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DGLAP evolution


Time-like anomalous dimension


Running coupling


Incorporating track 

Quantum interference in parton shower


nuclear structure


medium effects


massive quark


???

Light-ray OPE


Space-like anomalous dimension


Smearing in spin


???


Evolution for non-diagonal density matrix 

???


???


???


P.T. and N.P. Power corrections

Dual view on energy correlators

see also Iain and Zhiquan’s talks

the scaling 
interpretation makes 

the story appealing to 
broader community



The track function formalism
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H.-M. Chang, M. Procura, J. Thaler, W. Waalewijn, 2013

Track function describe a parton k converted 
to a subset of hadrons with quantum number 
R and total momentum fraction x.


One step closer to the true nature of 
hadronization than fragmentation function.



The call for track-based calculation
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Defined of track-based observable

e.g., jet mass:
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Track EEC is simple
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H. Chen, I. Moult, X.Y. Zhang, HXZ, 2020

All hadron ENC:
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track ENC:
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Complete factorization of measurement and weight



RG flow of track function

6

RG equation for gluon track function
H. Chen et al., 2210.10058

fifth central moment of gluon track func.



Track EEC at NLO

7

See Yen-Jie’s talk

LO (1978): Basham, Brown, Ellis, Love
NLO (2018): L. Dixon et al. 1801.03219  

NLO on track (2018): Y.B. Li et al. 2108.01674 
First ever track-based observable at NLO!



Modification of scaling from track
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• Modification to scaling from track is small at low point

• Two-point is almost identical on track and all hadrons in shape

• In the free hadron region, the charge-to-all hadron ratio approach (2/3)2

• Monotonicity increasing in slope for ratio of track ENCs
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Light-ray operators
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Hofman, Maldacena, 2008

Kravchuk, Simmons-Duffin, 2018

The simplest light-ray operator measure the 
asymptotic energy flow at null infinity



Regge trajectory for light-ray operator
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Energy correlators are the spectroscopy of high energy scattering
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Light-ray OPE: why important theoretically
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Euclidean OPE:
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<latexit sha1_base64="gdA5yLhSlSIZxS9dObI0CRbsucY=">AAACB3icbVDNS8MwHE3n15xfVY+CBIfgabRjqMehF48T3AespaRZuoUlaUlSYZTevPivePGgiFf/BW/+N2ZbBd18EHh57/cjeS9MGFXacb6s0srq2vpGebOytb2zu2fvH3RUnEpM2jhmseyFSBFGBWlrqhnpJZIgHjLSDcfXU797T6SisbjTk4T4HA0FjShG2kiBfewxyoPMGyGdiTyoQ0/H8Ofm5oFddWrODHCZuAWpggKtwP70BjFOOREaM6RU33US7WdIaooZySteqkiC8BgNSd9QgThRfjbLkcNTowxgFEtzhIYz9fdGhrhSEx6aSY70SC16U/E/r5/q6NLPqEhSTQSePxSlDJqs01LggEqCNZsYgrCk5q8Qj5BEWJvqKqYEdzHyMunUa+55rXHbqDavijrK4AicgDPgggvQBDegBdoAgwfwBF7Aq/VoPVtv1vt8tGQVO4fgD6yPbxOkmXM=</latexit>

lim
n̂2!n̂1

form of an OPE in a fictitious two-
dimensional Euclidean CFT

If the space of light-ray operators are fully 
carved out, then any N-point energy 

correlators can be build out from two-point

Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov, 19



Light-ray OPE: how it works

12

<latexit sha1_base64="vbTaz9NP8mP9uHU4KE8BysAqT80=">AAAB+HicbVDLSsNAFJ3UV62PVl26CRbBVUmkqMuCmy5cVLAPaEKYTCft0MkkzNwRauiXuHGhiFs/xZ1/46TNQlsPDBzOuZd75oQpZwoc59sqbWxube+Udyt7+weH1drRcU8lWhLaJQlP5CDEinImaBcYcDpIJcVxyGk/nN7mfv+RSsUS8QCzlPoxHgsWMYLBSEGt6sUYJmGY3c0DD7AOanWn4SxgrxO3IHVUoBPUvrxRQnRMBRCOlRq6Tgp+hiUwwum84mlFU0ymeEyHhgocU+Vni+Bz+9woIztKpHkC7IX6eyPDsVKzODSTeUy16uXif95QQ3TjZ0ykGqggy0OR5jYkdt6CPWKSEuAzQzCRzGS1yQRLTMB0VTEluKtfXie9y4Z71WjeN+utdlFHGZ2iM3SBXHSNWqiNOqiLCNLoGb2iN+vJerHerY/laMkqdk7QH1ifPxGSk2M=</latexit>L⌧
<latexit sha1_base64="T/0DhER1HX2R7Z/wTSAAOuPPyxA=">AAACB3icbVDLSgNBEJz1GeMr6lGQwSAIYtgNQb0IAT0ETxHMA7Ih9E4myZCZ3WWmVwghNy/+ihcPinj1F7z5N04eB40WNNRUdTPdFcRSGHTdL2dhcWl5ZTW1ll7f2NzazuzsVk2UaMYrLJKRrgdguBQhr6BAyeux5qACyWtB/2rs1+65NiIK73AQ86aCbig6ggFaqZU58BESekn9ay4R6Cm9sY88PaF+F5SCVibr5twJ6F/izUiWzFBuZT79dsQSxUNkEoxpeG6MzSFoFEzyUdpPDI+B9aHLG5aGoLhpDid3jOiRVdq0E2lbIdKJ+nNiCMqYgQpspwLsmXlvLP7nNRLsXDSHIowT5CGbftRJJMWIjkOhbaE5QzmwBJgWdlfKeqCBoY0ubUPw5k/+S6r5nHeWK9wWssXSLI4U2SeH5Jh45JwUSYmUSYUw8kCeyAt5dR6dZ+fNeZ+2LjizmT3yC87HN2eAln8=</latexit>

⌧ = �� J = 2 + �

<latexit sha1_base64="d0XJ4tA4+6anqNXSOn0zvcpF2yg="></latexit>

E(n1)E(n2) =
X

i

1

✓2��
O

[J=3]
i,⌧=2(n) + power corrections

<latexit sha1_base64="VFAEor2aMjImvpoEjpQQlHmfPWc=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYJUY8kXjhiIo8EVjI7zMKE2dl1pteEEH7CiweN8ervePNvHGAPClbSSaWqO91dQSKFQdf9dnIbm1vbO/ndwt7+weFR8fikZeJUM95ksYx1J6CGS6F4EwVK3kk0p1EgeTsY38799hPXRsTqHicJ9yM6VCIUjKKVOj0ccaQPlX6x5JbdBcg68TJSggyNfvGrN4hZGnGFTFJjup6boD+lGgWTfFbopYYnlI3pkHctVTTixp8u7p2RC6sMSBhrWwrJQv09MaWRMZMosJ0RxZFZ9ebif143xfDGnwqVpMgVWy4KU0kwJvPnyUBozlBOLKFMC3srYSOqKUMbUcGG4K2+vE5albJ3Va7eVUu1ehZHHs7gHC7Bg2uoQR0a0AQGEp7hFd6cR+fFeXc+lq05J5s5hT9wPn8A0iKP2w==</latexit>

✓2

dimension:
coll. spin:

1 1 =+ J-1 J = 3
-3

twist-2 n

+ (-3) = x 1-(2+ +J)γ+ x = - 2 +  γ

<latexit sha1_base64="GO930uw56vJJk7RIgnJNaRKMWoI="></latexit>

OJ�1,��1(~n) =

Z 1

�1
d(n · x) lim

n̄·x!1
(n̄ · x)��J

n̄µ1 · · · n̄µJO
µ1···µJ

�,J (x)<latexit sha1_base64="p7jZfd6ig9UzqPxJoDHfX+k+QfU=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0G9JBjBPOAZAmzk95kyOzsOjMrhJCf8OJBEa/+jjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c781hMqzWP5YMYJ+hEdSB5yRo2V2t5F9w6Fob1iyS27c5BV4mWkBBnqveJXtx+zNEJpmKBadzw3Mf6EKsOZwGmhm2pMKBvRAXYslTRC7U/m907JmVX6JIyVLWnIXP09MaGR1uMosJ0RNUO97M3E/7xOasIbf8JlkhqUbLEoTAUxMZk9T/pcITNibAllittbCRtSRZmxERVsCN7yy6ukeVn2rsqV+0qpWsviyMMJnMI5eHANVahBHRrAQMAzvMKb8+i8OO/Ox6I152Qzx/AHzucPQBKPfQ==</latexit>

1��



Spinning light-ray operator
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O
[J]
q =

