult, Poncelet, Zhang]
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• Precision understanding of this scaling requires QCD factorization of multiple scales present in jet processes
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Kyle Lee

JET PRODUCTION AT THE LHC
Hard  Jet + FO⊗

Precision Jet Substructure at the LHC

• Dominant uncertainty is the calculation of the single jet state.

• We have developed a factorization theorem to interface with
state-of-the-art perturbative calculations.

• Warm Up: Small-R jet production at NNLO+NNLL:

Figure 18: Combined ratio plots for three representative values of R.
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• Exciting era of precision jet substructure on the horizon!

[Generet, Lee, Moult, Poncelet, Zhang]
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⇠ R

Generet, KL, Moult, Poncelet, Zhang `25

Precision Jet Substructure at the LHC

• Dominant uncertainty is the calculation of the single jet state.

• We have developed a factorization theorem to interface with
state-of-the-art perturbative calculations.

• Warm Up: Small-R jet production at NNLO+NNLL:

Figure 18: Combined ratio plots for three representative values of R.

– 22 –

Figure 18: Combined ratio plots for three representative values of R.

– 22 –

• Exciting era of precision jet substructure on the horizon!

[Generet, Lee, Moult, Poncelet, Zhang]
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Combining the hard function with jet function, we describe the jet production at the LHC at NNLO + NNLL

15/29



Kyle Lee

MEASUREMENT ON RECOIL OF BOSON PRODUCTION

Generet, KL, Moult, Poncelet, Zhang `26
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V = H

Measurement of EEC on hadronic recoils of Higgs production may give sensitivity to Yukawa!

16/29



Probing Boosted Structure



Kyle Lee

JET SUBSTRUCTURE: STUDYING ENERGY FLOW INSIDE JETS
• Beyond massless QCD jets, highly energetic colliders (the LHC and proposed future colliders) produce 
boosted H/W/Z bosons and top quarks whose multi-body decays appear as jets.

<latexit sha1_base64="EeOU71XcFPkiI8mongFsQ6IUFYI="></latexit>

H

• Since its introduction in 2008 by Butterworth, Davison, Rubin, and Salam for Higgs reconstruction, 
jet substructure has provided a novel way to probe the vast LHC jet data by analyzing energy patterns within jets.

g

t

Q

17/29



Kyle Lee

CMS `24

World-leading limits  
on BSM for light  Z′￼

• This has had a tremendous impact on carrying out new physics searches and the need to study 
energy flux in QCD.

<latexit sha1_base64="1lcEMhIa6+7R2E0Ya8PodP+Vx7o="></latexit>

Z 0

JET SUBSTRUCTURE: STUDYING ENERGY FLOW INSIDE JETS

• Therefore, important Standard Model and BSM questions are also encoded in the energy flow inside jets. 
This motivates a dedicated, precision theoretical program and tools to decode the energy flow inside jets.

<latexit sha1_base64="1lcEMhIa6+7R2E0Ya8PodP+Vx7o="></latexit>

Z 0

new theory insight needed!
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Kyle Lee

BOOSTED HIGGS JETS

Large Boost
<latexit sha1_base64="NZ4fhwNwYd1wquC21/YFQC+h4YI="></latexit>

E � mH

• Can we understand the structure of the Higgs decay in the boosted Higgs jets?

Can we do precision electroweak studies and constrain new physics? 19/29



Kyle Lee

HIGGS AT REST

• Using “heavy flavor detector” vs “inclusive energy detector” clearly discriminates back-to-back region vs 
collinear emissions within b-jets.

Gao, KL, Zhang `26 
See also Holguin, Moult, Pathak, Procura, Sule `26

Can we do precision electroweak studies and constrain new physics? 20/29



Kyle Lee

BOOSTED HIGGS JETS
Can we do precision electroweak studies and constrain new physics?

• The peak structure associated with the boost factor allows resolving of the scalar mass scale!
Gao, KL, Zhang `26

21/29



Kyle Lee

BOOSTED VECTOR BOSON
Can we do precision electroweak studies and constrain new physics?

Gao, KL, Zhang `26

• Vector bosons have polarization that one needs to account for. It is also produced a lot more 
than Higgs!

