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From energy loss to jet 
substructure

• For energy loss calculation we 
only need the soft limit 

✦ Soft divergence of the vacuum vertex


• What about jets?

✦ Emissions from multiple sources

✦ Harder vertices

z ≪ 1
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Formalism
• All particles have a large longitudinal momentum compared to their transverse momenta 

and therefore there is a decoupling between transverse and longitudinal dynamics


• We work in a mixed representation  with momentum coordinates in the transverse 
direction and “time” (+ coordinate) in the longitudinal direction.


• Multiple scatterings resumed through propagators in a background field


• Vacuum vertices


• Background field averaged at the level of the cross section

( p, t)
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In-medium propagator
• Can be formally written in coordinate space in terms of a path integral


• Satisfies the following Schwinger-Dyson type equation


• And convolution relations
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Splitting process
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Double differential cross section

• The locality of the medium averages  
implies that at any given time:

✦ Averages can be factored into regions with constant number of particles

✦ The sum of all momenta in the amplitude is equal to the sum of all 

momenta in the conjugate amplitude

✦ When considering the ensemble of all particles in the amplitude and 

conjugate amplitude, the overall color state is always a singlet

⟨A−(t)A−(t′￼)⟩ ∝ δ(t − t′￼)
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Double differential cross section
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Apolinario, Armesto, Milhano, Salgado 1407.0599

kk2

q2 q

k̄2

k2 + q2 = k̄2 + q̄2 l = (1 − z)k − zq
l̄2 = (1 − z)k̄2 − zq̄2

q̄2

k

q

l2 = (1 − z)k2 − zq2

https://arxiv.org/abs/1209.4585
https://arxiv.org/abs/1407.0599


Double differential cross section

9

k, z

q,1 − z

p0 p1
k1

q1

t1 t2
p̄2

k̄2

q̄2

k2

q2

k, z

q,1 − z

Blaizot, Iancu, FD, Mehtar-Tani 1209.4585 
Apolinario, Armesto, Milhano, Salgado 1407.0599

kk2

q2 q

k̄2

k2 + q2 = k̄2 + q̄2 l = (1 − z)k − zq
l̄2 = (1 − z)k̄2 − zq̄2

q̄2

k

q

l2 = (1 − z)k2 − zq2

<latexit sha1_base64="alei9STea95OUXZwMeHLTfHIw0E="></latexit>

S(4)(l, L; l2, l̄2, t2;k + q � k2 � q2, z)

Average depends on and l, l2, l̄2, k + q − k2 − q2

https://arxiv.org/abs/1209.4585
https://arxiv.org/abs/1407.0599
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k, z

q,1 − z

p0 p1 l1

t1 t2
p̄2

l̄2

l2

Blaizot, Iancu, FD, Mehtar-Tani 1209.4585 
Apolinario, Armesto, Milhano, Salgado 1407.0599

k, z

q,1 − z

<latexit sha1_base64="K1s+NQcElkfFdLMjKoouXkESP4k="></latexit>

d�

d⌦kd⌦q
=

g2

z(1� z)E2
Pa!bc(z) 2Re

Z

p0p1p̄2l1l2 l̄2

Z 1

t0

dt1

Z 1

t1

dt2(l1 · l̄2)

⇥ S(4)((1� z)k � zq, L; l2, l̄2, t2;k + q � p̄2, z)

⇥K(3)(l2, t2; l1, t1; p̄2 � p1, z)PRa(p1 � p0; t1, t0)
d�hard

d⌦p0

https://arxiv.org/abs/1209.4585
https://arxiv.org/abs/1407.0599


Soft limit

11

k, z

q,1 − z

p0 l = (1 − z)k − zq

 with  finitez → 0 ω = zE
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q,1 − z
p0 l = (1 − z)k − zq ≈ k

