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Outline

• String theory and high energy scattering


• Field theory description of multi-jet production


• Scaling phenomena in jet substructure


• Celestial block expansion and transverse spin phenomena


• Analyticity in transverse spin
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High energy scattering in QCD
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Stringy model for high energy scattering
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GeV

The Pomeron and gauge/string duality

Brower, Polchinski, Strassler, Tan, 2006

Analyticity in spinBFKL

DGLAP
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Jaroszewicz, 1982

Lipatov, 1997

Kotikov, Lipatov, 2002, 2004

Kravchuk, Simmons-Duffin, 2018



Multi-particle/jet production in e+e-

• How do we theoretically describe the production of multi particles/jets in 
high energy collision?


• What D.O.F. to keep, and what to be integrated out?
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Projection to low 
dimensional space that 
one can calculate, at 
least perturbatively



Two approaches to describe final state in e+e- 
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Event shape/jet cross section

M-point energy correlators
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n

Z
dP.S.

(n)|M2!n|2

⇥�(O � Ô(k1, · · · , kn))

Infrared & collinear safety 
Sterman, Weinberg, 1975

O invariant under soft/collinear radiation

Linear energy weighting

Mellin transformation
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Observable for testing QCD at earlier days
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How do we define obsevable multi-particles production in e+e-?

Cited: 1047

Cited: 355

Thrust

EEC



The revival of energy correlators, theoreticlly and experimentally

• Theoretically:


• Operator definition for collider measurement: Sveshnikov, Tkachov, 1995; Hofman, 
Maldacena, 2008


• Viability of analytic calculation:  Belitsky, Hohenegger, Korchemsky, Sokatchev, Zhiboedov, 
2013; Dixon, M.X. Luo, Shtabovenko, T.Z. Yang, HXZ, 2018


• OPE, factorization and resummation: Hofman, Maldacena 2008; Kologlu, Kravchuk, 
Simmons-Duffin, Zhiboedov, 2019; Korchemsky, 2019; Dixon, Moult, HXZ, 2019


• Application in jet substructure: H. Chen, Moult, X.Y. Zhang, HXZ, 2020, H. Chen, Moult, 
HXZ, 2020


• Experimentally:


• Superb energy reach and angular resolution at the LHC and open data program: Komiske, 
Moult, Thaler, HXZ, 2022
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Quantum field definition for calorimetric detector
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E(~n) = lim
r!1

r2
Z 1

0
dt ~niT

0i(t, r~n)
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One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z �

1 � cos �ij

2

◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r
2
n
i
T0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†
i

hOO†i
, (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e
+
e
� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z

�N=4
J (↵s) , (1.4)

– 2 –
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Energy correlators as correlation function of ANEC operator
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Analytic continuation
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C parameter Elliptic integral at tree-level!
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2. QCD
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Two-loop, Henn, Sokatchev, K. Yan, 2019

One-loop, Dixon, M.X. Luo, Shtabovenko, T.Z. Yang, HXZ, 2018
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One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=
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Z
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Q2
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✓
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1 � cos �ij
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◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r
2
n
i
T0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†
i

hOO†i
, (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e
+
e
� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z

�N=4
J (↵s) , (1.4)
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Scaling exponent from twist operator
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Light-transform of O(Δ,J)

  dimension

collinear spin

ensure finite, non-vanishing light transform
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<latexit sha1_base64="NoisdmUumCL88/llawgKVcOARP8=">AAACHHicbZDLSgMxFIYzXmu9VV26CRbBjWVGFF0WdSGuKtgLtGPJpJk2NDMJyRmhDn0PV4I+iztxK/go7kzbWdjWHwIf/zmHc/IHSnADrvvtLCwuLa+s5tby6xubW9uFnd2akYmmrEqlkLoREMMEj1kVOAjWUJqRKBCsHvSvRvX6I9OGy/geBor5EenGPOSUgLUebvExbl0zAcSC1y4U3ZI7Fp4HL4MiylRpF35aHUmTiMVABTGm6bkK/JRo4FSwYb6VGKYI7ZMua1qMScSMn46vHuJD63RwKLV9MeCx+3ciJZExgyiwnRGBnpmtjcz/as0Ewgs/5bFKgMV0sihMBAaJRxHgDteMghhYIFRzeyumPaIJBRvU1Bbg/aepX6SqGyohwQxtVt5sMvNQOyl5ZyX37rRYvsxSy6F9dICOkIfOURndoAqqIoo0ekav6M15cd6dD+dz0rrgZDN7aErO1y97qqGk</latexit>

J ��� 1
<latexit sha1_base64="6S7z2uWTcRvvOjaEohn6nWiPpek=">AAACD3icbVDLSgMxFM34rPVVdekmWARBKDOi6LLoxmUL9gFtKZk004ZmkpDcEerQL3Al6Le4E7d+gp/izrSdhW09cOFwzr3ce0+oBbfg+9/eyura+sZmbiu/vbO7t184OKxblRjKalQJZZohsUxwyWrAQbCmNozEoWCNcHg38RuPzFiu5AOMNOvEpC95xCkBJ1XPu4WiX/KnwMskyEgRZah0Cz/tnqJJzCRQQaxtBb6GTkoMcCrYON9OLNOEDkmftRyVJGa2k04PHeNTp/RwpIwrCXiq/p1ISWztKA5dZ0xgYBe9ifif10oguumkXOoEmKSzRVEiMCg8+Rr3uGEUxMgRQg13t2I6IIZQcNnMbQE+fJr7ItX9SAsFduyyChaTWSb1i1JwVfKrl8XybZZaDh2jE3SGAnSNyugeVVANUcTQM3pFb96L9+59eJ+z1hUvmzlCc/C+fgHFfZ2y</latexit>

+

<latexit sha1_base64="6S7z2uWTcRvvOjaEohn6nWiPpek=">AAACD3icbVDLSgMxFM34rPVVdekmWARBKDOi6LLoxmUL9gFtKZk004ZmkpDcEerQL3Al6Le4E7d+gp/izrSdhW09cOFwzr3ce0+oBbfg+9/eyura+sZmbiu/vbO7t184OKxblRjKalQJZZohsUxwyWrAQbCmNozEoWCNcHg38RuPzFiu5AOMNOvEpC95xCkBJ1XPu4WiX/KnwMskyEgRZah0Cz/tnqJJzCRQQaxtBb6GTkoMcCrYON9OLNOEDkmftRyVJGa2k04PHeNTp/RwpIwrCXiq/p1ISWztKA5dZ0xgYBe9ifif10oguumkXOoEmKSzRVEiMCg8+Rr3uGEUxMgRQg13t2I6IIZQcNnMbQE+fJr7ItX9SAsFduyyChaTWSb1i1JwVfKrl8XybZZaDh2jE3SGAnSNyugeVVANUcTQM3pFb96L9+59eJ+z1hUvmzlCc/C+fgHFfZ2y</latexit>

+

<latexit sha1_base64="UUauHYNZNrgsCmGJFG7bnmBkA88=">AAACFnicbVA9SwNBEN2LXzF+RS1tFoNgY7gTRRshaCNWEcwHJEfY2+wlS/Z2j905IR75E1aC/hY7sbX1p9i5Sa4wiQ8GHu/NMDMviAU34LrfTm5peWV1Lb9e2Njc2t4p7u7VjUo0ZTWqhNLNgBgmuGQ14CBYM9aMRIFgjWBwM/Ybj0wbruQDDGPmR6QnecgpASs1r/AdxifY6xRLbtmdAC8SLyMllKHaKf60u4omEZNABTGm5bkx+CnRwKlgo0I7MSwmdEB6rGWpJBEzfjq5d4SPrNLFodK2JOCJ+nciJZExwyiwnRGBvpn3xuJ/XiuB8NJPuYwTYJJOF4WJwKDw+Hnc5ZpREENLCNXc3oppn2hCwUY0swX44GnmizTuhbFQYEY2K28+mUVSPy1752X3/qxUuc5Sy6MDdIiOkYcuUAXdoiqqIYoEekav6M15cd6dD+dz2ppzspl9NAPn6xfaFp8y</latexit>