22/29



Kyle Lee

BOOSTED VECTOR BOSON
Can we do precision electroweak studies and constrain new physics?

Gao, KL, Zhang `26
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QCD jets

Boosted 
vector 
boson jets

W/Z bump on QCD jets 

• Even without any tagging or cuts, one can literally see the imprint of boosted boson jets as a 
bump on the clean QCD background

23/29



Kyle Lee

LIGHT Z’ RESONANCES
24

4

with a broad view to realistic experimental and theory
systematics.

Associated production with a photon.— We con-
sider the production of the Z 0 in association with a pho-
ton, following the CMS analysis [43] from which we bor-
row the event selection and setup. The signal pp ! Z 0� is
generated at leading order (LO) in QCD with MadGraph,
and subsequently showered with Pythia 8. The non-
resonant backgrounds, �+jets, QCD multijet, and reso-
nant ones �V +jets (V = W, Z) are similarly simulated
at LO by MadGraph with the default factorization and
renormalization scales, interfaced with the Pythia 8.
The NNPDF30 is used. All background samples were
matched using kT -jet MLM matching allowing up to four
extra jets (two extra jets for �V +jets background) in the
5-flavor scheme.

Events are required to contain exactly one photon with
pT� > 200GeV and |⌘� | < 2.4 (2.1). All particles in an
event are clustered into jets by Fastjet [44] using the
anti-kT algorithm with a jet radius Rj = 0.8 (AK8), and
the leading jet is required to satisfy pTj > 200GeV and
|⌘j | < 2.4. This is taken as a baseline AK8 jet over
which the inclusive EEC is computed. Further details on
the CMS analysis exploiting the soft-drop mass mSD, the
shape variable N2, and the related variables are reported
in the Appendix.

Our data set and analysis are well validated by repro-
ducing the soft drop mass distribution after imposing the
same CMS selection, as detailed in the Appendix. The
EEC is computed weighting by pTipTj/p2T over all pairs
of particles inside a jet and then averaging over all the
events. A comparison of the EEC spectra between the
QCD background and signal is shown in Fig. 2. The
EEC is presented in terms of �R2/�R2

ref where the ref-
erence scale is fixed in terms of the SM Z-boson mass,
�R2

ref = 4m2
Z/p

2
Tj . In Fig. 2, ECs originating from

boosted Z 0 exhibit resonant shapes at �R2
? ⇠ 4m2

Z0/p2Tj ,
below which both background and signal spectra are sim-
ilar, as one probes the individual quark jets from the Z 0

decay. At larger angles �R2 > �R2
?, the Z 0 spectrum

rapidly falls off, as large-angle radiation is suppressed for
color-singlet states.

While the cut on the shape variable N2 in [43] was
crucial to reduce the background by the factor of 10, it
introduces the artificial violation of the scaling as the cut
retains only the phase space favorable for a two-prong res-
onance. The violation is clearly observed by comparing
two curves (solid and dashed blue) in Fig. 2, which differ
mainly by the N2 variable.3

3 Although the grooming via the soft drop changes the overall dis-
tribution in Fig. 2, compared to that from the baseline AK8 jet
(shaded green), one sees that the scaling regions in both cases
are well identified.

12− 10− 8− 6− 4− 2− 0 2
)2

refR∆/2R∆Log(

0.01

0.02

0.03

0.04

0.05

0.06

EE
C

γ Z'→pp 

 (13 TeV)-135.9 fb

EEC (total background), Inclusive
EEC (total background), Inclusive + grooming
EEC (total background), CMS selection

q q→30 GeVZ'
q q→50 GeVZ'

FIG. 2. The weighted average of EEC for two benchmark
Z0 masses and total background for three different scenarios.
Events are restricted to those with pTj > 200 GeV.

For two-prong resonances of mass mX , the squared ra-
tio of angular distances scales as �R2

?/�R2
ref ⇠ m2

X/m2
Z

whereas its logarithmic value is bounded due to a jet size
by log(R2

j/�R2
ref) which is roughly �0.24 for pTj ⇠ 200

GeV. Targeting a mass up to mZ0 ⇠ 100 GeV requires
pTj to be harder than ⇠ 250 GeV. To take into account
the pT dependent behavior, events are split into pT bins
in steps of 100 GeV up to 600 GeV and the overflow bin.

