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Quantum superposition with gluon

Quantum superposition is a fundamental principle, and one of the most 
publicized concept of quantum mechanics. 
Very well tested using photon, atom, ion, molecule, or even top quark.

How do we observe the quantum nature of gluon?
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spin density matrix ρ

“polarizer”J
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A quick intro to EEC and its multipoint generalization

Basham, Brown, Ellis, Love, 1978

EEC: Two-particle angular correlation wighted by energies
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Was a classic observable for e+e- colliders, drop out of experimental interest during the late stage of LEP 

Resurgent of interests in recent years

· Connection to OPE of lightray operator in conformal field theory 

· Analytic calculation with CFT or amplitude methods 

· Improved understanding of collinear limit in QCD 

· Connection to transverse-momentum dependent physics 

· Generalization to multipoint 

· Generalization to pp, DIS 

· Incorporation of tracks
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(dim, spin)

local twist operator

Energy flow operator (lightray operator)
Tkachov;	Korchemsky,	Oderda,	Sterman;	Hofman,	Maldacena;	Kologlu,	Kravchuk,	Simmons-Duffin,	Zhiboedov

What we learn about QCD is mostly from the energy flow recorded by 
the detector. How do we characterize energy flow in QFT?
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An insertion of a lightray operator of 
dimension J-1 equivalent to weighting the 
cross section by EJ-1 

In this sense, correlation function of lightray 
operator is like taking the Mellin moment of 
calorimeter cell

Special case: energy flow operator

Conserved current 
Collinear safety
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Lightray OPE without transverse spin
Hofman,	Maldacena;	Kologlu,	Kravchuk,	Simmons-Duffin,	Zhiboedov

Energy insertion within a jet corresponds to taking OPE limit of energy flow operator

Small angle expansion controlled by anomalous 
dimension of local twist operator. 

Jet substructure in the language of OPE.
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Konishi,	Ukawa,	Veneziano;	Dixon,	Moult,	HXZ

equivalent language in terms of splitting functions
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(J � 1) J=3
<latexit sha1_base64="iy3r657kfW4uwL94gCS/XqbcngI=">AAACH3icbVDLSsNAFJ34rPXRqEs3g0VwVRIVdVlw02UF+4A2lMlk0g6dZMLMjVBDvsSVoN/iTtz2U9yZpFnY1gMDh3PunTNz3EhwDZY1NzY2t7Z3dit71f2Dw6OaeXzS1TJWlHWoFFL1XaKZ4CHrAAfB+pFiJHAF67nTh9zvPTOluQyfYBYxJyDjkPucEsikkVlLhsUliWJeiu10ZNathlUArxO7JHVUoj0yf4aepHHAQqCCaD2wrQichCjgVLC0Oow1iwidkjEbZDQkAdNOUmSm+CJTPOxLlZ0QcKH+3UhIoPUscLPJgMBEr3q5+J83iMG/dxIeRjGwkC6C/FhgkDhvAXtcMQpilhFCFc/eiumEKEIh62opBfj0ZekXSTT2IyFB513Zq82sk+5Vw75tXD/e1JutsrUKOkPn6BLZ6A41UQu1UQdRFKNX9I4+jDfj0/gyvhejG0a5c4qWYMx/ASRSpEU=</latexit>

1
<latexit sha1_base64="iy3r657kfW4uwL94gCS/XqbcngI=">AAACH3icbVDLSsNAFJ34rPXRqEs3g0VwVRIVdVlw02UF+4A2lMlk0g6dZMLMjVBDvsSVoN/iTtz2U9yZpFnY1gMDh3PunTNz3EhwDZY1NzY2t7Z3dit71f2Dw6OaeXzS1TJWlHWoFFL1XaKZ4CHrAAfB+pFiJHAF67nTh9zvPTOluQyfYBYxJyDjkPucEsikkVlLhsUliWJeiu10ZNathlUArxO7JHVUoj0yf4aepHHAQqCCaD2wrQichCjgVLC0Oow1iwidkjEbZDQkAdNOUmSm+CJTPOxLlZ0QcKH+3UhIoPUscLPJgMBEr3q5+J83iMG/dxIeRjGwkC6C/FhgkDhvAXtcMQpilhFCFc/eiumEKEIh62opBfj0ZekXSTT2IyFB513Zq82sk+5Vw75tXD/e1JutsrUKOkPn6BLZ6A41UQu1UQdRFKNX9I4+jDfj0/gyvhejG0a5c4qWYMx/ASRSpEU=</latexit>