1

2J
 ̄�+(iD+)J�1 

<latexit sha1_base64="bzrhnYiS5fjuLCPnVCUb9seJGZc="></latexit>

O
[J]
g = �

1

2J
Fµ+
a (iD+)J�2Fµ+

a
<latexit sha1_base64="AEvjn0Pes8kaAGh8rMd97KkcE+k="></latexit>

O
[J]
g̃,� = �

1

2J
Fµ+
a (iD+)J�2F ⌫+

a ✏�,µ✏�,⌫
<latexit sha1_base64="wEjMEDlMTkbekD7/zCtoynKHgB8="></latexit>

helicity ±

± ∓

<latexit sha1_base64="Yr3vlZ+LWeVyVDgv7+99AwnsYnA="></latexit>

EE =
c1

✓2��q
O

J=3
q +

c2
✓2��g

O
J=3
g + ei2�

c3
✓2��g̃

O
J=3
g̃,+ + e�i2� c3

✓2��g̃
O

J=3
g̃,�

<latexit sha1_base64="M/YQam2+Z1Ep3Sh256OAgQKcOSg=">AAACFnicbVDLSsNAFJ34rPUVdenmYhF0YUm0PjZCpZsuK/QFTQmT6cQOnUzCzEQooV/hxl9x40IRt+LOv3H6WGj1wIXDOfdy7z1BwpnSjvNlLSwuLa+s5tby6xubW9v2zm5TxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8GgMvZb91QqFou6Hia0G+E7wUJGsDaSb58Q/wzgGrxQYpJ5mCd9PMrcc/ASNoKjin8DJwDCD6Huh8e+XXCKzgTwl7gzUkAz1Hz70+vFJI2o0IRjpTquk+huhqVmhNNR3ksVTTAZ4DvaMVTgiKpuNnlrBIdG6UEYS1NCw0T9OZHhSKlhFJjOCOu+mvfG4n9eJ9XhVTdjIkk1FWS6KEw56BjGGUGPSUo0HxqCiWTmViB9bALSJsm8CcGdf/kvaZ4W3Yti6bZUKFdnceTQPjpAR8hFl6iMqqiGGoigB/SEXtCr9Wg9W2/W+7R1wZrN7KFfsD6+AVlSnGA=</latexit>

c3 =
↵

15⇡
(CA � nfTf )



Different ways to polarize the gluon
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± ∓

<latexit sha1_base64="u4jbmwVGW8qukiQvlorZU0S9uXw="></latexit>

⇢ =

✓
⇢++ ⇢+�
⇢�+ ⇢��

◆
un-pol. pol.

<latexit sha1_base64="EVFDz+OFaT/YlTplXTBXx7sI8sw=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5JIUTdCxU2XFfqCJJTJdNIMnWTCzEQooVs3/oobF4q49Q/c+TdO2iy09cCFwzn3cu89fsKoVJb1bZTW1jc2t8rblZ3dvf0D8/CoJ3kqMOlizrgY+EgSRmPSVVQxMkgEQZHPSN+f3OV+/4EISXncUdOEeBEaxzSgGCktDU0Y1NwkpOfwBroRUqGIso6YQQfeQleE3INDs2rVrTngKrELUgUF2kPzyx1xnEYkVpghKR3bSpSXIaEoZmRWcVNJEoQnaEwcTWMUEell809m8EwrIxhwoStWcK7+nshQJOU08nVnfq1c9nLxP89JVXDtZTROUkVivFgUpAwqDvNY4IgKghWbaoKwoPpWiEMkEFY6vIoOwV5+eZX0Lur2Zb1x36g2W0UcZXACTkEN2OAKNEELtEEXYPAInsEreDOejBfj3fhYtJaMYuYY/IHx+QPUupiM</latexit>

f(�) = Tr[A⇢] <latexit sha1_base64="M/YQam2+Z1Ep3Sh256OAgQKcOSg=">AAACFnicbVDLSsNAFJ34rPUVdenmYhF0YUm0PjZCpZsuK/QFTQmT6cQOnUzCzEQooV/hxl9x40IRt+LOv3H6WGj1wIXDOfdy7z1BwpnSjvNlLSwuLa+s5tby6xubW9v2zm5TxakktEFiHst2gBXlTNCGZprTdiIpjgJOW8GgMvZb91QqFou6Hia0G+E7wUJGsDaSb58Q/wzgGrxQYpJ5mCd9PMrcc/ASNoKjin8DJwDCD6Huh8e+XXCKzgTwl7gzUkAz1Hz70+vFJI2o0IRjpTquk+huhqVmhNNR3ksVTTAZ4DvaMVTgiKpuNnlrBIdG6UEYS1NCw0T9OZHhSKlhFJjOCOu+mvfG4n9eJ9XhVTdjIkk1FWS6KEw56BjGGUGPSUo0HxqCiWTmViB9bALSJsm8CcGdf/kvaZ4W3Yti6bZUKFdnceTQPjpAR8hFl6iMqqiGGoigB/SEXtCr9Wg9W2/W+7R1wZrN7KFfsD6+AVlSnGA=</latexit>

c3 =
↵

15⇡
(CA � nfTf )

How do we find the azimuthal asymmetry in experiment?

<latexit sha1_base64="Wl1DXS8uMjMts3p9WEQDqs1+65c="></latexit>

A = EE =

✓
Og e2i�Og̃,+

e�2i�
Og̃,� Og

◆



± ∓

<latexit sha1_base64="LFRa283DqYDULbX8MpBDKPrnqEc="></latexit>

⇢ =

✓
Pgq Pg̃q

Pg̃q Pgq

◆

The EEEC

15

An analytic formula resumming the logs from light-ray OPE

H. Chen, I. Moult, HXZ, 2020



Comparing with “quantum” parton shower

16

Algorithm for incorporating the 
full quantum mechanical effects 
of spin correlation exist for quite 
some time.
J. Collins, 1988; I. Knowles, 1990; J. Forshaw, 
J. Holguin, S. Platzer, 2019

A. Karlberg, G. Salam, L. Scyboz, R. Verheyen, 2021

EEEC help validating the Monte-Carlo 
implementation



Breaking degeneracy by PDFs
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<latexit sha1_base64="EVFDz+OFaT/YlTplXTBXx7sI8sw=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5JIUTdCxU2XFfqCJJTJdNIMnWTCzEQooVs3/oobF4q49Q/c+TdO2iy09cCFwzn3cu89fsKoVJb1bZTW1jc2t8rblZ3dvf0D8/CoJ3kqMOlizrgY+EgSRmPSVVQxMkgEQZHPSN+f3OV+/4EISXncUdOEeBEaxzSgGCktDU0Y1NwkpOfwBroRUqGIso6YQQfeQleE3INDs2rVrTngKrELUgUF2kPzyx1xnEYkVpghKR3bSpSXIaEoZmRWcVNJEoQnaEwcTWMUEell809m8EwrIxhwoStWcK7+nshQJOU08nVnfq1c9nLxP89JVXDtZTROUkVivFgUpAwqDvNY4IgKghWbaoKwoPpWiEMkEFY6vIoOwV5+eZX0Lur2Zb1x36g2W0UcZXACTkEN2OAKNEELtEEXYPAInsEreDOejBfj3fhYtJaMYuYY/IHx+QPUupiM</latexit>

f(�) = Tr[A⇢]
X.L. Li, X.H. Liu, F. Yuan, HXZ, 2023

<latexit sha1_base64="5AmH+YVqnf8dLRvuTo6pMq/Tb44="></latexit>

⇢ =

✓
Pqg Pqg̃

Pqg̃ Pqg

◆

<latexit sha1_base64="QDwWJiIFB7OL8aloB8DCtgJQAVM=">AAACC3icbVDLSsNAFJ3UV62vqEs3Q4vgqiRS1I1QEaHLCvYBTSiT6aQdOpkJMxOhhOzd+CtuXCji1h9w5984bQNq64ELh3Pu5d57gphRpR3nyyqsrK6tbxQ3S1vbO7t79v5BW4lEYtLCggnZDZAijHLS0lQz0o0lQVHASCcYX0/9zj2Rigp+pycx8SM05DSkGGkj9e3yFbyEqYcRgzdZP/VkBGMptODZj2pXnKozA1wmbk4qIEezb396A4GTiHCNGVKq5zqx9lMkNcWMZCUvUSRGeIyGpGcoRxFRfjr7JYPHRhnAUEhTXMOZ+nsiRZFSkygwnRHSI7XoTcX/vF6iwws/pTxONOF4vihMGNQCToOBAyoJ1mxiCMKSmlshHiGJsDbxlUwI7uLLy6R9WnXPqrXbWqXeyOMogiNQBifABeegDhqgCVoAgwfwBF7Aq/VoPVtv1vu8tWDlM4fgD6yPb2jwmhI=</latexit>

A = EprotonE

enhance the spin interference effects by 
exploiting the difference of PDFs 

<latexit sha1_base64="IKLkx4lthTsEv2XdYkQW1CveaiY=">AAACCnicbVDLSsNAFJ3UV62vqEs3o0WoC0uiRd0IlW66rNAXtCFMppN26GQSZyZiCV278VfcuFDErV/gzr9x2mahrQcuHM65l3vv8SJGpbKsbyOztLyyupZdz21sbm3vmLt7TRnGApMGDlko2h6ShFFOGooqRtqRICjwGGl5w8rEb90TIWnI62oUESdAfU59ipHSkmseYvccXkPf7RceTmDFvYGnkLs+rOvy3TstumbeKlpTwEVipyQPUtRc86vbC3EcEK4wQ1J2bCtSToKEopiRca4bSxIhPER90tGUo4BIJ5m+MobHWulBPxS6uIJT9fdEggIpR4GnOwOkBnLem4j/eZ1Y+VdOQnkUK8LxbJEfM6hCOMkF9qggWLGRJggLqm+FeIAEwkqnl9Mh2PMvL5LmWdG+KJZuS/lyNY0jCw7AESgAG1yCMqiCGmgADB7BM3gFb8aT8WK8Gx+z1oyRzuyDPzA+fwAatZdm</latexit>

c3 = fg(x)CA � nfTffq(x)

