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Heavy-ion collisions

• High-energy nuclei collide producing thousands of particles 

• Most of the particles are soft and reach thermal equilibrium, creating a Quark-
Gluon Plasma (QGP) 

• The QGP is a unique opportunity to study QCD in its deconfined phase 

• QGP properties can be studied either through the bulk degrees of freedom 
which are well described by hydrodynamics, or through hard probes created 
at the moment of the collision
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Hard probes in HIC

• Colorless probes are not affected (photons, Z, W) 

• Hadrons and jets lose energy when interacting with the QGP, thus their 
spectra is suppressed with respect to independent nucleon collisions
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Jet quenching
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Jet quenching

How to probe the properties of the QGP in HIC ?

Study the effects of the medium on the propagation of a ‘hard probe’

A ‘jet’: the ensemble made by the ‘leading particle’ (a virtual parton
which initiated the jet) and the products of its ‘fragmentation’
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QCD reminder

Deconfinement transition

Heavy Ion Collisions

Observables
● Initial energy density
● Initial temperature
● Jet quenching
●Collective flow
●Freeze-out parameters
●Strangeness enhancement
●Deconfinement

François Gelis – 2013 Lecture I / IV – Master 2ème année - spécialité NPAC, Orsay, France, Février 2013 - p. 26/34

Jet quenching

■ Interpretation :

◆ Jets escape only if they are produced near the edge
and are directed outwards

◆ The opposite jet is totally absorbed
! confirms the very large energy density



Jet quenching

• Basic principle: colored particles lose energy and slow down 
when going through the plasma 

• Radiative energy loss: stimulated emissions (dominant for 
light quarks and gluons) 

• Back-to-back jets lose different amounts of energy
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Medium-induced radiation

• Theoretical advances have focused on understanding how 
radiation is enhanced by the medium 

• Energy lost by a high-energy parton can be understood in 
terms of soft medium-induced radiation 

• Single gluon spectrum understood very well in the soft limit
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Yacine Mehtar-Tani                                                                                                         Hard Probes  2015

• Radiation triggered by multiple scatterings, related to momentum 
broadening:  
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• Landau-Pomeranchuk-Migdal suppression (Coherent  radiation)  

• Characteristic time scale: effective 
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• For energy loss calculation we 
only need the soft limit  
✦ Soft divergence of the vacuum vertex 

• For jet substructure 
✦ Emissions from multiple sources 
✦ Harder vertices

z ≪ 1

From energy loss to jet 
substructure
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Color coherence in jet 
quenching

• Antenna calculations show that 
medium interactions can break 
angular ordering 

• Emergence of a resolution scale 

• Can this be seen at the level of 
one splitting?
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K. Tywoniuk (CERN) HP2016 29.09.2016

NEW PICTURE OF JETS

16

Casalderrey-Solana Mehtar-Tani, Salgado, KT PLB 725 (2013) 357

energy loss radiation as total charge radiation as independent 
charges

fragmentation within each substructure: vacuum-like
clean theoretical limit: unresolved jet
- study small deviations from this limit

number of medium-
resolved substructures



Grooming

• Procedure in which 
reconstructed jets are 
reclustered while removing soft 
radiation to get access to the 
hardest splitting 

• Widely used for jet substructure 
studies in pp collisions 

• Measurement of the splitting 
function
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Grooming in heavy ion collisions
• Extract angle and energy fraction of the hardest splitting 

 and look for modification of its distributions 

• Issues with having a robust angular variable from grooming 

• Proposed grooming procedure for HIC

θg, zg
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Energy Correlators
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Primordial fluctuations

What cosmic history gave rise to primordial fluctuations?
t
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Resolving the Scales of the QGP

• QGP scales cleanly imprinted in two-point correlation.

