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Jets in heavy-ions
• A multi-scale problem:
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In-medium processes
• Amount of energy loss measures transparency to the passage of a high momentum particle:
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Medium-induced radiation
• Accumulation of momenta enhances gluon radiation: 

• Single-gluon emission spectrum:
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The result can be re-exponented - with account of the ordering in the x+ coordinate - due

to the fact that there is only one possibility for colour state in this average. We finally find

1

N
Tr

D
W (x)W †(y)

E
= exp

⇢
�

CF

2

Z
dx+�(x� y)n(x+)

�
, (C.9)

and analogously for the adjoint colour representation12,

1

N2 � 1
Tr

D
W

A(x)W †A(y)
E

= exp

⇢
�

CA

2

Z
dx+�(x� y)n(x+)

�
. (C.10)

C.2 Four-point correlation function

The structure that we want to calculate is present in eqs. (3.3) and (3.4)13. We write
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12Usually, the colour factor CA is included in the definition of the dipole cross section, �.
13This and related calculations can be found in [37, 57–59].
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Medium-induced radiation
• Accumulation of momenta enhances gluon radiation: 

• In addition to energy loss, parton also undergoes transverse 
momentum diffusion 

• Medium-induced transverse momentum broadening
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Current landscape
• From single-particle or jet suppression, recover 
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Current landscape
• From single-particle or jet suppression, recover 
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L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Current landscape
• Propagation of low-momentum heavy quarks:  

• Brownian motion with many small momentum transfer 
elastic collisions with the medium.  

• Heavy-quarks transport coefficients can also be retrieved 
from experimental data:
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Improving medium-induced radiation
• Accuracy of radiation spectrum:

• Improved analytic opacity expansion (expand multiple soft interaction)
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Improving medium-induced radiation
• Accuracy of radiation spectrum:

• Improved analytic opacity expansion (expand multiple soft interaction)

• Full numerical solution: 

• Solve the spectrum by using Schwinger-Dyson type equations (in momentum space):
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Improving medium-induced radiation
• Accuracy of radiation spectrum: 

• Improved analytic opacity expansion 

• Full numerical solution:  

• Solve the spectrum by using Schwinger-Dyson type 
equations (in momentum space):
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Non-perturbative corrections
• Corrections to     by higher-order effects due to the presence of a thermalised medium
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Effects of an evolving medium
• Input parameters for radiation spectrum will depend on time:

• T = T(t) and will differ depending on the medium parameterization
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Effects of an evolving medium
• Effects of medium expansion on energy loss (HO): 

• Static equivalent of an expanding medium obtained by scaling laws:

16

<latexit sha1_base64="Gs0/RhLxLBCsUWYDn9+5SkXclbc=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWoW5KIkXdCIVuXFawF2hDmUwn7dDJJM6cCCUUfBU3LhRx63O4822cthG09YeBj/+cwznz+7HgGhzny8qtrK6tb+Q3C1vbO7t79v5BU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/qk3rrQemNI/kHYxj5oVkIHnAKQFj9eyj7pBAej/B1/iHSnDWs4tO2ZkJL4ObQRFlqvfsz24/oknIJFBBtO64TgxeShRwKtik0E00iwkdkQHrGJQkZNpLZ+dP8Klx+jiIlHkS8Mz9PZGSUOtx6JvOkMBQL9am5n+1TgLBlZdyGSfAJJ0vChKBIcLTLHCfK0ZBjA0Qqri5FdMhUYSCSaxgQnAXv7wMzfOye1Gu3FaK1VoWRx4doxNUQi66RFV0g+qogShK0RN6Qa/Wo/VsvVnv89aclc0coj+yPr4BFNqU7Q==</latexit>

q̂ = q̂(t)

[Adhya, Salgado, Spousta, Tywoniuk, (1911.12193)]

Also: [Barata, Sadofyev, Salgado (2202.08847)]



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Effects of an evolving medium
• Effects of medium expansion on energy loss (HO): 

• Static equivalent of an expanding medium obtained by scaling laws:

16

<latexit sha1_base64="Gs0/RhLxLBCsUWYDn9+5SkXclbc=">AAAB/nicbZDLSsNAFIYn9VbrLSqu3AwWoW5KIkXdCIVuXFawF2hDmUwn7dDJJM6cCCUUfBU3LhRx63O4822cthG09YeBj/+cwznz+7HgGhzny8qtrK6tb+Q3C1vbO7t79v5BU0eJoqxBIxGptk80E1yyBnAQrB0rRkJfsJY/qk3rrQemNI/kHYxj5oVkIHnAKQFj9eyj7pBAej/B1/iHSnDWs4tO2ZkJL4ObQRFlqvfsz24/oknIJFBBtO64TgxeShRwKtik0E00iwkdkQHrGJQkZNpLZ+dP8Klx+jiIlHkS8Mz9PZGSUOtx6JvOkMBQL9am5n+1TgLBlZdyGSfAJJ0vChKBIcLTLHCfK0ZBjA0Qqri5FdMhUYSCSaxgQnAXv7wMzfOye1Gu3FaK1VoWRx4doxNUQi66RFV0g+qogShK0RN6Qa/Wo/VsvVnv89aclc0coj+yPr4BFNqU7Q==</latexit>

q̂ = q̂(t)

[Adhya, Salgado, Spousta, Tywoniuk, (1911.12193)]

Also: [Barata, Sadofyev, Salgado (2202.08847)]

V-5$%757%"+(5'0++)+&7(F%7B(W>HW@(XWWQ(

8%99+0+&7(705&2;#07(/#+99%/%+&7("5$-+2U



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Effects of an evolving medium
• How about using a power-law equivalent medium evolution profile 

instead? 