How to write a light-ray OPE for a 
proton state is an open question! NLOjet++

example of nuclear 
energy correlator



Entangled by the Higgs
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<latexit sha1_base64="EVFDz+OFaT/YlTplXTBXx7sI8sw=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0Wom5JIUTdCxU2XFfqCJJTJdNIMnWTCzEQooVs3/oobF4q49Q/c+TdO2iy09cCFwzn3cu89fsKoVJb1bZTW1jc2t8rblZ3dvf0D8/CoJ3kqMOlizrgY+EgSRmPSVVQxMkgEQZHPSN+f3OV+/4EISXncUdOEeBEaxzSgGCktDU0Y1NwkpOfwBroRUqGIso6YQQfeQleE3INDs2rVrTngKrELUgUF2kPzyx1xnEYkVpghKR3bSpSXIaEoZmRWcVNJEoQnaEwcTWMUEell809m8EwrIxhwoStWcK7+nshQJOU08nVnfq1c9nLxP89JVXDtZTROUkVivFgUpAwqDvNY4IgKghWbaoKwoPpWiEMkEFY6vIoOwV5+eZX0Lur2Zb1x36g2W0UcZXACTkEN2OAKNEELtEEXYPAInsEreDOejBfj3fhYtJaMYuYY/IHx+QPUupiM</latexit>

f(�) = Tr[A⇢]
<latexit sha1_base64="u4jbmwVGW8qukiQvlorZU0S9uXw="></latexit>

⇢ =

✓
⇢++ ⇢+�
⇢�+ ⇢��

◆

<latexit sha1_base64="7Z0bxodbGtPG4nkB4+frFbWW+VA=">AAACAnicbVDLSgMxFM34rPU16krcBIsgFMuMFHUjFNx0WcE+oB2GTJppQzPJkGSEMi1u/BU3LhRx61e4829M2xG09cCFk3PuJfeeIGZUacf5spaWV1bX1nMb+c2t7Z1de2+/oUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMbiZ+855IRQW/08OYeBHqcRpSjLSRfPtw1JF94afF4ngEr+HP62w88u2CU3KmgIvEzUgBZKj59menK3ASEa4xQ0q1XSfWXoqkppiRcb6TKBIjPEA90jaUo4goL52eMIYnRunCUEhTXMOp+nsiRZFSwygwnRHSfTXvTcT/vHaiwysvpTxONOF49lGYMKgFnOQBu1QSrNnQEIQlNbtC3EcSYW1Sy5sQ3PmTF0njvORelMq35UKlmsWRA0fgGJwCF1yCCqiCGqgDDB7AE3gBr9aj9Wy9We+z1iUrmzkAf2B9fANVsJbH</latexit>

|⇢++| = |⇢+�|

Maximally entangled state
<latexit sha1_base64="r+oPPsWFKT25+UOnJcDX4N2e0UY=">AAACMnichVDLSgMxFM3UV62vUZdugkVwVWZE1I1QEaHuKtgHdErJpGkbmkmG5I5Qhn6TG79EcKELRdz6EaYPRFvBA4HDOeeSe08YC27A856dzMLi0vJKdjW3tr6xueVu71SNSjRlFaqE0vWQGCa4ZBXgIFg91oxEoWC1sH858mt3TBuu5C0MYtaMSFfyDqcErNRyry/OMU4DSgS+GrbSQEc41gqUHH6rOFDAI2b+ibXcvFfwxsDzxJ+SPJqi3HIfg7aiScQkUEGMafheDM2UaOBUsGEuSAyLCe2TLmtYKondoZmOTx7iA6u0cUdp+yTgsfpzIiWRMYMotMmIQM/MeiPxL6+RQOesmXIZJ8AknXzUSQQGhUf94TbXjIIYWEKo5nZXTHtEEwq25ZwtwZ89eZ5Ujwr+SeH45jhfLE3ryKI9tI8OkY9OURGVUBlVEEX36Am9ojfnwXlx3p2PSTTjTGd20S84n1/qLaoL</latexit>

A = EprotonE ⌦ EprotonE

Similarly idea used to probe CP 
property of the Higgs

T. Plehn, D. Rainwater, D. Zeppenfeld, 2001

Y.X. Guo, X.H. Liu, F. Yuan, HXZ, 2024

test of Bell inequality



Perturbative and non-perturbative power expansion
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<latexit sha1_base64="xxDQ0xPKBBosOX8UFnZqwQ6TLPk="></latexit>

EE =
1

✓2
O⌧=2 + ✓0O⌧=4 + ✓2O⌧=6 + · · ·

twist expansion

<latexit sha1_base64="ABBhI7YzHN+gEu8obtA3GQfWlXY=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBEEoSRS1GWhLrpw0YJ9QBPCZDJph84kYWYilJCdG3/FjQtF3PoL7vwbp20W2npg4HDOPdy5x08Ylcqyvo2V1bX1jc3SVnl7Z3dv3zw47Mo4FZh0cMxi0feRJIxGpKOoYqSfCIK4z0jPHzemfu+BCEnj6F5NEuJyNIxoSDFSWvLMkwvohALhzLnToQB5mSM4bDdu8zxr59AzK1bVmgEuE7sgFVCg5ZlfThDjlJNIYYakHNhWotwMCUUxI3nZSSVJEB6jIRloGiFOpJvN7sjhmVYCGMZCv0jBmfo7kSEu5YT7epIjNZKL3lT8zxukKrxxMxolqSIRni8KUwZVDKelwIAKghWbaIKwoPqvEI+QrkXp6sq6BHvx5GXSvazaV9Vau1apN4s6SuAYnIJzYINrUAdN0AIdgMEjeAav4M14Ml6Md+NjPrpiFJkj8AfG5w/WX5ix</latexit>

+
⇤QCD

Q
<latexit sha1_base64="OxPJyz4A+AEZ7julODqVFUoyHo0=">AAACC3icbVDNS8MwHE39nPOr6tFL2BAEYbRjqMfBPOzgYQP3AWstaZZuYUlbklQYpXcv/itePCji1X/Am/+N2daDbj5IeLz3eyS/58eMSmVZ38ba+sbm1nZhp7i7t39waB4dd2WUCEw6OGKR6PtIEkZD0lFUMdKPBUHcZ6TnTxozv/dAhKRReKemMXE5GoU0oBgpLXlm6QI6gUA4dW51aIi81BEcths32X01S9v6gp5ZtirWHHCV2Dkpgxwtz/xyhhFOOAkVZkjKgW3Fyk2RUBQzkhWdRJIY4QkakYGmIeJEuul8lwyeaWUIg0joEyo4V38nUsSlnHJfT3KkxnLZm4n/eYNEBdduSsM4USTEi4eChEEVwVkxcEgFwYpNNUFYUP1XiMdIV6N0fUVdgr288irpViv2ZaXWrpXrzbyOAjgFJXAObHAF6qAJWqADMHgEz+AVvBlPxovxbnwsRteMPHMC/sD4/AFL/pn5</latexit>

+
⇤2
QCD

Q2
N.P. Power corrections

In both expansions, symmetry plays a prominent role



Hidden structure in twist expansion
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<latexit sha1_base64="vLGmlHjpQVypvCDbOG95jxG9os4=">AAACAHicbVDJSgNBEO1xjXGLevDgpTEInsKMBPUiBL14jGgWyIyhp1NJmvQsdNcIcZiLv+LFgyJe/Qxv/o2d5aCJDwoe71VRVc+PpdBo29/WwuLS8spqbi2/vrG5tV3Y2a3rKFEcajySkWr6TIMUIdRQoIRmrIAFvoSGP7ga+Y0HUFpE4R0OY/AC1gtFV3CGRmoX9h/pBXWxD8jatxTuU0HduC+ydqFol+wx6DxxpqRIpqi2C19uJ+JJACFyybRuOXaMXsoUCi4hy7uJhpjxAetBy9CQBaC9dPxARo+M0qHdSJkKkY7V3xMpC7QeBr7pDBj29aw3Ev/zWgl2z71UhHGCEPLJom4iKUZ0lAbtCAUc5dAQxpUwt1LeZ4pxNJnlTQjO7MvzpH5Sck5L5ZtysXI5jSNHDsghOSYOOSMVck2qpEY4ycgzeSVv1pP1Yr1bH5PWBWs6s0f+wPr8AXkElbY=</latexit>

z = ✓Se
i�

<latexit sha1_base64="NlmBPIxhcxOgLUjp9VZkDtBkWok=">AAAB9HicbVDLSgNBEJyNrxhfUY9eBoPgxbAbFD14CHjxGNE8IFnD7KQ3GTL7cKY3EJZ8hxcPinj1Y7z5N06SPWhiQUNR1U13lxdLodG2v63cyura+kZ+s7C1vbO7V9w/aOgoURzqPJKRanlMgxQh1FGghFasgAWehKY3vJn6zREoLaLwAccxuAHrh8IXnKGR3A4OAFn3/jE9q0y6xZJdtmegy8TJSIlkqHWLX51exJMAQuSSad127BjdlCkUXMKk0Ek0xIwPWR/ahoYsAO2ms6Mn9MQoPepHylSIdKb+nkhZoPU48ExnwHCgF72p+J/XTtC/clMRxglCyOeL/ERSjOg0AdoTCjjKsSGMK2FupXzAFONociqYEJzFl5dJo1J2Lsr23Xmpep3FkSdH5JicEodckiq5JTVSJ5w8kWfySt6skfVivVsf89aclc0ckj+wPn8AYvqR0w==</latexit>

✓�2
S

<latexit sha1_base64="mEi5Mfvk5MZryt+OzS21bKDqjLQ=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0cIiYGMZ0XxA7gx7m02yZG/v2J0TwpG/YWOhiK1/xs5/4ya5QhMfDDzem2FmXphIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6p4VIo3kCBkrcTzWkUSt4KRzdTv/XEtRGxesBxwoOIDpToC0bRSr6PQ460e/+YuZNuueJW3RnIMvFyUoEc9W75y+/FLI24QiapMR3PTTDIqEbBJJ+U/NTwhLIRHfCOpYpG3ATZ7OYJObFKj/RjbUshmam/JzIaGTOOQtsZURyaRW8q/ud1UuxfBZlQSYpcsfmifioJxmQaAOkJzRnKsSWUaWFvJWxINWVoYyrZELzFl5dJ86zqXVTdu/NK7TqPowhHcAyn4MEl1OAW6tAABgk8wyu8Oanz4rw7H/PWgpPPHMIfOJ8/8lyRmg==</latexit>

