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• Colliding two heavy nuclei creates quark-gluon plasma

• Jet must go through the medium (QGP) to reach the detector
• Medium interacts with jet and modifies it

• This is called jet quenching

[C. Andres (2022)]
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• To calculate many emissions we need to be able to calculate just one emission!
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Medium propagator

NICE
EASY
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Aa



Johannes Hamre Isaksen Precise description of medium-induced emissions

Vacuum propagator

Calculating jet quenching

4

Medium propagator

NICE
EASY

<latexit sha1_base64="+OrGfHi4B+xmPE77wUt270dRdRc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeoF48RzQOSNcxOepMhs7PLzKwQlnyCFw+KePWLvPk3Th4HTSxoKKq66e4KEsG1cd1vJ7e0vLK6ll8vbGxube8Ud/fqOk4VwxqLRayaAdUouMSa4UZgM1FIo0BgIxjcjP3GEyrNY/lghgn6Ee1JHnJGjZXurx5pp1hyy+4EZJF4M1KCGaqd4le7G7M0QmmYoFq3PDcxfkaV4UzgqNBONSaUDWgPW5ZKGqH2s8mpI3JklS4JY2VLGjJRf09kNNJ6GAW2M6Kmr+e9sfif10pNeOlnXCapQcmmi8JUEBOT8d+kyxUyI4aWUKa4vZWwPlWUGZtOwYbgzb+8SOonZe+8fHp3Vqpcz+LIwwEcwjF4cAEVuIUq1IBBD57hFd4c4bw4787HtDXnzGb24Q+czx8BvY2g</latexit>

Aa



Johannes Hamre Isaksen Precise description of medium-induced emissions

Vacuum propagator

Calculating jet quenching

4

Medium propagator

NICE
EASY

<latexit sha1_base64="+OrGfHi4B+xmPE77wUt270dRdRc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeoF48RzQOSNcxOepMhs7PLzKwQlnyCFw+KePWLvPk3Th4HTSxoKKq66e4KEsG1cd1vJ7e0vLK6ll8vbGxube8Ud/fqOk4VwxqLRayaAdUouMSa4UZgM1FIo0BgIxjcjP3GEyrNY/lghgn6Ee1JHnJGjZXurx5pp1hyy+4EZJF4M1KCGaqd4le7G7M0QmmYoFq3PDcxfkaV4UzgqNBONSaUDWgPW5ZKGqH2s8mpI3JklS4JY2VLGjJRf09kNNJ6GAW2M6Kmr+e9sfif10pNeOlnXCapQcmmi8JUEBOT8d+kyxUyI4aWUKa4vZWwPlWUGZtOwYbgzb+8SOonZe+8fHp3Vqpcz+LIwwEcwjF4cAEVuIUq1IBBD57hFd4c4bw4787HtDXnzGb24Q+czx8BvY2g</latexit>

Aa



Johannes Hamre Isaksen Precise description of medium-induced emissions

Vacuum propagator

Calculating jet quenching

4

Medium propagator

NICE
EASY Color rotation leads to: 

Wilson line

Varying path leads to 
path integral<latexit sha1_base64="+OrGfHi4B+xmPE77wUt270dRdRc=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMeoF48RzQOSNcxOepMhs7PLzKwQlnyCFw+KePWLvPk3Th4HTSxoKKq66e4KEsG1cd1vJ7e0vLK6ll8vbGxube8Ud/fqOk4VwxqLRayaAdUouMSa4UZgM1FIo0BgIxjcjP3GEyrNY/lghgn6Ee1JHnJGjZXurx5pp1hyy+4EZJF4M1KCGaqd4le7G7M0QmmYoFq3PDcxfkaV4UzgqNBONSaUDWgPW5ZKGqH2s8mpI3JklS4JY2VLGjJRf09kNNJ6GAW2M6Kmr+e9sfif10pNeOlnXCapQcmmi8JUEBOT8d+kyxUyI4aWUKa4vZWwPlWUGZtOwYbgzb+8SOonZe+8fHp3Vqpcz+LIwwEcwjF4cAEVuIUq1IBBD57hFd4c4bw4787HtDXnzGb24Q+czx8BvY2g</latexit>

