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Jets
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In particle collider events

• Hard process makes highly virtual particle 
• Particle radiates and creates collimated 

spray of hadrons
• This is called a jet

• Calculable to high precision in proton-
proton collisions

[R. Cruz-Torres (2022)]
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Jets in heavy-ion collisions
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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

• Modified in several ways:
- Substructure modification

- Energy loss

- Change of direction

[C. Andres (2022)]

I will talk mainly 
about this
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Signatures of jet quenching
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• There are several experimental observables of jet quenching

• Most prominent is the nuclear modification factor 
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Calculating jet quenching
• To make predictions we need a theory of how partons interact with the medium

• QCD with an external field 
• This field represents the medium interaction

• Can make medium Feynman rules, and calculate medium Feynman diagrams
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Now to our research
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Energy loss in the QGP
• Partons going through the medium scatter with medium constituents

• Scatterings induce emissions
• Emissions lead to radiative energy loss
- Dominant contribution to energy loss for light quarks and gluons
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• To understand the process we need to zoom in and calculate the emission spectrum for each splitting

Energy escaping jet cone
à energy loss
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Medium induced emissions
• The emission spectrum is given by

• The three-point correlator      solves the Schrödinger equation

• Can in general only be evaluated numerically

• Analytical solutions of the spectrum are based on approximations = expansions

8

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

Aa

Medium field

E

zE

(1-z)E



Johannes Hamre Isaksen A unified picture of medium-induced radiation

Medium induced emissions
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*Mehtar-Tani, Tywoniuk, Barata, Soto-Ontoso
1903.00506, 2106.07402

*JHI, Takacs, Tywoniuk 2206.02811 
Schlicting, Soudi 2111.13731, Andres et al. 2011.06522

*Gyulassy et al. 9907461 
Wiedemann 0005129

Two well-known analytical approximations of the spectrum

• Opacity expansion
- Expand      in the number of scatterings with the medium

- Truncate at a finite order

• Harmonic oscillator approximation
- The potential can be approximated as a harmonic oscillator  

- Can be solved exactly to all orders

• Which is correct?

• None of these methods gives satisfying results in the whole phase space

• Combining three expansions gives a very good approximation
- Opacity expansion (OE)*

- Resummed opacity expansion (ROE)*

- Improved opacity expansion (IOE)*

Opacity expansion 
everywhere?

Harmonic oscillator
everywhere?

https://arxiv.org/abs/1903.00506
https://arxiv.org/abs/2106.07402
https://arxiv.org/abs/2206.02811
https://arxiv.org/abs/2111.13731
https://arxiv.org/abs/2011.06522
https://arxiv.org/abs/hep-ph/9907461
https://arxiv.org/abs/hep-ph/0005129
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The opacity expansion
• Expansion in scatterings around the vacuum solution 

• The scattering potential contains both a real and virtual part

• The emission spectrum depends on the energy scale 

• At low energy the spectrum goes as              à convergence when opacity is small 

• At high energy the spectrum goes as à convergence when  

10

VirtualReal

<latexit sha1_base64="kRKxwbvJJp1H04TrK1HNXv4T98M=">AAAB+nicbVDLSsNAFJ3UV62vVJduBovgqiQq6rLoRnBTwT6gCWUyvW2HTiZxZqKU2E9x40IRt36JO//GSZuFth4YOJxzL/fMCWLOlHacb6uwtLyyulZcL21sbm3v2OXdpooSSaFBIx7JdkAUcCagoZnm0I4lkDDg0ApGV5nfegCpWCTu9DgGPyQDwfqMEm2krl32QqKHlHB8gz3FQrjv2hWn6kyBF4mbkwrKUe/aX14vokkIQlNOlOq4Tqz9lEjNKIdJyUsUxISOyAA6hgoSgvLTafQJPjRKD/cjaZ7QeKr+3khJqNQ4DMxkFlTNe5n4n9dJdP/CT5mIEw2Czg71E451hLMecI9JoJqPDSFUMpMV0yGRhGrTVsmU4M5/eZE0j6vuWfXk9rRSu8zrKKJ9dICOkIvOUQ1dozpqIIoe0TN6RW/Wk/VivVsfs9GCle/soT+wPn8An6eTmQ==</latexit>

K '



Johannes Hamre Isaksen A unified picture of medium-induced radiation

The opacity expansion
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• Valid for early times, but also late times if the energy is big

• Breaks down at later times for low energy

Numerical solution from
Andres, Dominguez, Gonzalez Martinez
2011.06522

Need something that 
works in this area

• To fill out more of the phase space another expansion is needed

https://arxiv.org/abs/2011.06522
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• Expand only in real scatterings
• All virtual scatterings are resummed in a Sudakov factor