= J � 1

<latexit sha1_base64="jqcuM8oyWxURFZUEkoSdzpkbLbQ=">AAACIHicbVBNS8NAEN3Ur1q/oh69LBZBEEsiih6LehBPFewHtKFstpt26WYTdieFGvpPPAn6W7yJR/0n3ty2OdjWBwOP92aYmefHgmtwnC8rt7S8srqWXy9sbG5t79i7ezUdJYqyKo1EpBo+0UxwyarAQbBGrBgJfcHqfv9m7NcHTGkeyUcYxswLSVfygFMCRmrb9ilu3TIBBJ/ge1Nu2y46JWcCvEjcjBRRhkrb/ml1IpqETAIVROum68TgpUQBp4KNCq1Es5jQPumypqGShEx76eTyET4ySgcHkTIlAU/UvxMpCbUehr7pDAn09Lw3Fv/zmgkEV17KZZwAk3S6KEgEhgiPY8AdrhgFMTSEUMXNrZj2iCIUTFgzW4D3n2a+SONuEIsI9Mhk5c4ns0hqZyX3ouQ8nBfL11lqeXSADtExctElKqM7VEFVRNEAPaNX9Ga9WO/Wh/U5bc1Z2cw+moH1/QvFBaIy</latexit>

��+ J + 1
<latexit sha1_base64="rdazPQAm+B+76lU7QK9w3SZCemA=">AAACEHicbVDLSgNBEJyNrxhfUY9eBoPgxbArih6DXsRTFPOAZAmzk9lkyOzMMtMrxCV/4EnQb/EmXv0DP8Wbk2QPJrGgoajqprsriAU34LrfTm5peWV1Lb9e2Njc2t4p7u7VjUo0ZTWqhNLNgBgmuGQ14CBYM9aMRIFgjWBwPfYbj0wbruQDDGPmR6QnecgpASvdn9x2iiW37E6AF4mXkRLKUO0Uf9pdRZOISaCCGNPy3Bj8lGjgVLBRoZ0YFhM6ID3WslSSiBk/nVw6wkdW6eJQaVsS8ET9O5GSyJhhFNjOiEDfzHtj8T+vlUB46adcxgkwSaeLwkRgUHj8Nu5yzSiIoSWEam5vxbRPNKFgw5nZAnzwNPNFGvfCWCgwI5uVN5/MIqmflr3zsnt3VqpcZanl0QE6RMfIQxeogm5QFdUQRSF6Rq/ozXlx3p0P53PamnOymX00A+frF2mIngg=</latexit>

�J
<latexit sha1_base64="nfd2UmHSHOhsTawrvzy2sCIvFyQ=">AAACGnicbVA9SwNBEN2LXzF+RS1tFoNgY7gTRRshqIVlBPMBuRD2NnvJkr29ZXdOiEf+hpWgv8VObG38KXZukitM4oOBx3szzMwLlOAGXPfbyS0tr6yu5dcLG5tb2zvF3b26iRNNWY3GItbNgBgmuGQ14CBYU2lGokCwRjC4GfuNR6YNj+UDDBVrR6QnecgpASv5V9jDJ9i/ZQJIp1hyy+4EeJF4GSmhDNVO8cfvxjSJmAQqiDEtz1XQTokGTgUbFfzEMEXogPRYy1JJImba6eTmET6ySheHsbYlAU/UvxMpiYwZRoHtjAj0zbw3Fv/zWgmEl+2US5UAk3S6KEwEhhiPA8BdrhkFMbSEUM3trZj2iSYUbEwzW4APnma+SFUvVCIGM7JZefPJLJL6adk7L7v3Z6XKdZZaHh2gQ3SMPHSBKugOVVENUaTQM3pFb86L8+58OJ/T1pyTzeyjGThfv5FpoTY=</latexit>

= 1��

<latexit sha1_base64="cS+Pbnv4HmV9hAwV08iV9WaosSg="></latexit>

lim
~n2!~n1

E(~n1)E(~n2) =
X

i

✓�i
12Oi(~n1)

celestial dimension

collinear spin

<latexit sha1_base64="6S7z2uWTcRvvOjaEohn6nWiPpek=">AAACD3icbVDLSgMxFM34rPVVdekmWARBKDOi6LLoxmUL9gFtKZk004ZmkpDcEerQL3Al6Le4E7d+gp/izrSdhW09cOFwzr3ce0+oBbfg+9/eyura+sZmbiu/vbO7t184OKxblRjKalQJZZohsUxwyWrAQbCmNozEoWCNcHg38RuPzFiu5AOMNOvEpC95xCkBJ1XPu4WiX/KnwMskyEgRZah0Cz/tnqJJzCRQQaxtBb6GTkoMcCrYON9OLNOEDkmftRyVJGa2k04PHeNTp/RwpIwrCXiq/p1ISWztKA5dZ0xgYBe9ifif10oguumkXOoEmKSzRVEiMCg8+Rr3uGEUxMgRQg13t2I6IIZQcNnMbQE+fJr7ItX9SAsFduyyChaTWSb1i1JwVfKrl8XybZZaDh2jE3SGAnSNyugeVVANUcTQM3pFb96L9+59eJ+z1hUvmzlCc/C+fgHFfZ2y</latexit>

+

<latexit sha1_base64="6S7z2uWTcRvvOjaEohn6nWiPpek=">AAACD3icbVDLSgMxFM34rPVVdekmWARBKDOi6LLoxmUL9gFtKZk004ZmkpDcEerQL3Al6Le4E7d+gp/izrSdhW09cOFwzr3ce0+oBbfg+9/eyura+sZmbiu/vbO7t184OKxblRjKalQJZZohsUxwyWrAQbCmNozEoWCNcHg38RuPzFiu5AOMNOvEpC95xCkBJ1XPu4WiX/KnwMskyEgRZah0Cz/tnqJJzCRQQaxtBb6GTkoMcCrYON9OLNOEDkmftRyVJGa2k04PHeNTp/RwpIwrCXiq/p1ISWztKA5dZ0xgYBe9ifif10oguumkXOoEmKSzRVEiMCg8+Rr3uGEUxMgRQg13t2I6IIZQcNnMbQE+fJr7ItX9SAsFduyyChaTWSb1i1JwVfKrl8XybZZaDh2jE3SGAnSNyugeVVANUcTQM3pFb96L9+59eJ+z1hUvmzlCc/C+fgHFfZ2y</latexit>

+

<latexit sha1_base64="iifDFBNA489l5DRQy6DqM0vh+4E=">AAACI3icbVDLSsNAFJ3UV62vaJduBotQF5akKLosunFZwT6gDWUymbRDJw9mboQY+i2uBP0Wd+LGhR/iziTNwrYeGDicc++cmWOHgiswjC+ttLa+sblV3q7s7O7tH+iHR10VRJKyDg1EIPs2UUxwn3WAg2D9UDLi2YL17Olt5vcemVQ88B8gDpnlkbHPXU4JpNJIrybD/JJEMmdWx81z82w20mtGw8iBV4lZkBoq0B7pP0MnoJHHfKCCKDUwjRCshEjgVLBZZRgpFhI6JWM2SKlPPKasJM+d4dNUcbAbyPT4gHP170ZCPKViz04nPQITtexl4n/eIAL32kq4H0bAfDoPciOBIcBZE9jhklEQcUoIlTx9K6YTIgmFtK+FFODTp4VfJOHYDUUAKuvKXG5mlXSbDfOyYdxf1Fo3RWtldIxOUB2Z6Aq10B1qow6iKEbP6BW9aS/au/ahfc5HS1qxU0UL0L5/AfOapRM=</latexit>

