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Studying QGP
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Heavy-ion collisions
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Self-generated probes
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Self-generated probes
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Self-generated probes

Today: jets
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Jets – collimated spray of 
hadrons

● experimental signatures of quarks and gluons produced in high-energy processes

● quarks and gluons cannot exist freely due to color-confinement

● instead, they come together to form colour-neutral hadrons, in a process that leads to 
production of collimated spray of hadrons called a jet.
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Partons in heavy-ion collisions
(recap)
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Jets in the QGP
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Energy loss in the QGP

How to measure?
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Energy loss in the QGP

pp

parton

parton
no QGP

heavy-ions

proton-proton 
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Energy loss in the QGP

pp

heavy-ions

proton-proton 

Ratio  =

x 
number of binary 
collisions
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Medium effect  → RAA < 1

Energy loss and RAA

No medium effect → RAA ≈ 1
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Medium effect  → RAA < 1

Energy loss and RAA

No medium effect → RAA ≈ 1

What is 
Ncoll?
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Glauber Monte Carlo
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Glauber Monte Carlo

N
coll

 = 0
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Glauber Monte Carlo

N
coll

 = 1
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Glauber Monte Carlo

N
coll

 = 2
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Glauber Monte Carlo

N
coll

 = 3
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Glauber Monte Carlo

N
coll

 = 4
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Glauber Monte Carlo

N
coll

 = 5
For blue. We have to repeat 
for all other nucleons in A.
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Glauber Monte Carlo

N
coll

 = 5
For blue. We have to repeat 
for all other nucleons in A.

Strongly depends on impact parameter!
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Realistic Example
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Glauber MC Output
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Glauber MC Output
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Medium effect  → RAA < 1

Energy loss and RAA

No medium effect → RAA ≈ 1
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Centrality

More central: bigger QGP droplet.
Bigger energy loss.

More peripheral: smaller QGP droplet.
Smaller energy loss.
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R
AA
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RAA of charged particles

Strong suppression in central Pb-Pb
fingerprint of

hot QCD matter !!

The LHC measurements show a slightly 
stronger suppression than those from 
RHIC 
● LHC a factor of ~7, 
● RHIC a factor of ~5

A completely new observation at the LHC 
is that with increasing p

T
 the suppression 

becomes smaller, i.e. RAA increases

Even very energetic partons of the 
highest p

T 
suffer considerable energy 

loss interacting with the medium
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RAA of charged particles

All experiments agree very well

With increasing p
T
 the 

suppression becomes smaller

Almost no suppression at very 
high p

T
compared to pp reference

Measurement extended up to 400 GeV!

arXiv: 1611.01664
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 RAA measurements

Comparing results from different experiments
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Strategy of Heavy-Ion Physics
measure all these systems

from G. Roland (IS 2013) modified by C. Loizides (QM 2014)



Strategy of Heavy-Ion Physics
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Strategy of Heavy-Ion Physics
measure all these systems

from G. Roland (IS 2013) modified by C. Loizides (QM 2014)
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RAA of charged particles in pPb

arXiv:1210.4520 [nucl-ex] PLB 696, 30 (2011)

strong suppression observed in PbPb
 is NOT an initial-state effect

→ hot QCD matter effect
ongoing comparison with models

38

p
T
 < 2 GeV/c : suppression

2 < p
T
 < 4 GeV/c : rise to 1.1

(Cronin effect) 

p
T
 > 6 GeV/c: 

consistent with unity

Similar trend with dAu at RHIC
less enhancement
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Gamma, W, Z0 unaffected

We expect no suppression for 
color-neutral probes:
● No interaction with QGP
● Experimental check of the 

method 
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RAA of charged particles

Strong suppression in central Pb-Pb
fingerprint of

hot QCD matter !!

p
T
 < 2 GeV/c : suppression

2 < p
T
 < 4 GeV/c : rise to 1.1

(Cronin effect) 

