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QCD Matter
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Hadron Gas
• Color is confined
• Hadrons re-scatter

“Phase transition”
Tc ⇠ 2 . 1012 K ⇠ 170MeV

A New Phase: Quark-Gluon Plasma
• Filled the universe μs after Big Bang
• Colour is liberated
• A gas of quarks and gluons

What are the properties of the
plasma close to the transition?



Equation of State
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• Rapid crossover transition

• Deconfined matter: large increase 
in # d.o.f. above Tc

• Asymptotically approaches non-int. limit

HotQCD Collaboration -  
PRD ‘14



Equation of State
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HotQCD Collaboration -  
PRD ‘14

• Rapid crossover transition

• Deconfined matter: large increase 
in # d.o.f. above Tc

• Asymptotically approaches non-int. limit

Weakly coupled?

s�=1
s�=0

=
P�=1
P�=0

=
✏�=1
✏�=0

=
3

4
Poor indicator!



A Gas of Quarks and Gluons
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T > 104 GeV
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A Gas of Quarks and Gluons
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T > 104 GeV
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Resummation techniques 
can bring the validity 
of perturbative methods
to much lower temperatures



Which is the correct picture of the plasma?
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Is it a gas of quarks and gluons?

T ⇠ 0.2GeV
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Is it a gas of quarks and gluons?

T ⇠ 0.2GeV

↵s = 0.3 ! g = 2
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Is it a gas of quarks and gluons?

T ⇠ 0.2GeV

↵s = 0.3 ! g = 2

T ⇠ gT ⇠ g2T



Which is the correct picture of the plasma?
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T ⇠ 0.2GeV

Is it a system with no long lived excitations?

↵s = 0.3 ! g = 2

T ⇠ gT ⇠ g2T



Which is the correct picture of the plasma?
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T ⇠ 0.2GeV

↵s = 0.3 ! g = 2

T ⇠ gT ⇠ g2T

Is it a system with no quasiparticles?



Heavy Ion Collisions: the Little Bang
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• Very strong collective effects

• 20.000 particles correlated
according to collision geometry

• Hydrodynamic explosion 

The QGP is a very good fluid!



The QGP: 
Strongly Coupled Liquid

• Spatial anisotropy translates into momentum anisotropy 

!

!

• Data strongly favors very low shear viscosity over entropy density ratio. 
Characteristic of strongly coupled system (absence of weakly interacting 
quasiparticles)

The QGP: Strongly Coupled Liquid
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⇣⌘
s

⌘

Tc

= 0.08± 0.05

' 0.08

Bernhard et al. - 
PRC ‘16



Mass ordering of flow
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ALICE - JHEP ‘18



Hydrodynamics Simulations
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ALICE - JHEP ‘18



How can we probe the QGP?
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Jets in HICJets in HIC
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Dijet Asymmetry
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Dijet asymmetry

Traditional interpretation:

Path length difference within QGP.

Based on single parton energy loss processes:
Medium induced radiation
Elastic collisions } Controlled by transport parameter    

GW ’94 
BDMPS-Z ’97 
AMY ‘02
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Dijet Asymmetry
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Milhano & Zapp - EPJ ‘16

JEWEL jet energy loss Monte Carlo model:
• Partons can collide with the medium scatterers.
• After-collision kinematics can alter the radiation pattern.
• Actual radiation pattern based on shortest formation time.

Good description of dijet asymmetry data.
Look under the hood…



Dijet Asymmetry
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Milhano & Zapp - EPJ ‘16

Full geometry
vs

Central production

Barely any
 difference!

Dijet asymmetry dominated by 
mass to momentum ratio, 
proxy for # vacuum splittings



Jets and Jets
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Same energy
Same jet radius R

Different fragmentation pattern

Wider jets have more energy loss sources:
more total quenching than narrower ones

Assuming:
most of the energy goes out of the cone
internal structure resolved by QGP

Wide jet Narrow jet



Holography
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quarks are dual to open strings 
attached to probe flavour branes

having a plasma in the gauge theory 
is equivalent to a black hole in the bulk

J Friess, et al., PRD75 (2007)

and QCD have very different vacuums
but

share similarities

bulk metric perturbations encode
boundary stress energy variations

N = 4 SYM

T 6= 0 T > TcN = 4 and QCD

!

?



Null falling strings

27Daniel Pablos University of Bergen

the rate at which energy flows 
into hydrodynamic modes:

as the jet loses energy … it gets wider
Fractional energy loss 

only depends on
 initial jet opening angle

most energy  
at endpoint: 
Bragg-like peak

unambiguous determination of
boundary jet properties

Chesler & Rajagopal - 
PRD ’14, JHEP ‘16



TSYM = b TQCD

Holographic quenching with pure strings
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competing effects: each individual jet widens, while wider jets lose more energy

the string is treated as a 
model for the jet as a whole

consider an ensemble of such jets by choosing initial distributions of energy & angle from pQCD

measures jet angle in pQCD

Jet shapes:
transverse jet energy 
distribution vs radial distance

Jet narrowing due
to selection bias!

?