To estimate the sensitivity to the Z 0, we set up the
�2 test similarly to [23]. For each pT bin, we compute
the expected EEC in bins of log(�R2/�R2

ref) as a func-
tion of g0q and mZ0 . It is interesting to highlight that the
expected product of fluxes at different bins is highly cor-
related, given in terms of a particular kinematical slice
of the four-point correlator h(EE)i(EE)ji, with (EE)k de-
noting the two-energy detectors separated by a distance
in the k-th bin. Since we are using the same setup as [43]
with sensitivity currently limited by statistics, we don’t
include any systematic uncertainty. We discuss this point
below. The expected 95%CL exclusion is computed from
this �2 following [45], assuming that the measurement
coincides with the SM expectation.

The resulting sensitivity is presented in Fig. 3. The
expected limit from the CMS Collaboration (solid red)
was taken from [43]. Our recast of the CMS bounds via
the mSD measurement using our data is shown in dashed
blue line. While it appears slightly stronger than the
CMS result, we use our recast as the baseline to measure
the quality of performances with EEC observables. The
inclusive EEC (dotted black, solid circle) in Fig. 3 rep-
resents the sensitivity derived from the ungroomed base-
line AK8 jets with no further cuts on their constituents.
Compared to the inclusive EEC, the sensitivity from the
EEC with AK8 jets on which the same CMS selection as
in [43] was imposed (dotted-dashed orange, open trian-
gle) does not show a meaningful improvement, as was in-

<latexit sha1_base64="1lcEMhIa6+7R2E0Ya8PodP+Vx7o="></latexit>

Z 0

5

dicated by the aforementioned violation of scaling. This
implies that a precise measurement of the EEC at the in-
clusive level is roughly equivalent to imposing the CMS
selection. Remarkably, the upper limit from the consid-
erably simpler inclusive EEC observable is comparable
with our CMS recast despite its factor of 10 bigger back-
ground size.

While being inclusive makes the inclusive EEC well
suited for anomaly detection, once a more specific target
is set combining it with some kinematic observables can
be a way of enhancing the sensitivity or further improving
in a particular parameter space. Given that the signal in
terms of the jet mass is localized around mZ0 , we adopt
the (ungroomed) jet mass window (±20% of a Z 0 mass)
as the single selection in our inclusive EEC. Measuring
the EEC in this jet mass window reveals a distinct be-
havior of the QCD background depending on the ratio
mj/pTj . While in the moderately boosted case the EEC
gets considerably distorted around �R2

Z0 , in the highly
boosted case, mj/pTj ⌧ 1, the spectrum is similar to
the inclusive case for �R2 < �R2

Z0 . At larger angles the
spectrum sharply decreases. In the same region, the sig-
nal still displays a sharp resonant feature, and therefore
the measurement dramatically enhances the reach.

We can see in Fig. 3 how measuring inclusive EEC in-
side the jet mass window indeed enhances the sensitivity
(long-dashed pink) due to the reduced background while
keeping its smoothly falling shape.

While we focused on the CMS analysis [43], a similar
discussion is expected to be applicable to the CMS search
for the low-mass vector resonances [46] produced with
ISR and the more recent ATLAS [47] analysis of the j+�
channel.

Learning from the CMS ↵s measurement.–
The recent CMS measurement of ECs inside jets [23]

precisely characterizes the energy-flow distributions in
dijet events to extract the strong coupling ↵S(mZ).
While not directly optimized for new physics searches,
it provides direct access to realistic systematics in a
well-defined experimental setup. As a proof of princi-
ple, we recast this analysis to derive limits on the light
hadrophilic Z 0 recoiling against a hard jet.

Following [23], we simulate Z 0 + jet signal events and
compute the EEC and the three-point energy correla-
tor (EEEC) on the leading AK4 jets in several pT win-
dows; the EEEC is projected onto the longest angular
side, integrated over the remaining angles. Full details
on the event selection and observable construction are
given in Appendix. The projected sensitivity is derived
incorporating all sources of systematic and statistical un-
certainties provided by CMS [23] and combining EEC
and EEEC. The results are shown in Fig. 4.