RpPb ~1   p
T
 > 6 GeV/c

- Absence of 
      nuclear modification

RPbPb strong suppression
•  Increases with centrality
•   NOT initial state effect
•   Final state effect

RPbPb

RPbPb

RpPb

pPb control experiment for PbPb

g, W, Z unaffected



 

41/1012-7/01/2018, Oslo Winter School Małgorzata Janik – Warsaw University of Technology

Interaction of gluons, 
light and heavy quarks 
inside the medium
→ energy loss, suppression2003

Angular correlations
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Interaction of gluons, 
light and heavy quarks 
inside the medium
→ energy loss, suppression

2003

Angular correlations
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Jets – collimated spray of 
hadrons

● experimental signatures of quarks and gluons produced in high-energy processes

● quarks and gluons cannot exist freely due to color-confinement

● instead, they come together to form colour-neutral hadrons, in a process that leads to 
production of collimated spray of hadrons called a jet.
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Jets can be reconstructed using a combination of 
tracking of charged particles and measurements in 
electromagnetic and hadronic calorimeters. 

Typically the detected particles are grouped within a 
given angular region, 
i.e. a cone with radius R.

Reconsructed jets

R
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What’s a jet?
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What’s a jet?
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Jet and Underlying Event
Thousands of particles are produced and the underlying event backgrounds are enormous
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Jets are not only embedded in a huge background but also modified.

Dramatic suppression of jets and momentum imbalance is observed.

Suppression of jets
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● strong suppression in Pb–Pb collisions at LHC persists up to the 
highest measured pT, extended up to 1 TeV/c.

● the medium created in Pb–Pb collisions is so opaque that it can quench 
even the most energetic jets.

● a clear centrality dependence is observed, as for single hadrons

ATLAS measured RAA of jets in 0-10% central events at 5.02 TeV for pT  [0.1 - 1 TeV]∈

RAA of jets
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v2 of charged particles and jets

Simultaneous measurements of charged particles and jets RAA and v2

Significant positive v
2 
:

● relationship between the 
measured jet suppression and the 
details of the initial nuclear 
geometry; 

● confirms expectation that the jet 
suppression is strongest in the 
out-of-plane direction where 
partons traverse the largest 
amount of hot and dense matter
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Momentum imbalance
Jets are not only embedded in a huge background but also modified.

Dramatic suppression of jets and momentum imbalance is observed.
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Dijet Asymmetry
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Dijet Asymmetry
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g, W, Z unaffected
by the medium

Photon-jet and Z-jet correlations
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g, W, Z unaffected
by the medium

Photon-jet and Z-jet correlations

Measured “absolute energy 
loss” (out of the jet cone) by
comparing photon/Z and jet 
transverse momentum

photon-jet
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g, W, Z unaffected
by the medium

Photon-jet and Z-jet correlations

photon-jet

Z-jet

First evidence of Z-Jet 
momentum imbalance, 
Consistent with results 
from photon-jet

Measured “absolute energy 
loss” (out of the jet cone) by
comparing photon/Z and jet 
transverse momentum

arxiv:1702.0106



57

Jet substructure
● Differential jet shape ρ(r) describes radial 

distribution of transverse momentum inside jet 
cone. It is measured in r slices.

● If we compare jet shape between pp and PbPb 
we can observe big differences for large radii in 
most central collisions.

● Details seen in the ratios. Deviations from 1 
indicate modification of jet structure in QGP.

● Energy that the jets lose in the medium is 
redistributed at large distances from the jet axis 

Arxiv
1310.0878
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For references see: 
Reviews in Physics 1 (2016) 172-194
https://arxiv.org/abs/1702.07231

Jet measurements

https://arxiv.org/abs/1702.07231
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Energy Loss in QGP

How does medium 
achieve the suppression?
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Radiative Energy Loss
Short version of 
extensive formalizm
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Dead Cone Effect
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Collisional Energy Loss
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Comparisons with theory
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Heavy Partons
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Summary
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Summary

Reviews in Physics 1 (2016) 172-194
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Backup
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