Rajagopal et al. - PRL ‘16 



The hybrid strong/weak coupling model
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Evolution of high virtuality energetic jets dominated by DGLAP evolution;

Interaction of partons with QGP of T~            is strongly coupled;⇤QCD

Energy and momentum deposited in the QGP hydrodynamize quickly;



The hybrid strong/weak coupling model
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Evolution of high virtuality energetic jets dominated by DGLAP evolution;

Interaction of partons with QGP of T~            is strongly coupled;⇤QCD

Energy and momentum deposited in the QGP hydrodynamize quickly;

Parton shower generated with PYTHIA8. 

Formation time argument for space-time picture.

Energy loss rate from holography:

Compute modified hadron spectrum from perturbed freeze-out hyper-surface.

Chesler & Rajagopal -  
PRD ‘14, JHEP ‘16

free parameterO(1)

Pablos et al. - JHEP ‘14, ‘16, ‘17

Produce soft, thermal particles correlated with jet direction.



Jet vs Hadron Suppression
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ATLAS-CONF-2017-009
JHEP 1704 (2017) 039

Precise data available up to 
very high momentum

How to understand high momentum behaviour?
Different asymptotic trend for jets than for hadrons?



Jet Fragmentation Functions (FFs)
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ATLAS - PRC ‘19CMS - PRC ‘14

CMS

SOFTHARD

Jet FFs count the number of hadrons, per jet, with an energy fraction z
Soft particle enhancement w.r.t. pp jets

Medium back-reaction to deposited energy & momentum
Antenna decoherence breaks angular ordering

R=0.3

HARDSOFT

Caucal et al. - 2005.05852Mehtar-Tani et al. - PLB ‘12

Pablos et al. - JHEP ‘17 He et al. - PRC ‘15



Jet Fragmentation Functions (FFs)
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Hard particle enhancement w.r.t. pp jets
Steeply falling jet spectrum High pT hadron spectrum dominated by leading tracks

(from hard fragmenting jets)

Jet FFs count the number of hadrons, per jet, with an energy fraction z

ATLAS - PRC ‘19CMS - PRC ‘14

CMS

SOFTHARD

R=0.3

HARDSOFT



ATLAS - PRC ‘19

Jet Fragmentation Functions (FFs)
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HARDSOFT

Hard particle enhancement w.r.t. pp jets
Jet FFs count the number of hadrons, per jet, with an energy fraction z

High z region of jet FFs closely related to hadronic spectrum 
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Jets, their FFs, and hadrons
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Pablos et al. - PRC ‘19
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How do jet FFs relate to the hadron spectrum?



Jets, their FFs, and hadrons
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Jets, their FFs, and hadrons
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High z 
enhancement

Vacuum jet FFs
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Pablos et al. - PRC ‘19



Jets, their FFs, and hadrons
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High z 
enhancement

Vacuum jet FFs

Flat 
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Jet narrowing: a selection bias
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Wider, more active jets lose more energy than narrower, hard fragmenting ones

Steeply falling jet spectrum bias inclusive jet sample to narrower ones,
explains high z enhancement

High pT hadrons belong to such subsample of 

narrow jets, which get less quenched, 
and so Rjet

AARhad
AA >

RR

�E
narrow

< �E
wide



Jet narrowing: a selection bias
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Wider, more active jets lose more energy than narrower, hard fragmenting ones

Steeply falling jet spectrum bias inclusive jet sample to narrower ones,
explains high z enhancement

High pT hadrons belong to such subsample of 

narrow jets, which get less quenched, 
and so Rjet

AARhad
AA >

RR

�E
narrow

< �E
wide

But, how well does the QGP 

resolve the internal 

structure of the jet?



Coherence in Vacuum: Heuristic Interpretation
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Need to think in terms
of the formation time Time at which the gluon decorrelates from the quark:

⌧f =
w

k2?
=

1

w✓2

γ∗

r⊥ Transverse size of the gluon is �? ⇠ 1

k?
=

1

w✓

Size of the antenna when 
the gluon is being emitted r? = ✓qq̄⌧f =

✓qq̄
w✓2

Compare the two:

If the gluon cannot resolve the pair: coherent
No emission (color singlet)

If independent emission by quark and antiquark

r? < �?

r? > �?

r?
�?

< 1 ! ✓qq̄ < ✓q

r?
�?

> 1 ! ✓qq̄ > ✓q



Coherence in Vacuum: Heuristic Interpretation
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Need to think in terms
of the formation time Time at which the gluon decorrelates from the quark:

⌧f =
w

k2?
=

1

w✓2

γ∗

r⊥ Transverse size of the gluon is �? ⇠ 1

k?
=

1

w✓

Size of the antenna when 
the gluon is being emitted r? = ✓qq̄⌧f =

✓qq̄
w✓2

Compare the two:

If the gluon cannot resolve the pair: coherent
No emission (color singlet)

If independent emission by quark and antiquark

r? < �?

r? > �?

r?
�?

< 1 ! ✓qq̄ < ✓q

r?
�?

> 1 ! ✓qq̄ > ✓q

For medium induced emissions:

Typical wavelength determined by interaction potential:

Dilute medium: Debye mass

Dense medium: Accumulated momentum

Color correlation can be lost through multiple scatterings.