Aa



Johannes Hamre Isaksen Precise description of medium-induced emissions

Vacuum propagator

Calculating jet quenching

4

Medium propagator

NICE
EASY

NOT NICE
NOT EASY

Color rotation leads to: 
Wilson line

Varying path leads to 
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• This is not nice. Let’s break it down
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<latexit sha1_base64="UgLHzPwgdhFI3nHU6cfflvIRt9A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/a8XrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6r5/cXldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAINI2k</latexit>
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• This is not nice. Let’s break it down

• Splitting kernel:
- The splitting process itself

Can solve 
analytically J

<latexit sha1_base64="LlxcJX4OweiygWgFv/aV6hxcO8Q=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegCB4TMA9IljA76SRjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBZcG9f9dnIrq2vrG/nNwtb2zu5ecf+goaNEMayzSESqFVCNgkusG24EtmKFNAwENoPR7dRvPqHSPJIPZhyjH9KB5H3OqLFS7a5bLLlldwayTLyMlCBDtVv86vQiloQoDRNU67bnxsZPqTKcCZwUOonGmLIRHWDbUklD1H46O3RCTqzSI/1I2ZKGzNTfEykNtR6Hge0MqRnqRW8q/ue1E9O/9lMu48SgZPNF/UQQE5Hp16THFTIjxpZQpri9lbAhVZQZm03BhuAtvrxMGmdl77J8XrsoVW6yOPJwBMdwCh5cQQXuoQp1YIDwDK/w5jw6L8678zFvzTnZzCH8gfP5A5uJjNE=</latexit>

E

<latexit sha1_base64="Bq+y0MD3PpFLGK+wIl4ZbDLWbhI=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqMegCB6jmAckIcxOepMhs7PLzKwQl/yBFw+KePWPvPk3TpI9aGJBQ1HVTXeXHwuujet+O7ml5ZXVtfx6YWNza3unuLtX11GiGNZYJCLV9KlGwSXWDDcCm7FCGvoCG/7weuI3HlFpHskHM4qxE9K+5AFn1Fjp/ummWyy5ZXcKski8jJQgQ7Vb/Gr3IpaEKA0TVOuW58amk1JlOBM4LrQTjTFlQ9rHlqWShqg76fTSMTmySo8EkbIlDZmqvydSGmo9Cn3bGVIz0PPeRPzPayUmuOykXMaJQclmi4JEEBORydukxxUyI0aWUKa4vZWwAVWUGRtOwYbgzb+8SOonZe+8fHp3VqpcZXHk4QAO4Rg8uIAK3EIVasAggGd4hTdn6Lw4787HrDXnZDP78AfO5w953o1V</latexit>

zE

<latexit sha1_base64="UgLHzPwgdhFI3nHU6cfflvIRt9A=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GPRi8eK9gPaUDbbTbt0swm7E6GE/gQvHhTx6i/y5r9x2+agrQ8GHu/NMDMvSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSA/a8XrniVt0ZyDLxclKBHPVe+avbj1kacYVMUmM6npugn1GNgkk+KXVTwxPKRnTAO5YqGnHjZ7NTJ+TEKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOmUbAje4svLpHlW9S6r5/cXldpNHkcRjuAYTsGDK6jBHdShAQwG8Ayv8OZI58V5dz7mrQUnnzmEP3A+fwAINI2k</latexit>

t1
<latexit sha1_base64="j9ebr9sZ/dcxq6WnsP4YZFzrOvY=">AAAB6nicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGi/YA2lM120y7dbMLuRCihP8GLB0W8+ou8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpAXvVXqnsVtwZyDLxclKGHPVe6avbj1kacYVMUmM6npugn1GNgkk+KXZTwxPKRnTAO5YqGnHjZ7NTJ+TUKn0SxtqWQjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvuZUEmKXLH5ojCVBGMy/Zv0heYM5dgSyrSwtxI2pJoytOkUbQje4svLpFmteJeV8/uLcu0mj6MAx3ACZ+DBFdTgDurQAAYDeIZXeHOk8+K8Ox/z1hUnnzmCP3A+fwAJuI2l</latexit>