• For short media L < λ: resummed opacity expansion à opacity expansion

• However, also works for longer media L > λ:
- New constant scale emerges: 

• At low energy the first order is leading: convergence
• At high energy : no sign of convergence

The resummed opacity expansion
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The resummed opacity expansion
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• Valid for:
- Early times (same as opacity expansion)

- Late times at low energy (Bethe-Heitler region)

Numerical solution from
Andres, Dominguez, Gonzalez Martinez
2011.06522 

We need one last 
expansion to fill out this 
region

https://arxiv.org/abs/2011.06522
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The improved opacity expansion

Builds on the harmonic oscillator approximation

• Comes from manipulating the scattering potential

14

Harmonic 
oscillator

• The harmonic oscillator approximation is an expansion in many soft scatterings
- Solved exactly, resums an arbitrary number of scatterings

- Can only create emissions with energy up to the emergent scale

- Emissions above this scale must be created by harder scatterings
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The improved opacity expansion
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• At low energy the harmonic oscillator contribution is leading

• At high energy the harmonic oscillator contribution is small, and the next order is leading
- Same high energy limit as the opacity expansion

Next-to
harmonic
oscillator

• This leads to the improved opacity expansion 
- Expansion in hard scatterings around the harmonic oscillator solution

• The improved opacity expansion makes it possible to go to higher energies than

• However, it breaks down for energies lower than  
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The improved opacity expansion
• Valid for energies over the Bethe-Heitler regime
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Numerical solution from
Andres, Dominguez, Gonzalez Martinez
2011.06522

Harmonic oscillator valid 

Must use IOE or the 
opacity expansion

https://arxiv.org/abs/2011.06522
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Summary of the expansions
• Three different physical regimes:

• Three energy scales naturally emerge from the expansions: 
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• For the full line we have used the ROE and IOE, with a smoothening transition function

• Error is biggest at the transitions between the areas, expect that higher orders make it smoother

Summary of the expansions
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• Must take into account the possibility of multiple emissions

• Define the energy distribution of partons with energy xE after travelling time t in the medium:

• Multiple emissions are resummed in a rate equation

• The splitting rate is simply
- Follows directly from the emission spectrum 

Multiple emissions
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The energy distribution
• Numerical solution of the energy distribution

20
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The energy distribution
• The rate equation can be solved analytically for simplified systems
- A single emission coming from one scattering               (good approximation at early times)

- Pure harmonic oscillator solution (good approximation at late times)

- Harmonic oscillator solution with one hard scattering (good approximation at early to late times)
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<latexit sha1_base64="6akAb/l0lTp8T8LcqoLlJ9vBouo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNRDx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlFpHssHM07Qj+hA8pAzaqx0f9Nze+WKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyX9I8qXrn1dO7s0rtKo+jCAdwCMfgwQXU4Bbq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H9+9gY1z</latexit>

D0
<latexit sha1_base64="vR3tk7XKmBwjccn9EocCP/CwNTE=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSIIQtlVUY9Fe/BYwX5IuyzZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC4e3Ebz1RpVksH8woob7AfckiRrCx0mMtcNEpqgVeUCq7FXcKtEi8nJQhRz0ofXV7MUkFlYZwrHXHcxPjZ1gZRjgdF7uppgkmQ9ynHUslFlT72fTgMTq2Sg9FsbIlDZqqvycyLLQeidB2CmwGet6biP95ndRE137GZJIaKslsUZRyZGI0+R71mKLE8JElmChmb0VkgBUmxmZUtCF48y8vkuZZxbusnN9flKs3eRwFOIQjOAEPrqAKd1CHBhAQ8Ayv8OYo58V5dz5mrUtOPnMAf+B8/gCGPY7u</latexit>

D0 +D1
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The energy distribution
• At early times there are few emissions
- Only small modification of the distribution

- Expanding in one emission works well

• At intermediate times                   harmonic oscillator emissions 
become important
- More effective transport of energy to soft modes

- Still residue of early time behavior

- The analytical solution works reasonably well 

• At late times harmonic oscillator emissions dominate
- Large modification to the distribution