<latexit sha1_base64="0QFuAhcss3reOphwO3D4a8TNLQw=">AAAB8HicjVDLSgNBEOyNrxhfUY9eBoPgKWxE0WPQiwcPEcxDkiXMTmaTITOz60yvEJZ8hRcPinj1c7z5N04eBxUFCxqKqm66u8JECou+/+HlFhaXllfyq4W19Y3NreL2TsPGqWG8zmIZm1ZILZdC8zoKlLyVGE5VKHkzHF5M/OY9N1bE+gZHCQ8U7WsRCUbRSbedAcXsbkyuusVSpexPQf4mJZij1i2+d3oxSxXXyCS1tl3xEwwyalAwyceFTmp5QtmQ9nnbUU0Vt0E2PXhMDpzSI1FsXGkkU/XrREaVtSMVuk5FcWB/ehPxN6+dYnQWZEInKXLNZouiVBKMyeR70hOGM5QjRygzwt1K2IAaytBlVPhfCI2jcuWk7F8fl6rn8zjysAf7cAgVOIUqXEIN6sBAwQM8wbNnvEfvxXudtea8+cwufIP39gmfFZBJ</latexit>

q̂L



The QGP Resolution Length
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QGP resolution length:
minimal distance between two coloured charges
such that they engage with the plasma independently.

The medium perceives a parton shower
as a collection of effective probes.



The QGP Resolution Length
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QGP resolution length:
minimal distance between two coloured charges
such that they engage with the plasma independently.

The medium perceives a parton shower
as a collection of effective probes.

Lres ⇠ �D

At weak coupling:
connection between resolution length and energy loss.

At strong coupling:
no such connection (yet).

In the hybrid model:
resolution length proportional to the
Debye screening length of QGP.

J. Casalderrey et al. - PLB ‘13 Hulcher et al. - JHEP ‘18



Two extreme scenarios
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Look for sensitivity of observables to        :

Take two extreme values for                   fully resolved case
                  fully unresolved case(explore realistic values later on)

)



Two extreme scenarios
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Look for sensitivity of observables to        :

Take two extreme values for                   fully resolved case
                  fully unresolved case(explore realistic values later on)

Amount of jet quenching depends on Res

Adjust value of         to compare
results at the same value of jet RAA
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Jets R=0.4, Lres = 0
Hadrons, Lres = 0

Jets R=0.4, Lres = 1
Hadrons, Lres = 1

0-5% centrality Relative suppression of hadrons vs jets
strongly depends on QGP resolution length.

(see Pablos et al. - PRC ‘19 and Mehtar-Tani & Tywoniuk - PRD ‘18 )

(global fit) (adjusted)
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Soft Drop (SD) procedure in a nutshell:
Reconstruct jet with anti-kT.

Recluster jet with Cambridge-Aachen.

Go back clustering history, store z and ΔR
of each pair of branches.

1.

2.

3.

Soft Drop



Soft Drop
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Soft Drop (SD) procedure in a nutshell:

Recluster jet with Cambridge-Aachen.

If stop at first step that satisfies SD condition:
1st SD “splitting”

1.

2.

3.

study such 1st “splitting”
study groomed jet properties

Larkoski et al. - JHEP ‘14, PRD ‘15 

Soft Drop condition:

Reconstruct jet with anti-kT.

Go back clustering history, store z and ΔR
of each pair of branches.
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Soft Drop (SD) procedure in a nutshell:

Recluster jet with Cambridge-Aachen.

If stop at first step that satisfies SD condition:
1st SD “splitting”

1.

2.

3.

If count all “splittings” that satisfy SD condition:
(following the hardest branch, i.e. Iterative SD)

# SD “splittings”, nSD

study such 1st “splitting”
study groomed jet properties

Frye et al. - JHEP ‘17 

Soft Drop

Reconstruct jet with anti-kT.

Go back clustering history, store z and ΔR
of each pair of branches.
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# SD Splittings
Remove soft & 
soft-collinearzcut = 0.1 � = 0
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       grooming setup:

reduction of nSD

barely any modification

Wake negligible.

Jets with higher multiplicity
are more suppressed, ensemble
biased towards less active ones if
substructure is resolved.

(also a subleading effect from “per jet” energy loss, see back-up)

Flat

Pablos et al. - JHEP ‘20 



1st SD splitting zg vs ΔR
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Strong ordering in ΔR
(if parton shower resolved).

RESOLVED UNRESOLVED

Larger ΔR; 

Larger phase-space
for emissions;

Larger quenching,
smaller survival rate;

(almost NO effect from “per jet” 
energy loss, see back-up)

zcut = 0.1 � = 0Flat

Pablos et al. - JHEP ‘20 



Jets and Jets (again)
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Wide jet Narrow jet
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t1
<latexit sha1_base64="EG8K/EBFqWVmWM5LT4hFgNGctqM=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPoKeyKosegF48RjAkkS5idzCZD5rHMzAphyS948aCIV3/Im3/jZLMHTSxoKKq66e6KEs6M9f1vr7Syura+Ud6sbG3v7O5V9w8ejUo1oS2iuNKdCBvKmaQtyyynnURTLCJO29H4dua3n6g2TMkHO0loKPBQspgRbHOpH5z2qzW/7udAyyQoSA0KNPvVr95AkVRQaQnHxnQDP7FhhrVlhNNppZcammAyxkPadVRiQU2Y5bdO0YlTBihW2pW0KFd/T2RYGDMRkesU2I7MojcT//O6qY2vw4zJJLVUkvmiOOXIKjR7HA2YpsTyiSOYaOZuRWSENSbWxVNxIQSLLy+Tx/N6cFn37y9qjZsijjIcwTGcQQBX0IA7aEILCIzgGV7hzRPei/fufcxbS14xcwh/4H3+AGfyjdE=</latexit>

