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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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EECs (Energy-Energy Correlators)

• IRC safe, weighted cross-section

• Observable in the detector space, a direct correspondence with “calorimeter cells”  
— an observable which is intuitively simple and obviousdetectors

• It has an operator definition
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• IRC safe, weighted cross-section

• Observable in the detector space, a direct correspondence with “calorimeter cells”  
— an observable which is intuitively simple and obvious

• It has an operator definition
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···

1

2

N

N-1

detectors

Img: Quanta Magazine 4

• IRC safe, weighted cross-section

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

E(~n) =
Z 1

0
dt lim

r!1
r2niT0i(t, r~n)

<latexit sha1_base64="3OEF2jOI7thldOLyoUNpOq4TN4I=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM9PQJDMkGbGUfoTgSv/Enbj1B/wR16btLGzrgcDhnHu5JydMOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpJFOENknCE9UJsaacSdo0zHDaSRXFIuS0HQ5vp377kSrNEvlgRikNBI4lixjBxkptP2Rx7E965YpbdWdAq8TLSQVyNHrlH7+fkExQaQjHWnc9NzXBGCvDCKeTkp9pmmIyxDHtWiqxoDoYz+JO0JlV+ihKlH3SoJn6d2OMhdYjEdpJgc1AL3tT8V/vaX5gQQvFUhoTXQdjJtPMUEnmYaKMI5OgaT+ozxQlho8swUQx+x9EBlhhYmyLJVuUt1zLKmldVL3Lau2+Vqnf5JUV4QRO4Rw8uII63EEDmkBgCM/wCm/Oi/PufDif89GCk+8cwwKcr1+sQ57D</latexit>

�

Energy flux in 

<latexit sha1_base64="3OEF2jOI7thldOLyoUNpOq4TN4I=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM9PQJDMkGbGUfoTgSv/Enbj1B/wR16btLGzrgcDhnHu5JydMOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrpJFOENknCE9UJsaacSdo0zHDaSRXFIuS0HQ5vp377kSrNEvlgRikNBI4lixjBxkptP2Rx7E965YpbdWdAq8TLSQVyNHrlH7+fkExQaQjHWnc9NzXBGCvDCKeTkp9pmmIyxDHtWiqxoDoYz+JO0JlV+ihKlH3SoJn6d2OMhdYjEdpJgc1AL3tT8V/vaX5gQQvFUhoTXQdjJtPMUEnmYaKMI5OgaT+ozxQlho8swUQx+x9EBlhhYmyLJVuUt1zLKmldVL3Lau2+Vqnf5JUV4QRO4Rw8uII63EEDmkBgCM/wCm/Oi/PufDif89GCk+8cwwKcr1+sQ57D</latexit>�
Detector at <latexit sha1_base64="9B0mPLK1TBDa6pU+gJGhlIEbIgk=">AAACEXicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cV7APaoWTSTBubZIYkIw5D/0FwpX/iTtz6Bf6Ia9N2Frb1QOBwzr3ckxPEnGnjut9OYWV1bX2juFna2t7Z3SvvHzR1lChCGyTikWoHWFPOJG0YZjhtx4piEXDaCkY3E7/1SJVmkbw3aUx9gQeShYxgY6Vml8nQpL1yxa26U6Bl4uWkAjnqvfJPtx+RRFBpCMdadzw3Nn6GlWGE03Gpm2gaYzLCA9qxVGJBtZ9N047RiVX6KIyUfdKgqfp3I8NC61QEdlJgM9SL3kT813uaHZjTArGQxoRXfsZknBgqySxMmHBkIjSpB/WZosTw1BJMFLP/QWSIFSbGlliyRXmLtSyT5lnVu6ie351Xatd5ZUU4gmM4BQ8uoQa3UIcGEHiAZ3iFN+fFeXc+nM/ZaMHJdw5hDs7XLw3WnnE=</latexit>1

• It has an operator definition

<latexit sha1_base64="5NYz8+HOQNI8WrcGk5Xteq+9qWI=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ae0Q8mkaRuayQzJHbEM/QjBlf6JO3HrD/gjrk3bWdjWA4HDOfdyT04QS2HQdb+d3Nr6xuZWfruws7u3f1A8PGqYKNGM11kkI90KqOFSKF5HgZK3Ys1pGEjeDEa3U7/5yLURkXrAccz9kA6U6AtG0UrNzpBiqibdYsktuzOQVeJlpAQZat3iT6cXsSTkCpmkxrQ9N0Y/pRoFk3xS6CSGx5SN6IC3LVU05MZPZ3En5MwqPdKPtH0KyUz9u5HS0JhxGNjJkOLQLHtT8V/vaX5gQQvCpTTYv/ZToeIEuWLzMP1EEozItB/SE5ozlGNLKNPC/oewIdWUoW2xYIvylmtZJY2LsndZrtxXStWbrLI8nMApnIMHV1CFO6hBHRiM4Ble4c15cd6dD+dzPppzsp1jWIDz9Qv9yp70</latexit>

n̂

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

n̂)

inclusive

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

E(n̂)

<latexit sha1_base64="P7X6twErFPr861P1wA97h0TB6yQ="></latexit>

d�

d{z} =
X

i1,i2,...,iN

Z
d�

Ei1Ei2 · · ·EiN

Q2

N�1Y

j=1

�

✓
zj,j+1 �

1� cos�ijij+1

2

◆

<latexit sha1_base64="EHLGTIHqQ/ga2DT7JlevKfyW8Ws="></latexit>

d�

d{z} ⇠ h |E (n̂1) · · · E (n̂N )| i

• Observable in the detector space, a direct correspondence with “calorimeter cells”  
— an observable which is intuitively simple and obvious

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

Sveshnikov, Tkachov, `95


Korchemsky, Sterman, `01

Hofman, Maldacena, `08

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

E(n̂)|Xi =
X

a

Ea�
(2) (⌦~pa � ⌦n̂) |Xi

/ Energy Flow / 
ANEC / Light-ray Operator /
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• In the collinear limit, 
<latexit sha1_base64="0UNLOSkXoxsdv8OMcoaE1Ikmv5c=">AAACO3icbVDLSsNAFJ3UV62vqks3wSLoJiQi6lJ047KCfUBTy2R6a8fOJGHmRqyh/Qq/RnClP+HanbjVtdMHYqsHBg7nnMvce4JYcI2u+2plZmbn5heyi7ml5ZXVtfz6RllHiWJQYpGIVDWgGgQPoYQcBVRjBVQGAipB52zgV25BaR6Fl9iNoS7pdchbnFE0UiPv3DdSftPzMbK9/q4vKbaVTLkDTq/vYxuQXu3/JNy9Rr7gOu4Q9l/ijUmBjFFs5L/8ZsQSCSEyQbWueW6M9ZQq5ExAL+cnGmLKOvQaaoaGVIKup8O7evaOUZp2K1LmhWgP1d8TKZVad2VgkoPF9bQ3EP/17kYfTGiBnNoGW8f1lIdxghCy0TKtRNimh0GRdpMrYCi6hlCmuLnHZm2qKENTd84U5U3X8peU9x3v0Dm4OCicnI4ry5Itsk12iUeOyAk5J0VSIow8kEfyTF6sJ+vNerc+RtGMNZ7ZJBOwPr8BVCuu7w==</latexit>

zij ! 1 (i.e. ✓2ij ! 0), give rise to

Phenomenological tools Theoretical tools

• Jet substructure study • Light-ray Operator Product Expansion (OPE)

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?

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

10 1
0
yr

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

10 5
yr

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

10 �
3
2
s?

<latexit sha1_base64="EZhaTIlj+O4XyIjF6s0orYdbrCQ="></latexit>
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6

• In the collinear limit, 
<latexit sha1_base64="0UNLOSkXoxsdv8OMcoaE1Ikmv5c=">AAACO3icbVDLSsNAFJ3UV62vqks3wSLoJiQi6lJ047KCfUBTy2R6a8fOJGHmRqyh/Qq/RnClP+HanbjVtdMHYqsHBg7nnMvce4JYcI2u+2plZmbn5heyi7ml5ZXVtfz6RllHiWJQYpGIVDWgGgQPoYQcBVRjBVQGAipB52zgV25BaR6Fl9iNoS7pdchbnFE0UiPv3DdSftPzMbK9/q4vKbaVTLkDTq/vYxuQXu3/JNy9Rr7gOu4Q9l/ijUmBjFFs5L/8ZsQSCSEyQbWueW6M9ZQq5ExAL+cnGmLKOvQaaoaGVIKup8O7evaOUZp2K1LmhWgP1d8TKZVad2VgkoPF9bQ3EP/17kYfTGiBnNoGW8f1lIdxghCy0TKtRNimh0GRdpMrYCi6hlCmuLnHZm2qKENTd84U5U3X8peU9x3v0Dm4OCicnI4ry5Itsk12iUeOyAk5J0VSIow8kEfyTF6sJ+vNerc+RtGMNZ7ZJBOwPr8BVCuu7w==</latexit>

zij ! 1 (i.e. ✓2ij ! 0), give rise to

Phenomenological tools Theoretical tools

• Jet substructure study • Light-ray Operator Product Expansion (OPE)