t2

<latexit sha1_base64="4xcHF2TYRWoxqnGmvatS963AmMI=">AAAB9XicbVC7TsMwFL3hWcqrwMhiUSExVQkgYKxgYSwSfUhtqBzHaa06dmQ7oCrqf7AwgBAr/8LG3+C0GaDlSJaPzrlXPj5Bwpk2rvvtLC2vrK6tlzbKm1vbO7uVvf2WlqkitEkkl6oTYE05E7RpmOG0kyiK44DTdjC6yf32I1WaSXFvxgn1YzwQLGIEGys99ALJQz2O7ZUlk36l6tbcKdAi8QpShQKNfuWrF0qSxlQYwrHWXc9NjJ9hZRjhdFLupZommIzwgHYtFTim2s+mqSfo2CohiqSyRxg0VX9vZDjWeTQ7GWMz1PNeLv7ndVMTXfkZE0lqqCCzh6KUIyNRXgEKmaLE8LElmChmsyIyxAoTY4sq2xK8+S8vktZpzbuond2dV+vXRR0lOIQjOAEPLqEOt9CAJhBQ8Ayv8OY8OS/Ou/MxG11yip0D+APn8wdJwJMJ</latexit>p



Johannes Hamre Isaksen Precise description of medium-induced emissions

Medium-induced emissions
The spectrum of induced emissions:

5

• This is not nice. Let’s break it down

• Splitting kernel:
- The splitting process itself

• Quadrupole:
- The evolution of the two partons after the splitting
- Coherence à decoherence

Can solve 
analytically J
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Medium-induced emissions
The spectrum of induced emissions:

5

• This is not nice. Let’s break it down

• Splitting kernel:
- The splitting process itself

• Quadrupole:
- The evolution of the two partons after the splitting
- Coherence à decoherence

Can solve 
analytically J

Cannot solve 
analytically L
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Plan
1. Calculate full emission spectrum numerically
2. Calculate emission spectrum using large-Nc approximation
3. Calculate emission spectrum using eikonal approximation
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The quadrupole
• The quadrupole is a path integral of four Wilson lines
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Johannes Hamre Isaksen Precise description of medium-induced emissions

The quadrupole
• The quadrupole is a path integral of four Wilson lines

• Can also calculate through a system of Schrödinger equations

• Sum over all the different color states the partons can be in
- : 2 states, : 24 states

7

Potential matrix that 
connects the different 
color states

=



Johannes Hamre Isaksen Precise description of medium-induced emissions

The quadrupole
• The quadrupole is a path integral of four Wilson lines

• Can also calculate through a system of Schrödinger equations

• Sum over all the different color states the partons can be in
- : 2 states, : 24 states

• We solved the Schrodinger equation numerically for
• Want to compare to approximate analytical solutions 

7

Potential matrix that 
connects the different 
color states

=



Johannes Hamre Isaksen Precise description of medium-induced emissions

Plan
1. Calculate full emission spectrum numerically
2. Calculate emission spectrum using large-Nc approximation
3. Calculate emission spectrum using eikonal approximation
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Analytical solutions
Two simplifying approximations:

1. Large-Nc approximation
- Take number of colors (Nc) to infinity

- Used all the time

9

Large-Nc

Eikonal



Johannes Hamre Isaksen Precise description of medium-induced emissions

Analytical solutions
Two simplifying approximations:

1. Large-Nc approximation
- Take number of colors (Nc) to infinity

- Used all the time

2. Eikonal approximation
- Partons travel on straight lines
- Better for high energy
- Used sometimes

9

Large-Nc

Eikonal



Johannes Hamre Isaksen Precise description of medium-induced emissions

The quadrupole at large-Nc
• In the large-Nc the quadrupole divides into two parts: 
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• The factorizable part is 
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- Leads to analytical solution of emission spectrum             !
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- The two partons decohere immediately and broaden independently

- Leads to analytical solution of emission spectrum             !