- Turbulent cascade of energy to soft modes

- Well explained by the pure harmonic oscillator solution 

22

<latexit sha1_base64="gfk4rrZAXeaEHHy6AdW97Su41ks=">AAAB8HicbVC7SgNBFL0bXzG+opY2i0GwCrsqamERtLGMYB6SLGF2dpIMmZldZu4KYclX2FgoYuvn2Pk3TpItNHpg4HDOucy9J0wEN+h5X05haXllda24XtrY3NreKe/uNU2casoaNBaxbofEMMEVayBHwdqJZkSGgrXC0c3Ubz0ybXis7nGcsECSgeJ9Tgla6QGvusKGI9IrV7yqN4P7l/g5qUCOeq/82Y1imkqmkApiTMf3EgwyopFTwSalbmpYQuiIDFjHUkUkM0E2W3jiHlklcvuxtk+hO1N/TmREGjOWoU1KgkOz6E3F/7xOiv3LIOMqSZEpOv+onwoXY3d6vRtxzSiKsSWEam53demQaELRdlSyJfiLJ/8lzZOqf149vTur1K7zOopwAIdwDD5cQA1uoQ4NoCDhCV7g1dHOs/PmvM+jBSef2YdfcD6+AZlWkEk=</latexit>

t < �

<latexit sha1_base64="FY27u31M0hBgyDKCWa58N93fs3E=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UAAgaGChYGhiLRh9RGkeO4rVXHiWwHVIV+CgsDCLHyJWz8DW6bAVqOdKWjc86Vr0+QcKa043xbhaXlldW14nppY3Nre8cu7zZVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQyvJ37rgUrFYnGvRwn1ItwXrMcI1kby7XKXm3CI0SXSZm594tsVp+pMgRaJm5MK5Kj79lc3jEkaUaEJx0p1XCfRXoalZoTTcambKppgMsR92jFU4IgqL5uePkaHRglRL5ZmhEZT9fdGhiOlRlFgkhHWAzXvTcT/vE6qexdexkSSairI7KFeypGO0aQHFDJJieYjQzCRzNyKyABLTLRpq2RKcOe/vEiax1X3rHpyd1qpXeV1FGEfDuAIXDiHGtxAHRpA4BGe4RXerCfrxXq3PmbRgpXv7MEfWJ8/DzGSlA==</latexit>

� < t < Lc

<latexit sha1_base64="gfk4rrZAXeaEHHy6AdW97Su41ks=">AAAB8HicbVC7SgNBFL0bXzG+opY2i0GwCrsqamERtLGMYB6SLGF2dpIMmZldZu4KYclX2FgoYuvn2Pk3TpItNHpg4HDOucy9J0wEN+h5X05haXllda24XtrY3NreKe/uNU2casoaNBaxbofEMMEVayBHwdqJZkSGgrXC0c3Ubz0ybXis7nGcsECSgeJ9Tgla6QGvusKGI9IrV7yqN4P7l/g5qUCOeq/82Y1imkqmkApiTMf3EgwyopFTwSalbmpYQuiIDFjHUkUkM0E2W3jiHlklcvuxtk+hO1N/TmREGjOWoU1KgkOz6E3F/7xOiv3LIOMqSZEpOv+onwoXY3d6vRtxzSiKsSWEam53demQaELRdlSyJfiLJ/8lzZOqf149vTur1K7zOopwAIdwDD5cQA1uoQ4NoCDhCV7g1dHOs/PmvM+jBSef2YdfcD6+AZlWkEk=</latexit>

t < �

<latexit sha1_base64="FY27u31M0hBgyDKCWa58N93fs3E=">AAAB+nicbVC7TsMwFL0pr1JeKYwsFhUSU5UAAgaGChYGhiLRh9RGkeO4rVXHiWwHVIV+CgsDCLHyJWz8DW6bAVqOdKWjc86Vr0+QcKa043xbhaXlldW14nppY3Nre8cu7zZVnEpCGyTmsWwHWFHOBG1opjltJ5LiKOC0FQyvJ37rgUrFYnGvRwn1ItwXrMcI1kby7XKXm3CI0SXSZm594tsVp+pMgRaJm5MK5Kj79lc3jEkaUaEJx0p1XCfRXoalZoTTcambKppgMsR92jFU4IgqL5uePkaHRglRL5ZmhEZT9fdGhiOlRlFgkhHWAzXvTcT/vE6qexdexkSSairI7KFeypGO0aQHFDJJieYjQzCRzNyKyABLTLRpq2RKcOe/vEiax1X3rHpyd1qpXeV1FGEfDuAIXDiHGtxAHRpA4BGe4RXerCfrxXq3PmbRgpXv7MEfWJ8/DzGSlA==</latexit>