1
<latexit sha1_base64="lRyTDRhgkG+X4g5Rhj5b6wYN7WI=">AAACH3icbVDLSsNAFJ3UV62PRl26GSyCq5JYUZcFN11WsA9oQ5lMJu3QySTM3Ag19EtcCfot7sRtP8WdSZqFbT0wcDjn3jkzx40E12BZC6O0tb2zu1ferxwcHh1XzZPTrg5jRVmHhiJUfZdoJrhkHeAgWD9SjASuYD13+pD5vWemNA/lE8wi5gRkLLnPKYFUGpnVZJhfkijmzXFjPjJrVt3KgTeJXZAaKtAemT9DL6RxwCRQQbQe2FYETkIUcCrYvDKMNYsInZIxG6RUkoBpJ8kz5/gyVTzshyo9EnCu/t1ISKD1LHDTyYDARK97mfifN4jBv3cSLqMYmKTLID8WGEKctYA9rhgFMUsJoYqnb8V0QhShkHa1kgJ8+rLyiyQa+5EIQWdd2evNbJLudd2+rTceb2rNVtFaGZ2jC3SFbHSHmqiF2qiDKIrRK3pHH8ab8Wl8Gd/L0ZJR7JyhFRiLXyeqpEc=</latexit>

3
<latexit sha1_base64="lRyTDRhgkG+X4g5Rhj5b6wYN7WI=">AAACH3icbVDLSsNAFJ3UV62PRl26GSyCq5JYUZcFN11WsA9oQ5lMJu3QySTM3Ag19EtcCfot7sRtP8WdSZqFbT0wcDjn3jkzx40E12BZC6O0tb2zu1ferxwcHh1XzZPTrg5jRVmHhiJUfZdoJrhkHeAgWD9SjASuYD13+pD5vWemNA/lE8wi5gRkLLnPKYFUGpnVZJhfkijmzXFjPjJrVt3KgTeJXZAaKtAemT9DL6RxwCRQQbQe2FYETkIUcCrYvDKMNYsInZIxG6RUkoBpJ8kz5/gyVTzshyo9EnCu/t1ISKD1LHDTyYDARK97mfifN4jBv3cSLqMYmKTLID8WGEKctYA9rhgFMUsJoYqnb8V0QhShkHa1kgJ8+rLyiyQa+5EIQWdd2evNbJLudd2+rTceb2rNVtFaGZ2jC3SFbHSHmqiF2qiDKIrRK3pHH8ab8Wl8Gd/L0ZJR7JyhFRiLXyeqpEc=</latexit>

3
<latexit sha1_base64="nTyXnybSdkwS5GeIWi9ia6PWVtw=">AAACGHicbVA9SwNBEN2LXzF+RS1tFoNgY7hTUcuATcoI5gOTI+xt9pIlu3vH7pwQj/wLK0F/i53Y2vlT7NwkV5jEBwOP92aYmRfEghtw3W8nt7K6tr6R3yxsbe/s7hX3DxomSjRldRqJSLcCYpjgitWBg2CtWDMiA8GawfB24jcfmTY8UvcwipkvSV/xkFMCVno4w50+kZJ0ebdYcsvuFHiZeBkpoQy1bvGn04toIpkCKogxbc+NwU+JBk4FGxc6iWExoUPSZ21LFZHM+On04jE+sUoPh5G2pQBP1b8TKZHGjGRgOyWBgVn0JuJ/XjuB8MZPuYoTYIrOFoWJwBDhyfu4xzWjIEaWEKq5vRXTAdGEgg1pbgvw4dPcF2ncD2MRgRnbrLzFZJZJ47zsXZUv7i5LlWqWWh4doWN0ijx0jSqoimqojihS6Bm9ojfnxXl3PpzPWWvOyWYO0Rycr1+e8KFf</latexit>��i

<latexit sha1_base64="x1Fsvf65kJZxqLGac11KZvCKSsI=">AAACFHicbVBNSwMxEM36WetX1aOXYBE8lV0V9Vjw0mMF+wFtKdk028Zmk5DMCnXpf/Ak6G/xJl69+1O8mbZ7sK0PBh7vzTAzL9SCW/D9b29ldW19YzO3ld/e2d3bLxwc1q1KDGU1qoQyzZBYJrhkNeAgWFMbRuJQsEY4vJ34jUdmLFfyHkaadWLSlzzilICT6m0YMCDdQtEv+VPgZRJkpIgyVLuFn3ZP0SRmEqgg1rYCX0MnJQY4FWycbyeWaUKHpM9ajkoSM9tJp9eO8alTejhSxpUEPFX/TqQktnYUh64zJjCwi95E/M9rJRDddFIudQJM0tmiKBEYFJ68jnvcMApi5AihhrtbMR0QQyi4gOa2AB8+zX2R6n6khQI7dlkFi8ksk/p5KbgqXdxdFsuVLLUcOkYn6AwF6BqVUQVVUQ1R9ICe0St68168d+/D+5y1rnjZzBGag/f1C1SqoDU=</latexit>