(2� 1)
<latexit sha1_base64="iifDFBNA489l5DRQy6DqM0vh+4E=">AAACI3icbVDLSsNAFJ3UV62vaJduBotQF5akKLosunFZwT6gDWUymbRDJw9mboQY+i2uBP0Wd+LGhR/iziTNwrYeGDicc++cmWOHgiswjC+ttLa+sblV3q7s7O7tH+iHR10VRJKyDg1EIPs2UUxwn3WAg2D9UDLi2YL17Olt5vcemVQ88B8gDpnlkbHPXU4JpNJIrybD/JJEMmdWx81z82w20mtGw8iBV4lZkBoq0B7pP0MnoJHHfKCCKDUwjRCshEjgVLBZZRgpFhI6JWM2SKlPPKasJM+d4dNUcbAbyPT4gHP170ZCPKViz04nPQITtexl4n/eIAL32kq4H0bAfDoPciOBIcBZE9jhklEQcUoIlTx9K6YTIgmFtK+FFODTp4VfJOHYDUUAKuvKXG5mlXSbDfOyYdxf1Fo3RWtldIxOUB2Z6Aq10B1qow6iKEbP6BW9aS/au/ahfc5HS1qxU0UL0L5/AfOapRM=</latexit>

(2� 1)
<latexit sha1_base64="I75K+iUzO9VHD/CQOnF5RJGQYgU=">AAACI3icbVDLSsNAFJ3UV62vaJduBotQF5bEB7osunFZwT6gDWUymbRDJw9mboQa8i2uBP0Wd+LGhR/iziTNwrYeGDicc++cmWOHgiswjC+ttLK6tr5R3qxsbe/s7un7Bx0VRJKyNg1EIHs2UUxwn7WBg2C9UDLi2YJ17clt5ncfmVQ88B9gGjLLIyOfu5wSSKWhXo0H+SWxZE5Sx+en5kky1GtGw8iBl4lZkBoq0BrqPwMnoJHHfKCCKNU3jRCsmEjgVLCkMogUCwmdkBHrp9QnHlNWnOcm+DhVHOwGMj0+4Fz9uxETT6mpZ6eTHoGxWvQy8T+vH4F7bcXcDyNgPp0FuZHAEOCsCexwySiIaUoIlTx9K6ZjIgmFtK+5FOCTp7lfxOHIDUUAKuvKXGxmmXTOGuZlw7i/qDVvitbK6BAdoToy0RVqojvUQm1E0RQ9o1f0pr1o79qH9jkbLWnFThXNQfv+BfVJpRQ=</latexit>

(3� 1)<latexit sha1_base64="2ciD1kkBBAXyrPPH59WWlKk1LDU=">AAACD3icbVDLSgMxFM34rPVVdekmWARXZUYU3QhFNy5bsA9oS8mkmTY0k4TkjlCHfoErQb/Fnbj1E/wUd6btLGzrgQuHc+7l3ntCLbgF3//2VlbX1jc2c1v57Z3dvf3CwWHdqsRQVqNKKNMMiWWCS1YDDoI1tWEkDgVrhMO7id94ZMZyJR9gpFknJn3JI04JOKl60y0U/ZI/BV4mQUaKKEOlW/hp9xRNYiaBCmJtK/A1dFJigFPBxvl2YpkmdEj6rOWoJDGznXR66BifOqWHI2VcScBT9e9ESmJrR3HoOmMCA7voTcT/vFYC0XUn5VInwCSdLYoSgUHhyde4xw2jIEaOEGq4uxXTATGEgstmbgvw4dPcF6nuR1oosGOXVbCYzDKpn5eCy5JfvSiWb7PUcugYnaAzFKArVEb3qIJqiCKGntErevNevHfvw/ucta542cwRmoP39Qvjg53E</latexit>=
<latexit sha1_base64="fFGv+PDOcBVaqctczVbjrERA6T4=">AAACD3icbVDLSgMxFM3UV62vqks3wSK4KjOi6LLoxmUL9gFtKZk004ZmkpDcEerQL3Al6Le4E7d+gp/izrSdhW09cOFwzr3ce0+oBbfg+99ebm19Y3Mrv13Y2d3bPygeHjWsSgxldaqEMq2QWCa4ZHXgIFhLG0biULBmOLqb+s1HZixX8gHGmnVjMpA84pSAk2p+r1jyy/4MeJUEGSmhDNVe8afTVzSJmQQqiLXtwNfQTYkBTgWbFDqJZZrQERmwtqOSxMx209mhE3zmlD6OlHElAc/UvxMpia0dx6HrjAkM7bI3Ff/z2glEN92US50Ak3S+KEoEBoWnX+M+N4yCGDtCqOHuVkyHxBAKLpuFLcBHTwtfpHoQaaHATlxWwXIyq6RxUQ6uyn7tslS5zVLLoxN0is5RgK5RBd2jKqojihh6Rq/ozXvx3r0P73PemvOymWO0AO/rF83Unbc=</latexit>

0
<latexit sha1_base64="6S7z2uWTcRvvOjaEohn6nWiPpek=">AAACD3icbVDLSgMxFM34rPVVdekmWARBKDOi6LLoxmUL9gFtKZk004ZmkpDcEerQL3Al6Le4E7d+gp/izrSdhW09cOFwzr3ce0+oBbfg+9/eyura+sZmbiu/vbO7t184OKxblRjKalQJZZohsUxwyWrAQbCmNozEoWCNcHg38RuPzFiu5AOMNOvEpC95xCkBJ1XPu4WiX/KnwMskyEgRZah0Cz/tnqJJzCRQQaxtBb6GTkoMcCrYON9OLNOEDkmftRyVJGa2k04PHeNTp/RwpIwrCXiq/p1ISWztKA5dZ0xgYBe9ifif10oguumkXOoEmKSzRVEiMCg8+Rr3uGEUxMgRQg13t2I6IIZQcNnMbQE+fJr7ItX9SAsFduyyChaTWSb1i1JwVfKrl8XybZZaDh2jE3SGAnSNyugeVVANUcTQM3pFb96L9+59eJ+z1hUvmzlCc/C+fgHFfZ2y</latexit>

+
Only J=3 local operator 
appear in the OPE

for energy flow operator
<latexit sha1_base64="K33HtT4yZy0v/D0zKDPCqNe2SOM=">AAACI3icbVDLSgNBEJyNrxhfqzl6GQyChxB2Q0QvgaAexFME84BsCLOT2WTI7IOZXiEu+RZPgn6LN/HiwQ/x5iTZg0ksaCiquunuciPBFVjWl5FZW9/Y3Mpu53Z29/YPzMOjpgpjSVmDhiKUbZcoJnjAGsBBsHYkGfFdwVru6Hrqtx6ZVDwMHmAcsa5PBgH3OCWgpZ6Zd26YAIKrFewUi/gOV3G5ZxaskjUDXiV2SgooRb1n/jj9kMY+C4AKolTHtiLoJkQCp4JNck6sWEToiAxYR9OA+Ex1k9nxE3yqlT72QqkrADxT/04kxFdq7Lu60ycwVMveVPzP68TgXXYTHkQxsIDOF3mxwBDiaRK4zyWjIMaaECq5vhXTIZGEgs5rYQvw0dPCF0k08CIRgprorOzlZFZJs1yyz0vWfaVQu0pTy6JjdILOkI0uUA3dojpqIIrG6Bm9ojfjxXg3PozPeWvGSGfyaAHG9y+8QaMw</latexit>