Angle of emission depends 
only on transverse momentum 
of the soft particle

Initial and final broadening of 
the hard particle cancels out

 with  finitez → 0 ω = zE



Soft limit
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k, z

q,1 − z
p0 l = (1 − z)k − zq ≈ k

Angle of emission depends 
only on transverse momentum 
of the soft particle

Initial and final broadening of 
the hard particle cancels out

 with  finitez → 0 ω = zE
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<latexit sha1_base64="pRgaMh6HUNB3k/CfC6byO6bGsxo=">AAAB/XicbVA7T8MwGHR4lvIKj43FokJiqhJUAWMFC2OR6ENqoshxnNaqYwfbQSpRxV9hYQAhVv4HG/8Gp80ALSdZPt19n3y+MGVUacf5tpaWV1bX1isb1c2t7Z1de2+/o0QmMWljwYTshUgRRjlpa6oZ6aWSoCRkpBuOrgu/+0CkooLf6XFK/AQNOI0pRtpIgX3oUa6D3AsFi9Q4MRe8nwR2zak7U8BF4pakBkq0AvvLiwTOEsI1Zkipvuuk2s+R1BQzMql6mSIpwiM0IH1DOUqI8vNp+gk8MUoEYyHN4RpO1d8bOUpUEc1MJkgP1bxXiP95/UzHl35OeZppwvHsoThjUAtYVAEjKgnWbGwIwpKarBAPkURYm8KqpgR3/suLpHNWd8/rjdtGrXlV1lEBR+AYnAIXXIAmuAEt0AYYPIJn8ArerCfrxXq3PmajS1a5cwD+wPr8AQw1lZ4=</latexit>Z
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<latexit sha1_base64="pRgaMh6HUNB3k/CfC6byO6bGsxo=">AAAB/XicbVA7T8MwGHR4lvIKj43FokJiqhJUAWMFC2OR6ENqoshxnNaqYwfbQSpRxV9hYQAhVv4HG/8Gp80ALSdZPt19n3y+MGVUacf5tpaWV1bX1isb1c2t7Z1de2+/o0QmMWljwYTshUgRRjlpa6oZ6aWSoCRkpBuOrgu/+0CkooLf6XFK/AQNOI0pRtpIgX3oUa6D3AsFi9Q4MRe8nwR2zak7U8BF4pakBkq0AvvLiwTOEsI1Zkipvuuk2s+R1BQzMql6mSIpwiM0IH1DOUqI8vNp+gk8MUoEYyHN4RpO1d8bOUpUEc1MJkgP1bxXiP95/UzHl35OeZppwvHsoThjUAtYVAEjKgnWbGwIwpKarBAPkURYm8KqpgR3/suLpHNWd8/rjdtGrXlV1lEBR+AYnAIXXIAmuAEt0AYYPIJn8ArerCfrxXq3PmajS1a5cwD+wPr8AQw1lZ4=</latexit>Z

q

<latexit sha1_base64="b6DS+/pQXIXBSnSRe+WZZnhbzNc="></latexit>Z

q
G†
Rc

(q̄2, t2; q, L; (1� z)E)GRc(q, L; q2, t2; (1� z)E) = (2⇡)2�(2)(q2 � q̄2)
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k
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k

<latexit sha1_base64="b6DS+/pQXIXBSnSRe+WZZnhbzNc="></latexit>Z

q
G†
Rc

(q̄2, t2; q, L; (1� z)E)GRc(q, L; q2, t2; (1� z)E) = (2⇡)2�(2)(q2 � q̄2)
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<latexit sha1_base64="pRgaMh6HUNB3k/CfC6byO6bGsxo=">AAAB/XicbVA7T8MwGHR4lvIKj43FokJiqhJUAWMFC2OR6ENqoshxnNaqYwfbQSpRxV9hYQAhVv4HG/8Gp80ALSdZPt19n3y+MGVUacf5tpaWV1bX1isb1c2t7Z1de2+/o0QmMWljwYTshUgRRjlpa6oZ6aWSoCRkpBuOrgu/+0CkooLf6XFK/AQNOI0pRtpIgX3oUa6D3AsFi9Q4MRe8nwR2zak7U8BF4pakBkq0AvvLiwTOEsI1Zkipvuuk2s+R1BQzMql6mSIpwiM0IH1DOUqI8vNp+gk8MUoEYyHN4RpO1d8bOUpUEc1MJkgP1bxXiP95/UzHl35OeZppwvHsoThjUAtYVAEjKgnWbGwIwpKarBAPkURYm8KqpgR3/suLpHNWd8/rjdtGrXlV1lEBR+AYnAIXXIAmuAEt0AYYPIJn8ArerCfrxXq3PmajS1a5cwD+wPr8AQw1lZ4=</latexit>Z
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k

p0
k

<latexit sha1_base64="b6DS+/pQXIXBSnSRe+WZZnhbzNc="></latexit>Z

q
G†
Rc

(q̄2, t2; q, L; (1� z)E)GRc(q, L; q2, t2; (1� z)E) = (2⇡)2�(2)(q2 � q̄2)