t01
<latexit sha1_base64="H1k7708+7tdvGAD3AhFiwFw9S98=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbRU0mKoseiF48V7Ae0oWy2m3bp7ibsboQQ+he8eFDEq3/Im//GbZqDtj4YeLw3w8y8IOZMG9f9dkpr6xubW+Xtys7u3v5B9fCoo6NEEdomEY9UL8CaciZp2zDDaS9WFIuA024wvZv73SeqNIvko0lj6gs8lixkBJtcGjbOh9WaW3dzoFXiFaQGBVrD6tdgFJFEUGkIx1r3PTc2foaVYYTTWWWQaBpjMsVj2rdUYkG1n+W3ztCZVUYojJQtaVCu/p7IsNA6FYHtFNhM9LI3F//z+okJb/yMyTgxVJLFojDhyERo/jgaMUWJ4aklmChmb0VkghUmxsZTsSF4yy+vkk6j7l3V3YfLWvO2iKMMJ3AKF+DBNTThHlrQBgITeIZXeHOE8+K8Ox+L1pJTzBzDHzifP2l3jdI=</latexit>

t02

Scale of emission t 
sampled from 
Sudakov distribution

First emission inside 
the jet cone:

If high, increased probability for further emissions
If low, decreased probability for further emissions

<latexit sha1_base64="wVi+XiAFDh0Ga8HkG2usQwvZIWE=">AAAB8XicbVBNSwMxEJ31s9avqkcvwSJ6Krui6EmKXjxWsB/YLiWbZtvQbHZJZoWy9F948aCIV/+NN/+NabsHbX2Q8Hhvhpl5QSKFQdf9dpaWV1bX1gsbxc2t7Z3d0t5+w8SpZrzOYhnrVkANl0LxOgqUvJVoTqNA8mYwvJ34zSeujYjVA44S7ke0r0QoGEUrPWLXI9fE/ifdUtmtuFOQReLlpAw5at3SV6cXszTiCpmkxrQ9N0E/oxoFk3xc7KSGJ5QNaZ+3LVU04sbPphuPybFVeiSMtX0KyVT93ZHRyJhRFNjKiOLAzHsT8T+vnWJ45WdCJSlyxWaDwlQSjMnkfNITmjOUI0so08LuStiAasrQhlS0IXjzJy+SxlnFu6i49+fl6k0eRwEO4QhOwYNLqMId1KAODBQ8wyu8OcZ5cd6dj1npkpP3HMAfOJ8/mZqPjw==</latexit>

t1 > t01

For any evolution variable:
<latexit sha1_base64="P3qTFpgq1q/joJleNp2y0irwcro=">AAAB/XicbVDLSsNAFJ34rPUVHzs3g0VwVRJRdFnUhcsq9gFNCJPppB06SYaZG6GG4q+4caGIW//DnX/jtM1CWw9cOJxzL/feE0rBNTjOt7WwuLS8slpaK69vbG5t2zu7TZ1mirIGTUWq2iHRTPCENYCDYG2pGIlDwVrh4Grstx6Y0jxN7mEomR+TXsIjTgkYKbD3IXCxJ1UqIcXeNRNA8F1gV5yqMwGeJ25BKqhAPbC/vG5Ks5glQAXRuuM6EvycKOBUsFHZyzSThA5Ij3UMTUjMtJ9Prh/hI6N0cZQqUwngifp7Iiex1sM4NJ0xgb6e9cbif14ng+jCz3kiM2AJnS6KMoHNp+MocJcrRkEMDSFUcXMrpn2iCAUTWNmE4M6+PE+aJ1X3rOrcnlZql0UcJXSADtExctE5qqEbVEcNRNEjekav6M16sl6sd+tj2rpgFTN76A+szx9CTpRz</latexit>

t1 / �R
<latexit sha1_base64="8czM3ElPmRgF0220Lb08I9mxH/k=">AAAB/3icbVBNS8NAEN34WetXVPDiZbFIPZVEFD0W9eCxiv2AJoTNdtMu3WTD7kQotQf/ihcPinj1b3jz37htc9DWBwOP92aYmRemgmtwnG9rYXFpeWW1sFZc39jc2rZ3dhtaZoqyOpVCqlZINBM8YXXgIFgrVYzEoWDNsH819psPTGkuk3sYpMyPSTfhEacEjBTY+xC4ZeylSqYgsXfNBBB8Vw7sklNxJsDzxM1JCeWoBfaX15E0i1kCVBCt266Tgj8kCjgVbFT0Ms1SQvuky9qGJiRm2h9O7h/hI6N0cCSVqQTwRP09MSSx1oM4NJ0xgZ6e9cbif147g+jCH/IkzYAldLooygQ2r47DwB2uGAUxMIRQxc2tmPaIIhRMZEUTgjv78jxpnFTcs4pze1qqXuZxFNABOkTHyEXnqIpuUA3VEUWP6Bm9ojfryXqx3q2PaeuClc/soT+wPn8ADaeU1Q==</latexit>