� = 4 , J = 2

<latexit sha1_base64="2ciD1kkBBAXyrPPH59WWlKk1LDU=">AAACD3icbVDLSgMxFM34rPVVdekmWARXZUYU3QhFNy5bsA9oS8mkmTY0k4TkjlCHfoErQb/Fnbj1E/wUd6btLGzrgQuHc+7l3ntCLbgF3//2VlbX1jc2c1v57Z3dvf3CwWHdqsRQVqNKKNMMiWWCS1YDDoI1tWEkDgVrhMO7id94ZMZyJR9gpFknJn3JI04JOKl60y0U/ZI/BV4mQUaKKEOlW/hp9xRNYiaBCmJtK/A1dFJigFPBxvl2YpkmdEj6rOWoJDGznXR66BifOqWHI2VcScBT9e9ESmJrR3HoOmMCA7voTcT/vFYC0XUn5VInwCSdLYoSgUHhyde4xw2jIEaOEGq4uxXTATGEgstmbgvw4dPcF6nuR1oosGOXVbCYzDKpn5eCy5JfvSiWb7PUcugYnaAzFKArVEb3qIJqiCKGntErevNevHfvw/ucta542cwRmoP39Qvjg53E</latexit>=
<latexit sha1_base64="6S7z2uWTcRvvOjaEohn6nWiPpek=">AAACD3icbVDLSgMxFM34rPVVdekmWARBKDOi6LLoxmUL9gFtKZk004ZmkpDcEerQL3Al6Le4E7d+gp/izrSdhW09cOFwzr3ce0+oBbfg+9/eyura+sZmbiu/vbO7t184OKxblRjKalQJZZohsUxwyWrAQbCmNozEoWCNcHg38RuPzFiu5AOMNOvEpC95xCkBJ1XPu4WiX/KnwMskyEgRZah0Cz/tnqJJzCRQQaxtBb6GTkoMcCrYON9OLNOEDkmftRyVJGa2k04PHeNTp/RwpIwrCXiq/p1ISWztKA5dZ0xgYBe9ifif10oguumkXOoEmKSzRVEiMCg8+Rr3uGEUxMgRQg13t2I6IIZQcNnMbQE+fJr7ItX9SAsFduyyChaTWSb1i1JwVfKrl8XybZZaDh2jE3SGAnSNyugeVVANUcTQM3pFb96L9+59eJ+z1hUvmzlCc/C+fgHFfZ2y</latexit>

+

E(~n1) E(~n2) ⇠
X

i

ci ✓
⌧i�4

Oi(~n2)
<latexit sha1_base64="vrq0J6B1rHqdMfbwXffBHdS65hE="></latexit>

<latexit sha1_base64="ahyfiYs/VKISmaD8nFaakDzfPcY=">AAACJHicbVDLSsNAFJ3UV62v+Ni5GSxCXVgSqeiy6MZlBfuANpTJZNIOnTyYuRHakH9xJei3uBMXbvwPdyZpFrZ6YOBwzr1zZo4dCq7AMD610srq2vpGebOytb2zu6fvH3RUEEnK2jQQgezZRDHBfdYGDoL1QsmIZwvWtSe3md99ZFLxwH+Aacgsj4x87nJKIJWG+lE8yC+JJXOSmonPceMsGepVo27kwH+JWZAqKtAa6t8DJ6CRx3yggijVN40QrJhI4FSwpDKIFAsJnZAR66fUJx5TVpwHJ/g0VRzsBjI9PuBc/b0RE0+pqWenkx6BsVr2MvE/rx+Be23F3A8jYD6dB7mRwBDgrArscMkoiGlKCJU8fSumYyIJhbSwhRTgk9nCL+Jw5IYiAJV1ZS4385d0LurmZd24b1SbN0VrZXSMTlANmegKNdEdaqE2omiGntALetWetTftXfuYj5a0YucQLUD7+gFX76U/</latexit>

(1� 4)
<latexit sha1_base64="ahyfiYs/VKISmaD8nFaakDzfPcY=">AAACJHicbVDLSsNAFJ3UV62v+Ni5GSxCXVgSqeiy6MZlBfuANpTJZNIOnTyYuRHakH9xJei3uBMXbvwPdyZpFrZ6YOBwzr1zZo4dCq7AMD610srq2vpGebOytb2zu6fvH3RUEEnK2jQQgezZRDHBfdYGDoL1QsmIZwvWtSe3md99ZFLxwH+Aacgsj4x87nJKIJWG+lE8yC+JJXOSmonPceMsGepVo27kwH+JWZAqKtAa6t8DJ6CRx3yggijVN40QrJhI4FSwpDKIFAsJnZAR66fUJx5TVpwHJ/g0VRzsBjI9PuBc/b0RE0+pqWenkx6BsVr2MvE/rx+Be23F3A8jYD6dB7mRwBDgrArscMkoiGlKCJU8fSumYyIJhbSwhRTgk9nCL+Jw5IYiAJV1ZS4385d0LurmZd24b1SbN0VrZXSMTlANmegKNdEdaqE2omiGntALetWetTftXfuYj5a0YucQLUD7+gFX76U/</latexit>

(1� 4)
<latexit sha1_base64="RQ8Y2PVlkeb4UBFfRXeeCcqaNeY=">AAACFnicbVDLSgNBEJz1GeMr6tHLYBA8hV1R9Bj04jGCeUCyhNnJbDJkHstMrxCX/IQnQb/Fm3j16qd4c5LswSQWNBRV3XR3RYngFnz/21tZXVvf2CxsFbd3dvf2SweHDatTQ1mdaqFNKyKWCa5YHTgI1koMIzISrBkNbyd+85EZy7V6gFHCQkn6isecEnBSq9MnUpIu75bKfsWfAi+TICdllKPWLf10epqmkimggljbDvwEwowY4FSwcbGTWpYQOiR91nZUEclsmE3vHeNTp/RwrI0rBXiq/p3IiLR2JCPXKQkM7KI3Ef/z2inE12HGVZICU3S2KE4FBo0nz+MeN4yCGDlCqOHuVkwHxBAKLqK5LcCHT3NfZEk/ToQGO3ZZBYvJLJPGeSW4rPj3F+XqTZ5aAR2jE3SGAnSFqugO1VAdUSTQM3pFb96L9+59eJ+z1hUvnzlCc/C+fgHOkaD0</latexit>�i

Small angle expansion reduce to twist 
expansion of local operator

<latexit sha1_base64="nonxGTeg/sURHbqGHnM5wzvZVIk=">AAACMXicbZBNSwMxEIazfn9b9eglWgQvll2p6EUQvXhUsSp0S5lNs9vQZLMks0pdevbXeBL0t3gTr/4Cb6a1B6u+EHh4Z4bJvFEmhUXff/XGxicmp6ZnZufmFxaXlksrq1dW54bxGtNSm5sILJci5TUUKPlNZjioSPLrqHPSr1/fcmOFTi+xm/GGgiQVsWCAzmqWNsILkbQRjNF3NExAKWgKekhDhNzBDq02S2W/4g9E/0IwhDIZ6qxZ+gxbmuWKp8gkWFsP/AwbBRgUTPLeXJhbngHrQMLrDlNQ3DaKwSk9uuWcFo21cS9FOnB/ThSgrO2qyHUqwLb9Xeub/9XqOcYHjUKkWY48Zd+L4lxS1LSfC20JwxnKrgNgRri/UtYGAwxdeiNbUHTuR64osiTOpEbbc1kFv5P5C1e7lWCv4p9Xy0fHw9RmyDrZJNskIPvkiJySM1IjjDyQR/JMXrwn79V7896/W8e84cwaGZH38QVURKpQ</latexit>) �i = ⌧i � 4

<latexit sha1_base64="hE33SQ+tQS1eGrFoDvLRHruSnNQ="></latexit>

⌧ = �� J
<latexit sha1_base64="0LAZ3kVBSwNhycofvycUWAWFwfA="></latexit>

O = L[O]

Hofman, Maldacena 08; Kologlu, Kravchuk, 
Simmons-Duffin, Zhiboedov, 19

<latexit sha1_base64="kyDltMf5uAAmKr3h5PpTMaPzRMY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSRS1GNRDx4r2A9oQtlsJu3SzQe7k0oJ/SdePCji1X/izX/jts1BWx8MPN6bYWaenwqu0La/jdLa+sbmVnm7srO7t39gHh61VZJJBi2WiER2fapA8BhayFFAN5VAI19Axx/dzvzOGKTiSfyIkxS8iA5iHnJGUUt903SfeADIRQDuHQikfbNq1+w5rFXiFKRKCjT75pcbJCyLIEYmqFI9x07Ry6lEzgRMK26mIKVsRAfQ0zSmESgvn18+tc60ElhhInXFaM3V3xM5jZSaRL7ujCgO1bI3E//zehmG117O4zRDiNliUZgJCxNrFoMVcAkMxUQTyiTXt1psSCVlqMOq6BCc5ZdXSfui5lzW6g/1auOmiKNMTsgpOScOuSINck+apEUYGZNn8krejNx4Md6Nj0VryShmjskfGJ8/qz2TsQ==</latexit>