✓0S
<latexit sha1_base64="hD6yW3SAXOgFjcdOlymNV6bnh6E=">AAAB83icbVA9SwNBEJ3zM8avqKXNYhCswl1QtLAI2FhGNB+QO8PeZpMs2ds7dueEcORv2FgoYuufsfPfuEmu0MQHA4/3ZpiZFyZSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbofUcCkUb6BAyduJ5jQKJW+Fo5up33ri2ohYPeA44UFEB0r0BaNoJd/HIUfavX/MqpNuqexW3BnIMvFyUoYc9W7py+/FLI24QiapMR3PTTDIqEbBJJ8U/dTwhLIRHfCOpYpG3ATZ7OYJObVKj/RjbUshmam/JzIaGTOOQtsZURyaRW8q/ud1UuxfBZlQSYpcsfmifioJxmQaAOkJzRnKsSWUaWFvJWxINWVoYyraELzFl5dJs1rxLiru3Xm5dp3HUYBjOIEz8OASanALdWgAgwSe4RXenNR5cd6dj3nripPPHMEfOJ8/9WaRnA==</latexit>

✓2S
<latexit sha1_base64="Tug4f05uOQ8ODHIWVctoksv8TdY=">AAAB83icbVA9SwNBEJ2LXzF+RS1tFoNgFe5E0cIiYGMZ0XxA7gx7m02yZG/v2J0TwpG/YWOhiK1/xs5/4ya5QhMfDDzem2FmXphIYdB1v53Cyura+kZxs7S1vbO7V94/aJo41Yw3WCxj3Q6p4VIo3kCBkrcTzWkUSt4KRzdTv/XEtRGxesBxwoOIDpToC0bRSr6PQ460e/+YnU+65YpbdWcgy8TLSQVy1LvlL78XszTiCpmkxnQ8N8EgoxoFk3xS8lPDE8pGdMA7lioacRNks5sn5MQqPdKPtS2FZKb+nshoZMw4Cm1nRHFoFr2p+J/XSbF/FWRCJSlyxeaL+qkkGJNpAKQnNGcox5ZQpoW9lbAh1ZShjalkQ/AWX14mzbOqd1F1784rtes8jiIcwTGcggeXUINbqEMDGCTwDK/w5qTOi/PufMxbC04+cwh/4Hz+APhwkZ4=</latexit>

✓4S

�z3z̄
<latexit sha1_base64="i+qbfFl+ZNXUuonqlpADYz7spmA=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBiyVpBT0WvXisYD+giWWz3bRLN5uwuxHa0L/hxYMiXv0z3vw3btMctPXBwOO9GWbm+TFnStv2t1VYW9/Y3Cpul3Z29/YPyodHbRUlktAWiXgkuz5WlDNBW5ppTruxpDj0Oe3449u533miUrFIPOhJTL0QDwULGMHaSO7F9LGOXB/LdDrrlyt21c6AVomTkwrkaPbLX+4gIklIhSYcK9Vz7Fh7KZaaEU5nJTdRNMZkjIe0Z6jAIVVemt08Q2dGGaAgkqaERpn6eyLFoVKT0DedIdYjtezNxf+8XqKDay9lIk40FWSxKEg40hGaB4AGTFKi+cQQTCQztyIywhITbWIqmRCc5ZdXSbtWderV2v1lpXGTx1GEEziFc3DgChpwB01oAYEYnuEV3qzEerHerY9Fa8HKZ47hD6zPH3cakVE=</latexit>

�zz̄3
<latexit sha1_base64="LjlbeVTzeLXDc6xbvrvjyLZFHEg=">AAAB83icbVDLSgNBEOz1mcRX1KOXwSB4MewmBz0GvXiMYB6YXcPsZDYZMju7zMyKyZLfEMSDIl7Ff/Hm1+jkcdDEgoaiqpvuLj/mTGnb/rKWlldW19Yz2dzG5tb2Tn53r66iRBJaIxGPZNPHinImaE0zzWkzlhSHPqcNv38x9ht3VCoWiWs9iKkX4q5gASNYG8k9GSLXxzIdjm7L7XzBLtoToEXizEihko0fbz7uv6vt/KfbiUgSUqEJx0q1HDvWXoqlZoTTUc5NFI0x6eMubRkqcEiVl05uHqEjo3RQEElTQqOJ+nsixaFSg9A3nSHWPTXvjcX/vFaigzMvZSJONBVkuihIONIRGgeAOkxSovnAEEwkM7ci0sMSE21iypkQnPmXF0m9VHTKxdKVSeMcpsjAARzCMThwChW4hCrUgEAMD/AML1ZiPVmv1tu0dcmazezDH1jvP5gLlR8=</latexit>

+
39

10
z2z̄2

<latexit sha1_base64="Nz38PrcIvI58qgZc3L2aXybv/hU=">AAACBHicbVC7SgNBFJ2NrxhfqxYiaQaDIAhhd1MYu6CNZQTzgOwmzE5mkyGzD2ZmhWTZwsZfsbFQxNZvEDttbP0MJ49CowcuHM65l3vvcSNGhTSMdy2zsLi0vJJdza2tb2xu6ds7dRHGHJMaDlnImy4ShNGA1CSVjDQjTpDvMtJwB+djv3FNuKBhcCWHEXF81AuoRzGSSuro+WPb4wgnpdM0MY101Lag7SKejNK21dELRtGYAP4l5owUKuXP172Pr/1qR3+zuyGOfRJIzJAQLdOIpJMgLilmJM3ZsSARwgPUIy1FA+QT4SSTJ1J4qJQu9EKuKpBwov6cSJAvxNB3VaePZF/Me2PxP68VS6/sJDSIYkkCPF3kxQzKEI4TgV3KCZZsqAjCnKpbIe4jFYpUueVUCOb8y39J3SqapaJ1qdI4A1NkQR4cgCNgghNQARegCmoAgxtwBx7Ao3ar3WtP2vO0NaPNZnbBL2gv3/vmm28=</latexit>

�z4z̄
<latexit sha1_base64="1PHDCr5TVKNeYFY60IFyIM/PRA0=">AAAB83icbVDLSgNBEOz1mcRX1KOXwSB4MexGQY9BLx4jmAdm1zA7mU2GzM4uM7NisuQ3BPGgiFfxX7z5NTp5HDSxoKGo6qa7y485U9q2v6yFxaXlldVMNre2vrG5ld/eqakokYRWScQj2fCxopwJWtVMc9qIJcWhz2nd712M/PodlYpF4lr3Y+qFuCNYwAjWRnKPBrcnyPWxTAfDVr5gF+0x0DxxpqRQzsaPNx/335VW/tNtRyQJqdCEY6Wajh1rL8VSM8LpMOcmisaY9HCHNg0VOKTKS8c3D9GBUdooiKQpodFY/T2R4lCpfuibzhDrrpr1RuJ/XjPRwZmXMhEnmgoyWRQkHOkIjQJAbSYp0bxvCCaSmVsR6WKJiTYx5UwIzuzL86RWKjrHxdKVSeMcJsjAHuzDIThwCmW4hApUgUAMD/AML1ZiPVmv1tukdcGazuzCH1jvP5fZlSA=</latexit>

�zz̄4
<latexit sha1_base64="rH7/X35cl926iTya+GpqZ8RXhRw=">AAAB83icbVDLSgNBEOz1mcRX1KOXwSB4MexGQY9BLx4jmAdm1zA7mU2GzM4uM7NisuQ3BPGgiFfxX7z5NTp5HDSxoKGo6qa7y485U9q2v6yFxaXlldVMNre2vrG5ld/eqakokYRWScQj2fCxopwJWtVMc9qIJcWhz2nd712M/PodlYpF4lr3Y+qFuCNYwAjWRnKPBsj1sUwHw9uTVr5gF+0x0DxxpqRQzsaPNx/335VW/tNtRyQJqdCEY6Wajh1rL8VSM8LpMOcmisaY9HCHNg0VOKTKS8c3D9GBUdooiKQpodFY/T2R4lCpfuibzhDrrpr1RuJ/XjPRwZmXMhEnmgoyWRQkHOkIjQJAbSYp0bxvCCaSmVsR6WKJiTYx5UwIzuzL86RWKjrHxdKVSeMcJsjAHuzDIThwCmW4hApUgUAMD/AML1ZiPVmv1tukdcGazuzCH1jvP5mPlSA=</latexit>

+
39

20
z2z̄3

<latexit sha1_base64="gdwozhHIcomnN8fvGv1u78UfCws=">AAACBHicbVC7SgNBFJ2NrxhfqxYiaQaDIAhhd1MYu6CNZQTzgOwmzE5mkyGzD2ZmhWTZwsZfsbFQxNZvEDttbP0MJ49CowcuHM65l3vvcSNGhTSMdy2zsLi0vJJdza2tb2xu6ds7dRHGHJMaDlnImy4ShNGA1CSVjDQjTpDvMtJwB+djv3FNuKBhcCWHEXF81AuoRzGSSuro+WPb4wgnpdM0sYx01Lag7SKejNJ2qaMXjKIxAfxLzBkpVMqfr3sfX/vVjv5md0Mc+ySQmCEhWqYRSSdBXFLMSJqzY0EihAeoR1qKBsgnwkkmT6TwUCld6IVcVSDhRP05kSBfiKHvqk4fyb6Y98bif14rll7ZSWgQxZIEeLrIixmUIRwnAruUEyzZUBGEOVW3QtxHKhSpcsupEMz5l/+SulU0S0XrUqVxBqbIgjw4AEfABCegAi5AFdQABjfgDjyAR+1Wu9eetOdpa0abzeyCX9BevgH+/Ztx</latexit>