Interestingly, despite the event selection being far from
optimal for a new physics search, in particular the small
clustering radius Rj = 0.4, the sensitivity is nonethe-
less competitive with other state-of-the-art searches, as

10 20 30 40 50 60 70 80 90100
Z' mass (GeV)

1−10

1

 c
ou

pl
in

g 
st

re
ng

th
qg'

EEC, Inclusive
68%
95%
EEC, CMS selection
68%
95%
EEC, Inclusive + jet mass window
68%
95%

CMS Expected limit
Our recast of CMS Expected limit

Limits from Energy Correlator  (13 TeV)-135.9 fb

FIG. 3. Upper limits at 95% CL on the coupling strength g0q of
Z0 ! qq̄ from various EEC analyses and recasting of the CMS
search on low mass resonances produced in association with
a photon, pp ! Z0�. The two bands for each limit represent
1 and 2 standard deviation intervals.

described above. Several remarks concern the system-
atics. The CMS analysis lists 9 sources of experimental
systematic uncertainty, including scale variations, pileup,
and unfolding, and 6 sources of theoretical uncertainty,
including PDF and ↵s variations. In the CMS analy-
sis [23], each systematic is assumed to be fully correlated
among the bins, so that the covariance matrix of each sys-
tematic is ⌃ab = �a�b, with a, b denoting the angular and
pT bins (see the Appendix for more details). At the cur-
rent luminosity of 36.3 fb�1, these systematics are com-
parable in size to the statistical uncertainties and their
inclusion has a noticeable impact on the reach, as shown
in Fig. 4. However, the strong correlation implies that
even if the systematics do not improve, at higher lumi-
nosity it becomes increasingly difficult for a new physics
signal to be absorbed into systematic shifts, since it is
the full shape of the EEC and EEEC distributions that
drives the sensitivity. As a result, the expected sensitivity
improves with the luminosity, even under the assump-
tion that the systematics remain unchanged. We must
emphasize, however, that our signal ECs are at particle
level; detector granularity and smearing effects at these
small angular scales, together with the unfolding proce-
dure, may degrade the sensitivity compared to Fig. 4.
Nonetheless, these results encourage to reconsider these
aspects in a dedicated experimental setup, with unfolded
particle level treatment of systematics. A concrete bench-
mark could be the measurement of the SM Z,W boson
contributions, which Fig. 4 suggests to be within reach.

Ricci, Riembau, Son `26

New physics light Z’ resonances that hadronically decay will appear as a signal in the EEC scaling region
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Probing SM anomaly
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BARYON/LEPTON NUMBER DETECTORS

Super-Kamiokande  
searching for a proton decay
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MIXED ANOMALY BETWEEN BARYON NUMBER AND 
ELECTROWEAK
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hQ(n̂)i ⇠ dfZZ� cos ✓

Baryon / lepton number current has mixed anomalies with the electroweak sector

 collisions provide access to direct probe of baryon-number 1-point function with Z 
currents as backgrounds.
e+e−
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hQ(n̂)i ⇠ dZZ� cos ✓

• Robustness of anomaly gives very small perturbative QCD corrections, opening possibilities for 
precision electroweak measurements as well as new physics searches!

• Modern reanalyses techniques allow experimental measurements of the charge flow

DELPHI

Zhang, KL, Moult, Chen, Lee `26

MIXED ANOMALY BETWEEN BARYON NUMBER AND 
ELECTROWEAK
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MIXED ANOMALY BETWEEN BARYON NUMBER AND 
ELECTROWEAK

KL, Moult `26
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• Incredibly well-controlled perturbative AND nonperturbative corrections, providing potentials for 
resolving the largest tension in global EW fit and strong constraints for new physics
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MIXED ANOMALY BETWEEN BARYON NUMBER AND 
ELECTROWEAK

KL, Moult `26
• Incredibly well-controlled perturbative AND nonperturbative corrections, providing potentials for 

resolving the largest tension in global EW fit and strong constraints for new physics

Ko, KL, Moult, Qian, Zhang `[In progress]
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LHC

EIC

Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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Primordial fluctuationsW
hat cosmic history gave rise to primordial fluctuations?
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E(~n3)

Detector correlators provide sharp link between  
underlying field theory and real world!

LEP