e�
<latexit sha1_base64="kVtl/dULAhISIM5nKGqAY7bxmfo=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF/EUwTwgu4TZ2d5kyOyDmV4lLPkNLx4U8erPePNvnCR70MSChqKqm+4uP5VCo21/W6WV1bX1jfJmZWt7Z3evun/Q1kmmOLR4IhPV9ZkGKWJooUAJ3VQBi3wJHX90M/U7j6C0SOIHHKfgRWwQi1BwhkZy3ScRAAoZAL3rV2t23Z6BLhOnIDVSoNmvfrlBwrMIYuSSad1z7BS9nCkUXMKk4mYaUsZHbAA9Q2MWgfby2c0TemKUgIaJMhUjnam/J3IWaT2OfNMZMRzqRW8q/uf1MgyvvFzEaYYQ8/miMJMUEzoNgAZCAUc5NoRxJcytlA+ZYhxNTBUTgrP48jJpn9Wdi/r5/XmtcV3EUSZH5JicEodckga5JU3SIpyk5Jm8kjcrs16sd+tj3lqyiplD8gfW5w+4NpF8</latexit>

eJ

<latexit sha1_base64="kyDltMf5uAAmKr3h5PpTMaPzRMY=">AAAB+XicbVBNS8NAEN3Ur1q/oh69BIvgqSRS1GNRDx4r2A9oQtlsJu3SzQe7k0oJ/SdePCji1X/izX/jts1BWx8MPN6bYWaenwqu0La/jdLa+sbmVnm7srO7t39gHh61VZJJBi2WiER2fapA8BhayFFAN5VAI19Axx/dzvzOGKTiSfyIkxS8iA5iHnJGUUt903SfeADIRQDuHQikfbNq1+w5rFXiFKRKCjT75pcbJCyLIEYmqFI9x07Ry6lEzgRMK26mIKVsRAfQ0zSmESgvn18+tc60ElhhInXFaM3V3xM5jZSaRL7ujCgO1bI3E//zehmG117O4zRDiNliUZgJCxNrFoMVcAkMxUQTyiTXt1psSCVlqMOq6BCc5ZdXSfui5lzW6g/1auOmiKNMTsgpOScOuSINck+apEUYGZNn8krejNx4Md6Nj0VryShmjskfGJ8/qz2TsQ==</latexit>

e�
<latexit sha1_base64="kVtl/dULAhISIM5nKGqAY7bxmfo=">AAAB83icbVDLSgNBEJyNrxhfUY9eBoPgKeyKqMegF/EUwTwgu4TZ2d5kyOyDmV4lLPkNLx4U8erPePNvnCR70MSChqKqm+4uP5VCo21/W6WV1bX1jfJmZWt7Z3evun/Q1kmmOLR4IhPV9ZkGKWJooUAJ3VQBi3wJHX90M/U7j6C0SOIHHKfgRWwQi1BwhkZy3ScRAAoZAL3rV2t23Z6BLhOnIDVSoNmvfrlBwrMIYuSSad1z7BS9nCkUXMKk4mYaUsZHbAA9Q2MWgfby2c0TemKUgIaJMhUjnam/J3IWaT2OfNMZMRzqRW8q/uf1MgyvvFzEaYYQ8/miMJMUEzoNgAZCAUc5NoRxJcytlA+ZYhxNTBUTgrP48jJpn9Wdi/r5/XmtcV3EUSZH5JicEodckga5JU3SIpyk5Jm8kjcrs16sd+tj3lqyiplD8gfW5w+4NpF8</latexit>

eJ
<latexit sha1_base64="L0Mo4Aoc8xIQduEcYHrzGDe/9EA=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBjSWRoi6LunBZwT6gKWUyuWmHTh7MTIQSAm78FTcuFHHrT7jzb5ymWWjrgQuHc+6dO/e4MWdSWda3UVpaXlldK69XNja3tnfM3b22jBJBoUUjHomuSyRwFkJLMcWhGwsggcuh446vp37nAYRkUXivJjH0AzIMmc8oUVoamAepkz+SCvAybONT7NwAV2TAsoFZtWpWDrxI7IJUUYHmwPxyvIgmAYSKciJlz7Zi1U+JUIxyyCpOIiEmdEyG0NM0JAHIfpqvz/CxVjzsR0JXqHCu/p5ISSDlJHB1Z0DUSM57U/E/r5co/7KfsjBOFIR0tshPOFYRngaCPSaAKj7RhFDB9F8xHRFBqNKxVXQI9vzJi6R9VrPPa/W7erVxVcRRRofoCJ0gG12gBrpFTdRCFD2iZ/SK3own48V4Nz5mrSWjmNlHf2B8/gAUmpcq</latexit>

1��i
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Polchinski: There is a lot of QCD data, can you see this (scaling behavior) there? 


Maldacena: People do not do this. I haven’t figured out why they don’t. I think they just 
haven’t thought about this. I was talking to people who did this calculation of two-point 
function at LEP, computing alpha_s and so on, and they focused mostly on the large 
angles. But they didn’t study the small angles. And I asked him whether they had a good 
reason for not studying the small angles and they said well we didn’t know the 
resummation formula, didn’t study it.  KITP workshop, 2009



Seeing hadronization phase transition from EEC

P. Komiske, I. Moult, J. Thaler, HXZ, 2201.07800

<latexit sha1_base64="ndBDoGRGd8RMRe3nnKSDY7f6h1U="></latexit>

hE(n1)E(n2)i , ~n1 · ~n2 = cosRL

crossing of Bjorken 
scaling

<latexit sha1_base64="cS+Pbnv4HmV9hAwV08iV9WaosSg="></latexit>

lim
~n2!~n1

E(~n1)E(~n2) =
X

i

✓�i
12Oi(~n1)
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A puzzle from different viewpoints
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<latexit sha1_base64="Jsn5y2WCJgSUVloW7AOxqYifqy4=">AAACGXicbVBNS8NAEN3Urxq/qh69BIvgqSSi6LHoxWMF+wFpKJvtpl262Q27k0IN+RmeBP0t3sSrJ3+KN7dtDrb1wcDjvRlm5oUJZxpc99sqra1vbG6Vt+2d3b39g8rhUUvLVBHaJJJL1QmxppwJ2gQGnHYSRXEcctoOR3dTvz2mSjMpHmGS0CDGA8EiRjAYye+OKclE3vNsu1epujV3BmeVeAWpogKNXuWn25ckjakAwrHWvucmEGRYASOc5nY31TTBZIQH1DdU4JjqIJudnDtnRuk7kVSmBDgz9e9EhmOtJ3FoOmMMQ73sTcX/PD+F6CbImEhSoILMF0Upd0A60/+dPlOUAJ8Ygoli5laHDLHCBExKC1uAjZ4WvsiSQZRwCTo3WXnLyayS1kXNu6q5D5fV+m2RWhmdoFN0jjx0jeroHjVQExEk0TN6RW/Wi/VufVif89aSVcwcowVYX78ZsKGP</latexit>

~n1
<latexit sha1_base64="6fipYAm88FJEbGJXwho5gAVA4Y4=">AAACGXicbVBNS8NAEN34WeNX1aOXYBE8laQoeix68VjBfkAayma7aZdudsPupFBDfoYnQX+LN/HqyZ/izW2bg219MPB4b4aZeWHCmQbX/bbW1jc2t7ZLO/bu3v7BYfnouKVlqghtEsml6oRYU84EbQIDTjuJojgOOW2Ho7up3x5TpZkUjzBJaBDjgWARIxiM5HfHlGQi79Vsu1euuFV3BmeVeAWpoAKNXvmn25ckjakAwrHWvucmEGRYASOc5nY31TTBZIQH1DdU4JjqIJudnDvnRuk7kVSmBDgz9e9EhmOtJ3FoOmMMQ73sTcX/PD+F6CbImEhSoILMF0Upd0A60/+dPlOUAJ8Ygoli5laHDLHCBExKC1uAjZ4WvsiSQZRwCTo3WXnLyaySVq3qXVXdh8tK/bZIrYRO0Rm6QB66RnV0jxqoiQiS6Bm9ojfrxXq3PqzPeeuaVcycoAVYX78bXaGQ</latexit>