Focus of  this talk

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>

or
<latexit sha1_base64="z3vhDT2OsfRMTOHhHxG3LGkmsQE=">AAACDnicbVDLSgMxFL3js9ZX1aWbYBHcWGakqMuiG5cV7QPasWTSTBuaZIYkI5ahnyC40j9xJ279BX/EtWk7C9t6IHA4517uyQlizrRx3W9naXlldW09t5Hf3Nre2S3s7dd1lChCayTikWoGWFPOJK0ZZjhtxopiEXDaCAbXY7/xSJVmkbw3w5j6AvckCxnBxkp39OG0Uyi6JXcCtEi8jBQhQ7VT+Gl3I5IIKg3hWOuW58bGT7EyjHA6yrcTTWNMBrhHW5ZKLKj200nUETq2SheFkbJPGjRR/26kWGg9FIGdFNj09bw3Fv/1nqYHZrRAzKUx4aWfMhknhkoyDRMmHJkIjbtBXaYoMXxoCSaK2f8g0scKE2MbzNuivPlaFkn9rOSdl8q35WLlKqssB4dwBCfgwQVU4AaqUAMCPXiGV3hzXpx358P5nI4uOdnOAczA+foF+S6cvQ==</latexit>

e�
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<latexit sha1_base64="oYunhr0Fp5YX9J8q4ImQQ4vHCcs=">AAACFnicbVBNSwMxFHxbv2r9qnr0EixCvZRdKeqx6EU8VbC10C4lm2bb0GSzJFmxLP0Zgif9J97Eq1f/iGfTdg+2dSAwzLzHm0wQc6aN6347uZXVtfWN/GZha3tnd6+4f9DUMlGENojkUrUCrClnEW0YZjhtxYpiEXD6EAyvJ/7DI1WayejejGLqC9yPWMgINlZqd6SgfVxudW9Pu8WSW3GnQMvEy0gJMtS7xZ9OT5JE0MgQjrVue25s/BQrwwin40In0TTGZIj7tG1phAXVfjqNPEYnVumhUCr7IoOm6t+NFAutRyKwkwKbgV70JuK/3tPswJwWiIU0Jrz0UxbFiaERmYUJE46MRJOOUI8pSgwfWYKJYvY/iAywwsTYJgu2KG+xlmXSPKt455XqXbVUu8oqy8MRHEMZPLiAGtxAHRpAQMIzvMKb8+K8Ox/O52w052Q7hzAH5+sXzzmf1A==</latexit>

!(XJ)

• The measured value of constrains the radiation
<latexit sha1_base64="YNgDdA8eCxxWi+5Ah4QyqVcGNuM=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+Kqon1AO5RMmmlDk8yQZMQy9BMEV/on7sStv+CPuDZtZ2FbDwQO59zLPTlBzJk2rvvt5FZW19Y38puFre2d3b3i/kFDR4kitE4iHqlWgDXlTNK6YYbTVqwoFgGnzWB4PfGbj1RpFskHM4qpL3BfspARbKx03+redoslt+xOgZaJl5ESZKh1iz+dXkQSQaUhHGvd9tzY+ClWhhFOx4VOommMyRD3adtSiQXVfjqNOkYnVumhMFL2SYOm6t+NFAutRyKwkwKbgV70JuK/3tPswJwWiIU0Jrz0UybjxFBJZmHChCMToUk3qMcUJYaPLMFEMfsfRAZYYWJsgwVblLdYyzJpnJW983LlrlKqXmWV5eEIjuEUPLiAKtxADepAoA/P8Apvzovz7nw4n7PRnJPtHMIcnK9fFUyczg==</latexit>

XJ

<latexit sha1_base64="ECroyeMxjCxxCBWmpODxHS5AnKg=">AAACDHicbVDLSgMxFL1TX7W+qi7dDBbBVZkRUZdFNy5bsA9oh5JJb9vQJDMkGbEM/QLBlf6JO3HrP/gjrk3bWdjWA4HDOfdyT04Yc6aN5307ubX1jc2t/HZhZ3dv/6B4eNTQUaIo1mnEI9UKiUbOJNYNMxxbsUIiQo7NcHQ39ZuPqDSL5IMZxxgIMpCszygxVqpht1jyyt4M7irxM1KCDNVu8afTi2giUBrKidZt34tNkBJlGOU4KXQSjTGhIzLAtqWSCNRBOgs6cc+s0nP7kbJPGnem/t1IidB6LEI7KYgZ6mVvKv7rPc0PLGihWEpj+jdBymScGJR0HqafcNdE7rQZt8cUUsPHlhCqmP2PS4dEEWpsfwVblL9cyyppXJT9q/Jl7bJUuc0qy8MJnMI5+HANFbiHKtSBAsIzvMKb8+K8Ox/O53w052Q7x7AA5+sXx62cHg==</latexit>e • Weighted cross-section, or, ensemble averaged observable. 

• It does not constrain the phase space of  an individual jet 

Energy CorrelatorsJet Shape

pattern inside the jet, 

⌧a ⇠ z ✓2�a

<latexit sha1_base64="ThS89iYvd5fWHEzhtwrmAEQ1JaE=">AAACLnicbVA9SwNBEN3zM8avqKXNahCSwnAnQS2DNmIVwWjAC8fcZmMW9z7YnRPDkdpfI1jpPxEsxNZfYO1ecoUmPlh4+94MM/P8WAqNtv1uzczOzS8sFpaKyyura+uljc0rHSWK8RaLZKTaPmguRchbKFDydqw4BL7k1/7daeZf33OlRRRe4iDmnQBuQ9ETDNBIXmnH7XKJUHEREg/ovtsHTLPP0INK2zuvVr1S2a7ZI9Bp4uSkTHI0vdK3241YEvAQmQStbxw7xk4KCgWTfFh0E81jYHdwy28MDSHgupOOThnSPaN0aS9S5oVIR+rvjhQCrQeBbyoDwL6e9DLxX+9hPOCP5gcT22DvuJOKME6Qh2y8TC+RFCOaZUe7QnGGcmAIMCXMPZT1QQFDk3DRBOVMxjJNrg5qzmGtflEvN07yyApkm+ySCnHIEWmQM9IkLcLII3kiL+TVerberA/rc1w6Y+U9W+QPrK8faISo3Q==</latexit>

�(⌧a � ⌧̂a(XJ))

Example: Jet mass (angularities)

✓s ⇠ R zcs ⇠
⌧a

R2�a

(Collinear-)soft

Collinear
✓c ⇠ ⌧

1
2�a
azc ⇠ 1

Lessons:
1. space of  detectors vs space of  the states 2. Probes fixed scale
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<latexit sha1_base64="oYunhr0Fp5YX9J8q4ImQQ4vHCcs=">AAACFnicbVBNSwMxFHxbv2r9qnr0EixCvZRdKeqx6EU8VbC10C4lm2bb0GSzJFmxLP0Zgif9J97Eq1f/iGfTdg+2dSAwzLzHm0wQc6aN6347uZXVtfWN/GZha3tnd6+4f9DUMlGENojkUrUCrClnEW0YZjhtxYpiEXD6EAyvJ/7DI1WayejejGLqC9yPWMgINlZqd6SgfVxudW9Pu8WSW3GnQMvEy0gJMtS7xZ9OT5JE0MgQjrVue25s/BQrwwin40In0TTGZIj7tG1phAXVfjqNPEYnVumhUCr7IoOm6t+NFAutRyKwkwKbgV70JuK/3tPswJwWiIU0Jrz0UxbFiaERmYUJE46MRJOOUI8pSgwfWYKJYvY/iAywwsTYJgu2KG+xlmXSPKt455XqXbVUu8oqy8MRHEMZPLiAGtxAHRpAQMIzvMKb8+K8Ox/O52w052Q7hzAH5+sXzzmf1A==</latexit>

!(XJ)

• The measured value of constrains the radiation
<latexit sha1_base64="YNgDdA8eCxxWi+5Ah4QyqVcGNuM=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+Kqon1AO5RMmmlDk8yQZMQy9BMEV/on7sStv+CPuDZtZ2FbDwQO59zLPTlBzJk2rvvt5FZW19Y38puFre2d3b3i/kFDR4kitE4iHqlWgDXlTNK6YYbTVqwoFgGnzWB4PfGbj1RpFskHM4qpL3BfspARbKx03+redoslt+xOgZaJl5ESZKh1iz+dXkQSQaUhHGvd9tzY+ClWhhFOx4VOommMyRD3adtSiQXVfjqNOkYnVumhMFL2SYOm6t+NFAutRyKwkwKbgV70JuK/3tPswJwWiIU0Jrz0UybjxFBJZmHChCMToUk3qMcUJYaPLMFEMfsfRAZYYWJsgwVblLdYyzJpnJW983LlrlKqXmWV5eEIjuEUPLiAKtxADepAoA/P8Apvzovz7nw4n7PRnJPtHMIcnK9fFUyczg==</latexit>

XJ

<latexit sha1_base64="ECroyeMxjCxxCBWmpODxHS5AnKg=">AAACDHicbVDLSgMxFL1TX7W+qi7dDBbBVZkRUZdFNy5bsA9oh5JJb9vQJDMkGbEM/QLBlf6JO3HrP/gjrk3bWdjWA4HDOfdyT04Yc6aN5307ubX1jc2t/HZhZ3dv/6B4eNTQUaIo1mnEI9UKiUbOJNYNMxxbsUIiQo7NcHQ39ZuPqDSL5IMZxxgIMpCszygxVqpht1jyyt4M7irxM1KCDNVu8afTi2giUBrKidZt34tNkBJlGOU4KXQSjTGhIzLAtqWSCNRBOgs6cc+s0nP7kbJPGnem/t1IidB6LEI7KYgZ6mVvKv7rPc0PLGihWEpj+jdBymScGJR0HqafcNdE7rQZt8cUUsPHlhCqmP2PS4dEEWpsfwVblL9cyyppXJT9q/Jl7bJUuc0qy8MJnMI5+HANFbiHKtSBAsIzvMKb8+K8Ox/O53w052Q7x7AA5+sXx62cHg==</latexit>e • Weighted cross-section, or, ensemble averaged observable. 