+
39

20
z3z̄2

<latexit sha1_base64="yxKdAkVBosJVU3zXcvpypbZ5q/w=">AAACBHicbVC7SgNBFJ2NrxhfqxYiaQaDIAhhd1MYu6CNZQTzgOwmzE5mkyGzD2ZmhWTZwsZfsbFQxNZvEDttbP0MJ49CowcuHM65l3vvcSNGhTSMdy2zsLi0vJJdza2tb2xu6ds7dRHGHJMaDlnImy4ShNGA1CSVjDQjTpDvMtJwB+djv3FNuKBhcCWHEXF81AuoRzGSSuro+WPb4wgnpdM0sYx01C5B20U8GaVtq6MXjKIxAfxLzBkpVMqfr3sfX/vVjv5md0Mc+ySQmCEhWqYRSSdBXFLMSJqzY0EihAeoR1qKBsgnwkkmT6TwUCld6IVcVSDhRP05kSBfiKHvqk4fyb6Y98bif14rll7ZSWgQxZIEeLrIixmUIRwnAruUEyzZUBGEOVW3QtxHKhSpcsupEMz5l/+SulU0S0XrUqVxBqbIgjw4AEfABCegAi5AFdQABjfgDjyAR+1Wu9eetOdpa0abzeyCX9BevgH/B5tx</latexit>

�6

7
z5z̄

<latexit sha1_base64="ckYUVUQnMfQFzspJHxZzTHPKtec=">AAAB/3icbVDLSsNAFJ3UV62vqKCIm8EiuLEkFW2XRTcuK9gHtLFMppM6dDIJMxOhjVn4K25cKOLWvxB3unHrZzh9LLT1wIXDOfdy7z1uyKhUlvVhpGZm5+YX0ouZpeWV1TVzfaMqg0hgUsEBC0TdRZIwyklFUcVIPRQE+S4jNbd7NvBrN0RIGvBL1QuJ46MOpx7FSGmpZW4dNj2BcHySxIWkf3XcdJGI+0nLzFo5awg4TewxyZaKX2/bn9875Zb53mwHOPIJV5ghKRu2FSonRkJRzEiSaUaShAh3UYc0NOXIJ9KJh/cncF8rbegFQhdXcKj+noiRL2XPd3Wnj9S1nPQG4n9eI1Je0YkpDyNFOB4t8iIGVQAHYcA2FQQr1tMEYUH1rRBfI52H0pFldAj25MvTpJrP2Ue5/IVO4xSMkAa7YA8cABsUQAmcgzKoAAxuwT14BE/GnfFgPBsvo9aUMZ7ZBH9gvP4AiF6aMg==</latexit>

+
229

140
z4z̄2

<latexit sha1_base64="SJ9HeSfVStsdcpyh/rNPDYSb4Mk=">AAACBXicbVDLSsNAFJ3UV62vqAsRXQSLIAgliQXrrujGZQX7gDYtk+mkHTqZhJmJ0IZs3Pgrblwo4tZfEHe6cetnOH0stPXAhcM593LvPW5IiZCm+aGl5uYXFpfSy5mV1bX1DX1zqyKCiCNcRgENeM2FAlPCcFkSSXEt5Bj6LsVVt3cx9Ks3mAsSsGvZD7Hjww4jHkFQKqml7x83PA5RbNtnSWzlzWTQzDdcyONB0rRbetbMmSMYs8SakGyx8PW28/m9W2rp7412gCIfM4koFKJumaF0YsglQRQnmUYkcAhRD3ZwXVEGfSycePRFYhwqpW14AVfFpDFSf0/E0Bei77uq04eyK6a9ofifV4+kV3BiwsJIYobGi7yIGjIwhpEYbcIxkrSvCEScqFsN1IUqFamCy6gQrOmXZ0nFzlknOftKpXEOxkiDPXAAjoAFTkERXIISKAMEbsE9eARP2p32oD1rL+PWlDaZ2QZ/oL3+AJNOm8A=</latexit>

�211

140
z3z̄3

<latexit sha1_base64="xvU4eo2vb+UoDysNliQk4rlkNtM=">AAACBXicbVC7SgNBFJ2NrxhfqxYiWgwGwcawkwimDNpYRjAPyCZhdjIbh8w+mJkVkmUbG3/FxkIRW39B7LSx9TOcPApNPHDhcM693HuPE3ImlWV9GKm5+YXFpfRyZmV1bX3D3NyqyiAShFZIwANRd7CknPm0opjitB4Kij2H05rTOx/6tRsqJAv8K9UPadPDXZ+5jGClpba5f2y7ApM4j1ASoxMrGbQKtoNFPEhahbaZtXLWCHCWoAnJlopfbzuf37vltvludwISedRXhGMpG8gKVTPGQjHCaZKxI0lDTHq4Sxua+tijshmPvkjgoVY60A2ELl/Bkfp7IsaelH3P0Z0eVtdy2huK/3mNSLnFZsz8MFLUJ+NFbsShCuAwEthhghLF+5pgIpi+FZJrrFNROriMDgFNvzxLqvkcKuTylzqNMzBGGuyBA3AEEDgFJXAByqACCLgF9+ARPBl3xoPxbLyMW1PGZGYb/IHx+gOIPJu5</latexit>

+
229

140
z2z̄4

<latexit sha1_base64="rkFYmr2XS1gYEXFjld32mwbVguc=">AAACBXicbVDLSsNAFJ3UV62vqAsRXQSLIAgliQXrrujGZQX7gDYtk+mkHTqZhJmJ0IZs3Pgrblwo4tZfEHe6cetnOH0stPXAhcM593LvPW5IiZCm+aGl5uYXFpfSy5mV1bX1DX1zqyKCiCNcRgENeM2FAlPCcFkSSXEt5Bj6LsVVt3cx9Ks3mAsSsGvZD7Hjww4jHkFQKqml7x83PA5RbNtnSWzlzWTQtBsu5PEgaeZbetbMmSMYs8SakGyx8PW28/m9W2rp7412gCIfM4koFKJumaF0YsglQRQnmUYkcAhRD3ZwXVEGfSycePRFYhwqpW14AVfFpDFSf0/E0Bei77uq04eyK6a9ofifV4+kV3BiwsJIYobGi7yIGjIwhpEYbcIxkrSvCEScqFsN1IUqFamCy6gQrOmXZ0nFzlknOftKpXEOxkiDPXAAjoAFTkERXIISKAMEbsE9eARP2p32oD1rL+PWlDaZ2QZ/oL3+AJM8m8A=</latexit>

�6

7
zz̄5

<latexit sha1_base64="S8dO0TwygLMdfkRMitbBWabpxxc=">AAAB/3icbVDLSsNAFJ3UV62vqKCIm8EiuLEkFW2XRTcuK9gHtLFMppM6dDIJMxOhjVn4K25cKOLWvxB3unHrZzh9LLT1wIXDOfdy7z1uyKhUlvVhpGZm5+YX0ouZpeWV1TVzfaMqg0hgUsEBC0TdRZIwyklFUcVIPRQE+S4jNbd7NvBrN0RIGvBL1QuJ46MOpx7FSGmpZW4dNj2BcHySxIWk33SRiPvJ1XHLzFo5awg4TewxyZaKX2/bn9875Zb53mwHOPIJV5ghKRu2FSonRkJRzEiSaUaShAh3UYc0NOXIJ9KJh/cncF8rbegFQhdXcKj+noiRL2XPd3Wnj9S1nPQG4n9eI1Je0YkpDyNFOB4t8iIGVQAHYcA2FQQr1tMEYUH1rRBfI52H0pFldAj25MvTpJrP2Ue5/IVO4xSMkAa7YA8cABsUQAmcgzKoAAxuwT14BE/GnfFgPBsvo9aUMZ7ZBH9gvP4Ail+aMg==</latexit>

�5

7
z6z̄

<latexit sha1_base64="4N8Se7J4ayaSSaXMi8FRfU2S884=">AAAB/3icbVDLSsNAFJ3UV62vqKCIm8EiuLEkFW2XRTcuK9gHtLFMppM6dDIJMxOhjVn4K25cKOLWvxB3unHrZzh9LLT1wIXDOfdy7z1uyKhUlvVhpGZm5+YX0ouZpeWV1TVzfaMqg0hgUsEBC0TdRZIwyklFUcVIPRQE+S4jNbd7NvBrN0RIGvBL1QuJ46MOpx7FSGmpZW4dNj2BcHycxIWkf3XSdJGI+0nLzFo5awg4TewxyZaKX2/bn9875Zb53mwHOPIJV5ghKRu2FSonRkJRzEiSaUaShAh3UYc0NOXIJ9KJh/cncF8rbegFQhdXcKj+noiRL2XPd3Wnj9S1nPQG4n9eI1Je0YkpDyNFOB4t8iIGVQAHYcA2FQQr1tMEYUH1rRBfI52H0pFldAj25MvTpJrP2Ue5/IVO4xSMkAa7YA8cABsUQAmcgzKoAAxuwT14BE/GnfFgPBsvo9aUMZ7ZBH9gvP4AiFeaMg==</latexit>