✓



Lightray OPE with transverse spin

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>

transverse	
spin-0	

O
[J]
g̃,� = �

1

2J
Fµ+
a (iD+)J�2F ⌫+

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

helicity		±

transverse	
spin-2	

H.	Chen,	Moult,	HXZ;	C.H.	Chang,	Kologlu,	Kravchuk,	Simmons-Duffin,	Zhiboedov

<latexit sha1_base64="vO9Nugfv62BtqcpUX3oimiRRGeE="></latexit>

E(~n1)E(~n2) ⇠ CqO
J=3
q + CgO

J=3
g + Cg̃O

J=3
g̃ + · · ·

~n1
<latexit sha1_base64="B7+sGjPT0sL1w+PSVjGskhYju7M="></latexit>

~n2
<latexit sha1_base64="jUa9QRXCbMGBnNKk9O8umCydGwU="></latexit>

µ, a
<latexit sha1_base64="tjwboObDgmL7+221efI3zdME44I="></latexit>

⌫, b
<latexit sha1_base64="nMMenWsdX4UfYrFT1h2cK2ZbQNg="></latexit>

~n1
<latexit sha1_base64="B7+sGjPT0sL1w+PSVjGskhYju7M="></latexit>

~n2
<latexit sha1_base64="jUa9QRXCbMGBnNKk9O8umCydGwU="></latexit>

µ, a
<latexit sha1_base64="tjwboObDgmL7+221efI3zdME44I="></latexit>

⌫, b
<latexit sha1_base64="nMMenWsdX4UfYrFT1h2cK2ZbQNg="></latexit>

+ + + -
<latexit sha1_base64="DrqPnd2V9x+5UgbjmOspmXrXcrQ="></latexit>

hAµ
?|E(~n1)E(~n2)|A⌫

?i
<latexit sha1_base64="x1Fsvf65kJZxqLGac11KZvCKSsI=">AAACFHicbVBNSwMxEM36WetX1aOXYBE8lV0V9Vjw0mMF+wFtKdk028Zmk5DMCnXpf/Ak6G/xJl69+1O8mbZ7sK0PBh7vzTAzL9SCW/D9b29ldW19YzO3ld/e2d3bLxwc1q1KDGU1qoQyzZBYJrhkNeAgWFMbRuJQsEY4vJ34jUdmLFfyHkaadWLSlzzilICT6m0YMCDdQtEv+VPgZRJkpIgyVLuFn3ZP0SRmEqgg1rYCX0MnJQY4FWycbyeWaUKHpM9ajkoSM9tJp9eO8alTejhSxpUEPFX/TqQktnYUh64zJjCwi95E/M9rJRDddFIudQJM0tmiKBEYFJ68jnvcMApi5AihhrtbMR0QQyi4gOa2AB8+zX2R6n6khQI7dlkFi8ksk/p5KbgqXdxdFsuVLLUcOkYn6AwF6BqVUQVVUQ1R9ICe0St68168d+/D+5y1rnjZzBGag/f1C1SqoDU=</latexit>

✓
<latexit sha1_base64="x1Fsvf65kJZxqLGac11KZvCKSsI=">AAACFHicbVBNSwMxEM36WetX1aOXYBE8lV0V9Vjw0mMF+wFtKdk028Zmk5DMCnXpf/Ak6G/xJl69+1O8mbZ7sK0PBh7vzTAzL9SCW/D9b29ldW19YzO3ld/e2d3bLxwc1q1KDGU1qoQyzZBYJrhkNeAgWFMbRuJQsEY4vJ34jUdmLFfyHkaadWLSlzzilICT6m0YMCDdQtEv+VPgZRJkpIgyVLuFn3ZP0SRmEqgg1rYCX0MnJQY4FWycbyeWaUKHpM9ajkoSM9tJp9eO8alTejhSxpUEPFX/TqQktnYUh64zJjCwi95E/M9rJRDddFIudQJM0tmiKBEYFJ68jnvcMApi5AihhrtbMR0QQyi4gOa2AB8+zX2R6n6khQI7dlkFi8ksk/p5KbgqXdxdFsuVLLUcOkYn6AwF6BqVUQVVUQ1R9ICe0St68168d+/D+5y1rnjZzBGag/f1C1SqoDU=</latexit>