Not very useful,  does not 
provide information about the 

splitting
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<latexit sha1_base64="pRgaMh6HUNB3k/CfC6byO6bGsxo=">AAAB/XicbVA7T8MwGHR4lvIKj43FokJiqhJUAWMFC2OR6ENqoshxnNaqYwfbQSpRxV9hYQAhVv4HG/8Gp80ALSdZPt19n3y+MGVUacf5tpaWV1bX1isb1c2t7Z1de2+/o0QmMWljwYTshUgRRjlpa6oZ6aWSoCRkpBuOrgu/+0CkooLf6XFK/AQNOI0pRtpIgX3oUa6D3AsFi9Q4MRe8nwR2zak7U8BF4pakBkq0AvvLiwTOEsI1Zkipvuuk2s+R1BQzMql6mSIpwiM0IH1DOUqI8vNp+gk8MUoEYyHN4RpO1d8bOUpUEc1MJkgP1bxXiP95/UzHl35OeZppwvHsoThjUAtYVAEjKgnWbGwIwpKarBAPkURYm8KqpgR3/suLpHNWd8/rjdtGrXlV1lEBR+AYnAIXXIAmuAEt0AYYPIJn8ArerCfrxXq3PmajS1a5cwD+wPr8AQw1lZ4=</latexit>Z
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k

<latexit sha1_base64="b6DS+/pQXIXBSnSRe+WZZnhbzNc="></latexit>Z

q
G†
Rc
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<latexit sha1_base64="FXaILWED/zfw28EcwUvUfgVCxMc=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWJiVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGOWko6lmpJ9KgpKQkV44vin83gORigp+rycp8RM05DSmGGkjBfaRR7kOci8ULFKTxFxwPA3sutNwZoDLxC1JHZRoB/aXFwmcJYRrzJBSA9dJtZ8jqSlmZFrzMkVShMdoSAaGcpQQ5eez9FN4apQIxkKawzWcqb83cpSoIpqZTJAeqUWvEP/zBpmOr/yc8jTThOP5Q3HGoBawqAJGVBKs2cQQhCU1WSEeIYmwNoXVTAnu4peXSfe84V40mnfNeuu6rKMKjsEJOAMuuAQtcAvaoAMweATP4BW8WU/Wi/VufcxHK1a5cwj+wPr8AQMXlZg=</latexit>Z

k

<latexit sha1_base64="FXaILWED/zfw28EcwUvUfgVCxMc=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWJiVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGOWko6lmpJ9KgpKQkV44vin83gORigp+rycp8RM05DSmGGkjBfaRR7kOci8ULFKTxFxwPA3sutNwZoDLxC1JHZRoB/aXFwmcJYRrzJBSA9dJtZ8jqSlmZFrzMkVShMdoSAaGcpQQ5eez9FN4apQIxkKawzWcqb83cpSoIpqZTJAeqUWvEP/zBpmOr/yc8jTThOP5Q3HGoBawqAJGVBKs2cQQhCU1WSEeIYmwNoXVTAnu4peXSfe84V40mnfNeuu6rKMKjsEJOAMuuAQtcAvaoAMweATP4BW8WU/Wi/VufcxHK1a5cwj+wPr8AQMXlZg=</latexit>Z
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<latexit sha1_base64="pRgaMh6HUNB3k/CfC6byO6bGsxo=">AAAB/XicbVA7T8MwGHR4lvIKj43FokJiqhJUAWMFC2OR6ENqoshxnNaqYwfbQSpRxV9hYQAhVv4HG/8Gp80ALSdZPt19n3y+MGVUacf5tpaWV1bX1isb1c2t7Z1de2+/o0QmMWljwYTshUgRRjlpa6oZ6aWSoCRkpBuOrgu/+0CkooLf6XFK/AQNOI0pRtpIgX3oUa6D3AsFi9Q4MRe8nwR2zak7U8BF4pakBkq0AvvLiwTOEsI1Zkipvuuk2s+R1BQzMql6mSIpwiM0IH1DOUqI8vNp+gk8MUoEYyHN4RpO1d8bOUpUEc1MJkgP1bxXiP95/UzHl35OeZppwvHsoThjUAtYVAEjKgnWbGwIwpKarBAPkURYm8KqpgR3/suLpHNWd8/rjdtGrXlV1lEBR+AYnAIXXIAmuAEt0AYYPIJn8ArerCfrxXq3PmajS1a5cwD+wPr8AQw1lZ4=</latexit>Z
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k