t01 / �R0

Groomed angle is
proxy for jet activity

<latexit sha1_base64="AsovceY1oAC2rPorCgK3R7dJnwU=">AAAB8HicdVDLSgNBEJyNrxhfUY9eBoPoKeyKosegHjxGMSaSLGF20psMmZldZnqFsOQrvHhQxKuf482/cfMQ4qugoajqprsriKWw6LofTm5ufmFxKb9cWFldW98obm7d2igxHGo8kpFpBMyCFBpqKFBCIzbAVCChHvTPR379HowVkb7BQQy+Yl0tQsEZZtJd6wIkMnq93y6WvLI7BnV/kS+rRKaotovvrU7EEwUauWTWNj03Rj9lBgWXMCy0Egsx433WhWZGNVNg/XR88JDuZUqHhpHJSiMdq7MTKVPWDlSQdSqGPfvTG4l/ec0Ew1M/FTpOEDSfLAoTSTGio+9pRxjgKAcZYdyI7FbKe8wwjllGhdkQ/ie3h2XvuOxeHZUqZ9M48mSH7JID4pETUiGXpEpqhBNFHsgTeXaM8+i8OK+T1pwzndkm3+C8fQLBhY+4</latexit>

�R0
<latexit sha1_base64="erYvOaGuXXWx93uBwu8oIMRhhCI=">AAAB73icdVDJSgNBEK2JW4xb1KOXxiB4CjOi6DGoB49RzALJEHo6NUmTnp6xu0cIQ37CiwdFvPo73vwbO4sQtwcFj/eqqKoXJIJr47ofTm5hcWl5Jb9aWFvf2Nwqbu/UdZwqhjUWi1g1A6pRcIk1w43AZqKQRoHARjC4GPuNe1Sax/LWDBP0I9qTPOSMGis125coDCU3nWLJK7sTEPcX+bJKMEO1U3xvd2OWRigNE1Trlucmxs+oMpwJHBXaqcaEsgHtYctSSSPUfja5d0QOrNIlYaxsSUMm6vxERiOth1FgOyNq+vqnNxb/8lqpCc/8jMskNSjZdFGYCmJiMn6edLlCZsTQEsoUt7cS1qeKMmMjKsyH8D+pH5W9k7J7fVyqnM/iyMMe7MMheHAKFbiCKtSAgYAHeIJn5855dF6c12lrzpnN7MI3OG+fXr+Phw==</latexit>

�R
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Pablos et al. - JHEP ‘20 
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Pablos et al. - JHEP ‘20 



1st SD splitting Lund Plane
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Pablos et al. - JHEP ‘20 



Comparison with (not unfolded) data
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ALICE - PLB ‘20

Low zg enhancement arises
in our model from smearing effects.

Strong ordering in ΔR
is robust under smearing effects.

zg distribution,
differential in ΔR, 
successfully described
by the Hybrid Model.

                      is
disfavoured by data.



Comparison with (not unfolded) data

57Daniel Pablos University of Bergen

Low zg enhancement arises
in our model from smearing effects.

Strong ordering in ΔR
is robust under smearing effects.

zg distribution,
differential in ΔR, 
successfully described
by the Hybrid Model.

No enhancement
of hard radiation

ALICE - PLB ‘20



Sensitivity to Lres
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Pablos et al. - JHEP ‘20 



Diagnosing jet energy loss with deep learning
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Selection bias is a dominant effect for many jet observables:

Common to all calculations, jet MCs, that include jet substructure fluctuations.

Obscures the interpretation of data: how do quenched jets really look like?

Use deep learning techniques to determine amount of energy loss jet-by-jet: 
<latexit sha1_base64="XpsGw9yPpYUQucP0DD2uLNLO+IQ=">AAACCXicbVDLSsNAFJ3UV62vqEs3g0VwVRJRdFkUwWUF+4AmhMn0phk7eTgzKZSQrRt/xY0LRdz6B+78G6ePhbYeuJfDOfcyc4+fciaVZX0bpaXlldW18nplY3Nre8fc3WvJJBMUmjThiej4RAJnMTQVUxw6qQAS+Rza/uBq7LeHICRL4js1SsGNSD9mAaNEackzsUND5uX3YYEdeMjYEDuBIDS/9oJCN1Z4ZtWqWRPgRWLPSBXN0PDML6eX0CyCWFFOpOzaVqrcnAjFKIei4mQSUkIHpA9dTWMSgXTzySUFPtJKDweJ0BUrPFF/b+QkknIU+XoyIiqU895Y/M/rZiq4cHMWp5mCmE4fCjKOVYLHseAeE0AVH2lCqGD6r5iGRCehdHgVHYI9f/IiaZ3U7LOadXtarV/O4iijA3SIjpGNzlEd3aAGaiKKHtEzekVvxpPxYrwbH9PRkjHb2Ud/YHz+ANdPmm0=</latexit>

�jh ⌘ Ef

Ei

Final, measurable jet energy

Vacuum energy (had there been
no medium)

Energy loss ratio:

Du et al. - 2010.XXXX



Jet Images
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Most 
quenched

Least
quenched

Image rotated jet-by-jet 
to have subleading branch 
at -π/2

Quenching increases
# of soft particles,
specially at the periphery

Use images as input
for CNN

Du et al. - 2010.XXXX



Performance of neural network
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Good performance across 
a wide range in