✓
<latexit sha1_base64="k/FdoznLMpLeAfy/QlDBCasboZ0=">AAACEnicbVDLSgNBEJyNrxhfUY9eBoPgKeyqqMeAlxwjmAckS5idzCZDZmeGmV4hLvkFT4J+izfx6g/4Kd7cTfZgEgsaiqpuursCLbgF1/12CmvrG5tbxe3Szu7e/kH58KhlVWwoa1IllOkExDLBJWsCB8E62jASBYK1g/Fd5rcfmbFcyQeYaOZHZCh5yCmBTOrpEe+XK27VnQGvEi8nFZSj0S//9AaKxhGTQAWxtuu5GvyEGOBUsGmpF1umCR2TIeumVJKIWT+Z3TrFZ6kywKEyaUnAM/XvREIiaydRkHZGBEZ22cvE/7xuDOGtn3CpY2CSzheFscCgcPY4HnDDKIhJSgg1PL0V0xExhEIaz8IW4OOnhS8SPQy1UGCnaVbecjKrpHVR9a6rl/dXlVo9T62ITtApOkceukE1VEcN1EQUjdAzekVvzovz7nw4n/PWgpPPHKMFOF+/o2ufTA==</latexit>

�
<latexit sha1_base64="LpD0NUAzl8S0n4Yj4ARboTzwSbg="></latexit>

Cg ⇠ 1

✓2

Z 1

0
dxxJ�1(Pqg(x) + Pgg(x))

<latexit sha1_base64="wQr95MTFr2TJmWwADZKfOQ5jdfg="></latexit>

Cg̃ ⇠ cos(2�)

✓2

Z 1

0
dxxJ�1(Pqg̃(x) + Pgg̃(x))

<latexit sha1_base64="vZ5IAGc2qTOu3E8Qwm7fyY7R06Y="></latexit>

Pqg̃(x) = �4TRz(1� z)

Pgg̃(x) = �4CAz(1� z)
Transverse modulation can play the role of 
polarizer for gluon!



QCD evolution of transverse spin 2 part
<latexit sha1_base64="LpD0NUAzl8S0n4Yj4ARboTzwSbg="></latexit>

Cg ⇠ 1

✓2

Z 1

0
dxxJ�1(Pqg(x) + Pgg(x))

<latexit sha1_base64="wQr95MTFr2TJmWwADZKfOQ5jdfg="></latexit>

Cg̃ ⇠ cos(2�)

✓2

Z 1

0
dxxJ�1(Pqg̃(x) + Pgg̃(x))

Kme
interference

Would be interesting to how how this kernel is 
connected to shower evolution

H.	Chen,	Moult,	HXZ

<latexit sha1_base64="CsASWol5vKpbXuAFpZz65Zjw5w0="></latexit>0

@
O

J
q

O
J
g

O
J
g̃

1

ARG for 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>



density matrix I: collinear EEEC in squeeze limit

d3⌃i

d✓2Ld✓
2
Sd�

' 1

⇡

⇣↵s

4⇡

⌘2 Sq(0)i (�)

✓2L✓
2
S

+ · · ·
<latexit sha1_base64="uQ4gY3fJyJu66Jf7jWKOqkElSQc="></latexit>

squeezed

limit
✓S

<latexit sha1_base64="ufn+hzAOdPDXnZBiXspdyaLOqUc=">AAACTnicbVDLTsJAFJ3iC/EFunQzkZi4MKRVE10S3bjEKI8ECJkOU5gwnTYzt4Sm4Sfc6ke59UfcGZ2WLgQ8ySQn5947957jhoJrsO1Pq7CxubW9U9wt7e0fHB6VK8ctHUSKsiYNRKA6LtFMcMmawEGwTqgY8V3B2u7kIa23p0xpHsgXiEPW98lIco9TAkbq9GDMgAyeB+WqXbMz4HXi5KSKcjQGFcvuDQMa+UwCFUTrrmOH0E+IAk4Fm5d6kWYhoRMyYl1DJfGZ7ifZwXN8bpQh9gJlngScqX8nEuJrHfuu6fQJjPVqLRX/q3Uj8O76CZdhBEzSxSIvEhgCnLrHQ64YBREbQqji5lZMx0QRCiajpS3p30p7eslJEo5jzemy2B1Oeagzg5dYT0c5mzlObnq2cG0ydlYTXSetq5pzXbt6uqnW7/O0i+gUnaEL5KBbVEePqIGaiCKBXtEberc+rC/r2/pZtBasfOYELaFQ/AUyK7Vn</latexit>