~n2

<latexit sha1_base64="n9ik7tbuOchlGY3gw7LvzT2e0V8=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY8NJjRfsB7VKyabaNzSZLkhXq0v/gxYMiXv0/3vw3pu0etPXBwOO9GWbmBTFn2rjut5NbW9/Y3MpvF3Z29/YPiodHLS0TRWiTSC5VJ8CaciZo0zDDaSdWFEcBp+1gfDPz249UaSbFvZnE1I/wULCQEWys1Gr078pP5/1iya24c6BV4mWkBBka/eJXbyBJElFhCMdadz03Nn6KlWGE02mhl2gaYzLGQ9q1VOCIaj+dXztFZ1YZoFAqW8Kgufp7IsWR1pMosJ0RNiO97M3E/7xuYsJrP2UiTgwVZLEoTDgyEs1eRwOmKDF8YgkmitlbERlhhYmxARVsCN7yy6ukdVHxLivV22qpVs/iyMMJnEIZPLiCGtShAU0g8ADP8ApvjnRenHfnY9Gac7KZY/gD5/MHrU2Okg==</latexit>

PS(z)DGLAP spacelike kernel
<latexit sha1_base64="gHRqDyuwVIZ9J8Au5PAbL0I1w9Y=">AAACE3icbVDLSgMxFM34rPVVdekmWIRWtMxIUTdCwU3pqqJ9QKcdMmnahiaZIckI7dB/cOOvuHGhiFs37vwb08dCWw9cOJxzL/fe44eMKm3b39bS8srq2npiI7m5tb2zm9rbr6ogkphUcMACWfeRIowKUtFUM1IPJUHcZ6Tm92/Gfu2BSEUDca8HIWly1BW0QzHSRvJSJ24XcY68u0wpC6+hS4X27JYD20P3FA5bcenMGcGysYdZL5W2c/YEcJE4M5IGM5S91JfbDnDEidCYIaUajh3qZoykppiRUdKNFAkR7qMuaRgqECeqGU9+GsFjo7RhJ5CmhIYT9fdEjLhSA+6bTo50T817Y/E/rxHpzlUzpiKMNBF4uqgTMagDOA4ItqkkWLOBIQhLam6FuIckwtrEmDQhOPMvL5Lqec65yOVv8+lCcRZHAhyCI5ABDrgEBVAEZVABGDyCZ/AK3qwn68V6tz6mrUvWbOYA/IH1+QNbUJtX</latexit>

�S(J) =

Z 1

0
dz zJ�1PS(z)

<latexit sha1_base64="HMe+yio5c0AEFCzF7wz0/yKj6Xk=">AAACE3icbVDLSgMxFM3UV62vqks3wSK0omVGiroRCm5KVxX6gk47ZNK0hiaZIckI7dB/cOOvuHGhiFs37vwb08dCWw9cOJxzL/fe44eMKm3b31ZiZXVtfSO5mdra3tndS+8f1FUQSUxqOGCBbPpIEUYFqWmqGWmGkiDuM9LwB7cTv/FApKKBqOphSNoc9QXtUYy0kbz0qdtHnCOvmi3n4A10qdCe3XFgd+SewVEnLp87Y1gx9ijnpTN23p4CLhNnTjJgjoqX/nK7AY44ERozpFTLsUPdjpHUFDMyTrmRIiHCA9QnLUMF4kS14+lPY3hilC7sBdKU0HCq/p6IEVdqyH3TyZG+V4veRPzPa0W6d92OqQgjTQSeLepFDOoATgKCXSoJ1mxoCMKSmlshvkcSYW1iTJkQnMWXl0n9Iu9c5gt3hUyxNI8jCY7AMcgCB1yBIiiBCqgBDB7BM3gFb9aT9WK9Wx+z1oQ1nzkEf2B9/gBefZtZ</latexit>

�T (J) =

Z 1

0
dz zJ�1PT (z)

DGLAP timelike kernel
<latexit sha1_base64="RSRk+YPIOFPqTl5O3m0IMx8wzsY=">AAAB7XicbVBNSwMxEJ2tX7V+VT16CRahXsquFPVY8NJjhX5Bu5Rsmm1js8mSZIW69D948aCIV/+PN/+NabsHbX0w8Hhvhpl5QcyZNq777eQ2Nre2d/K7hb39g8Oj4vFJW8tEEdoikkvVDbCmnAnaMsxw2o0VxVHAaSeY3M39ziNVmknRNNOY+hEeCRYygo2V2o1Bs/x0OSiW3Iq7AFonXkZKkKExKH71h5IkERWGcKx1z3Nj46dYGUY4nRX6iaYxJhM8oj1LBY6o9tPFtTN0YZUhCqWyJQxaqL8nUhxpPY0C2xlhM9ar3lz8z+slJrz1UybixFBBlovChCMj0fx1NGSKEsOnlmCimL0VkTFWmBgbUMGG4K2+vE7aVxXvulK9r5Zq9SyOPJzBOZTBgxuoQR0a0AICD/AMr/DmSOfFeXc+lq05J5s5hT9wPn8ArtSOkw==</latexit>

PT (z)

How to reconcile?

Momentum space splittingCoordinate space OPE
Hofman, Maldacena, 2008

Kologlu, Kravchuk, Simmons-Duffin, 
Zhiboedov, 2019

Konishi, Ukawa, Veneziano, 1979

Korchemsky, 2019

Dixon, Moult, HXZ, 2019

<latexit sha1_base64="ubqzjEwXa8uAIxmqZrX3tt90+ns=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY8kXjhCIo8ENmR26IWR2dl1ZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSzvzSRBP6JDyUPOqLFS47FfLLlldwGyTryMlCBDvV/86g1ilkYoDRNU667nJsafUmU4Ezgr9FKNCWVjOsSupZJGqP3p4tAZubDKgISxsiUNWai/J6Y00noSBbYzomakV725+J/XTU1460+5TFKDki0XhakgJibzr8mAK2RGTCyhTHF7K2EjqigzNpuCDcFbfXmdtK7K3nW50qiUqrUsjjycwTlcggc3UIUa1KEJDBCe4RXenAfnxXl3PpatOSebOYU/cD5/AOBZjQQ=</latexit>q

<latexit sha1_base64="XbUMD3f2x+w4YGpTT+oirq2BVMk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeClx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJaPZpqgH9GR5CFn1FjpIRl4g3LFrboLkHXi5aQCOZqD8ld/GLM0QmmYoFr3PDcxfkaV4UzgrNRPNSaUTegIe5ZKGqH2s8WpM3JhlSEJY2VLGrJQf09kNNJ6GgW2M6JmrFe9ufif10tNeOtnXCapQcmWi8JUEBOT+d9kyBUyI6aWUKa4vZWwMVWUGZtOyYbgrb68TtpXVe+6WruvVeqNPI4inME5XIIHN1CHBjShBQxG8Ayv8OYI58V5dz6WrQUnnzmFP3A+fwAEPI2n</latexit>p1