�5

7
zz̄6

<latexit sha1_base64="w1Gl2tW7PfdAIXLWy6aGbS2wAAc=">AAAB/3icbVDLSsNAFJ3UV62vqKCIm8EiuLEkFW2XRTcuK9gHtLFMppM6dDIJMxOhjVn4K25cKOLWvxB3unHrZzh9LLT1wIXDOfdy7z1uyKhUlvVhpGZm5+YX0ouZpeWV1TVzfaMqg0hgUsEBC0TdRZIwyklFUcVIPRQE+S4jNbd7NvBrN0RIGvBL1QuJ46MOpx7FSGmpZW4dNj2BcHycxIWk33SRiPvJ1UnLzFo5awg4TewxyZaKX2/bn9875Zb53mwHOPIJV5ghKRu2FSonRkJRzEiSaUaShAh3UYc0NOXIJ9KJh/cncF8rbegFQhdXcKj+noiRL2XPd3Wnj9S1nPQG4n9eI1Je0YkpDyNFOB4t8iIGVQAHYcA2FQQr1tMEYUH1rRBfI52H0pFldAj25MvTpJrP2Ue5/IVO4xSMkAa7YA8cABsUQAmcgzKoAAxuwT14BE/GnfFgPBsvo9aUMZ7ZBH9gvP4AilGaMg==</latexit>

+
207

140
z5z̄2

<latexit sha1_base64="eB/0ur92TjW35ReCRhla9qbx/98=">AAACBXicbVDLSsNAFJ3UV62vqAsRXQSLIAgliUq7LLpxWcE+oE3LZDpph04mYWYitCEbN/6KGxeKuPUXxJ1u3PoZTh8LbT1w4XDOvdx7jxtSIqRpfmipufmFxaX0cmZldW19Q9/cqogg4giXUUADXnOhwJQwXJZEUlwLOYa+S3HV7V0M/eoN5oIE7Fr2Q+z4sMOIRxCUSmrp+8cNj0MU22Y+ia1TMxk0zxou5PEgadotPWvmzBGMWWJNSLZY+Hrb+fzeLbX090Y7QJGPmUQUClG3zFA6MeSSIIqTTCMSOISoBzu4riiDPhZOPPoiMQ6V0ja8gKti0hipvydi6AvR913V6UPZFdPeUPzPq0fSKzgxYWEkMUPjRV5EDRkYw0iMNuEYSdpXBCJO1K0G6kKVilTBZVQI1vTLs6Ri56yTnH2l0jgHY6TBHjgAR8ACeVAEl6AEygCBW3APHsGTdqc9aM/ay7g1pU1mtsEfaK8/joGbvQ==</latexit>

+
207

140
z2z̄5

<latexit sha1_base64="Dyy71BpacUmnQY086Kjgfss3itU=">AAACBXicbVDLSsNAFJ3UV62vqAsRXQSLIAgliUq7LLpxWcE+oE3LZDpph04mYWYitCEbN/6KGxeKuPUXxJ1u3PoZTh8LbT1w4XDOvdx7jxtSIqRpfmipufmFxaX0cmZldW19Q9/cqogg4giXUUADXnOhwJQwXJZEUlwLOYa+S3HV7V0M/eoN5oIE7Fr2Q+z4sMOIRxCUSmrp+8cNj0MU22Y+ia1TMxk07YYLeTxImmctPWvmzBGMWWJNSLZY+Hrb+fzeLbX090Y7QJGPmUQUClG3zFA6MeSSIIqTTCMSOISoBzu4riiDPhZOPPoiMQ6V0ja8gKti0hipvydi6AvR913V6UPZFdPeUPzPq0fSKzgxYWEkMUPjRV5EDRkYw0iMNuEYSdpXBCJO1K0G6kKVilTBZVQI1vTLs6Ri56yTnH2l0jgHY6TBHjgAR8ACeVAEl6AEygCBW3APHsGTdqc9aM/ay7g1pU1mtsEfaK8/jmabvQ==</latexit>

�233

140
z4z̄3

<latexit sha1_base64="mhr1Wmls5EAAqM+V/b4cu8YnOS4=">AAACBXicbVC7SgNBFJ2NrxhfqxYiWgwGwcawmw2YMmhjGcE8IJuE2clsMmT2wcyskCzb2PgrNhaK2PoLYqeNrZ/h5FFo4oELh3Pu5d57nJBRIQ3jQ0stLC4tr6RXM2vrG5tb+vZOVQQRx6SCAxbwuoMEYdQnFUklI/WQE+Q5jNSc/sXIr90QLmjgX8tBSJoe6vrUpRhJJbX1w1Pb5QjHectKYrNgJMNWwXYQj4dJy2rrWSNnjAHniTkl2VLx623v83u/3Nbf7U6AI4/4EjMkRMM0QtmMEZcUM5Jk7EiQEOE+6pKGoj7yiGjG4y8SeKyUDnQDrsqXcKz+noiRJ8TAc1Snh2RPzHoj8T+vEUm32IypH0aS+HiyyI0YlAEcRQI7lBMs2UARhDlVt0LcQyoVqYLLqBDM2ZfnSTWfM61c/kqlcQ4mSIMDcAROgAnOQAlcgjKoAAxuwT14BE/anfagPWsvk9aUNp3ZBX+gvf4AkCObvg==</latexit>

�233

140
z3z̄4

<latexit sha1_base64="09cg9t8I+ywImj2KO0LNVXpRviM=">AAACBXicbVC7SgNBFJ2NrxhfqxYiWgwGwcawmw2YMmhjGcE8IJuE2clsMmT2wcyskCzb2PgrNhaK2PoLYqeNrZ/h5FFo4oELh3Pu5d57nJBRIQ3jQ0stLC4tr6RXM2vrG5tb+vZOVQQRx6SCAxbwuoMEYdQnFUklI/WQE+Q5jNSc/sXIr90QLmjgX8tBSJoe6vrUpRhJJbX1w1Pb5QjHectKYrNgJMOWZTuIx8OkVWjrWSNnjAHniTkl2VLx623v83u/3Nbf7U6AI4/4EjMkRMM0QtmMEZcUM5Jk7EiQEOE+6pKGoj7yiGjG4y8SeKyUDnQDrsqXcKz+noiRJ8TAc1Snh2RPzHoj8T+vEUm32IypH0aS+HiyyI0YlAEcRQI7lBMs2UARhDlVt0LcQyoVqYLLqBDM2ZfnSTWfM61c/kqlcQ4mSIMDcAROgAnOQAlcgjKoAAxuwT14BE/anfagPWsvk9aUNp3ZBX+gvf4AkBqbvg==</latexit>

· · ·<latexit sha1_base64="HizBLF/eww/NXksVAtI5HCWfU4M=">AAAB7XicbZC7SgNBFIZn4y2ut6ilzWAQrMJuLLQRgzaWEcwFkiXMzs4mY2ZnlpmzQgh5BxsLRWwsfBR7G/FtnFwKTfxh4OP/z2HOOWEquAHP+3ZyS8srq2v5dXdjc2t7p7C7Vzcq05TVqBJKN0NimOCS1YCDYM1UM5KEgjXC/tU4b9wzbbiStzBIWZCQruQxpwSsVW/TSIHpFIpeyZsIL4I/g+LFh3uevn251U7hsx0pmiVMAhXEmJbvpRAMiQZOBRu57cywlNA+6bKWRUkSZoLhZNoRPrJOhGOl7ZOAJ+7vjiFJjBkkoa1MCPTMfDY2/8taGcRnwZDLNAMm6fSjOBMYFB6vjiOuGQUxsECo5nZWTHtEEwr2QK49gj+/8iLUyyX/pFS+8YqVSzRVHh2gQ3SMfHSKKugaVVENUXSHHtATenaU8+i8OK/T0pwz69lHf+S8/wAPO5Jw</latexit>· · ·<latexit sha1_base64="HizBLF/eww/NXksVAtI5HCWfU4M=">AAAB7XicbZC7SgNBFIZn4y2ut6ilzWAQrMJuLLQRgzaWEcwFkiXMzs4mY2ZnlpmzQgh5BxsLRWwsfBR7G/FtnFwKTfxh4OP/z2HOOWEquAHP+3ZyS8srq2v5dXdjc2t7p7C7Vzcq05TVqBJKN0NimOCS1YCDYM1UM5KEgjXC/tU4b9wzbbiStzBIWZCQruQxpwSsVW/TSIHpFIpeyZsIL4I/g+LFh3uevn251U7hsx0pmiVMAhXEmJbvpRAMiQZOBRu57cywlNA+6bKWRUkSZoLhZNoRPrJOhGOl7ZOAJ+7vjiFJjBkkoa1MCPTMfDY2/8taGcRnwZDLNAMm6fSjOBMYFB6vjiOuGQUxsECo5nZWTHtEEwr2QK49gj+/8iLUyyX/pFS+8YqVSzRVHh2gQ3SMfHSKKugaVVENUXSHHtATenaU8+i8OK/T0pwz69lHf+S8/wAPO5Jw</latexit> · · ·<latexit sha1_base64="HizBLF/eww/NXksVAtI5HCWfU4M=">AAAB7XicbZC7SgNBFIZn4y2ut6ilzWAQrMJuLLQRgzaWEcwFkiXMzs4mY2ZnlpmzQgh5BxsLRWwsfBR7G/FtnFwKTfxh4OP/z2HOOWEquAHP+3ZyS8srq2v5dXdjc2t7p7C7Vzcq05TVqBJKN0NimOCS1YCDYM1UM5KEgjXC/tU4b9wzbbiStzBIWZCQruQxpwSsVW/TSIHpFIpeyZsIL4I/g+LFh3uevn251U7hsx0pmiVMAhXEmJbvpRAMiQZOBRu57cywlNA+6bKWRUkSZoLhZNoRPrJOhGOl7ZOAJ+7vjiFJjBkkoa1MCPTMfDY2/8taGcRnwZDLNAMm6fSjOBMYFB6vjiOuGQUxsECo5nZWTHtEEwr2QK49gj+/8iLUyyX/pFS+8YqVSzRVHh2gQ3SMfHSKKugaVVENUXSHHtATenaU8+i8OK/T0pwz69lHf+S8/wAPO5Jw</latexit>