<latexit sha1_base64="b6DS+/pQXIXBSnSRe+WZZnhbzNc="></latexit>Z

q
G†
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<latexit sha1_base64="FXaILWED/zfw28EcwUvUfgVCxMc=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWJiVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGOWko6lmpJ9KgpKQkV44vin83gORigp+rycp8RM05DSmGGkjBfaRR7kOci8ULFKTxFxwPA3sutNwZoDLxC1JHZRoB/aXFwmcJYRrzJBSA9dJtZ8jqSlmZFrzMkVShMdoSAaGcpQQ5eez9FN4apQIxkKawzWcqb83cpSoIpqZTJAeqUWvEP/zBpmOr/yc8jTThOP5Q3HGoBawqAJGVBKs2cQQhCU1WSEeIYmwNoXVTAnu4peXSfe84V40mnfNeuu6rKMKjsEJOAMuuAQtcAvaoAMweATP4BW8WU/Wi/VufcxHK1a5cwj+wPr8AQMXlZg=</latexit>Z

k

<latexit sha1_base64="FXaILWED/zfw28EcwUvUfgVCxMc=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWJiVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGOWko6lmpJ9KgpKQkV44vin83gORigp+rycp8RM05DSmGGkjBfaRR7kOci8ULFKTxFxwPA3sutNwZoDLxC1JHZRoB/aXFwmcJYRrzJBSA9dJtZ8jqSlmZFrzMkVShMdoSAaGcpQQ5eez9FN4apQIxkKawzWcqb83cpSoIpqZTJAeqUWvEP/zBpmOr/yc8jTThOP5Q3HGoBawqAJGVBKs2cQQhCU1WSEeIYmwNoXVTAnu4peXSfe84V40mnfNeuu6rKMKjsEJOAMuuAQtcAvaoAMweATP4BW8WU/Wi/VufcxHK1a5cwj+wPr8AQMXlZg=</latexit>Z
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<latexit sha1_base64="FXaILWED/zfw28EcwUvUfgVCxMc=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWJiVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGOWko6lmpJ9KgpKQkV44vin83gORigp+rycp8RM05DSmGGkjBfaRR7kOci8ULFKTxFxwPA3sutNwZoDLxC1JHZRoB/aXFwmcJYRrzJBSA9dJtZ8jqSlmZFrzMkVShMdoSAaGcpQQ5eez9FN4apQIxkKawzWcqb83cpSoIpqZTJAeqUWvEP/zBpmOr/yc8jTThOP5Q3HGoBawqAJGVBKs2cQQhCU1WSEeIYmwNoXVTAnu4peXSfe84V40mnfNeuu6rKMKjsEJOAMuuAQtcAvaoAMweATP4BW8WU/Wi/VufcxHK1a5cwj+wPr8AQMXlZg=</latexit>Z

k

<latexit sha1_base64="FXaILWED/zfw28EcwUvUfgVCxMc=">AAAB/XicbVDNS8MwHE3n15xf9ePmJTgET6OVoR6HXjxOcB+wlpKm6RaWJiVJhVmG/4oXD4p49f/w5n9juvWgmw9CHu/9fuTlhSmjSjvOt1VZWV1b36hu1ra2d3b37P2DrhKZxKSDBROyHyJFGOWko6lmpJ9KgpKQkV44vin83gORigp+rycp8RM05DSmGGkjBfaRR7kOci8ULFKTxFxwPA3sutNwZoDLxC1JHZRoB/aXFwmcJYRrzJBSA9dJtZ8jqSlmZFrzMkVShMdoSAaGcpQQ5eez9FN4apQIxkKawzWcqb83cpSoIpqZTJAeqUWvEP/zBpmOr/yc8jTThOP5Q3HGoBawqAJGVBKs2cQQhCU1WSEeIYmwNoXVTAnu4peXSfe84V40mnfNeuu6rKMKjsEJOAMuuAQtcAvaoAMweATP4BW8WU/Wi/VufcxHK1a5cwj+wPr8AQMXlZg=</latexit>Z