� < t < Lc

<latexit sha1_base64="Z3N5pNVJsr2smz8+iriZdtUj8u8=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhCswp2KWknQxsIigvmA5Ah7m71kyd7esTsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGN5O/OYT10bE6hFHCfcj2lciFIyilZpIrsl9l3VLZbfiTkEWiZeTMuSodUtfnV7M0ogrZJIa0/bcBP2MahRM8nGxkxqeUDakfd62VNGIGz+bnjsmx1bpkTDWthSSqfp7IqORMaMosJ0RxYGZ9ybif147xfDKz4RKUuSKzRaFqSQYk8nvpCc0ZyhHllCmhb2VsAHVlKFNqGhD8OZfXiSN04p3UTl7OC9Xb/I4CnAIR3ACHlxCFe6gBnVgMIRneIU3J3FenHfnY9a65OQzB/AHzucPHk6OyA==</latexit>

t > Lc

<latexit sha1_base64="Z3N5pNVJsr2smz8+iriZdtUj8u8=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhCswp2KWknQxsIigvmA5Ah7m71kyd7esTsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCCRwqDrfjtLyyura+uFjeLm1vbObmlvv2HiVDNeZ7GMdSughkuheB0FSt5KNKdRIHkzGN5O/OYT10bE6hFHCfcj2lciFIyilZpIrsl9l3VLZbfiTkEWiZeTMuSodUtfnV7M0ogrZJIa0/bcBP2MahRM8nGxkxqeUDakfd62VNGIGz+bnjsmx1bpkTDWthSSqfp7IqORMaMosJ0RxYGZ9ybif147xfDKz4RKUuSKzRaFqSQYk8nvpCc0ZyhHllCmhb2VsAHVlKFNqGhD8OZfXiSN04p3UTl7OC9Xb/I4CnAIR3ACHlxCFe6gBnVgMIRneIU3J3FenHfnY9a65OQzB/AHzucPHk6OyA==</latexit>

t > Lc

<latexit sha1_base64="vR3tk7XKmBwjccn9EocCP/CwNTE=">AAAB8HicbVBNSwMxEJ31s9avqkcvwSIIQtlVUY9Fe/BYwX5IuyzZNNuGJtklyQpl6a/w4kERr/4cb/4b03YP2vpg4PHeDDPzwoQzbVz321laXlldWy9sFDe3tnd2S3v7TR2nitAGiXms2iHWlDNJG4YZTtuJoliEnLbC4e3Ebz1RpVksH8woob7AfckiRrCx0mMtcNEpqgVeUCq7FXcKtEi8nJQhRz0ofXV7MUkFlYZwrHXHcxPjZ1gZRjgdF7uppgkmQ9ynHUslFlT72fTgMTq2Sg9FsbIlDZqqvycyLLQeidB2CmwGet6biP95ndRE137GZJIaKslsUZRyZGI0+R71mKLE8JElmChmb0VkgBUmxmZUtCF48y8vkuZZxbusnN9flKs3eRwFOIQjOAEPrqAKd1CHBhAQ8Ayv8OYo58V5dz5mrUtOPnMAf+B8/gCGPY7u</latexit>

D0 +D1

<latexit sha1_base64="6akAb/l0lTp8T8LcqoLlJ9vBouo=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1GNRDx4r2g9oQ9lsJ+3SzSbsboQS+hO8eFDEq7/Im//GbZuDVh8MPN6bYWZekAiujet+OYWl5ZXVteJ6aWNza3unvLvX1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hoeuq3HlFpHssHM07Qj+hA8pAzaqx0f9Nze+WKW3VnIH+Jl5MK5Kj3yp/dfszSCKVhgmrd8dzE+BlVhjOBk1I31ZhQNqID7FgqaYTaz2anTsiRVfokjJUtachM/TmR0UjrcRTYzoiaoV70puJ/Xic14aWfcZmkBiWbLwpTQUxMpn+TPlfIjBhbQpni9lbChlRRZmw6JRuCt/jyX9I8qXrn1dO7s0rtKo+jCAdwCMfgwQXU4Bbq0AAGA3iCF3h1hPPsvDnv89aCk8/swy84H9+9gY1z</latexit>

D0

• The analytical solutions fail at small x, as the BH regime is not included
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Conclusion and outlook
• Have presented a unified picture of medium induced radiation
- Good theoretical understanding and control in the different regimes

- Systematically improvable order by order

• This is achieved through three expansions
- The opacity expansion, the resummed opacity expansion and the improved opacity expansion

• Three natural energy scales emerge

23

• Outlook
- Get closer to phenomenology by incorporating the vacuum

- Rigorously define the accuracy of medium induced emissions

• Multiple emissions must be taken into account
- This can be done through a rate equation
- Better understanding of the time evolution of a jet
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Thank you for your attention!
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Backup

25

• The limits of the full emission spectrum are

**
***

*
*
**

*Opacity expansion
*Resummed opacity expansion
*Improved opacity expansion

The union of IOE and ROE covers 
the whole phase space!
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Backup
• Analytic energy distributions
- Early time

- Late time

- Intermediate time
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