highest transverse spin series

<latexit sha1_base64="e/kggxrLQM+qbIugpzWjC6MkeVs=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFqJuSFEUXLgpuXFawF2hCmUxO2qGTCzMToYSCG1/FjQtF3PoS7nwbp2kW2npg4OP/z5kz83sJZ1JZ1rdRWlldW98ob1a2tnd298z9g46MU0GhTWMei55HJHAWQVsxxaGXCCChx6HrjW9mfvcBhGRxdK8mCbghGUYsYJQoLQ3Mo8zJL8kE+FOsWdYa2ElG7Gw6MKtW3coLL4NdQBUV1RqYX44f0zSESFFOpOzbVqLcjAjFKIdpxUklJISOyRD6GiMSgnSzfP0Un2rFx0Es9IkUztXfExkJpZyEnu4MiRrJRW8m/uf1UxVcuRmLklRBROeLgpRjFeNZINhnAqjiEw2ECqbfiumICEKVjq2iQ7AXv7wMnUbdvqhbd+fV5nURRxkdoxNUQza6RE10i1qojSh6RM/oFb0ZT8aL8W58zFtLRjFziP6U8fkDZ7WXVA==</latexit>

cos(2�)
<latexit sha1_base64="BjZSa+SNVWxiDjTXgCp9kYM91V4=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFqJuSSEUXLgpuXFawF2hCmUxO2qGTCzMToYSCG1/FjQtF3PoS7nwbp2kW2npg4OP/z5kz83sJZ1JZ1rdRWlldW98ob1a2tnd298z9g46MU0GhTWMei55HJHAWQVsxxaGXCCChx6HrjW9mfvcBhGRxdK8mCbghGUYsYJQoLQ3Mo8zJL8kE+FOsWdYa2ElG7Gw6MKtW3coLL4NdQBUV1RqYX44f0zSESFFOpOzbVqLcjAjFKIdpxUklJISOyRD6GiMSgnSzfP0Un2rFx0Es9IkUztXfExkJpZyEnu4MiRrJRW8m/uf1UxVcuRmLklRBROeLgpRjFeNZINhnAqjiEw2ECqbfiumICEKVjq2iQ7AXv7wMnfO6fVG37hrV5nURRxkdoxNUQza6RE10i1qojSh6RM/oFb0ZT8aL8W58zFtLRjFziP6U8fkDasuXVg==</latexit>

cos(4�)

<latexit sha1_base64="DbWO4umVCv3pPnBom5/bP8iFOGw=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFqJuSiLeFi4IblxXsBZpQJpOTdujkwsxEKCHgxldx40IRt76EO9/GaZuFth4Y+Pj/c+bM/F7CmVSW9W2UlpZXVtfK65WNza3tHXN3ry3jVFBo0ZjHousRCZxF0FJMcegmAkjoceh4o5uJ33kAIVkc3atxAm5IBhELGCVKS33zIHOml2QC/BxrlrUL7CRDdpL3zapVt6aFF8EuoIqKavbNL8ePaRpCpCgnUvZsK1FuRoRilENecVIJCaEjMoCexoiEIN1suj7Hx1rxcRALfSKFp+rviYyEUo5DT3eGRA3lvDcR//N6qQqu3IxFSaogorNFQcqxivEkEOwzAVTxsQZCBdNvxXRIBKFKx1bRIdjzX16E9mndPq9bd2fVxnURRxkdoiNUQza6RA10i5qohSh6RM/oFb0ZT8aL8W58zFpLRjGzj/6U8fkDbeGXWA==</latexit>

cos(6�)
<latexit sha1_base64="Zr3C+JBbW9TKQB3sFEgi/NJ6YhA=">AAACA3icbZDLSsNAFIYn9VbrLepON4NFqJuSiGIXLgpuXFawF2hCmUxO2qGTCzMToYSCG1/FjQtF3PoS7nwbp2kW2npg4OP/z5kz83sJZ1JZ1rdRWlldW98ob1a2tnd298z9g46MU0GhTWMei55HJHAWQVsxxaGXCCChx6HrjW9mfvcBhGRxdK8mCbghGUYsYJQoLQ3Mo8zJL8kE+FOsWdYa2ElG7Gw6MKtW3coLL4NdQBUV1RqYX44f0zSESFFOpOzbVqLcjAjFKIdpxUklJISOyRD6GiMSgnSzfP0Un2rFx0Es9IkUztXfExkJpZyEnu4MiRrJRW8m/uf1UxU03IxFSaogovNFQcqxivEsEOwzAVTxiQZCBdNvxXREBKFKx1bRIdiLX16GznndvqxbdxfV5nURRxkdoxNUQza6Qk10i1qojSh6RM/oFb0ZT8aL8W58zFtLRjFziP6U8fkDcPeXWg==</latexit>

cos(8�)tra
nsve

rse
 tw

ist
 = δ - j

 = 2

<latexit sha1_base64="If86aMrTSDxAt4MhzhuOU38HA5c=">AAACFHicbVDLSgNBEJz1GeMr6tHLYBCUxGU3CdFjUBCPEUwiZOMyO5mYIbMPZnrFZMlHePFXvHhQxKsHb/6Nk8dBowUNRVU33V1eJLgCy/oy5uYXFpeWUyvp1bX1jc3M1nZdhbGkrEZDEcprjygmeMBqwEGw60gy4nuCNbze2chv3DGpeBhcQT9iLZ/cBrzDKQEtuZncER7cFLHjEYkH2MFu4dy1D4r5Qr6cHxziHHaA3UPSNak5dDNZy7TGwH+JPSVZNEXVzXw67ZDGPguACqJU07YiaCVEAqeCDdNOrFhEaI/csqamAfGZaiXjp4Z4Xytt3AmlrgDwWP05kRBfqb7v6U6fQFfNeiPxP68ZQ+eklfAgioEFdLKoEwsMIR4lhNtcMgqirwmhkutbMe0SSSjoHNM6BHv25b+kXjDtslm6LGUrp9M4UmgX7aEDZKNjVEEXqIpqiKIH9IRe0KvxaDwbb8b7pHXOmM7soF8wPr4BQhianQ==</latexit>

�z3z̄ 2F1(3, 2, 6, z) + h.c.

twist expansion

Perturbative data at higher order in twist expansion 
exhibit intriguing structure



Conformal block expansion for EEEC
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EEEC is secretly a four point function

<latexit sha1_base64="EGjo8MNbFQoFJdicTiuUSOmn+fk=">AAACKXicbZDLSsNAFIYnXmu9RV26GSyCq5LUoi4LInQjVLAXaEKYTCft0MkkzEyEEvI6bnwVNwqKuvVFnKaBausPAx//OYcz5/djRqWyrE9jZXVtfWOztFXe3tnd2zcPDjsySgQmbRyxSPR8JAmjnLQVVYz0YkFQ6DPS9cfX03r3gQhJI36vJjFxQzTkNKAYKW15ZuPWS50wcXiSQYchPmQEpg5GDN5knj3H2hzPoSPyRs/BI+qZFatq5YLLYBdQAYVanvnqDCKchIQrzJCUfduKlZsioShmJCs7iSQxwmM0JH2NHIVEuml+aQZPtTOAQST04wrm7u+JFIVSTkJfd4ZIjeRibWr+V+snKrhyU8rjRBGOZ4uChEEVwWlscEAFwYpNNCAsqP4rxCMkEFY63LIOwV48eRk6tap9Ua3f1SuNZhFHCRyDE3AGbHAJGqAJWqANMHgEz+ANvBtPxovxYXzNWleMYuYI/JHx/QMtIaX8</latexit>

Mµ⌫hE1E2E3i�Lorentz invariance
<latexit sha1_base64="GzueICpqtcrgzpXeLiZQABvW50U="></latexit>

Mµ⌫ = �i
X

j

✓
pjµ

@

@pj,⌫
� (µ $ ⌫)

◆

<latexit sha1_base64="DLQMCYzxlNeOeE+WP+w+K6t8IXE=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ8NJjFfsBbSib7aRdutmE3Y1QQv+BFw+KePUfefPfuG1z0NYHA4/3ZpiZFySCa+O6305hbX1jc6u4XdrZ3ds/KB8etXScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv57SdUmsfy0UwS9CM6lDzkjBorPdy6/XLFrbpzkFXi5aQCORr98ldvELM0QmmYoFp3PTcxfkaV4UzgtNRLNSaUjekQu5ZKGqH2s/mlU3JmlQEJY2VLGjJXf09kNNJ6EgW2M6JmpJe9mfif101NeONnXCapQckWi8JUEBOT2dtkwBUyIyaWUKa4vZWwEVWUGRtOyYbgLb+8SloXVe+qenl/WanV8ziKcAKncA4eXEMN6tCAJjAI4Rle4c0ZOy/Ou/OxaC04+cwx/IHz+QP/ao0K</latexit>