• It does not constrain the phase space of  an individual jet 

Energy CorrelatorsJet Shape

pattern inside the jet, 

⌧a ⇠ z ✓2�a

<latexit sha1_base64="ThS89iYvd5fWHEzhtwrmAEQ1JaE=">AAACLnicbVA9SwNBEN3zM8avqKXNahCSwnAnQS2DNmIVwWjAC8fcZmMW9z7YnRPDkdpfI1jpPxEsxNZfYO1ecoUmPlh4+94MM/P8WAqNtv1uzczOzS8sFpaKyyura+uljc0rHSWK8RaLZKTaPmguRchbKFDydqw4BL7k1/7daeZf33OlRRRe4iDmnQBuQ9ETDNBIXmnH7XKJUHEREg/ovtsHTLPP0INK2zuvVr1S2a7ZI9Bp4uSkTHI0vdK3241YEvAQmQStbxw7xk4KCgWTfFh0E81jYHdwy28MDSHgupOOThnSPaN0aS9S5oVIR+rvjhQCrQeBbyoDwL6e9DLxX+9hPOCP5gcT22DvuJOKME6Qh2y8TC+RFCOaZUe7QnGGcmAIMCXMPZT1QQFDk3DRBOVMxjJNrg5qzmGtflEvN07yyApkm+ySCnHIEWmQM9IkLcLII3kiL+TVerberA/rc1w6Y+U9W+QPrK8faISo3Q==</latexit>

�(⌧a � ⌧̂a(XJ))

Example: Jet mass (angularities)

Lessons:
1. space of  detectors vs space of  the states 2. Probes fixed scale

/2 gr

Collinear
✓c ⇠ ⌧

1
2�a
azc ⇠ 1

soft
✓/2gr ⇠ R z/2gr ⇠ zcut

✓
✓

R

◆�

= zcut

soft (collinear-soft)2 gr

z2gr ⇠ zcut

✓
✓

R

◆�

= z
2�a

2�a+�

cut

⇣ ⌧a
R2�a

⌘ �
2�a+�

✓2gr ⇠
✓
⌧aR�

zcut

◆ 1
2�a+�

• Still sensitive to soft radiation, complicated NP structure.
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•Fixed number of  detectors

which requires simultaneous knowledge of  all the tracks in jet.

• Makes incorporation of  NP dynamics much simpler

Example: Track observable

<latexit sha1_base64="g7ZvbQnEKqIuMnRqM2/zClKtW4Y="></latexit>

�(e� ê({pµi 2 XJ})) ! �(e� ê({xip
µ
i 2 XJ}))

• Jet shape measured on track is then

•                 describes momentum fraction of  initial parton  

converted to tracks, i.e.

<latexit sha1_base64="Y3NL0wGKKhpH8Es3GgeeHtwUMEw=">AAACDHicbVDLSgMxFL1TX7W+qi7dDBbBVZkRUZdFNy5bsA9oh5JJb9vQJDMkGbEM/QLBlf6JO3HrP/gjrk3bWdjWA4HDOfdyT04Yc6aN5307ubX1jc2t/HZhZ3dv/6B4eNTQUaIo1mnEI9UKiUbOJNYNMxxbsUIiQo7NcHQ39ZuPqDSL5IMZxxgIMpCszygxVqqxbrHklb0Z3FXiZ6QEGard4k+nF9FEoDSUE63bvhebICXKMMpxUugkGmNCR2SAbUslEaiDdBZ04p5Zpef2I2WfNO5M/buREqH1WIR2UhAz1MveVPzXe5ofWNBCsZTG9G+ClMk4MSjpPEw/4a6J3Gkzbo8ppIaPLSFUMfsflw6JItTY/gq2KH+5llXSuCj7V+XL2mWpcptVlocTOIVz8OEaKnAPVagDBYRneIU358V5dz6cz/lozsl2jmEBztcvzk2cIg==</latexit>

i
<latexit sha1_base64="wV0YpQ7/r4jmJcvHlpUO2Wa6jNo=">AAACMXicbVDLSsNAFJ3UV62vqEs3g1VwVRIp6kYounFZwT6gTcNkOmmHziRhZiItIT/g1wiu9E+6E7fuXTtps7CtBwbOPfde5tzjRYxKZVlTo7C2vrG5Vdwu7ezu7R+Yh0dNGcYCkwYOWSjaHpKE0YA0FFWMtCNBEPcYaXmj+6zfeiZC0jB4UpOIOBwNAupTjJSWXPMscpOky5EaCp4oMUrTtKfrOL0duxRGLu3pwjXLVsWaAa4SOydlkKPumj/dfohjTgKFGZKyY1uRchIkFMWMpKVuLEmE8AgNSEfTAHEinWR2TQrPtdKHfij0CxScqX83EsSlnHBPT2a+5XIvE//tjecfLGgeX3Kj/BsnoUEUKxLguRk/ZlCFMIsP9qkgWLGJJggLqu+BeIgEwkqHXNJB2cuxrJLmZcW+qlQfq+XaXR5ZEZyAU3ABbHANauAB1EEDYPACXsE7+DDejKnxaXzNRwtGvnMMFmB8/wKC7qw6</latexit>

pµtrk = xip
µ
i

<latexit sha1_base64="RcvHG8qakh+KgUPtTZsfli1S6KQ=">AAACF3icbVDPSwJBGP3Wfpn9sjp2GZLAIGQ3pDpKXToaqAnussyOow7O7C4zs6Es/htBp/pPukXXjv0jnRt1D6k9GHi89318b14Qc6a0bX9bubX1jc2t/HZhZ3dv/6B4eNRSUSIJbZKIR7IdYEU5C2lTM81pO5YUi4DTx2B4N/Ufn6hULAobehxTT+B+yHqMYG0kt+Gz8shnF65Izv1iya7YM6BV4mSkBBnqfvHH7UYkETTUhGOlOo4day/FUjPC6aTgJorGmAxxn3YMDbGgyktnmSfozChd1IukeaFGM/XvRoqFUmMRmEmB9UAte1PxX280P7CgBWIpje7deCkL40TTkMzD9BKOdISmJaEuk5RoPjYEE8nMfxAZYImJNlUWTFHOci2rpHVZca4q1YdqqXabVZaHEziFMjhwDTW4hzo0gUAMz/AKb9aL9W59WJ/z0ZyV7RzDAqyvX5WgoD4=</latexit>

Ti(xi, µ)

• On the other hand, energy correlators on tracks only require a simple 
replacement:

<latexit sha1_base64="TIRGw76mIu/FePvoHE846TJ2Peo="></latexit>

E(n̂) ! ER(n̂) = Ti(1, µ)E(n̂)
<latexit sha1_base64="jdapwyaSZRkfo7Sc6phqljY9nE8=">AAACMHicbVDLSsNAFJ3UV62vqks3g0WoUEoiRd0IRTcuK/QFTSiTybQdOpOEmYm0hH6AXyO40j/Rlbj1A1w7SbOwrZcZOJxzL/fc44aMSmWaH0ZubX1jcyu/XdjZ3ds/KB4etWUQCUxaOGCB6LpIEkZ90lJUMdINBUHcZaTjju8SvfNIhKSB31TTkDgcDX06oBgpTfWLpWaflq2KzaNzeANt6ivoTeyKfokwSQXdZVbNtOAqsDJQAlk1+sUf2wtwxImvMENS9iwzVE6MhKKYkVnBjiQJER6jIelp6CNOpBOnx8zgmWY8OAiE/tpNyv6diBGXcspd3cmRGsllLSH/1SbzBQucy5fcqMG1E1M/jBTx8dzMIGJQBTBJD3pUEKzYVAOEBdX3QDxCAmGlMy7ooKzlWFZB+6JqXVZrD7VS/TaLLA9OwCkoAwtcgTq4Bw3QAhg8gWfwCt6MF+Pd+DS+5q05I5s5BgtlfP8CfAqoPQ==</latexit>

Ti(1, µ) =

Z
dx xTi(x, µ)

• This simple structure allowed energy correlators on track to be computed at the  
same accuracy as the state of  the art calculation perturbative calculation.

space of  detectors vs space of  the states

Chen, Moult, Zhang, Zhu, `20

Li, Moult, van Velzen, Waalewijn, Zhu, `21


Jaarsma, Li, Moult, Waalewijn, Zhu, `22

Chang, Procura, Thaler, Waalewijn, `13
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•Probes fixed scale
<latexit sha1_base64="t1VGSo1E3kPwenfo7HEJxhWxFgQ=">AAACNnicbZDLSsNAFIYn9VbrLerSzWARFKQkpajLohsRF1V6gyaEyXTaDp1J4sxErKHP4NMIrvQ53LgTt65cO22zsK0/DPx85xzmnN+PGJXKst6NzMLi0vJKdjW3tr6xuWVu79RlGAtMajhkoWj6SBJGA1JTVDHSjARB3Gek4fcvRvXGPRGShkFVDSLictQNaIdipDTyzCOHx9CRlMNi5CVXx9WhI++ESh6HE5rCW+/aM/NWwRoLzhs7NXmQquKZP047xDEngcIMSdmyrUi5CRKKYkaGOSeWJEK4j7qkpW2AOJFuMj5pCA80acNOKPQLFBzTvxMJ4lIOuK87OVI9OVsbwX9rD5MPppjPZ7ZRnTM3oUEUKxLgyTKdmEEVwlGGsE0FwYoNtEFYUH0PxD0kEFY66ZwOyp6NZd7UiwX7pFC6KeXL52lkWbAH9sEhsMEpKINLUAE1gMETeAav4M14MT6MT+Nr0pox0pldMCXj+xda9Kxr</latexit>

µ ⇠ 2pJ,T
p
z ⇠ pJ,TRL

Equilateral triangle, so 

• One sees a clear top mass sensitive peak around

<latexit sha1_base64="IbQbAdn3exQ1oALy6uD4b/tE+AY=">AAACJ3icbZDLSsNAFIYnXmu9Rd3pZrAIrkpSirosunHhooq9QBPDZDpph84kYWYi1hDwaQRX+ibuRJe+hGunbRa29YeBn/+cw5zz+TGjUlnWl7GwuLS8slpYK65vbG5tmzu7TRklApMGjlgk2j6ShNGQNBRVjLRjQRD3GWn5g4tRvXVPhKRReKuGMXE56oU0oBgpHXnmvvNIFIKOpBw6gUA4vfGu7ipZWs08s2SVrbHgvLFzUwK56p7543QjnHASKsyQlB3bipWbIqEoZiQrOokkMcID1CMdbUPEiXTT8Q0ZPNJJFwaR0C9UcJz+nUgRl3LIfd3JkerL2doo/Lf2MPlgKvP5zDYqOHNTGsaJIiGeLBMkDKoIjqDBLhUEKzbUBmFB9T0Q95GmpTTaogZlz2KZN81K2T4pV6+rpdp5jqwADsAhOAY2OAU1cAnqoAEweALP4BW8GS/Gu/FhfE5aF4x8Zg9Myfj+BaVgpoI=</latexit>