k

=
Gives the energy spectrum  where all 

transverse information has been lost
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None of these simplifications allows us to keep track of the splitting 
angle while reducing the complexity of the calculation 
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One can go one step further and integrate the angle of , since we 
only care about its magnitude 

l



Lund plane with tilted Wilson 
lines

• In the hard splitting case, one can simplify the structure of the in-medium propagators 
using the so-called “tilted Wilson lines” where the particles are assumed to go on 
straight lines


• Results in the harmonic approximation

15

γ → qq̄

FD, Milhano, Salgado, Tywoniuk, Vila 1907.03653 Isaksen, Tywoniuk 2107.02542

https://arxiv.org/abs/1907.03653
https://arxiv.org/abs/2107.02542


Calculating medium averages

• Use integral equation for the in-medium propagator


• Take averages by pairing explicit insertions of the background 
field


• Take advantage os momentum conservation and color 
conservation (always an overall color singlet state)
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Average of two propagators
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+δ(2)(k2 − k1 − q′￼)δ(2)(q2 − q1)δ(2)( p̄2 − p̄1 − q′￼)

Color is trivial!

+δ(2)(k2 − k1)δ(2)(q2 − q1 − q′￼)δ(2)( p̄2 − p̄1 − q′￼)]

z

1 − z



σ(q′￼)[−δ(2)(l2 − l1 − q′￼) + δ(2)(l2 − l1 − (1 − z)q′￼) + δ(2)(l2 − l1 + zq′￼)]

Average of three propagators
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σ(q′￼)[−δ(2)(l2 − l1 − q′￼) + δ(2)(l2 − l1 − (1 − z)q′￼) + δ(2)(l2 − l1 + zq′￼)]

Average of three propagators
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q1 q2

p̄1 p̄2
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k2
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2zE
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q2
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2(1 − z)E
+ i

p̄2
2

2E
= − i

((1 − z)k2 − zq2)2

2z(1 − z)E
= − i

l2
2

2z(1 − z)E

Interaction:
<latexit sha1_base64="UyWWtscEdMGmjyjdsJkk9OgHRW4="></latexit>

K̃(3)(l2, t2; l1, t1; z) = (2⇡)2�(2)(l2 � l1)e
�i

l22
2z(1�z)E (t2�t1)

� 1

2

Z t2

t1

ds n(s) e�i
l22

2z(1�z)E (t2�s)
Z

l0
�(3)(l2 � l0; z)K̃(3)(l0, s; l1, t1; z)

<latexit sha1_base64="fICLNpdacd4rabJhIiXaQqEJm9w="></latexit>

�(3)(q; z) =
1

2Nc


(Cb + Cc � Ca)�(q) + (Ca + Cb � Cc)

1

(1� z)2
�

✓
q

(1� z)

◆
� (Ca + Cc � Cb)

1

z2
�
⇣q
z

⌘�

Color is trivial!

z

1 − z



σ(q′￼)[−δ(2)(l2 − l1 − q′￼) + δ(2)(l2 − l1 − (1 − z)q′￼) + δ(2)(l2 − l1 + zq′￼)]

Average of three propagators
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= + +
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q1 q2

p̄1 p̄2

−i
k2

2

2zE
− i

q2
2

2(1 − z)E
+ i

p̄2
2

2E
= − i

((1 − z)k2 − zq2)2

2z(1 − z)E
= − i

l2
2

2z(1 − z)E

Interaction:

<latexit sha1_base64="fICLNpdacd4rabJhIiXaQqEJm9w="></latexit>

�(3)(q; z) =
1

2Nc


(Cb + Cc � Ca)�(q) + (Ca + Cb � Cc)

1

(1� z)2
�

✓
q

(1� z)

◆
� (Ca + Cc � Cb)

1

z2
�
⇣q
z

⌘�

<latexit sha1_base64="xPb0EU7zNkZDycLTjteixawCaJM="></latexit>

@t2K̃(3)(l2, t2; l1, t1; z) = �i
l22

2z(1� z)E
K̃(3)(l2, t2; l1, t1; z)

� n(t2)

Z

l0
�(3)(l2 � l0; z)K̃(3)(l0, t2; l1, t1; z)

Color is trivial!

z

1 − z



Average of four propagators

• There are several overall singlets for all cases

✦ For  there are 2 singlets.       