Consistency check:
pp jets get

Interpretability:
jet shape (lower dimensional
projection of jet image) 
contains greatest
discriminating power

Du et al. - 2010.XXXX

<latexit sha1_base64="acoVIrc68l5zeJ1fhYPznARRryY=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0WPRi8cK9kPaUDbbTbN2dxN2N0IJ+RVePCji1Z/jzX/jts1BWx8MPN6bYWZekHCmjet+O6WV1bX1jfJmZWt7Z3evun/Q1nGqCG2RmMeqG2BNOZO0ZZjhtJsoikXAaScY30z9zhNVmsXy3kwS6gs8kixkBBsrPfRJxAbZY5QPqjW37s6AlolXkBoUaA6qX/1hTFJBpSEca93z3MT4GVaGEU7zSj/VNMFkjEe0Z6nEgmo/mx2coxOrDFEYK1vSoJn6eyLDQuuJCGynwCbSi95U/M/rpSa88jMmk9RQSeaLwpQjE6Pp92jIFCWGTyzBRDF7KyIRVpgYm1HFhuAtvrxM2md176Lu3p3XGtdFHGU4gmM4BQ8uoQG30IQWEBDwDK/w5ijnxXl3PuatJaeYOYQ/cD5/AAwLkJE=</latexit>�jh

<latexit sha1_base64="JwtgOtRZ30ZuDKvR6RKkHSAZ2eU=">AAAB+nicbVBNS8NAEN34WetXqkcvi0XwVBJR9Fj04rGC/YCmhM120qzdbOLuRimxP8WLB0W8+ku8+W/ctjlo64OBx3szzMwLUs6Udpxva2l5ZXVtvbRR3tza3tm1K3stlWSSQpMmPJGdgCjgTEBTM82hk0ogccChHQyvJn77AaRiibjVoxR6MRkIFjJKtJF8u+LRiPn5XTT2FIvhHru+XXVqzhR4kbgFqaICDd/+8voJzWIQmnKiVNd1Ut3LidSMchiXvUxBSuiQDKBrqCAxqF4+PX2Mj4zSx2EiTQmNp+rviZzESo3iwHTGREdq3puI/3ndTIcXvZyJNNMg6GxRmHGsEzzJAfeZBKr5yBBCJTO3YhoRSag2aZVNCO78y4ukdVJzz2rOzWm1flnEUUIH6BAdIxedozq6Rg3URBQ9omf0it6sJ+vFerc+Zq1LVjGzj/7A+vwBElCT3g==</latexit>

�jh ' 1
(after training on
medium jets only)



Applications to jet observables
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Du et al. - 2010.XXXX

FES (Final Energy Selection):
select jets according to
measured energy (usual)

Modification of groomed radius

IES (Initial Energy Selection):
select jets according to
initial energy (new)

Mostly unquenched
jets due to selection bias

Observe true effects
of energy loss!

, see also Brodsky et al. - 2009.03316

FES IES



The Wake of the Jet
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String acts as a perturbation
in the large Nc limit.

Agreement between hydrodynamics 
& wake of a quark in gauge/gravity duality.

energy-momentum 
conservation in the 
jet+plasma interplay

Chesler & Yaffe - PRL ‘07
At strong coupling:



The hadrons from the wake
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Assuming small perturbations on top of Bjorken flow:

Only valid for soft particles.

Effect from background flow not included.!
!

Expand Cooper-Frye spectrum to first order in perturbations:

Fully constrained by
energy-momentum
conservation.

velocity pert. temperature pert.

Pablos et al. - JHEP ‘17



The hadrons from the wake

65Daniel Pablos University of Bergen

pT dist.

rapidity
dist.

0

5

10

15

20

25

30

35

0 0.5 1 1.5 2 2.5 3

d�
N
/d
p T

pT [GeV]

Hybrid wake

0

2

4

6

8

10

12

14

16

�3 �2 �1 0 1 2 3

d�
N
/d
⌘

⌘

Hybrid wake

�15

�10

�5

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3

d�
N
/d
�

�

Hybrid wakeQGP “ridge”,
or crest

QGP trough

unperturbed
background

Sample hadrons from one body dist.
Energy-momentum cons. through Metropolis.



Jet RAA at LHC
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Include non-eq. contribution only, i.e. jet particles that did not hydrodynamize:

Jet suppression increases with increasing R.

Wider jets “lose” more energy, more energy loss sources.
Pablos - PRL ‘20



Jet RAA at LHC
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Include both non-eq. and QGP “ridge” contributions:

Energy is progressively recovered with increasing R. 

nPDF effect sets an upper limit on RAA at very high pT.

nPDF effect

!
Pablos - PRL ‘20



Jet RAA at LHC
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Include non-eq., QGP “ridge” and QGP trough contribution:

QGP trough amounts to jet suppression; over-subtraction effect.

Effect increases with increasing R.
Pablos - PRL ‘20



Jet RAA at LHC
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Competition of effects that yield, overall, 
a very mild evolution from small to large R.

Pablos - PRL ‘20



The effect of the recoiling jet
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Jet suppression due to QGP trough comes from the wake of the recoiling jet.

Rapidity dist. from the wake hadrons
relatively narrow.

Rapidity gap dist. between dijet system
relatively wide.

Study dijet systems with different rapidity gaps.