⇣ ⇠ R2
L

4
<latexit sha1_base64="Twc0alBNS25b6KaZ6BLmQBy6f7M=">AAACK3icbVDLSgMxFM3UV62vqktBgkVwVWbaoi6Lbly2YB/QqSWTZtrQZGZI7oh16M6vEVzpn7hS3PoLrk0fC9t6IOFwzr3ce48XCa7Btj+s1Mrq2vpGejOztb2zu5fdP6jrMFaU1WgoQtX0iGaCB6wGHARrRooR6QnW8AbXY79xz5TmYXALw4i1JekF3OeUgJE62eOi+8iAYFdziV1fEZoUZQfuCqOkar5ONmfn7QnwMnFmJIdmqHSyP243pLFkAVBBtG45dgTthCjgVLBRxo01iwgdkB5rGRoQyXQ7mdwxwqdG6WI/VOYFgCfq346ESK2H0jOVkkBfL3pj8V/vYTpgTvPkwjbgX7YTHkQxsIBOl/FjgSHE4+BwlytGQQwNIVRxcw+mfWICAxNvxgTlLMayTOqFvHOeL1VLufLVLLI0OkIn6Aw56AKV0Q2qoBqi6Ak9o1f0Zr1Y79an9TUtTVmznkM0B+v7F5WiqAA=</latexit>

3⇣ ⇠ 3m2
t

Q2

Example: Top mass Holguin, Moult, Pathak, Procura, `22

scale knob



        EC as jet substructure                                    Jet Fragmentation Functions                                        EC at the LHC                                        Beautiful and Charming EC

Energy correlators as jet substructure

11

•Probes fixed scale
<latexit sha1_base64="t1VGSo1E3kPwenfo7HEJxhWxFgQ=">AAACNnicbZDLSsNAFIYn9VbrLerSzWARFKQkpajLohsRF1V6gyaEyXTaDp1J4sxErKHP4NMIrvQ53LgTt65cO22zsK0/DPx85xzmnN+PGJXKst6NzMLi0vJKdjW3tr6xuWVu79RlGAtMajhkoWj6SBJGA1JTVDHSjARB3Gek4fcvRvXGPRGShkFVDSLictQNaIdipDTyzCOHx9CRlMNi5CVXx9WhI++ESh6HE5rCW+/aM/NWwRoLzhs7NXmQquKZP047xDEngcIMSdmyrUi5CRKKYkaGOSeWJEK4j7qkpW2AOJFuMj5pCA80acNOKPQLFBzTvxMJ4lIOuK87OVI9OVsbwX9rD5MPppjPZ7ZRnTM3oUEUKxLgyTKdmEEVwlGGsE0FwYoNtEFYUH0PxD0kEFY66ZwOyp6NZd7UiwX7pFC6KeXL52lkWbAH9sEhsMEpKINLUAE1gMETeAav4M14MT6MT+Nr0pox0pldMCXj+xda9Kxr</latexit>

µ ⇠ 2pJ,T
p
z ⇠ pJ,TRL

<latexit sha1_base64="LjXF9UaOhsKQiUefbOe1rltBy6s="></latexit>

d�

dR2
L

= const

<latexit sha1_base64="5tsJRPWTMAlgh8gizOW+YUR4jKo="></latexit>

RL ⇠ ⇤QCD

pJ,T

<latexit sha1_base64="k6lL6bf7nJ0yFtFWn3+4++IyuKQ=">AAACNHicbVBNSwMxFMz6WetX1aOXYBE9lV0p6rHoxYOHKtYWbFmy6atGk90leSsty/4Ef43gSX+I4E28evRsuu1BqwOBYea9ZDJBLIVB1311pqZnZufmCwvFxaXlldXS2vqliRLNocEjGelWwAxIEUIDBUpoxRqYCiQ0g7vjod+8B21EFF7gIIaOYteh6AnO0Ep+aaeN0Mf8nlRDN0vP/dO2EYqe+2lupbeAWZb5pbJbcXPQv8QbkzIZo+6XvtrdiCcKQuSSGXPluTF2UqZRcAlZsZ0YiBm/Y9dwZWnIFJhOmgfJ6LZVurQXaXtCpLn6cyNlypiBCuykYnhjJr2h+K/XHz3wSwvURBrsHXZSEcYJQshHYXqJpBjRYYO0KzRwlANLGNfC/ofyG6YZR9tz0RblTdbyl1zuVbz9SvWsWq4djSsrkE2yRXaJRw5IjZyQOmkQTh7II3kmL86T8+a8Ox+j0SlnvLNBfsH5/AYp762Y</latexit>

RL ⇠ Rjet

<latexit sha1_base64="q2q7iG2W+cHCWWp5iY4aH/lYXDk=">AAACJXicbVDLSsNAFJ34rPUVdSO4CRbBVUmkqMuiG5cV7AOaUibT23bo5MHMjbSE+DWCK/0TdyK48i9cO02zsK0HBg7n3NccLxJcoW1/GSura+sbm4Wt4vbO7t6+eXDYUGEsGdRZKELZ8qgCwQOoI0cBrUgC9T0BTW90O/WbjyAVD4MHnETQ8ekg4H3OKGqpax67CGPM5iQSemnienwwcNO0a5bssp3BWiZOTkokR61r/ri9kMU+BMgEVart2BF2EiqRMwFp0Y0VRJSN6ADamgbUB9VJss2pdaaVntUPpX4BWpn6tyOhvlIT39OVPsWhWvSm4r/eeLZgTvP8hWuwf91JeBDFCAGbHdOPhYWhNY3M6nEJDMVEE8ok1/+x2JBKylAHW9RBOYuxLJPGRdm5LFfuK6XqTR5ZgZyQU3JOHHJFquSO1EidMPJEnskreTNejHfjw/icla4Yec8RmYPx/QtYK6cJ</latexit> �perturbative region • Unlike in jet shape, which can have  
multiple scales at a fixed value of  the observable,  
one really probes fixed angular and associated energy scale.

• This makes the transition between different regions clear.

• Free hadron region is consistent with the freely propagating 
uniformly distributed hadrons.

• Now, let’s look at the perturbative region.

Example: Transition between hadronic and perturbative regions

Komiske, Moult, Thaler, Zhu, `22
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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>

Komiske, Moult, Thaler, Zhu, `22

• Want to be able to extend the formalism to study energy correlators as jet substructure at the LHC!

12
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<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�

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

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆

<latexit sha1_base64="8WnQpMbWoMNk93MGRfSz6GqJNZE="></latexit>

⌃

✓
z, ln

Q2

µ2
, µ

◆
⌘ 1

�0

Z z

0
dz0

d�

dz

✓
z0, ln

Q2

µ2
, µ

◆

<latexit sha1_base64="JjuZGIJd5frmeZ5towemCD+cbuM="></latexit>

⌃

✓
z, ln

Q
2

µ2
, µ

◆
=

Z 1

0
dxx

2 ~J

✓
ln

zx
2
Q

2

µ2
, µ

◆
· ~H

✓
x,

Q
2

µ2
, µ

◆
• In the collinear limit,

<latexit sha1_base64="IZ8G2Se3kBYwc7ToF30lzKtCufU=">AAACMnicbZA9SwNBEIb34leMX1FLm8MQ0Oa4k6CWQRtLBaNCLoa9zSRZs/fB7pwkHpc/4K8RrPSXaCe21tbuJSlMdGDh5X1n2JnHiwRXaNtvRm5ufmFxKb9cWFldW98obm5dqTCWDGosFKG88agCwQOoIUcBN5EE6nsCrr3eaZZf34NUPAwucRBBw6edgLc5o6itZrH84GJoOsM9F6GPCbfASocu6/Jmwu/S24MstfebxZJt2aMy/wpnIkpkUufN4rfbClnsQ4BMUKXqjh1hI6ESOROQFtxYQURZj3agrmVAfVCNZHROapa10zLbodQvQHPk/p5IqK/UwPd0p0+xq2azzPw3648/mPI8f2YbbB83Eh5EMULAxsu0Y2FqDhk/s8UlMBQDLSiTXN9jsi6VlKGmXNCgnFksf8XVgeUcWpWLSql6MkGWJztkl+wRhxyRKjkj56RGGHkkT+SFvBrPxrvxYXyOW3PGZGabTJXx9QManKrF</latexit>

z ! 1 (i.e. �2
ij ! 0)

For convenience, cumulant:

<latexit sha1_base64="t0jg+OKHXAoh3iM1cC89fcJlnMQ="></latexit>⇥
lnj z/z

⇤
+
! 1/(j + 1)⇥ lnj+1 z

<latexit sha1_base64="/fwo3+xoZAqAqkHyMCZ5mFoELCU=">AAACJHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkUtRl0Y3LCvYBTSiTyaQdOnkwc6PW0K8RXOmfuBMXbvwM107bLGzrgQuHc+7l3nu8RHAFlvVlLC2vrK6tFzaKm1vbO7vm3n5TxamkrEFjEcu2RxQTPGIN4CBYO5GMhJ5gLW9wPfZb90wqHkd3MEyYG5JexANOCWipax46PhNAyk+n2JG81wciZfyA7a5ZsirWBHiR2DkpoRz1rvnj+DFNQxYBFUSpjm0l4GZEAqeCjYpOqlhC6ID0WEfTiIRMudnkgRE+0YqPg1jqigBP1L8TGQmVGoae7gwJ9NW8Nxb/9R6nC2Y0L5y7BoJLN+NRkgKL6PSYIBUYYjxODPtcMgpiqAmhkut/MO0TSSjoXIs6KHs+lkXSPKvY55XqbbVUu8ojK6AjdIzKyEYXqIZuUB01EEUj9Ixe0ZvxYrwbH8bntHXJyGcO0AyM71/goqUN</latexit>

�(z) ! 1and

Hard function  
(source)