= 0

<latexit sha1_base64="ZCaxZIA3iy9dkq4ex/QEfXlJNA8=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2A9oQ9lsN+3azSbsToRQ+h+8eFDEq//Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNnGqGW+xWMa6G1DDpVC8hQIl7yaa0yiQvBNM7uZ+54lrI2L1gFnC/YiOlAgFo2ildl+oELNBueJW3QXIOvFyUoEczUH5qz+MWRpxhUxSY3qem6A/pRoFk3xW6qeGJ5RN6Ij3LFU04safLq6dkQurDEkYa1sKyUL9PTGlkTFZFNjOiOLYrHpz8T+vl2J460+FSlLkii0XhakkGJP562QoNGcoM0so08LeStiYasrQBlSyIXirL6+T9lXVu67W7muVeiOPowhncA6X4MEN1KEBTWgBg0d4hld4c2LnxXl3PpatBSefOYU/cD5/AMbrj0s=</latexit>1

z
function of z

<latexit sha1_base64="4V6GWrJK5DIgV+sBb9GHGzpsrVE=">AAACDnicbZDLSsNAFIYnXmu9RV26GSwFVyUpRd0IhW66KVSwF2himEwn7dDJJMxMhBLyBG58FTcuFHHr2p1v47SNoK0/DHz85xzOnN+PGZXKsr6MtfWNza3twk5xd2//4NA8Ou7KKBGYdHDEItH3kSSMctJRVDHSjwVBoc9Iz580ZvXePRGSRvxWTWPihmjEaUAxUtryzHLDq8JrJxAIp3aWVjPY8lInTByeZK27H/LMklWx5oKrYOdQArnanvnpDCOchIQrzJCUA9uKlZsioShmJCs6iSQxwhM0IgONHIVEuun8nAyWtTOEQST04wrO3d8TKQqlnIa+7gyRGsvl2sz8rzZIVHDlppTHiSIcLxYFCYMqgrNs4JAKghWbakBYUP1XiMdIR6N0gkUdgr188ip0qxX7olK7qZXqzTyOAjgFZ+Ac2OAS1EETtEEHYPAAnsALeDUejWfjzXhftK4Z+cwJ+CPj4xvQSJwJ</latexit>

C2 =
1

2
Mµ⌫M

µ⌫

<latexit sha1_base64="kUitjnAXgVGVnEz/5/5cIw/7Vzg="></latexit>

0 =
X

�,j

C�,jh[Ĉ2,O
J=3
�,j ]E3i� +

X

�,j

C̄2C�,jhOJ=3
�,j E3i�

eigenfunction of C2



Conformal block expansion
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<latexit sha1_base64="7kcRuEpOMMRbHI0BHfuMC6C9noY="></latexit>

hE1E2E3i� =
X

�,j

c�,jG�,j(z)
Chang, Simmons-Duffin, 2022

Chen, Moult, Sandor, HXZ, 2022

dynamical data
kinematical data


(conformal block in 2D CFT)

Rapidly decaying coefficients

Appearance of log 
term in OPE expansion



Conformal block expansion

23

QCD@LO

in vacuum twist-2 approx.


in vacuum



Conformal block expansion

24

from Arjun’s talk

Can a single  block fit the model?δ = 6
How to interpret jet wake using


conformal block expansion?



Non-perturbative power corrections to 
energy correlators from light-ray OPE

25

2406.06668, with H. Chen, P. Monni, Z. Xu



Significance of N.P. power corrections

26
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At % level, control over the power corrections are necessary

power corrections = hadron - parton better to extract from experiment



Power expansion from symmetry
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<latexit sha1_base64="H574Oc0UhpYOucEUzieKBE5TLyM="></latexit>

lim
n1!n2

E(n1)E(n2) =
1

xL

~C · ~O[J=3]
⌧=2 (n2) +

⇤QCD

x3/2
L

~D · ~O[J=2]
⌧=2 (n2) + · · ·

Key assumptions: the hadronization scale is boost invariant

dimension:
coll. spin:

1 1 =+
-3 + (-3) =

1 + J-1 J=2
y + -3 y=-3

<latexit sha1_base64="jyFD1GGFB/ZmE51Y3wY/WjLRaO0=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiSlqMuCmy5cVLAPaGKYTCft0MmDmRu1xH6KGxeKuPVL3Pk3TtsstPXAhcM593LvPX4iuALL+jYKa+sbm1vF7dLO7t7+gVk+7Kg4lZS1aSxi2fOJYoJHrA0cBOslkpHQF6zrj69mfveeScXj6BYmCXNDMox4wCkBLXlm+dG7xo7iIXZgxIDc1TyzYlWtOfAqsXNSQTlanvnlDGKahiwCKohSfdtKwM2IBE4Fm5acVLGE0DEZsr6mEQmZcrP56VN8qpUBDmKpKwI8V39PZCRUahL6ujMkMFLL3kz8z+unEFy6GY+SFFhEF4uCVGCI8SwHPOCSURATTQiVXN+K6YhIQkGnVdIh2Msvr5JOrWqfV+s39UqjmcdRRMfoBJ0hG12gBmqiFmojih7QM3pFb8aT8WK8Gx+L1oKRzxyhPzA+fwBUcZNu</latexit>

xL ⇠ ✓2



Scaling and its violation in power correction

28

• Power corrections also exhibits 
scaling law!


• Plotting in the correct variable  
manifests that the transition happen 
at a single transverse scale


• Removing the classical scaling 
behavior, leads to mild  but still 
non-trivial dependence  new non-
perturbative function


• Also exists Q dependence

θQ

θQ
⇒

θQ



Scaling violation from RG invariance
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<latexit sha1_base64="DUazFNkdCfw5oiUn6VZ02ZrsIdY="></latexit>

ENCN.P.
1, q

(K?, Q) = ⇤QCD ⇥ ~DN

 
K2

?
µ2

,
⇤2
QCD

µ2

!
·
h~O[J=N ]

⌧=2 (n;µ)i q

(4⇡)�1� qQ
N�1

✓
Q2

µ2

◆
Define a transverse momentum scale K⊥ = θQ

<latexit sha1_base64="H574Oc0UhpYOucEUzieKBE5TLyM="></latexit>

lim
n1!n2

E(n1)E(n2) =
1

xL

~C · ~O[J=3]
⌧=2 (n2) +

⇤QCD

x3/2
L

~D · ~O[J=2]
⌧=2 (n2) + · · ·

non-

perturbative

perturbative

In the absent of ,  dependence in D can be predicted from Q dependenceΛQCD θ

<latexit sha1_base64="T5WHNS5gtBL8HclSEbqjRVP4qAw="></latexit>

ENCN.P.
1, q

(K?, Q) = ⇤QCD ⇥ ~DN

 
1,

⇤2
QCD

K2
?

!
· UN (K?, Q) ·

h~O[J=N ]
⌧=2 (n;Q)i q

(4⇡)�1� qQ
N�1

define a non-perturbative func. D( )K⊥ Q dependence predicted



Universal N.P. functions
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<latexit sha1_base64="m5BBkK6KElMAPc8Fb6hutdFiGDY=">AAAB+3icbVDLSgNBEJyNrxhfazx6GQyCp7ArQb0IAS8BLwmYByQhzE46yZDZ2WWmVwwhv+LFgyJe/RFv/o2TZA+aWNBQVHXT3RXEUhj0vG8ns7G5tb2T3c3t7R8cHrnH+YaJEs2hziMZ6VbADEihoI4CJbRiDSwMJDSD8d3cbz6CNiJSDziJoRuyoRIDwRlaqefm73udGHRMb2kHR4CM1npuwSt6C9B14qekQFJUe+5Xpx/xJASFXDJj2r4XY3fKNAouYZbrJAZixsdsCG1LFQvBdKeL22f03Cp9Ooi0LYV0of6emLLQmEkY2M6Q4cisenPxP6+d4OCmOxUqThAUXy4aJJJiROdB0L7QwFFOLGFcC3sr5SOmGUcbV86G4K++vE4al0X/qliqlQrlShpHlpySM3JBfHJNyqRCqqROOHkiz+SVvDkz58V5dz6WrRknnTkhf+B8/gCbNpOL</latexit>

K? = ✓Q
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ENCN.P.
1, q

(K?, Q) = ⇤QCD ⇥ ~DN

 
1,

⇤2
QCD

K2
?

!
· UN (K?, Q) ·

h~O[J=N ]
⌧=2 (n;Q)i q

(4⇡)�1� qQ
N�1

Non-perturbative scale enters the formula as a boost invariant scale
Justify the use of light-ray OPE

The Q dependence of power corrections as a whole is predicted



Validating against event generator

31

fit fit



What’s happening to EEC?

32

<latexit sha1_base64="jXte+nu496JB9GMKQhNx/c/F+0A="></latexit>

lim
n1!n2

E(n1)E(n2) =
1

xL

~C · ~O[J=3]
⌧=2 (n2) +

⇤QCD

x3/2
L

~D · ~O[J=2]
⌧=2 (n2) +

⇤2
QCD

x2
L

~E · ~O[J=1]
⌧=2 (n2) + · · ·

Expanding to the next-to-next-to-leading power

qq qg

gq gg

Pole at J=1 due to small-x singularity

Large anomalous dimension could enhance the sensitivities to NNLP 



An better scheme for e+e-

33

the evolution factor

contains 𝒪(ΛQCD) + 𝒪(Λ2
QCD) + ⋯ requires input at two energy scales



Results for the alternative scheme

• For e+e-, fit for 250 and 500 
GeV from Monte-Carlo and 
predict other energy


• Same for Higgs->gg

•  Now good agreement is found 

even for EEC

• Agreement is even found deep 

into the non-perturbative region
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Incorporating track again
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M. Jaarsma, et al., 2307.15739

power corrections on tracks is 
defined as Pythia - perturbative LL



Summary
• Energy correlators provide a dual view of high energy scattering


• Light-ray operators make symmetry manifest:


• spin physics


• perturbative and non-perturbative power corrections


• Phenomenology and experimental driven measurement can bring in new 
challenging for field theory: e.g. tracks


• Simple, but not simpler
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