Primordial fluctuations

W
hat cosmic history gave rise to primordial fluctuations?
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Energy flux operators

• The 1-point function measures the total energy flux through an 
area element 

• Energy weighting naturally removes soft physics without 
grooming

11

r ⃗n

ΔΩ
<latexit sha1_base64="BTiYk/XOgBkG+Lj5CLrrvZ6wOp4="></latexit>

E(~n) = lim
r!1

Z 1

0
dt r2niT0i(t, r~n)

<latexit sha1_base64="P4DaN+FFq8+zsR4MCe+pLA9weAM="></latexit>

hE(~n)i /
X

i

Ei
Sum over all particles 
going through ΔΩ

D. Hoffman, J. Maldacena 0803.1467 

https://arxiv.org/abs/0803.1467


Energy correlators
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Energy correlators

• 2-point function
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Energy correlators

• 2-point function

• As a function of the relative angle only
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Energy correlators

• 2-point function

• As a function of the relative angle only

✦ Infrared and collinear safe for n = 1
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Energy correlators

• For a quark jet at first order,  the energy of the jet 

•  and  contributions are higher order 

• Additional energy loss ( ) is also subleading

Q = E

qq gg

Eq + Eg ≠ E
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Energy correlators in vacuum

• At leading order 

• Collinear emissions can be resummed using CFT techniques 
changing the scaling only by an anomalous dimension 

• Higher-orders, soft physics, quark/gluon ratios can change 
the overall normalization but not the power-law behavior
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Energy correlators in vacuum

• Have not yet been measured 

• Analyses done by theorist with CMS 
open data 

• Sensitivity to hadronization transition 

• Sensitivity to top mass in the 3-point 
function
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Energy correlators in HIC

• Background is expected to be less of an issue 
✦ Energy weighting removes most of the soft physics, specially if one 

increases the power in the energy weighting 
✦ Uncorrelated background does not affect the shape of the correlations, 

only the normalization 

• Observables are not event-by-event 
✦ Fluctuations are less important 
✦ Requires large statistics 
✦ Cannot be used to tag events 
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Energy correlators in HIC

• Calculation of inclusive two-particle cross-section in HIC is very 
challenging 

• It is reasonably well understood in the soft limit  or when all 
transverse momenta are integrated over, thus losing the angle 
dependence 

• For the energy correlator calculation is is crucial to keep  finite and 
also the angle dependence 

• Some additional assumptions/approximations must be made to 
evaluate the cross section

z → 0

z
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Evaluation of in-medium 
splittings

• Full evaluation keeping  and  not yet implemented 

• Two available approximations: 
✦ Opacity expansion ( ) 

★ Unitarity problems can lead to negative cross sections 
★ Recursive formulas to generate all orders (not yet implemented numerically) 

✦ Semi-hard approximation 
★ Resums multiple scatterings in the eikonal approximation through Wilson 

lines in straight-line trajectories 
★ Assumes semi-hard splittings (  not too small) 
★ Neglects effects coming from broadening of transverse momenta of 

produced particles

z θ

N = 1

z

18
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Evaluation of in-medium 
splittings

• Medium is assumed uniform, with length  

• The strength of the interactions is encoded in the jet 
quenching parameter , which measures the average 
transverse momentum transferred per unit length 

• Emissions with a long formation time are not sensitive to the 
medium and therefore are emitted as in vacuum 

• Multiple medium scatterings destroy the color coherence 
between the daughter partons

L

̂q
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Time and angular scales

• (Vacuum) formation time: 

• Decoherence time:
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energy loss radiation as total charge radiation as independent 
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fragmentation within each substructure: vacuum-like
clean theoretical limit: unresolved jet
- study small deviations from this limit
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Time and angular scales

• (Vacuum) formation time: 

• Decoherence time:
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energy loss radiation as total charge radiation as independent 
charges

fragmentation within each substructure: vacuum-like
clean theoretical limit: unresolved jet
- study small deviations from this limit

number of medium-
resolved substructures

Can be extended to include a more realistic interaction 
or expanding media, but then we would not know the 

scales directly from the equations

https://arxiv.org/abs/1907.03653


Angular scales

• Three parameters  

• Two competing angular scales 

• For , splitting occurs outside of the medium, no 
medium modification is expected 

• For , the medium does not resolve the splitting, small 
medium-modification expected

E, ̂q, L

θ < θL

θ < θc
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Extracting the behavior of  
and 