EEC Jet function 

Dixon, Moult, Zhu, `19

13

<latexit sha1_base64="vZqhipXnA/iyLiHHzeooU7gZ20Y="></latexit>

µEEC ⇠
p
z Q

<latexit sha1_base64="yklKuhMtE2c/LMBcGa4akZvgnqw=">AAACLXicbVDLSgMxFM3Ud31VXboJFsFVmZGiLotuulSwttApJZPetqHJzJDckZZhtn6N4Er/xIUgbv0D16aPhW09EDicc29ycoJYCoOu++HkVlbX1jc2t/LbO7t7+4WDwwcTJZpDjUcy0o2AGZAihBoKlNCINTAVSKgHg5uxX38EbUQU3uMohpZivVB0BWdopXaB+ghDnNyTBjKBLPVV0k6rGfWNUPQuaxeKbsmdgC4Tb0aKZIbbduHH70Q8URAil8yYpufG2EqZRsElZHk/MRAzPmA9aFoaMgWmlU4SZPTUKh3ajbQ9IdKJ+ncjZcqYkQrspGLYN4veWPzXG04fmNMCtZAGu1etVIRxghDyaZhuIilGdFwd7QgNHOXIEsa1sP+hvM8042gLztuivMValsnDecm7KJXvysXK9ayyTXJMTsgZ8cglqZAquSU1wskTeSav5M15cd6dT+drOppzZjtHZA7O9y9VGaoL</latexit>

µH ⇠ Q

<latexit sha1_base64="Jsu1QhG4BQaaJasMJap8orwfE/0="></latexit>

Jq(z) =
X

X

X

i,j2X

h0 |�̄n|Xi EiEj

(Q/2)2
⇥ (✓ij < �) hX |�n| 0i

<latexit sha1_base64="kiwwnGa1GtK6xgR+QA93bQJThzo=">AAACInicbVDLSsNAFJ34rPUVFVduBovgQkoiRd0IRTfSVQX7gCaEyXTSDp1J4sykWEI+RnClf+JOXAl+h2unbRa29cDA4Zx7uWeOHzMqlWV9GUvLK6tr64WN4ubW9s6uubfflFEiMGngiEWi7SNJGA1JQ1HFSDsWBHGfkZY/uB37rSERkkbhgxrFxOWoF9KAYqS05JmHzpDgtJbBa+ikNe/xrOb1nMwzS1bZmgAuEjsnJZCj7pk/TjfCCSehwgxJ2bGtWLkpEopiRrKik0gSIzxAPdLRNEScSDedxM/giVa6MIiEfqGCE/XvRoq4lCPu60mOVF/Oe2PxX+9pemBG8/lcGhVcuSkN40SREE/DBAmDKoLjvmCXCoIVG2mCsKD6PxD3kUBY6VaLuih7vpZF0jwv2xflyn2lVL3JKyuAI3AMToENLkEV3IE6aAAMUvAMXsGb8WK8Gx/G53R0ych3DsAMjO9fA7CkEQ==</latexit>

~J = {Jq, Jg}

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z

,  factorizes as (using SCET)
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<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�

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

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆

<latexit sha1_base64="8WnQpMbWoMNk93MGRfSz6GqJNZE="></latexit>

⌃

✓
z, ln

Q2

µ2
, µ

◆
⌘ 1

�0

Z z

0
dz0

d�

dz

✓
z0, ln

Q2

µ2
, µ

◆

<latexit sha1_base64="JjuZGIJd5frmeZ5towemCD+cbuM="></latexit>

⌃

✓
z, ln

Q
2

µ2
, µ

◆
=

Z 1

0
dxx

2 ~J

✓
ln

zx
2
Q

2

µ2
, µ

◆
· ~H

✓
x,

Q
2

µ2
, µ

◆
• In the collinear limit,

<latexit sha1_base64="IZ8G2Se3kBYwc7ToF30lzKtCufU=">AAACMnicbZA9SwNBEIb34leMX1FLm8MQ0Oa4k6CWQRtLBaNCLoa9zSRZs/fB7pwkHpc/4K8RrPSXaCe21tbuJSlMdGDh5X1n2JnHiwRXaNtvRm5ufmFxKb9cWFldW98obm5dqTCWDGosFKG88agCwQOoIUcBN5EE6nsCrr3eaZZf34NUPAwucRBBw6edgLc5o6itZrH84GJoOsM9F6GPCbfASocu6/Jmwu/S24MstfebxZJt2aMy/wpnIkpkUufN4rfbClnsQ4BMUKXqjh1hI6ESOROQFtxYQURZj3agrmVAfVCNZHROapa10zLbodQvQHPk/p5IqK/UwPd0p0+xq2azzPw3648/mPI8f2YbbB83Eh5EMULAxsu0Y2FqDhk/s8UlMBQDLSiTXN9jsi6VlKGmXNCgnFksf8XVgeUcWpWLSql6MkGWJztkl+wRhxyRKjkj56RGGHkkT+SFvBrPxrvxYXyOW3PGZGabTJXx9QManKrF</latexit>

z ! 1 (i.e. �2
ij ! 0),  factorizes as (using SCET)

For convenience, cumulant:

<latexit sha1_base64="t0jg+OKHXAoh3iM1cC89fcJlnMQ="></latexit>⇥
lnj z/z

⇤
+
! 1/(j + 1)⇥ lnj+1 z

<latexit sha1_base64="/fwo3+xoZAqAqkHyMCZ5mFoELCU=">AAACJHicbVDLSsNAFJ34rPUVdeHCzWAR6qYkUtRl0Y3LCvYBTSiTyaQdOnkwc6PW0K8RXOmfuBMXbvwM107bLGzrgQuHc+7l3nu8RHAFlvVlLC2vrK6tFzaKm1vbO7vm3n5TxamkrEFjEcu2RxQTPGIN4CBYO5GMhJ5gLW9wPfZb90wqHkd3MEyYG5JexANOCWipax46PhNAyk+n2JG81wciZfyA7a5ZsirWBHiR2DkpoRz1rvnj+DFNQxYBFUSpjm0l4GZEAqeCjYpOqlhC6ID0WEfTiIRMudnkgRE+0YqPg1jqigBP1L8TGQmVGoae7gwJ9NW8Nxb/9R6nC2Y0L5y7BoJLN+NRkgKL6PSYIBUYYjxODPtcMgpiqAmhkut/MO0TSSjoXIs6KHs+lkXSPKvY55XqbbVUu8ojK6AjdIzKyEYXqIZuUB01EEUj9Ixe0ZvxYrwbH8bntHXJyGcO0AyM71/goqUN</latexit>

�(z) ! 1and

Hard function  
(source)

Dixon, Moult, Zhu, `19
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<latexit sha1_base64="vZqhipXnA/iyLiHHzeooU7gZ20Y="></latexit>

µEEC ⇠
p
z Q

<latexit sha1_base64="yklKuhMtE2c/LMBcGa4akZvgnqw=">AAACLXicbVDLSgMxFM3Ud31VXboJFsFVmZGiLotuulSwttApJZPetqHJzJDckZZhtn6N4Er/xIUgbv0D16aPhW09EDicc29ycoJYCoOu++HkVlbX1jc2t/LbO7t7+4WDwwcTJZpDjUcy0o2AGZAihBoKlNCINTAVSKgHg5uxX38EbUQU3uMohpZivVB0BWdopXaB+ghDnNyTBjKBLPVV0k6rGfWNUPQuaxeKbsmdgC4Tb0aKZIbbduHH70Q8URAil8yYpufG2EqZRsElZHk/MRAzPmA9aFoaMgWmlU4SZPTUKh3ajbQ9IdKJ+ncjZcqYkQrspGLYN4veWPzXG04fmNMCtZAGu1etVIRxghDyaZhuIilGdFwd7QgNHOXIEsa1sP+hvM8042gLztuivMValsnDecm7KJXvysXK9ayyTXJMTsgZ8cglqZAquSU1wskTeSav5M15cd6dT+drOppzZjtHZA7O9y9VGaoL</latexit>

µH ⇠ Q

<latexit sha1_base64="4d/TA5aB0erAEBDKNfRftpVtqDg=">AAACMXicbZDLSsNAFIYnXmu9RV26GayCq5KUoi6LUnDZgr1AL2EynbTTziRhZiIpoS/g0wiu9E26E7fuXTtts7CtPwz8fOcc5pzfDRmVyrKmxsbm1vbObmYvu39weHRsnpzWZRAJTGo4YIFoukgSRn1SU1Qx0gwFQdxlpOGOHmb1xjMRkgb+kxqHpMNR36cexUhp5JiXbU8gnJQdCsvOcJJUu4UJbEvKYdwtwFjj2Bk6Zs7KW3PBdWOnJgdSVRzzp90LcMSJrzBDUrZsK1SdBAlFMSOTbDuSJER4hPqkpa2POJGdZH7NBF5p0oNeIPTzFZzTvxMJ4lKOuas7OVIDuVqbwX9r8eKDJebylW2Ud9dJqB9Givh4sYwXMagCOIsP9qggWLGxNggLqu+BeIB0hEqHnNVB2auxrJt6IW/f5IvVYq50n0aWAefgAlwDG9yCEngEFVADGLyAV/AOPow3Y2p8Gl+L1g0jnTkDSzK+fwGfD6n6</latexit>

EiEj

Q2
⇠ x2xixj

NLO
<latexit sha1_base64="sESfMhmW1NMK/Op4AAB5HScBqPo=">AAACEnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFN+Kqgn1AO5RMmmlDk8yQZIpl6EcIrvRP3Ilbf8AfcW3azsK2HggczrmXe3KCmDNtXPfbya2tb2xu5bcLO7t7+wfFw6OGjhJFaJ1EPFKtAGvKmaR1wwynrVhRLAJOm8Hwduo3R1RpFslHM46pL3BfspARbKzU7IwoSe8n3WLJLbszoFXiZaQEGWrd4k+nF5FEUGkIx1q3PTc2foqVYYTTSaGTaBpjMsR92rZUYkG1n87iTtCZVXoojJR90qCZ+ncjxULrsQjspMBmoJe9qfiv9zQ/sKAFYimNCa/9lMk4MVSSeZgw4chEaNoP6jFFieFjSzBRzP4HkQFWmBjbYsEW5S3XskoaF2Xvslx5qJSqN1lleTiBUzgHD66gCndQgzoQGMIzvMKb8+K8Ox/O53w052Q7x7AA5+sXw9Ge0Q==</latexit>

~J at

EEC Jet function 
<latexit sha1_base64="kiwwnGa1GtK6xgR+QA93bQJThzo=">AAACInicbVDLSsNAFJ34rPUVFVduBovgQkoiRd0IRTfSVQX7gCaEyXTSDp1J4sykWEI+RnClf+JOXAl+h2unbRa29cDA4Zx7uWeOHzMqlWV9GUvLK6tr64WN4ubW9s6uubfflFEiMGngiEWi7SNJGA1JQ1HFSDsWBHGfkZY/uB37rSERkkbhgxrFxOWoF9KAYqS05JmHzpDgtJbBa+ikNe/xrOb1nMwzS1bZmgAuEjsnJZCj7pk/TjfCCSehwgxJ2bGtWLkpEopiRrKik0gSIzxAPdLRNEScSDedxM/giVa6MIiEfqGCE/XvRoq4lCPu60mOVF/Oe2PxX+9pemBG8/lcGhVcuSkN40SREE/DBAmDKoLjvmCXCoIVG2mCsKD6PxD3kUBY6VaLuih7vpZF0jwv2xflyn2lVL3JKyuAI3AMToENLkEV3IE6aAAMUvAMXsGb8WK8Gx/G53R0ych3DsAMjO9fA7CkEQ==</latexit>

~J = {Jq, Jg}

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z
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<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�
<latexit sha1_base64="I8vol1opqJLO2Yu0JdzwfJWOnwU="></latexit>

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆

<latexit sha1_base64="Rh1LZKnakXi2xbGPc+Hkbg6QGOM="></latexit>

⌃(z) =
1

2
C (↵s) z

�N=4
J (↵s)

• In CFTs, 

power-law behavior with scaling from twist-2 spin-3 anomalous dimension, related to OPE.