✦ For  there are 3 singlets.       


✦ For  there are 8 singlets.       


• One most define an orthonormal basis for the singlet space, project all 
averages into that basis, and then calculate all possible transitions

qq̄ 3 ⊗ 3̄ ⊗ 3 ⊗ 3̄ = 1 ⊕ 1 ⊕ 8 ⊕ …
qg 3 ⊗ 8 ⊗ 3̄ ⊗ 8 = 1 ⊕ 1 ⊕ 1 ⊕ 8 ⊕ …
gg 8 ⊗ 8 ⊗ 8 ⊗ 8 = …
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= + +

k1 k2

q1 q2

k̄1 k̄2

Color is NOT trivial!

q̄1 q̄2

+ + +

z

z

1 − z

1 − z



Average of four propagators
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1
2

(ki + qi + k̄i + q̄i)
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l̄i = (1 − z)k̄i − zq̄i

Δpi = ki + qi − k̄i − q̄i Pi =
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(ki + qi + k̄i + q̄i)

We always take  and integrate over Δpi = 0 Pi



Average of four propagators
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k1 k2

q1 q2

k̄1 k̄2

q̄1 q̄2

z

z

1 − z

1 − z

li = (1 − z)ki − zqi

Remember change of variables
l̄i = (1 − z)k̄i − zq̄i

Δpi = ki + qi − k̄i − q̄i Pi =
1
2

(ki + qi + k̄i + q̄i)

We always take  and integrate over Δpi = 0 Pi

<latexit sha1_base64="1DurU2/gXILxYdkKGGdrYhuBK74="></latexit>D
GRb(k2;k1; zE)⌦ GRc(q2; q1; (1� z)E)⌦ G†

Rb
(k̄1; k̄2; zE)⌦ G†

Rc
(q̄1; q̄1; (1� z)E)

E���
(t2,t1)

<latexit sha1_base64="ZClnBrDumaQApOOkVonKh0qpdaU="></latexit>

S(l2, l̄2, t2; l1, l̄1, t1; z)



Average of four propagators
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k1 k2

q1 q2

k̄1 k̄2

q̄1 q̄2

z

z

1 − z

1 − z

li = (1 − z)ki − zqi

Remember change of variables
l̄i = (1 − z)k̄i − zq̄i

Δpi = ki + qi − k̄i − q̄i Pi =
1
2

(ki + qi + k̄i + q̄i)

We always take  and integrate over Δpi = 0 Pi

<latexit sha1_base64="1DurU2/gXILxYdkKGGdrYhuBK74="></latexit>D
GRb(k2;k1; zE)⌦ GRc(q2; q1; (1� z)E)⌦ G†

Rb
(k̄1; k̄2; zE)⌦ G†

Rc
(q̄1; q̄1; (1� z)E)

E���
(t2,t1)

<latexit sha1_base64="ZClnBrDumaQApOOkVonKh0qpdaU="></latexit>

S(l2, l̄2, t2; l1, l̄1, t1; z)

Defining  as an orthonormal basis for the singlet space, take|si⟩
<latexit sha1_base64="1R50576oZnSPTDmr+0bm56U/i1w=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6kYounFZ0T6gCWEynbTTTiZhZiKUtN/hxl9x40IRd+LGv3GaBtTWAxcO59zLvff4MaNSWdaXUVhaXlldK66XNja3tnfM3b2mjBKBSQNHLBJtH0nCKCcNRRUj7VgQFPqMtPzh1dRv3RMhacTv1Cgmboh6nAYUI6Ulz7SdEKm+DNLbiZfSweTCYYj3GIHSo+Mfbyy9gSMyxzPLVsXKABeJnZMyyFH3zA+nG+EkJFxhhqTs2Fas3BQJRTEjk5KTSBIjPEQ90tGUo5BIN81em8AjrXRhEAldXMFM/T2RolDKUejrzuzYeW8q/ud1EhWcuynlcaIIx7NFQcKgiuA0J9ilgmDFRpogLKi+FeI+EggrnWZJh2DPv7xImicV+7RSvamWa5d5HEVwAA7BMbDBGaiBa1AHDYDBA3gCL+DVeDSejTfjfdZaMPKZffAHxuc3tj2ijA==</latexit>