θon
θpeak

• Generated the EEC for 248 sets of parameters with  GeV, 
 fm,  GeV fm 

• Extracted scaling behavior of  and  in terms of the three 
parameters 

• In all regions the onset angle exhibits the same behavior 

• The peak angle has different behaviors in the two different regimes 
✦ For : 

✦ For :

E ∈ [50,700]
L ∈ [0.2,10] ̂q ∈ [1,3] 2/

θon θpeak

θL > θc

θL < θc

23

<latexit sha1_base64="19x4TApRyQhYWtvPDbY2eQ0mt0A="></latexit>

✓on ⇠ ✓1±0.1
L

<latexit sha1_base64="cDdNZOfpUX0zTMkj1l6pwhfEvnk="></latexit>

✓DC
peak ⇠ E�0.86±0.1L0.21±0.1q̂0.36±0.1 ⇠ ✓1.4±0.1

d ✓�0.4±0.1
L

<latexit sha1_base64="a0QmpP9+eqZMbjVdiCKkbk/BCqY="></latexit>

✓PC
peak ⇠ E�0.54±0.1L�0.31±0.1q̂0.09±0.1 ⇠ ✓�0.2±0.1

c ✓1.1±0.1
L



EECs and color coherence
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θL ≫ θc

θL ≪ θc



Conclusions

• Energy correlators provide a powerful tool for understanding 
jets in HIC 
✦ Experimentally accesible 
✦ Can be calculated perturbatively thanks to insensitivity to soft physics and 

uncorrelated background 
✦ Characteristic features of the calculation for in-medium splittings are 

clearly imprinted in the observables 

• Energy correlators provide a robust angular variable which 
can be used to probe color coherence in jets in the QGP
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Outlook
• Lots of new exciting developments! 

• Test other models for the in-medium splitting calculation 
✦ GLV: Onset angle is not defined as sharply as in the multiple scattering case. Could be 

used to show the importance of the LPM regime 
✦ Tilted Wilson lines with Yukawa potential: Onset of coherence is NOT a feature of the 

harmonic approximation 

• Expanding media 
✦ Using energy correlators to find the relevant angular scales 

• Heavy quarks 
✦ Can be used to measure the dead-cone (calculation in pp coming out very soon) 

• Monte Carlo studies 
✦ Test resilience to background 
✦ Test the effects of having the full parton shower
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Thank you!
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θc > θL

Lund planes q → qg
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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

30
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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

32

k, z

q,1 − z

p0
k1

q1

t1 t2
p̄2

k̄2

q̄2

k2

q2

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

k, z

q,1 − z

p1p0

p0 p1

Average depends on total momentum transfer only

<latexit sha1_base64="Byzy3x/AGA1JHCSWqC801cgbUbU=">AAACInicbVDLSgMxFM3UV62vUZdugkWooGVGig9EKLpxWcU+oFOGTJq2oZkHyR2hDP0WN/6KGxeKuhL8GNN2Frb1QMjJOfeSe48XCa7Asr6NzMLi0vJKdjW3tr6xuWVu79RUGEvKqjQUoWx4RDHBA1YFDoI1IsmI7wlW9/o3I7/+yKTiYfAAg4i1fNINeIdTAlpyzYsrnDiUCFwZusm9S4YFxwtFWw18feHItY+n39YluPYRuNaha+atojUGnid2SvIoRcU1P512SGOfBUAFUappWxG0EiKBU8GGOSdWLCK0T7qsqWlAfKZayXjFIT7QSht3QqlPAHis/u1IiK9GQ+pKn0BPzXoj8T+vGUPnvJXwIIqBBXTyUScWGEI8ygu3uWQUxEATQiXXs2LaI5JQ0KnmdAj27MrzpHZStE+LpbtSvnydxpFFe2gfFZCNzlAZ3aIKqiKKntALekPvxrPxanwYX5PSjJH27KIpGD+/b5ii+Q==</latexit>

= PRa(p1 � p0; t1, t0)

p1

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


Double differential cross section
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Double differential cross section
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