<latexit sha1_base64="hmvJELJYitavavlk1IJs+N2VZVw="></latexit>

E (n̂1) E (n̂2) = ✓�i
X

Oi (n̂1)
<latexit sha1_base64="jYTQL9t25G3vg2IaCYvvOl5rD8g=">AAACIHicbVBNS8NAFNzUr1q/oj16CRbBU0mkqMeiFw8eKthWaEPZbDfp0s1u2H1RQ+lvETzpP/EmHvWHeHbb5mBbBxaGmfd4sxMknGlw3S+rsLK6tr5R3Cxtbe/s7tn7By0tU0Vok0gu1X2ANeVM0CYw4PQ+URTHAaftYHg18dsPVGkmxR1kCfVjHAkWMoLBSD273L2RIuI0BMWiAWCl5GPPrrhVdwpnmXg5qaAcjZ790+1LksZUAOFY647nJuCPsAJGOB2XuqmmCSZDHNGOoQLHVPujafixc2yUvhNKZZ4AZ6r+3RjhWOssDsxkjGGgF72J+K/3NDswpwXxQhoIL/wRE0kKVJBZmDDlDkhn0pbTZ4oS4JkhmChm/uOQAVaYgOm0ZIryFmtZJq3TqndWrd3WKvXLvLIiOkRH6AR56BzV0TVqoCYiKEPP6BW9WS/Wu/Vhfc5GC1a+U0ZzsL5/AYlKpH4=</latexit>()

<latexit sha1_base64="MX+9bolZGurBag/LEpiok63Fv5I="></latexit>

�(3) > 0 =) z
d�

dz
|z!0 = 0

can be computed using OPE alone!

Dixon, Moult, Zhu, `19

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z

<latexit sha1_base64="+6UtLM1J3p6r/lgGBLZrv8OLhCU=">AAACF3icbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0SsmkmTY0yYxJRqxDf0NwpX/iTty69Edcm7azsK0HAodz7uWenCDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRBFaJxGPVCvAmnImad0ww2krVhSLgNNmMLye+M0HqjSL5J0ZxbQjcF+ykBFsrOT7mglf3yuTPo27xZJbdqdAy8TLSAky1LrFH78XkURQaQjHWrc9NzadFCvDCKfjgp9oGmMyxH3atlRiQXUnnWYeoxOr9FAYKfukQVP170aKhdYjEdhJgc1AL3oT8V/vcXZgTgvEQhoTXnZSJuPEUElmYcKEIxOhSUmoxxQlho8swUQx+x9EBlhhYmyVBVuUt1jLMmmclb3zcuW2UqpeZZXl4QiO4RQ8uIAq3EAN6kAghmd4hTfnxXl3PpzP2WjOyXYOYQ7O1y+BU6Fk</latexit>

⇠
p
z



        EC as jet substructure                                    Jet Fragmentation Functions                                        EC at the LHC                                        Beautiful and Charming EC

Energy correlators at 

16

<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�
<latexit sha1_base64="I8vol1opqJLO2Yu0JdzwfJWOnwU="></latexit>

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z � 1� cos�ij

2

◆

• In non-CFTs (like QCD), there is competition between beta functions  
and twist-2 spin-3 anomalous dimension.

• Higher scale would give larger window of  region where the contribution from the twist-two anomalous dimension  

dominates over that of  beta function, giving phenomenological connection to Light-ray OPE and other CFT techniques


• Higher energy provides more particles in jet, allowing us to study higher-point correlators


• Smaller NP corrections
<latexit sha1_base64="MVqis7MNSXbcn+FqUXceYOiVJMQ=">AAACJnicbVDLSsNAFJ34rPUVdSVugkVwVRIp6rLoxmUF+4C2lMn0th06k4SZG2kJxa8RXOmfuBNx51e4dppmYVsPDBzOfZw7x48E1+i6X9bK6tr6xmZuK7+9s7u3bx8c1nQYKwZVFopQNXyqQfAAqshRQCNSQKUvoO4Pb6f1+iMozcPgAccRtCXtB7zHGUUjdezjFsII0z2Jgu4kaXFpfEFPOnbBLbopnGXiZaRAMlQ69k+rG7JYQoBMUK2bnhthO6EKORMwybdiDRFlQ9qHpqEBlaDbSWo9cc6M0nV6oTIvQCdV/04kVGo9lr7plBQHerE2Ff+tjWYGc5ovF67B3nU74UEUIwRsdkwvFg6GzjQzp8sVMBRjQyhT3PzHYQOqKEOTbN4E5S3GskxqF0Xvsli6LxXKN1lkOXJCTsk58cgVKZM7UiFVwsgTeSav5M16sd6tD+tz1rpiZTNHZA7W9y9d56eU</latexit>

=) Jets at the LHC!

Dixon, Moult, Zhu, `19
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d�
pp!jet(h)X

dpT d⌘dzh
=

X

a,b,c

fa/A ⌦ fb/B ⌦H
c
ab ⌦ Gh

c (zh)

pT pTR⇤QCD

where 

17

Factorization
<latexit sha1_base64="zw/VuC2x9WR+hFvExLiejyFIGVU="></latexit>

d�pp!jet(ENC)X

dpT d⌘d{⇣}
<latexit sha1_base64="hRThrbGWNj0Hfo+b0wETHpIJOM4=">AAACNnicbVC7SgNBFJ31GeNr1dJmMQhJE3YlqGXQQssI5gHZEGYnN8mQ2QczdyVx2W/wawQr/Q4bO7G1snbyKEzigYHDOffOnDleJLhC2343VlbX1jc2M1vZ7Z3dvX3z4LCmwlgyqLJQhLLhUQWCB1BFjgIakQTqewLq3uB67NcfQCoeBvc4iqDl017Au5xR1FLbLLgIQ5zck0jopInrU+wzKpKbtM3ybuI+AlI3LaRtM2cX7QmsZeLMSI7MUGmbP24nZLEPATJBlWo6doSthErkTECadWMFEWUD2oOmpgH1QbWSSZTUOtVKx+qGUp8ArYn6dyOhvlIj39OT48Bq0RuL/3rD6QNzmucvpMHuZSvhQRQjBGwaphsLC0Nr3KHV4RIYipEmlEmu/2OxPpWUoW46q4tyFmtZJrWzonNeLN2VcuWrWWUZckxOSJ445IKUyS2pkCph5Ik8k1fyZrwYH8an8TUdXTFmO0dkDsb3L2/Fri0=</latexit>

Gc({⇣})

<latexit sha1_base64="OjOH5mDNLLOJhBOQ04U/9vv5Hmo="></latexit>

Gc (z, {⇣}, pTR,µ) =
X

j

Z 1

0
dx xNJij (z, x, pTR,µ) JEEC ({⇣}, x, µ)

<latexit sha1_base64="JNFCc8drU8QfvHlrJMMr+7kIetM=">AAACFHicbVDLSgMxFM3UV62vqks3wSK4KjNS1GXRjcsK9iGdoWTS2zY0yQxJRqxDv0JwpX/iTty690dcm7azsK0HAodz7uWenDDmTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKGjRFGo04hHqhUSDZxJqBtmOLRiBUSEHJrh8HriNx9AaRbJOzOKIRCkL1mPUWKsdO+n/hMY4o87xZJbdqfAy8TLSAllqHWKP343ookAaSgnWrc9NzZBSpRhlMO44CcaYkKHpA9tSyURoIN0GniMT6zSxb1I2ScNnqp/N1IitB6J0E4KYgZ60ZuI/3qPswNzWigW0pjeZZAyGScGJJ2F6SUcmwhPGsJdpoAaPrKEUMXsfzAdEEWosT0WbFHeYi3LpHFW9s7LldtKqXqVVZZHR+gYnSIPXaAqukE1VEcUCfSMXtGb8+K8Ox/O52w052Q7h2gOztcvjhufyQ==</latexit>

{⇣} stands for the collection of  angles in N-point correlators

<latexit sha1_base64="JOS9W1o/gcZL5B0KNBo4eYA9ObY=">AAACFnicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZfFUhBXFewD2qFk0rQNTTJDkhHL0M8QXOmfuBO3bv0R16btLGzrgcDhnHu5JyeIONPGdb+dzNr6xuZWdju3s7u3f5A/PGroMFaE1knIQ9UKsKacSVo3zHDaihTFIuC0GYwqU7/5SJVmoXww44j6Ag8k6zOCjZXad92kowSqViuTbr7gFt0Z0CrxUlKAFLVu/qfTC0ksqDSEY63bnhsZP8HKMMLpJNeJNY0wGeEBbVsqsaDaT2aRJ+jMKj3UD5V90qCZ+ncjwULrsQjspMBmqJe9qfiv9zQ/sKAFYimN6V/7CZNRbKgk8zD9mCMTomlHqMcUJYaPLcFEMfsfRIZYYWJskzlblLdcyyppXBS9y2LpvlQo36SVZeEETuEcPLiCMtxCDepAIIRneIU358V5dz6cz/loxkl3jmEBztcv6+Cf5g==</latexit>