η1

η2

Pablos - PRL ‘20



The effect of the recoiling jet
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Pablos - PRL ‘20



Leading jet suppression vs. |ηD|

72Daniel Pablos University of Bergen

differential in 

0.2

0.4

0.6

0.8

R = 0.4

0.2

0.4

0.6

0.8

|�
⌘ D

| <
0

.5

0

.5
<

|�
⌘ D

| <
1

1

.
<

|�
⌘ D

| <
1

.5

1

.5
<

|�
⌘ D

| <
2

2

<
|�

⌘ D
| <

3

3

<
|�

⌘ D
| <

4

R = 1.0

R
le
a
d

A
A

non-eq.

non-eq. + QGP ridge

non-eq. + QGP ridge & trough

R
le
a
d

A
A

A new observable

R=0.4
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Improving the wake description
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Efficient, but over-simplified medium response needs to be improved:

Extend kinematical validity: requires knowledge of spacetime evolution of hydro perturbations.

Linearised hydro eqs. for perturbations on top of viscous Bjorken flow: 
<latexit sha1_base64="7Con8m6KYIpmVkmM7b4B1OsC+CM=">AAACAnicbVBNS8NAEN3Ur1q/op7Ey2IRPEhNpKIehKIXjxXsBzSlbLabduluEnYnYgnFi3/FiwdFvPorvPlv3LY5aPXBwOO9GWbm+bHgGhzny8rNzS8sLuWXCyura+sb9uZWXUeJoqxGIxGppk80EzxkNeAgWDNWjEhfsIY/uBr7jTumNI/CWxjGrC1JL+QBpwSM1LF3PCDJRbl0jr1D7AG7ByXTQB7RUccuOiVnAvyXuBkpogzVjv3pdSOaSBYCFUTrluvE0E6JAk4FGxW8RLOY0AHpsZahIZFMt9PJCyO8b5QuDiJlKgQ8UX9OpERqPZS+6ZQE+nrWG4v/ea0EgrN2ysM4ARbS6aIgERgiPM4Dd7liFMTQEEIVN7di2ieKUDCpFUwI7uzLf0n9uOSelJybcrFymcWRR7toDx0gF52iCrpGVVRDFD2gJ/SCXq1H69l6s96nrTkrm9lGv2B9fAOa/pZM</latexit>

⌧ = 4.9 fm/c
<latexit sha1_base64="tO7WWVGfv2UTnUzWjei9JlJyz/A=">AAACAnicbVDLSsNAFJ3UV62vqitxM1gEFxITH9iNUHTjsoJ9QBPKZDpph84kYeZGLKG48VfcuFDErV/hzr9x+lho9cCFwzn3cu89QSK4Bsf5snJz8wuLS/nlwsrq2vpGcXOrruNUUVajsYhVMyCaCR6xGnAQrJkoRmQgWCPoX438xh1TmsfRLQwS5kvSjXjIKQEjtYs7HpD0omyfYO8Qe8DuQckslEd02C6WHNsZA/8l7pSU0BTVdvHT68Q0lSwCKojWLddJwM+IAk4FGxa8VLOE0D7pspahEZFM+9n4hSHeN0oHh7EyFQEeqz8nMiK1HsjAdEoCPT3rjcT/vFYKYdnPeJSkwCI6WRSmAkOMR3ngDleMghgYQqji5lZMe0QRCia1ggnBnX35L6kf2+6Z7dycliqX0zjyaBftoQPkonNUQdeoimqIogf0hF7Qq/VoPVtv1vukNWdNZ7bRL1gf35fclko=</latexit>

⌧ = 8.3 fm/c
<latexit sha1_base64="x6rPWvxTG+lNepQhOWAvH46NZD0=">AAACA3icbVDLSsNAFJ3UV62vqDvdDBbBhdRElLoRim5cVrAPaEKZTCft0JkkzNyIJRTc+CtuXCji1p9w5984fSy09cCFwzn3cu89QSK4Bsf5tnILi0vLK/nVwtr6xuaWvb1T13GqKKvRWMSqGRDNBI9YDTgI1kwUIzIQrBH0r0d+454pzePoDgYJ8yXpRjzklICR2vaeByS9dN1SGXvH2AP2AEpmoTyhw7ZddErOGHieuFNSRFNU2/aX14lpKlkEVBCtW66TgJ8RBZwKNix4qWYJoX3SZS1DIyKZ9rPxD0N8aJQODmNlKgI8Vn9PZERqPZCB6ZQEenrWG4n/ea0Uwgs/41GSAovoZFGYCgwxHgWCO1wxCmJgCKGKm1sx7RFFKJjYCiYEd/bleVI/LbnnJef2rFi5msaRR/voAB0hF5VRBd2gKqohih7RM3pFb9aT9WK9Wx+T1pw1ndlFf2B9/gAITJaC</latexit>

⌧ = 11.7 fm/c

energy perturbation

velocity perturbation

Yao et al. - 2010.01140



Improving the wake description
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Efficient, but over-simplified medium response needs to be improved:

Yao et al. - 2010.01140

Include the effects of realistic background flow.

Boost fluid cell of the perturbation according to local radial flow at freeze-out hyper surface:



Linearised Wake: effects on observables
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Strongest new effect comes from radial flow:

Yao et al. - 2010.01140

Important hardening of hadrons pT spectrum.