Sij = hsi|S|sji
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k1 k2

q1 q2

k̄1 k̄2

q̄1 q̄2

z

z

1 − z

1 − z

li = (1 − z)ki − zqi

Remember change of variables
l̄i = (1 − z)k̄i − zq̄i

Δpi = ki + qi − k̄i − q̄i Pi =
1
2

(ki + qi + k̄i + q̄i)

We always take  and integrate over Δpi = 0 Pi

<latexit sha1_base64="1DurU2/gXILxYdkKGGdrYhuBK74="></latexit>D
GRb(k2;k1; zE)⌦ GRc(q2; q1; (1� z)E)⌦ G†

Rb
(k̄1; k̄2; zE)⌦ G†

Rc
(q̄1; q̄1; (1� z)E)

E���
(t2,t1)

<latexit sha1_base64="ZClnBrDumaQApOOkVonKh0qpdaU="></latexit>

S(l2, l̄2, t2; l1, l̄1, t1; z)

Defining  as an orthonormal basis for the singlet space, take|si⟩
<latexit sha1_base64="1R50576oZnSPTDmr+0bm56U/i1w=">AAACGnicbVDLSsNAFJ3UV62vqEs3g0VwVRIp6kYounFZ0T6gCWEynbTTTiZhZiKUtN/hxl9x40IRd+LGv3GaBtTWAxcO59zLvff4MaNSWdaXUVhaXlldK66XNja3tnfM3b2mjBKBSQNHLBJtH0nCKCcNRRUj7VgQFPqMtPzh1dRv3RMhacTv1Cgmboh6nAYUI6Ulz7SdEKm+DNLbiZfSweTCYYj3GIHSo+Mfbyy9gSMyxzPLVsXKABeJnZMyyFH3zA+nG+EkJFxhhqTs2Fas3BQJRTEjk5KTSBIjPEQ90tGUo5BIN81em8AjrXRhEAldXMFM/T2RolDKUejrzuzYeW8q/ud1EhWcuynlcaIIx7NFQcKgiuA0J9ilgmDFRpogLKi+FeI+EggrnWZJh2DPv7xImicV+7RSvamWa5d5HEVwAA7BMbDBGaiBa1AHDYDBA3gCL+DVeDSejTfjfdZaMPKZffAHxuc3tj2ijA==</latexit>

Sij = hsi|S|sji
<latexit sha1_base64="I9dX+P+9lNfsQRTDSDUBq+4GGS8="></latexit>

@t1Sij(l2, l̄2, t2; l1, l̄1, t1; z) =
i
⇣
l21 � l̄

2
1

⌘

2z(1� z)E
Sij(l2, l̄2, t2; l1, l̄1, t1; z)

�
Z

l01 ,̄l
0
1

Sik(l2, l̄2, t2; l
0
1, l̄

0
1, t1; z)Tkj(l

0
1, l̄

0
1; l1, l̄1; t1)



Average of four propagators
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k, z

q,1 − z

p0

p1
k1

q1

t1 t2
p̄2

k̄2

q̄2

k2

q2

k, z

q,1 − z

<latexit sha1_base64="iuQlzuDlm2Mp36Z+xtYEZyU3BbA="></latexit>

S̃(4)(l, L; l2, l̄2, t2; z) = cjS1j(l, l, L; l2, l̄2, t2; z)



Summary

• Double differential cross sections can be simplified to 
calculable objects which still capture the dynamics of the 
splitting


• Calculating the Lund plane for in medium splitting reduced to 
solving a set of coupled first order differential equations


• Very demanding in terms of computational resources. We are 
currently working on making the code more efficient


• Full calculation will provide the building block for jet 
substructure studies
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Thank you!
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