JEEC•            is the same EEC jet function as          case (can use track or other cases too)
<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�

•Energy correlators are expectation values on a state <latexit sha1_base64="/fwgCznVJby5HAxSyPNUC9Lzpa0="></latexit>

d�

d{⇣} ⇠ h |E (n̂1) · · · E (n̂N )| i
<latexit sha1_base64="/MOGTSk6oUE4cFlrCA5a9VE6Nr8=">AAACGHicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21okhmTjFhqv0NwpX/iTty680dcm7azsK0HAodz7uWenDDhTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKHjVBFaJzGPVSvEmnImad0ww2krURSLkNNmOLie+M0HqjSL5Z0ZJjQQuCdZxAg2VgqekF/TzFdY9jjtFEtu2Z0CLRMvIyXIUOsUf/xuTFJBpSEca9323MQEI6wMI5yOC36qaYLJAPdo21KJBdXBaBp6jE6s0kVRrOyTBk3VvxsjLLQeitBOCmz6etGbiP96j7MDc1ooFtKY6DIYMZmkhkoyCxOlHJkYTVpCXaYoMXxoCSaK2f8g0scKE2O7LNiivMValknjrOydlyu3lVL1KqssD0dwDKfgwQVU4QZqUAcC9/AMr/DmvDjvzofzORvNOdnOIczB+foFNsChKg==</latexit>

| i
In           , the state is created by a local operator.

<latexit sha1_base64="CUUFzxnRiW7ISAf3RAipsodQ0gM=">AAACEXicbVDLSgMxFM3UV62vqks3wSIIYpmRoi6LblxWsA9opyWT3mljk8yQZMQy9B8EV/on7sStX+CPuDZ9LGz1QOBwzr3ckxPEnGnjul9OZml5ZXUtu57b2Nza3snv7tV0lCgKVRrxSDUCooEzCVXDDIdGrICIgEM9GFyP/foDKM0ieWeGMfiC9CQLGSXGSjVon0D7tJMvuEV3AvyXeDNSQDNUOvnvVjeiiQBpKCdaNz03Nn5KlGGUwyjXSjTEhA5ID5qWSiJA++kk7QgfWaWLw0jZJw2eqL83UiK0HorATgpi+nrRG4v/eo/TA3NaIBbSmPDST5mMEwOSTsOECccmwuN6cJcpoIYPLSFUMfsfTPtEEWpsiTlblLdYy19SOyt658XSbalQvppVlkUH6BAdIw9doDK6QRVURRTdoyf0gl6dZ+fNeXc+pqMZZ7azj+bgfP4A9pidyQ==</latexit>

e+e�

•As discussed,      , describes how jet algorithms are used to “create” the state       in which energy 
correlators are measured.

<latexit sha1_base64="OjOH5mDNLLOJhBOQ04U/9vv5Hmo="></latexit>

Gc (z, {⇣}, pTR,µ) =
X

j

Z 1

0
dx xNJij (z, x, pTR,µ) JEEC ({⇣}, x, µ)

<latexit sha1_base64="/MOGTSk6oUE4cFlrCA5a9VE6Nr8=">AAACGHicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZdFNy4r2Ad0hpJJM21okhmTjFhqv0NwpX/iTty680dcm7azsK0HAodz7uWenDDhTBvX/XZyK6tr6xv5zcLW9s7uXnH/oKHjVBFaJzGPVSvEmnImad0ww2krURSLkNNmOLie+M0HqjSL5Z0ZJjQQuCdZxAg2VgqekF/TzFdY9jjtFEtu2Z0CLRMvIyXIUOsUf/xuTFJBpSEca9323MQEI6wMI5yOC36qaYLJAPdo21KJBdXBaBp6jE6s0kVRrOyTBk3VvxsjLLQeitBOCmz6etGbiP96j7MDc1ooFtKY6DIYMZmkhkoyCxOlHJkYTVpCXaYoMXxoCSaK2f8g0scKE2O7LNiivMValknjrOydlyu3lVL1KqssD0dwDKfgwQVU4QZqUAcC9/AMr/DmvDjvzofzORvNOdnOIczB+foFNsChKg==</latexit>

| i

•More formally, where       are the quantum numbers of  the celestial sphere.<latexit sha1_base64="pmKcAFtw/bNwKKtpYg920b0sM30=">AAACE3icbVDLSgMxFM3UV62vqks3wSK4kDIjRV0W3bisYB/QDiWTudPGJpkhyYhl6E8IrvRP3IlbP8AfcW36WNjWA4HDOfdyT06QcKaN6347uZXVtfWN/GZha3tnd6+4f9DQcaoo1GnMY9UKiAbOJNQNMxxaiQIiAg7NYHAz9puPoDSL5b0ZJuAL0pMsYpQYK7U6IXBDzh66xZJbdifAy8SbkRKaodYt/nTCmKYCpKGcaN323MT4GVGGUQ6jQifVkBA6ID1oWyqJAO1nk7wjfGKVEEexsk8aPFH/bmREaD0UgZ0UxPT1ojcW//WepgfmtEAspDHRlZ8xmaQGJJ2GiVKOTYzHBeGQKaCGDy0hVDH7H0z7RBFqbI0FW5S3WMsyaZyXvYty5a5Sql7PKsujI3SMTpGHLlEV3aIaqiOKOHpGr+jNeXHenQ/nczqac2Y7h2gOztcvIFCe+w==</latexit>

�, j

Chen, Moult, Sandor, Zhu `22

Chang, Simmons-Duffin `22

<latexit sha1_base64="mzbQj2yyEqTCFgzyYOP87GlIy6w=">AAACUHicbVFNSwMxEJ2t3/Wr6tFLsAgepOxKUS+C6MVjBauFbinZdNpGk+ySZMWy9gf5awRP+kfEm6YfQlsdCHl584aZeYkSwY31/Q8vNze/sLi0vJJfXVvf2Cxsbd+aONUMqywWsa5F1KDgCquWW4G1RCOVkcC76OFykL97RG14rG5sL8GGpB3F25xR66hm4fI5rBgeaqo6AskZCU0qm1nYQmHp4X2fsMnHUDtBjMuahaJf8odB/oJgDIowjkqz8Bm2YpZKVJYJakw98BPbyKi2nAns58PUYELZA+1g3UFFJZpGNly2T/Yd0yLtWLujLBmykxUZlcb0ZOSUktqumc0NyH9zT6MGU1wkZ6ax7dNGxlWSWlRsNEw7FcTGZOAuaXGNzIqeA5Rp7vYhrEs1Zdb9Qd4ZFcza8hfcHpWC41L5ulw8vxhbtgy7sAcHEMAJnMMVVKAKDF7gFd7hw3vzvrzvnDeS/t6wA1ORy/8Alke1/A==</latexit>

| i =
X

�,j

c�,j | �,ji

<latexit sha1_base64="k482UnTZTV9KbefiO2VU0mpNaJw=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMi6rLoxmWFvqBTSia9bUMzD5M70jrM1q8RXOmfuBDErX/g2vSxsK0HAodz7k1OjhdJodG2P6zMyura+kZ2M7e1vbO7l98/qOkwVhyqPJShanhMgxQBVFGghEakgPmehLo3uBn79QdQWoRBBUcRtHzWC0RXcIZGauepizDEyT2Jgk6aRO2Kq+8VJu4jIEvTdr5gF+0J6DJxZqRAZii38z9uJ+SxDwFyybRuOnaErYQpFFxCmnNjDRHjA9aDpqEB80G3kkmClJ4YpUO7oTInQDpR/24kzNd65Htm0mfY14veWPzXG04fmNM8fyENdq9aiQiiGCHg0zDdWFIM6bg62hEKOMqRIYwrYf5DeZ8pxtEUnDNFOYu1LJPaWdG5KJ7fnRdK17PKsuSIHJNT4pBLUiK3pEyqhJMn8kxeyZv1Yr1bn9bXdDRjzXYOyRys71+yYqrc</latexit>

pT
p

⇣

The jet fragmentation function and energy correlators                  

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>
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2-Point Energy correlators at the LHC
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• One can see clear transition between the  
perturbative and hadronization regions. 

• Perturbative region agrees well with the data  
without any soft drop grooming, trimming, pruning, etc.

• At very small angle, the result is consistent with  
uniformly distributed freely propagating hadrons.

<latexit sha1_base64="t1VGSo1E3kPwenfo7HEJxhWxFgQ=">AAACNnicbZDLSsNAFIYn9VbrLerSzWARFKQkpajLohsRF1V6gyaEyXTaDp1J4sxErKHP4NMIrvQ53LgTt65cO22zsK0/DPx85xzmnN+PGJXKst6NzMLi0vJKdjW3tr6xuWVu79RlGAtMajhkoWj6SBJGA1JTVDHSjARB3Gek4fcvRvXGPRGShkFVDSLictQNaIdipDTyzCOHx9CRlMNi5CVXx9WhI++ESh6HE5rCW+/aM/NWwRoLzhs7NXmQquKZP047xDEngcIMSdmyrUi5CRKKYkaGOSeWJEK4j7qkpW2AOJFuMj5pCA80acNOKPQLFBzTvxMJ4lIOuK87OVI9OVsbwX9rD5MPppjPZ7ZRnTM3oUEUKxLgyTKdmEEVwlGGsE0FwYoNtEFYUH0PxD0kEFY66ZwOyp6NZd7UiwX7pFC6KeXL52lkWbAH9sEhsMEpKINLUAE1gMETeAav4M14MT6MT+Nr0pox0pldMCXj+xda9Kxr</latexit>