<latexit sha1_base64="n2rEqmsFHNjAueTzWzGkus6Ujn8=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lKUY8FLz1WtLXQhrLZbtqlm03YnQgl9Cd48aCIV3+RN/+N2zYHbX0w8Hhvhpl5QSKFQdf9dgobm1vbO8Xd0t7+weFR+fikY+JUM95msYx1N6CGS6F4GwVK3k00p1Eg+WMwuZ37j09cGxGrB5wm3I/oSIlQMIpWuk8GtUG54lbdBcg68XJSgRytQfmrP4xZGnGFTFJjep6boJ9RjYJJPiv1U8MTyiZ0xHuWKhpx42eLU2fkwipDEsbalkKyUH9PZDQyZhoFtjOiODar3lz8z+ulGN74mVBJilyx5aIwlQRjMv+bDIXmDOXUEsq0sLcSNqaaMrTplGwI3urL66RTq3pX1fpdvdJo5nEU4QzO4RI8uIYGNKEFbWAwgmd4hTdHOi/Ou/OxbC04+cwp/IHz+QMFwI2o</latexit>p2
<latexit sha1_base64="16goZlKfSbxKZTkFK7/15Vx7NpM=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1JMEvOQYwTwgWcPsZDYZMju7zvQKIeQjvHhQxKvf482/cZLsQRMLGoqqbrq7gkQKg6777aytb2xubed28rt7+weHhaPjpolTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDvzW09cGxGrexwn3I/oQIlQMIpWaj0+lMkNcXuFolty5yCrxMtIETLUe4Wvbj9macQVMkmN6Xhugv6EahRM8mm+mxqeUDaiA96xVNGIG38yP3dKzq3SJ2GsbSkkc/X3xIRGxoyjwHZGFIdm2ZuJ/3mdFMNrfyJUkiJXbLEoTCXBmMx+J32hOUM5toQyLeythA2ppgxtQnkbgrf88ipplkveZalyVylWa1kcOTiFM7gAD66gCjWoQwMYjOAZXuHNSZwX5935WLSuOdnMCfyB8/kDpjSOfg==</latexit>

q2 > 0

<latexit sha1_base64="qwZLBr0T9rrkAHs32fNXFDtituw=">AAAB/XicbVDLSgNBEJz1GeMrPm5eFoMQL2FXgnoMehFPEc0Dkhh6J7PJkJndZaZXiEvwV7x4UMSr/+HNv3GS7EETCxqKqm66u7xIcI2O820tLC4tr6xm1rLrG5tb27md3ZoOY0VZlYYiVA0PNBM8YFXkKFgjUgykJ1jdG1yO/foDU5qHwR0OI9aW0Au4zymgkTq5/Rb2GcJ90uqBlNC5LVwfjzq5vFN0JrDniZuSPElR6eS+Wt2QxpIFSAVo3XSdCNsJKORUsFG2FWsWAR1AjzUNDUAy3U4m14/sI6N0bT9UpgK0J+rviQSk1kPpmU4J2Nez3lj8z2vG6J+3Ex5EMbKAThf5sbAxtMdR2F2uGEUxNASo4uZWm/ZBAUUTWNaE4M6+PE9qJ0X3tFi6KeXLF2kcGXJADkmBuOSMlMkVqZAqoeSRPJNX8mY9WS/Wu/UxbV2w0pk98gfW5w8BypTw</latexit>

✓�S(J)
<latexit sha1_base64="NaNKWQOK+whVWWZbxeOKnWwlqEY=">AAAB/XicbVDJSgNBEO1xjXGLy83LYBDiJcxIUI9BL+IpQjbIjKGm00madM8M3TVCHIK/4sWDIl79D2/+jZ3loIkPCh7vVVFVL4gF1+g439bS8srq2npmI7u5tb2zm9vbr+soUZTVaCQi1QxAM8FDVkOOgjVjxUAGgjWCwfXYbzwwpXkUVnEYM19CL+RdTgGN1M4dethnCPep1wMpoV0t3J6O2rm8U3QmsBeJOyN5MkOlnfvyOhFNJAuRCtC65Tox+iko5FSwUdZLNIuBDqDHWoaGIJn208n1I/vEKB27GylTIdoT9fdEClLroQxMpwTs63lvLP7ntRLsXvopD+MEWUini7qJsDGyx1HYHa4YRTE0BKji5lab9kEBRRNY1oTgzr+8SOpnRfe8WLor5ctXszgy5IgckwJxyQUpkxtSITVCySN5Jq/kzXqyXqx362PaumTNZg7IH1ifPwNSlPE=</latexit>

✓�T (J)



Resolution: generalized Gribov-Lipatov Reciprocity
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Time-like factorization formula
<latexit sha1_base64="lglBQNKwFu+M7AtNjlQiPveAJJ0="></latexit>

µ2 d⌃(⇣, µ)

dµ2
=

Z 1

0
dy y2⌃(⇣y2, µ)PT (y, µ)

Dixon, Moult, HXZ, 2019
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✓�T (J+�S(J))
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�S(J) = �T (J + �S(J))
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�S(J � �T (J)) = �T (J)
Basso, Korchemsky, 2005

Analyticity in spin at work!

Note: This relation also holds in QCD, at least to three loops

H. Chen, T.Z. Yang, HXZ, Y.J. Zhu, 2020
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~n1
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~n2

Celestial sphere

<latexit sha1_base64="24gdT95su7dg2Gf8d4doC+Z5TM8=">AAACDHicbVDNSkJBGJ1rf2Z/Vss2QxIoiNxrUi0lNy2CjNIEFZk7jjo4d+5l5ruRXHyANr1KmxZFtO0B2vU2jXoXpR0YOJxzPr75jhsIrsG2v63E0vLK6lpyPbWxubW9k97dq2s/VJTVqC981XCJZoJLVgMOgjUCxYjnCnbnDisT/+6eKc19eQujgLU90pe8xykBI3XSmRawB4hurrLHeSc3xi3qyz6OxctsMV/JjU3KLthT4EXixCSDYlQ76a9W16ehxyRQQbRuOnYA7Ygo4FSwcaoVahYQOiR91jRUEo/pdjQ9ZoyPjNLFPV+ZJwFP1d8TEfG0HnmuSXoEBnrem4j/ec0QemftiMsgBCbpbFEvFBh8PGkGd7liFMTIEEIVN3/FdEAUoWD6S5kSnPmTF0m9WHBOCqXrUqZ8HteRRAfoEGWRg05RGV2gKqohih7RM3pFb9aT9WK9Wx+zaMKKZ/bRH1ifP9/dmZs=</latexit>

SO(3,1) ⇠= SL(2,C)

Lightray operator as a local operator living on a fictitious 
2D Eucildean defect CFT
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Celestial

Block

Lightray OPE <latexit sha1_base64="zpinAxbfq9jN1aSgSy4ZEG6RtUs="></latexit>

h⌦|O(x)E(n1)E(n2)O
†|⌦i =

X

�

C�,0(z1, z2, @z2)h⌦|O(x)O�,J(z2)O
†|⌦i

Kologlu, Kravchuk, Simmons-Duffin, Zhiboedov, 2019

Eigenvector of Casimir operator
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C�,0(z1, z2, @z2) =

Identical to conformal block for 2D CFT with co-dimension 1 boundary
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EEEC: Three-point energy correlator
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Appearance of a A3 cluster algebra

K. Yan, X.Y. Zhang, 2203.04349;

T.Z. Yang, X.Y. Zhang, 2208.01051



Boundary of EEEC
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EEEC cubic



Triple collinear limit
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The defect is boosted to a point at infinity on the celestial sphere



Boosted EEEC
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I +

One of the simplest observables from the theoretical perspective is the Energy-Energy

Correlator (EEC), defined as [2, 3]

d�

dz
=

X

i,j

Z
d�

EiEj

Q2
�

✓
z �

1 � cos �ij

2

◆
. (1.1)

Here Ei and Ej are the energies of final-state partons i and j in the center-of-mass frame,

and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r
2
n
i
T0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†
i

hOO†i
, (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e
+
e
� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z

�N=4
J (↵s) , (1.4)
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and their angular separation is �ij . d� is the product of the squared matrix element and the

phase-space measure. The EEC can also be defined in terms of correlation function of ANEC

operators [4–7]

E(~n) =

1Z

0

dt lim
r!1

r
2
n
i
T0i(t, r~n) , (1.2)

where it is given by

d�

dz
=

hOE(~n1)E(~n2)O†
i

hOO†i
, (1.3)

for some source operator O. This provides a connection between event shape observables and

correlation functions of ANEC operators allowing the study of event shapes to profit from

recent developments in the study of ANEC operators, and conversely, the EEC provide a

concrete situation for studying the behavior of ANEC operators.

There has recently been significant progress in the understanding of the EEC from a

number of di↵erent directions. For generic angles, the EEC has been computed at next-to-

leading order (NLO) in QCD [8, 9] for both an e
+
e
� source, and Higgs decaying to gluons,

and up to NNLO in N = 4 SYM [7, 10]. It has also been computed numerically in QCD at

NNLO [11, 12].