As expected from hydrodynamics:
Hadrons from the wake
display mass ordering.



Linearised Wake: effects on observables
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Increase in # fragments 
with higher z inside the jet
(jet FFs)

Yao et al. - 2010.01140

Modified recovery of energy as a
function of radial distance
(jet shapes, RAA vs R)



Linearised Wake: effects on observables
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Increase in # fragments 
with higher z inside the jet
(jet FFs)

Yao et al. - 2010.01140

Modified recovery of energy as a
function of radial distance
(jet shapes, RAA vs R)

To be included in jet MC.

Stay tuned!



Jet Suppression: Analytics
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Great deal of jet observables are understood through consideration of jet substructure
fluctuations within the medium:

Jet MC quenching models naturally include these effects,
although with many uncontrolled modelling assumptions.

Want to extend these concepts to phenomenologically relevant perturbative, analytic calculations in 
QCD. We need to:

Resum quenching effects from multi-prong nature of jets.

Take into account color coherence effects.

Gauge uncertainties on non-perturbative components (e.g. the wake).

Embed into realistic heavy ion environment to account for in-medium path flucs.



Jet Suppression: Analytics
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Cross-section of jet
with radius R in the medium:

moment of jet 
frag. function

Dasgupta et al. - JHEP ‘15quenching 
factor

Resummation of bare
quenching factor
through DGLAP:

with initial condition: Radiative component at NLO
in improved opacity expansion

Include Rrec parameter
for energy recovery vs R

with quenched phase space: Quench resolved emission inside
the medium only

Barata & Mehtar-Tani - 2004.02323

Mehtar-Tani  & Tywoniuk -  
PRD ‘18

Mehtar-Tani et al. -  2010.XXXX



Jet Suppression: Analytics
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Mehtar-Tani et al. -  2010.XXXX
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Mild R dependence of jet
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with recent CMS data

ATLAS - PLB ‘18

CMS-PAS-HIN-18-014 

<latexit sha1_base64="88CYG5NZ3znk8FPapzf/LTBSavQ=">AAAB8XicbVBNS8NAEJ34WetX1aOXxSJ4KklR9Fj04rGC/cA2lM120i7dbOLuRiih/8KLB0W8+m+8+W/ctjlo64OBx3szzMwLEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6mfqtJ1Sax/LejBP0IzqQPOSMGis9DEhX8wgfSbVXKrsVdwayTLyclCFHvVf66vZjlkYoDRNU647nJsbPqDKcCZwUu6nGhLIRHWDHUkkj1H42u3hCTq3SJ2GsbElDZurviYxGWo+jwHZG1Az1ojcV//M6qQmv/IzLJDUo2XxRmApiYjJ9n/S5QmbE2BLKFLe3EjakijJjQyraELzFl5dJs1rxLiru3Xm5dp3HUYBjOIEz8OASanALdWgAAwnP8ApvjnZenHfnY9664uQzR/AHzucPmWiQNg==</latexit>

g ' 2



Summary
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Jet substructure fluctuations are key to our understanding of jet quenching phenomenology.

Early fragmentation pattern of the jet (mostly dominated by vacuum physics)
controls amount of quenching:

Selection bias towards narrower jets due to steeply falling spectrum,
provided that the medium resolves the internal structure of the jet.

Can use machine learning to select jets with a certain amount of energy loss,
study observables based on initial jet energy, getting rid of the selection bias.

Hydrodynamization of jet energy can be studied through jet substructure observables.

Soft particles from the wake enter the jet cone:

Sensitive to background flow, display mass ordering.
Long range correlations between dijet system vs R. } Crucial elements

of fluid QGP paradigm!



Backup Slides
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Hydro in Small Systems
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p+Pb Pb+Pb

“One fluid to rule them all”

p+p

Weller & Romatschke - 
PLB ‘17



Hydro in Small Systems
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Expectation from 
hydro arguments:

Nature Physics 15, 214–220 (2019)
PHENIX collaboration



Hydro in Small Systems
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Expectation from 
hydro arguments:

Nature Physics 15, 214–220 (2019)
PHENIX collaboration



A frustrating observable: charged jet mass
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are more active;
more suppressed if
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A frustrating observable: charged jet mass
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The role of formation time

88Daniel Pablos University of Bergen

0

0.5

1

1.5

2

2.5

0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

Lres = 0

1/
N

je
ts
dN

/d
z g

(P
b
P
b
/p

p
)

zg

⌧f = 0, all �R
⌧f = 0, �R < 0.1
⌧f = 0, �R > 0.2

all �R
�R < 0.1
�R > 0.2

Radical test:
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Almost no change 
in ΔR ordering.

Observable dominated by correlation
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because formed early?



Cutting the Lund Plane
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CMS angularity limit:

Flat
Removes soft & soft-collinear

Core
Removes soft-wide

Soft-core
Extends soft-collinear region

EnhancedDepleted
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CMS angularity limit:

Flat
Removes soft & soft-collinear

Core
Removes soft-wide

Soft-core
Extends soft-collinear region
Enhances Lund plane
structure above 

EnhancedDepleted

�R > 0.1
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Groomed jet mass
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Correlation between nSD and ΔR
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Correlation between nSD and zg
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A careful look into the selection bias
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Jet suppression vs. R at RHIC
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