• The non-factorizable part is

- Two partons start out in some initial configuration

- Decohere and start broadening independently at intermediate time 

- Transition function   in the soft limit

10

=
Transverse 
momentum 
broadening



Johannes Hamre Isaksen Precise description of medium-induced emissions

The quadrupole at large-Nc
• In the large-Nc the quadrupole divides into two parts: 

• The factorizable part is 

- The two partons decohere immediately and broaden independently

- Leads to analytical solution of emission spectrum             !

• The non-factorizable part is

- Two partons start out in some initial configuration

- Decohere and start broadening independently at intermediate time 

- Transition function   in the soft limit

10

Usually only the factorizable term is kept in calculations

This is only safe in the soft limit 

=
Transverse 
momentum 
broadening



Johannes Hamre Isaksen Precise description of medium-induced emissions

Plan
1. Calculate full emission spectrum numerically
2. Calculate emission spectrum using large-Nc approximation
- Sum of factorizable and non-factorizable terms

3. Calculate emission spectrum using eikonal approximation
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Plan
1. Calculate full emission spectrum numerically
2. Calculate emission spectrum using large-Nc approximation
- Sum of factorizable and non-factorizable terms

3. Calculate emission spectrum using eikonal approximation

11

Let’s 
compare 
these



Johannes Hamre Isaksen Precise description of medium-induced emissions

Finite Nc
• Divide the spectrum into

• The medium modification is given by 

12
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Difference finite Nc and large-Nc

• Very small error, ~ 1 %
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Difference finite Nc and factorizable

• Bigger error, up to > 1o %
• Small error for soft limit , as expected   
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Difference finite Nc and factorizable

• Accurate for low z, worse for z ~ 0.5

• Peaks at different value of z
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Difference finite Nc and factorizable
Time evolution of

• Error becomes constant after some time

• Increasing     leads to smaller error   
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Eikonal approximation
• Eikonal approximation: particles go on straight paths
- Could be accurate at high energies
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Eikonal approximation
• Eikonal approximation: particles go on straight paths
- Could be accurate at high energies

• Path integral becomes easy

• The quadrupole now simplifies to
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Eikonal and non-eikonal
• Large error
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Eikonal and non-eikonal
• Large error

• Better at higher energy
- Still does not capture main contribution to spectrum
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Plan
1. Calculate full emission spectrum numerically
2. Calculate emission spectrum using large-Nc approximation
3. Calculate emission spectrum using eikonal approximation
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Conclusion
Goal: calculate the medium-induced emission spectrum without commonly used approximations

• At finite Nc it can be done numerically through system of Schrödinger equations
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• Finite Nc à large-Nc: very small error
• Finite Nc à the factorizable part: small error at low z, larger error at finite z
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Conclusion
Goal: calculate the medium-induced emission spectrum without commonly used approximations

• At finite Nc it can be done numerically through system of Schrödinger equations
• At large-Nc the spectrum divides into two terms
- Factorizable and non-factorizable

- The factorizable part has an analytic solution

20

In our numerics we found that
• Finite Nc à large-Nc: very small error
• Finite Nc à the factorizable part: small error at low z, larger error at finite z

• Also studied the eikonal approximation
- Associated with big error
- Could be more accurate at higher energy



Johannes Hamre Isaksen Precise description of medium-induced emissions

Thank you for your attention!
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Johannes Hamre Isaksen Precise description of medium-induced emissions

Large-Nc approximation
Three processes

22

Pair production Quark emitting gluon Gluon emitting gluon

Large-Nc Large-Nc

• The same correlator of four Wilson lines present in all three processes
• Study                as a proxy for all of them



Johannes Hamre Isaksen Precise description of medium-induced emissions

The quadrupole at large-Nc
• Want to calculate the quadrupole analytically

• At large-Nc the four Wilson lines separate into two parts:

• Correlator of two Wilson lines describes transverse momentum broadening

• The quadrupole has two parts:
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Johannes Hamre Isaksen Precise description of medium-induced emissions

The potential matrix

• Harmonic oscillator:

• Large-Nc: 
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