µ ⇠ 2pJ,T
p
z ⇠ pJ,TRL

<latexit sha1_base64="jbPJkDx6X2IcKgyEUX1X5lPMgDY=">AAACMnicbVC7TsMwFHV4lvIqMLJEVEhMVYIQMFawMDAURAGJRJHj3LQWdhLZN6hVlC/ga5CY4EtgQ6zMzLiPAVqOZOnonHvt4xNmgmt0nDdrZnZufmGxslRdXlldW69tbF7rNFcM2iwVqboNqQbBE2gjRwG3mQIqQwE34f3pwL95AKV5mlxhPwNf0k7CY84oGimo7XoIPRzeUyiIysKLFWVF5GnekbQsosvgvCyDWt1pOEPY08 QdkzoZoxXUvr0oZbmEBJmgWt+5ToZ+QRVyJqCsermGjLJ72oE7QxMqQfvFMEZp7xolsuNUmZOgPVR/bxRUat2XoZmUFLt60huI/3q90QN/tFBOpMH42C94kuUICRuFiXNhY2oP+rMjroCh6BtCmeLmPzbrUtMZmparpih3spZpcr3fcA8bBxcH9ebJuLIK2SY7ZI+45Ig0yRlpkTZh5JE8kRfyaj1b79aH9TkanbHGO1vkD6yvH6kVrNc=</latexit>

d�

dRL

<latexit sha1_base64="LjXF9UaOhsKQiUefbOe1rltBy6s="></latexit>

d�

dR2
L

= const

<latexit sha1_base64="5tsJRPWTMAlgh8gizOW+YUR4jKo="></latexit>

RL ⇠ ⇤QCD

pJ,T

<latexit sha1_base64="k6lL6bf7nJ0yFtFWn3+4++IyuKQ=">AAACNHicbVBNSwMxFMz6WetX1aOXYBE9lV0p6rHoxYOHKtYWbFmy6atGk90leSsty/4Ef43gSX+I4E28evRsuu1BqwOBYea9ZDJBLIVB1311pqZnZufmCwvFxaXlldXS2vqliRLNocEjGelWwAxIEUIDBUpoxRqYCiQ0g7vjod+8B21EFF7gIIaOYteh6AnO0Ep+aaeN0Mf8nlRDN0vP/dO2EYqe+2lupbeAWZb5pbJbcXPQv8QbkzIZo+6XvtrdiCcKQuSSGXPluTF2UqZRcAlZsZ0YiBm/Y9dwZWnIFJhOmgfJ6LZVurQXaXtCpLn6cyNlypiBCuykYnhjJr2h+K/XHz3wSwvURBrsHXZSEcYJQshHYXqJpBjRYYO0KzRwlANLGNfC/ofyG6YZR9tz0RblTdbyl1zuVbz9SvWsWq4djSsrkE2yRXaJRw5IjZyQOmkQTh7II3kmL86T8+a8Ox+j0SlnvLNBfsH5/AYp762Y</latexit>

RL ⇠ Rjet
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KL, Meçaj, Moult, `22
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Projected Energy correlators at the LHC
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<latexit sha1_base64="t1VGSo1E3kPwenfo7HEJxhWxFgQ=">AAACNnicbZDLSsNAFIYn9VbrLerSzWARFKQkpajLohsRF1V6gyaEyXTaDp1J4sxErKHP4NMIrvQ53LgTt65cO22zsK0/DPx85xzmnN+PGJXKst6NzMLi0vJKdjW3tr6xuWVu79RlGAtMajhkoWj6SBJGA1JTVDHSjARB3Gek4fcvRvXGPRGShkFVDSLictQNaIdipDTyzCOHx9CRlMNi5CVXx9WhI++ESh6HE5rCW+/aM/NWwRoLzhs7NXmQquKZP047xDEngcIMSdmyrUi5CRKKYkaGOSeWJEK4j7qkpW2AOJFuMj5pCA80acNOKPQLFBzTvxMJ4lIOuK87OVI9OVsbwX9rD5MPppjPZ7ZRnTM3oUEUKxLgyTKdmEEVwlGGsE0FwYoNtEFYUH0PxD0kEFY66ZwOyp6NZd7UiwX7pFC6KeXL52lkWbAH9sEhsMEpKINLUAE1gMETeAav4M14MT6MT+Nr0pox0pldMCXj+xda9Kxr</latexit>

µ ⇠ 2pJ,T
p
z ⇠ pJ,TRL

<latexit sha1_base64="VByMJhDhk333g01Q3eq/AGlqfuc="></latexit>

JN�proj
EEC (RL, x, µ) =

Z
d{⇣} � (RL �max[{⇣}]) JN

EEC({⇣}, x, µ)

• Integrate over all shapes with fixed largest angle, <latexit sha1_base64="SlOzgUuLqsZS17hgWPKnbo8p6Ek=">AAACDnicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiGxcu6qMPaIeSSTNtaJIZkoxYhn6C4Er/xJ249Rf8Edem7Sxs64HA4Zx7uScniDnTxnW/ndzS8srqWn69sLG5tb1T3N2r6yhRhNZIxCPVDLCmnElaM8xw2owVxSLgtBEMrsZ+45EqzSL5YIYx9QXuSRYygo2V7u86N51iyS27E6BF4mWkBBmqneJPuxuRRFBpCMdatzw3Nn6KlWGE01GhnWgaYzLAPdqyVGJBtZ9Ooo7QkVW6KIyUfdKgifp3I8VC66EI7KTApq/nvbH4r/c0PTCjBWIujQkv/JTJODFUkmmYMOHIRGjcDeoyRYnhQ0swUcz+B5E+VpgY22DBFuXN17JI6idl76x8entaqlxmleXhAA7hGDw4hwpcQxVqQKAHz/AKb86L8+58OJ/T0ZyT7ezDDJyvXw6gnMo=</latexit>

RL

Space of  3-point correlator

• Related to the OPE limit of  the N-point correlators, 
scales as twist-2 spin-(N+1) anomalous dimension in the conformal limit.

KL, Meçaj, Moult, `22
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• Slope increases with N as predicted 
by the light-ray OPEs

• Non-perturbative effects expected to 
cancel in ratio

• Precision calculations of <latexit sha1_base64="JWmeRV5EUAAv+KP7NlYo3IrN8BI=">AAACE3icbVDLSgMxFL1TX7W+qi7dDBbBVZmRoi6LblxWsA9oh3InzbShSWZIMmIp/QnBlf6JO3HrB/gjrk3bWdjWA4HDOfdyT06YcKaN5307ubX1jc2t/HZhZ3dv/6B4eNTQcaoIrZOYx6oVoqacSVo3zHDaShRFEXLaDIe3U7/5SJVmsXwwo4QGAvuSRYygsVKrgzwZYFd3iyWv7M3grhI/IyXIUOsWfzq9mKSCSkM4at32vcQEY1SGEU4nhU6qaYJkiH3atlSioDoYz/JO3DOr9NwoVvZJ487UvxtjFFqPRGgnBZqBXvam4r/e0/zAghaKpTQmug7GTCapoZLMw0Qpd03sTgtye0xRYvjIEiSK2f+4ZIAKibE1FmxR/nItq6RxUfYvy5X7Sql6k1WWhxM4hXPw4QqqcAc1qAMBDs/wCm/Oi/PufDif89Gck+0cwwKcr199QJ8z</latexit>↵s

• Already at competing order of  accuracy 
as the state-of-the-art calculation of  
other jet substructure
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20 KL, Meçaj, Moult, `22
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• What happens if  we consider energy correlators 
between heavy meson and other particles in a heavy jet?

Heavy

• Recently, ALICE collaboration made a direct observation of  the dead-cone effect

• Heavy quark suppresses gluon emission around the angular region
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ALICE Collaboration `22 (Nature)

• Sophisticated reclustering techniques.  
Can we observe the dead-cone effect statistically using energy correlators?

KL, Meçaj, Moult, In Progress
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• What happens if  we consider energy correlators 
between heavy meson and other particles in a heavy jet?

Real

Virtual
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• UV poles match the light jet case as expected


• As the virtuality approaches heavy quark IR scale, we see a turning over.
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• One observes clear turning around heavy quark scale (both from Pythia and the fixed order calculation).


• Suppression at small angle can be interpreted as a direct signature of  the dead-cone

Charming EEC
Beautiful EEC

beautiful and charming energy correlators

<latexit sha1_base64="LUNmcxAusVrVzE0lo4NaFgvaVWc=">AAACIXicbVC7SgNBFJ31GeMrPjqbxSBYhV0Jahm0sbCIYh6QLGF2cjcZMvtg5q4kLvkXwUr/xE7sxP+wdrLZwiQeGDicc19z3EhwhZb1ZSwtr6yurec28ptb2zu7hb39ugpjyaDGQhHKpksVCB5ADTkKaEYSqO8KaLiD64nfeASpeBg84CgCx6e9gHucUdRSp3DYRhhiOieR0B0n953bcadQtEpWCnOR2BkpkgzVTuGn3Q1Z7EOATFClWrYVoZNQiZwJGOfbsYKIsgHtQUvTgPqgnCTdOjZPtNI1vVDqF6CZqn87EuorNfJdXelT7Kt5byL+6w2nC2Y015+7Br1LJ+FBFCMEbHqMFwsTQ3MSl9nlEhiKkSaUSa7/Y7I+lZShDjWvg7LnY1kk9bOSfV4q35WLlassshw5IsfklNjkglTIDamSGmHkiTyTV/JmvBjvxofxOS1dMrKeAzID4/sXm+ylEA==</latexit>

RL
Heavy
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• One observes clear turning around heavy quark scale (both from Pythia and the fixed order calculation).


• Suppression at small angle can be interpreted as a direct signature of  the dead-cone

beautiful and charming energy correlators
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Venturing into precision calculations
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Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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NNLO PDFs

NNLO semi-inclusive hard function

Matching coefficients Projected ENC jet function

Available even for the track case!

Partial results computed

Partial results

• Unprecedented precision calculation of   
jet substructure on the horizon!

KL, Liu, Moult, In progress
Chen, Moult, Zhang, Zhu, `20


Li, Moult, van Velzen, Waalewijn, Zhu, `21

Jaarsma, Li, Moult, Waalewijn, Zhu, `22

NNPDFs, CTEQ, …

Czakon, Generet, Mitov, Poncelet `21
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Energy correlators at the EIC?
• Universal hadronization effects at the perturbative region, 

• Polarized beams, 

• Tracking information, 

• Heavy flavor jets, etc etc