• Medium density and Debye from hydro profile: 

• Power-law spectrum equivalent of a medium profile: 

• Constants obtained from a new “scaling-law”:

17
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• Across different impact parameters
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• Equivalent evolving-medium works from better than static:

• Across different impact parameters

• For different production points

See also Andrey Sadofyev’s talk 
[later today]
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Parton showers: from high to low-energy
• Need to describe low-energy fragments and how do they thermalise with the medium

19

*+,%-).%&,-/+,(+&+0'1($#22

!"#$"%&'()edium

4#$$%2%#&5$(+&+0'1($#22

*+,%-)(0+/#%$2



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Parton showers: from high to low-energy
• Need to describe low-energy fragments and how do they thermalise with the medium

19

4#$$%2%#&5$(+&+0'1($#22

*+,%-)(0+/#%$2

Medium-induced energy loss

Evolving medium



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Parton showers: from high to low-energy
• Need to describe low-energy fragments and how do they thermalise with the medium

19

Medium-induced energy loss

Evolving medium

Collisional energy loss

Medium recoils



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Parton showers: from high to low-energy
• Need to describe low-energy fragments and how do they thermalise with the medium

19

Medium-induced energy loss

Evolving medium

Collisional energy loss

Medium recoils

H0*%+!&0,'4&A/)+2

(Q12'R-%/*0'@&),S4*%%'>&A/)'7R@H:
[He,Luo, Wang, Zhu, (1503.03313)]



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Parton showers: from high to low-energy
• Need to describe low-energy fragments and how do they thermalise with the medium

19

Medium-induced energy loss

Evolving medium

Collisional energy loss

Medium recoils

H0*%+!&0,'4&A/)+2

(Q12'R-%/*0'@&),S4*%%'>&A/)'7R@H:
[He,Luo, Wang, Zhu, (1503.03313)]

T';*A-*,-</'(%/0198)&++'7N-16/08,=-+,:
[Wang, Zhu (1302.5874)]



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Parton showers: from high to low-energy
• Need to describe low-energy fragments and how do they thermalise with the medium

19

Medium-induced energy loss

Evolving medium

Collisional energy loss

Medium recoils

H0*%+!&0,'4&A/)+2

(Q12'R-%/*0'@&),S4*%%'>&A/)'7R@H:
[He,Luo, Wang, Zhu, (1503.03313)]

T';*A-*,-</'(%/0198)&++'7N-16/08,=-+,:
[Wang, Zhu (1302.5874)]

#&R@H869A0&'4&A/)'
7+-4?),*%/&?+'+-4?)*,-&%+'&5'P/,'!0&!*1*,-&%'
*%A'P/,8-%A?./A'4/A-?4'/M.-,*,-&%+:

T'7UTV:$'<-+.&?+'69A0&A9%*4-.*)'4&A/)
[Chen, Cao, Luo, Pang, Wang (2005.09678)]



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

Medium response effects
• Soft fragments originated from the jet-induced medium excitations compatible with enhancement of soft fragments at 

large distances from the jet axis (jet radial profile & jet fragmentation function)
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Also within strong-coupling: [Casalderrey-Solana et all (2010.01140)]
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Signal of diffusion wake?
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Improving "medium” parton showers
• Multiple emitters: 

• Interference effects suppressed (+ anti-angular ordering) 

• Non-instantaneous emissions will induce modifications to the vacuum parton shower structure:

21

Analytic: [Casalderrey-Solana, Iancu, Mehtar-Tani, Salgado, Tywoniuk 
(1105.1760, 1210.7765)]

Monte Carlo: [Q-PYTHIA, JEWEL] 
[Armesto, Cunqueiro, Salgado (0907.1014),  

Zapp (1311.0048)]
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See also Miguel Escobedo’s talk [Thursday]
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From particles to jets
• How can we access QGP-related information?