✓L
<latexit sha1_base64="cpjqhvjv7prqc5mBfIlfQqkZYoM=">AAACTnicbVDLSsNAFJ3UV62vVpduBovgQkqigi6Lbly4qGAf0JYymUzaoZNJmLkpLaE/4VY/yq0/4k50mmZhWg8MHM69d+49x40E12Dbn1ZhY3Nre6e4W9rbPzg8KleOWzqMFWVNGopQdVyimeCSNYGDYJ1IMRK4grXd8cOi3p4wpXkoX2AWsX5AhpL7nBIwUqcHIwZk8DQoV+2anQKvEycjVZShMahYds8LaRwwCVQQrbuOHUE/IQo4FWxe6sWaRYSOyZB1DZUkYLqfpAfP8blRPOyHyjwJOFX/TiQk0HoWuKYzIDDSq7WF+F+tG4N/10+4jGJgki4X+bHAEOKFe+xxxSiImSGEKm5uxXREFKFgMsptWfyttK9zTpJoNNOc5sWuN+GRTg1eYj0ZZmzqOJnp6dK1ydhZTXSdtK5qznXt6vmmWr/P0i6iU3SGLpCDblEdPaIGaiKKBHpFb+jd+rC+rG/rZ9lasLKZE5RDofgLJPa1YA==</latexit>

�
<latexit sha1_base64="+AoscaDdbk4EqfBpDHWTJBIRg9E=">AAACWHicbVDLTsJAFL2tDx6+AJduJhITF4a0aKJLohuXmMgjAUKmwxQmTNvJzJRAGv7Erf6Tfo3T0oWAN5nk5NzHmXM8wZnSjvNt2QeHR8eFYql8cnp2flGp1roqiiWhHRLxSPY9rChnIe1opjntC0lx4HHa8+Yvab+3oFKxKHzXK0FHAZ6GzGcEa0ONK5VhdiPxeEzXQzFj40rdaThZoX3g5qAOebXHVcsZTiISBzTUhGOlBq4j9CjBUjPC6bo8jBUVmMzxlA4MDHFA1SjJZNfoxjAT5EfSvFCjjP27keBAqVXgmckA65na7aXkf71BrP2nUcJCEWsako2QH3OkI5TmgCZMUqL5ygBMJDN/RWSGJSbapLWlkt6WyldbThIxWylGtsnBZMGEygzeIbWY5mjpurnp5ca1ydjdTXQfdJsN977RfHuot57ztItwBddwCy48QgteoQ0dILCAD/iEL+vHBrtglzajtpXvXMJW2bVfXyO2fw==</latexit>

z1-z

<latexit sha1_base64="1aMohx9Xk9uiJgUDhi5ic5ripzQ="></latexit>

⇢ =

✓
Spg+!g+g+Sp⇤g+!g+g+ Spg+!g+g+Sp⇤g+!g�g+

Spg+!g�g+Sp⇤g+!g+g+ Spg+!g�g+Sp⇤g+!g�g+

◆

H.	Chen,	Moult,	HXZ



density matrix I: collinear EEEC

Sq(0)q (�) = CFnfTF

✓
39� 20 cos(2�)

225

◆
+ CFCA

✓
273 + 10 cos(2�)

225

◆
+ C2

F
16

5
<latexit sha1_base64="xz3b6Uy1sZO6uuWOcNbWovq+6/M="></latexit>

Sq(0)g (�) = CAnfTF

✓
126� 20 cos(2�)

225

◆
+ C2

A

✓
882 + 10 cos(2�)

225

◆
+ CFnfTF

3

5
<latexit sha1_base64="0wHvr3HxBIevkDgfShiWQ1sICRQ="></latexit>

Large cancellation between boson and fermion

Karlberg, Salam, Scyboz, Verheyen 
see also enhancement using Lund 
plane

H.	Chen,	Moult,	HXZ



density matrix II: Z + jet production
Instead of multi-prong jet substructure, one can also employ the hard 
scattering for generating the spin density matrix. Consider Z+jet: (the 
other process worth considering is 3jet production)

q

q̄

Z

g

b

b̄��

�R

The matrix element for the off-diagonal term non vanishing

H.	Chen,	J.	Gao,	Moult,	HXZ,	in	progress

preliminary 



Outlook

• Quantum supposition of gluon reflected by spin correlation effects. 

• Lightray OPE suitable for analysis of transverse spin structure within jet. 

• EEEC and Z+jet as two examples providing non-trivial spin density matrix.  

• Direct observation challenging, requires enhancement. b-tagging? charge? 

• Interesting theory structure beyond collinear approximation. Connection to 
conformal block.