There has also been progress in understanding the singularities of the EEC, which occur as

z ! 0 (the collinear limit) and z ! 1 (the back-to-back limit). In the back-to-back limit, the

EEC exhibits Sudakov double logarithms, whose all orders logarithmic structure is described

by a factorization formula [13, 14]. In the z ! 0 limit, which will be studied in this paper,

the EEC exhibits single collinear logarithms, originally studied at leading logarithmic order

in [15–19]. Formulas describing the behavior of the EEC in the collinear limit were recently

derived in [20] for a generic field theory, and in [21–24] for the particular case of a CFT. This

limit is of theoretical interest for studying the OPE structure of non-local operators, and of

phenomenological interest as a jet substructure observable.

The two-point correlator is particularly simple since it depends on a single variable, z.

Indeed, in a conformal field theory (CFT), its behavior in the collinear limit is fixed to be a

power law

⌃(z) =
1

2
C(↵s) z

�N=4
J (↵s) , (1.4)

– 2 –
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Explicit result in the triple collinear limit
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Where is the cos comes from?
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Squeeze limit in QCD

Intriguing cos(2ϕ) modulation



Particle interpretation: spin double slit experiment
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Interpretation from operator transverse spin

29

E(~n1) E(~n2) ⇠
X

i

ci ✓
⌧i�4

Oi(~n2)
<latexit sha1_base64="vrq0J6B1rHqdMfbwXffBHdS65hE="></latexit>

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 ±

d

d lnµ2
~O[J] = �b�(J) · ~O[J]

<latexit sha1_base64="cyeKh9p4EAiwSrk89eHJojjjiwk="></latexit>

b�(J) =

0

@
�qq(J) 2nf�qg(J) 0
�gq(J) �gg(J) 0

0 0 �g̃g̃(J)1

1

A

<latexit sha1_base64="q3mfCo7A5M6FODeNuXaUxJicuaQ="></latexit>

δ = Δ-1 j



In principle observable at the LHC!
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Conformal block expansion for boosted EEEC
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Euclidean 2D conformal block

<latexit sha1_base64="5/gtnuK4xtUTDN3Yz3WLqEZN4Ro="></latexit>Z
dt eitP

+

 ̄((t+, t� = 0, 0))U [(t+, 0, 0), 0] (0)

<latexit sha1_base64="0E7T1Py/rrF31TjhcEyyVkOR1jg=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1GNRBI8V7Ae2oWy2k3bpZhN2N0IJ/RdePCji1X/jzX/jts1BWx8MPN6bYWZekAiujet+O4WV1bX1jeJmaWt7Z3evvH/Q1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoZuq3nlBpHssHM07Qj+hA8pAzaqz0mHUZFeR20vN65YpbdWcgy8TLSQVy1Hvlr24/ZmmE0jBBte54bmL8jCrDmcBJqZtqTCgb0QF2LJU0Qu1ns4sn5MQqfRLGypY0ZKb+nshopPU4CmxnRM1QL3pT8T+vk5rwys+4TFKDks0XhakgJibT90mfK2RGjC2hTHF7K2FDqigzNqSSDcFbfHmZNM+q3kX1/P68UrvO4yjCERzDKXhwCTW4gzo0gIGEZ3iFN0c7L8678zFvLTj5zCH8gfP5A9RDkGA=</latexit>

E1

<latexit sha1_base64="4DvqqLryZ+z6wOOjXrRVJRXXh70=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKeyGoB6DIniMYB6YLGF2MkmGzM4uM71CWPIXXjwo4tW/8ebfOEn2oIkFDUVVN91dQSyFQdf9dnJr6xubW/ntws7u3v5B8fCoaaJEM95gkYx0O6CGS6F4AwVK3o41p2EgeSsY38z81hPXRkTqAScx90M6VGIgGEUrPaZdRiW5nfYqvWLJLbtzkFXiZaQEGeq94le3H7Ek5AqZpMZ0PDdGP6UaBZN8WugmhseUjemQdyxVNOTGT+cXT8mZVfpkEGlbCslc/T2R0tCYSRjYzpDiyCx7M/E/r5Pg4MpPhYoT5IotFg0SSTAis/dJX2jOUE4soUwLeythI6opQxtSwYbgLb+8SpqVsndRrt5XS7XrLI48nMApnIMHl1CDO6hDAxgoeIZXeHOM8+K8Ox+L1pyTzRzDHzifP9XHkGE=</latexit>

E2

<latexit sha1_base64="ymgs9I8kOXBkSRQbCvSFWKsassI=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKexqUI9BETxGMA9MljA76SRDZmeXmVkhLPkLLx4U8erfePNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPRzdRvPqHSPJIPZhyjH9KB5H3OqLHSY9phVJDbSfe8Wyy5ZXcGsky8jJQgQ61b/Or0IpaEKA0TVOu258bGT6kynAmcFDqJxpiyER1g21JJQ9R+Ort4Qk6s0iP9SNmShszU3xMpDbUeh4HtDKkZ6kVvKv7ntRPTv/JTLuPEoGTzRf1EEBOR6fukxxUyI8aWUKa4vZWwIVWUGRtSwYbgLb68TBpnZe+iXLmvlKrXWRx5OIJjOAUPLqEKd1CDOjCQ8Ayv8OZo58V5dz7mrTknmzmEP3A+fwDXS5Bi</latexit>

E3

<latexit sha1_base64="B9iFNBxEcY/izn37ifQhhNW0j10=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXEhJpKjLoi7EjRXsA5oQJtNJO3QyCTMTocQs/BU3LhRx62+482+ctFlo64GBwzn3cs8cP2ZUKsv6NkoLi0vLK+XVytr6xuaWub3TllEiMGnhiEWi6yNJGOWkpahipBsLgkKfkY4/usz9zgMRkkb8Xo1j4oZowGlAMVJa8sw9J0Rq6PvpbealzhVhCh3Dm8wzq1bNmgDOE7sgVVCg6ZlfTj/CSUi4wgxJ2bOtWLkpEopiRrKKk0gSIzxCA9LTlKOQSDed5M/goVb6MIiEflzBifp7I0WhlOPQ15N5Wjnr5eJ/Xi9RwbmbUh4ninA8PRQkDKoI5mXAPhUEKzbWBGFBdVaIh0ggrHRlFV2CPfvledI+qdmntfpdvdq4KOoog31wAI6ADc5AA1yDJmgBDB7BM3gFb8aT8WK8Gx/T0ZJR7OyCPzA+fwCXV5XU</latexit>

O�,J

<latexit sha1_base64="u/spopaO0xbWvZWflsVfLOEUfIQ="></latexit>

h⌦| ̄((t+, t� = 0, 0))�+E1E2E3U [(t+, 0, 0), 0] (0)|⌦i

=
X

�

h⌦| ̄�+O�,JE3 (0)|⌦i
<latexit sha1_base64="6EdPd/zpqCa/RkmrUKPg0tBJtNA=">AAACBHicbVDLSsNAFL2pr1pfUZfdDBbBhZREirosutBlBfuANoTJZNKOnTyYmQgldOHGX3HjQhG3foQ7/8Zpm0VtPXDhzDn3MvceL+FMKsv6MQorq2vrG8XN0tb2zu6euX/QknEqCG2SmMei42FJOYtoUzHFaScRFIcep21veD3x249USBZH92qUUCfE/YgFjGClJdcsEzfr+ZQrfIoexuhm/uWaFatqTYGWiZ2TCuRouOZ3z49JGtJIEY6l7NpWopwMC8UIp+NSL5U0wWSI+7SraYRDKp1sesQYHWvFR0EsdEUKTdX5iQyHUo5CT3eGWA3kojcR//O6qQounYxFSapoRGYfBSlHKkaTRJDPBCWKjzTBRDC9KyIDLDBROreSDsFePHmZtM6q9nm1dler1K/yOIpQhiM4ARsuoA630IAmEHiCF3iDd+PZeDU+jM9Za8HIZw7hD4yvX55Ll3I=</latexit>

c�,jG�,j

H. Chen, Moult, Sandor, HXZ, 2022

Chang, Simmons-Duffin, 2022



Explicit example of confomral block expansion
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Analyticity of transverse spin
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Summary
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Scattering Amplitudes

Form factor Correlation Functions
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