23
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[Adapted from Yi Chen (QM2019)
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From jets to jet substructure
• Jet substructure: tool to understand novel in-medium QCD features

24
W&'-$50(#0,+0+,(70++

E0&&4/A'P/,'0*A-?+

[Adapted from Yi Chen (QM2019)
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From jets to jet substructure
• Jet substructure: tool to understand novel in-medium QCD features

24
W&'-$50(#0,+0+,(70++

E0&&4/A'P/,'0*A-?+

[Adapted from Yi Chen (QM2019)

[Mehtar-Tani, Soto-Ontoso, K. Tywoniuk 
 (1911.00375)]
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From jets to jet substructure
• Jet substructure: tool to understand novel in-medium QCD features

24
W&'-$50(#0,+0+,(70++

E0&&4/A'P/,'0*A-?+

[Adapted from Yi Chen (QM2019)

[Caucal, Soto-Ontoso, Takacs (2111.14768)]
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From jets to jet substructure
• Jet substructure: tool to understand novel in-medium QCD features

25

dij ⇠ pT,i

�R2
ij

R2
⇠ pT ✓

2 ⇠ 1

⌧form
<latexit sha1_base64="Nm1iQqftl4F+ojBi2pccHT2vifo="></latexit>

dij = min(p2pt,i, p
2p
t,j)

�R2
ij

R2
<latexit sha1_base64="wKK30y+eMCLYOEiAc/RsdFnnYak="></latexit>

dij ⇠ pT,i

�R2
ij

R2
⇠ pT ✓

2 ⇠ 1

⌧form
<latexit sha1_base64="Nm1iQqftl4F+ojBi2pccHT2vifo="></latexit>

;([(PQ\
;/.)?+,/0'P/,+'=-,6'1/%/0*)-+/A8KH'7!'Z'[Q\:

W&'-$50.#0,+0+,(
70++

H-4/8&0A/0/A'
,0//

[LA, Cordeiro, Zapp (2012.02199)]



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

From jets to jet substructure
• Jet substructure: tool to understand novel in-medium QCD features

25

dij ⇠ pT,i

�R2
ij

R2
⇠ pT ✓

2 ⇠ 1

⌧form
<latexit sha1_base64="Nm1iQqftl4F+ojBi2pccHT2vifo="></latexit>

dij = min(p2pt,i, p
2p
t,j)

�R2
ij

R2
<latexit sha1_base64="wKK30y+eMCLYOEiAc/RsdFnnYak="></latexit>

dij ⇠ pT,i

�R2
ij

R2
⇠ pT ✓

2 ⇠ 1

⌧form
<latexit sha1_base64="Nm1iQqftl4F+ojBi2pccHT2vifo="></latexit>

;([(PQ\
;/.)?+,/0'P/,+'=-,6'1/%/0*)-+/A8KH'7!'Z'[Q\:

W&'-$50.#0,+0+,(
70++

H-4/8&0A/0/A'
,0//

>*M-4-S/+'.&00/)*,-&%'I/,=//%'>&%,/'#*0)&',0?,6'*%A'P/,'0/8.)?+,/0-%1 ]H57+^(_+72(+M;+0%+&/+($+22(+&+0'1($#22

[LA, Cordeiro, Zapp (2012.02199)]



L. Apolinário XVth Quark Confinement and the Hadron Spectrum

From jets to jet substructure
• Jet substructure: tool to understand novel in-medium QCD features
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Summary
• Jet Quenching description: 

• Improving theory accuracy in the description of single-gluon radiative energy loss 

• Description beyond single-gluon emission to full parton showers by combining theoretical results and Monte 
Carlo modelling 

• Jet-medium response addressed by transport models providing a unique framework to address both elastic and 
inelastic processes 

• Jet Quenching phenomenology: 

• Novel jet observables that identify in-medium QCD processes and address the effects of a fast evolving medium 

• Still missing a MC implementation of most recent theory results on jet observables…

28
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Thank you!
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Soft vs Hard
• Compilation of the specific shear viscosity as a 

function of temperature of the medium.

35
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Medium-induced radiation
• Accumulation of momenta enhances gluon radiation: 

• In addition to energy loss, parton also undergoes transverse 
momentum diffusion 

• Medium-induced transverse momentum broadening

37
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Improving medium-induced radiation
• Accuracy of radiation spectrum: 

• Improved analytic opacity expansion 

• Full numerical solution:  

• Solve the spectrum by using Schwinger-Dyson type 
equations (in momentum space):

38

[Andrés, Dominguez, Gonzales 
 (2011.06522)]

See also: 
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Time-differential measurements
• Hard probes: result of the full integrated medium evolution 

• Time-differential measurements might be possible with tops

41

[LA, Milhano, Salgado, Salam  
(1711.03105)]
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First tops measured in PbPb (CMS - 2006.11110)
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From jets to jet substructure
• How can we access QGP-related information? 

• Jets in PbPb ≠ Jets in pp + Background

42

[Zapp QM (17)]
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From jets to jet substructure
• How can we access QGP-related information? 

• Jets in PbPb ≠ Jets in pp + Background
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From dense to light
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QGP onset
• No energy loss in pA…
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[PHENIX (PRL 123, 039901)]
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but strong evidence in support of hydrodynamic behavior
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From dense to light systems
• Extrapolation from dense to light needs further understanding…
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From dense to light systems
• Extrapolation from dense to light needs further understanding… 

• Future oxygen runs can help us to determine the smallest amount of energy loss, provided that we control the initial 
state
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