
Yen-Jie Lee (MIT) Heavy Ion Physics

v

Heavy-Ion Physics (II)

1

Yen-Jie Lee

Student Lecture
2022 Asia Europe Pacific School of High-Energy Physics

Pyeongchang, South Korea

5-18 October 2022

MIT HIG group's work was supported byUSDOE-NP



Yen-Jie Lee (MIT) Heavy Ion Physics

Probe the Quark Soup!
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ÅHow does the strongly interacting medium emerge from an asymptotic free theory?

ÅCan we see quasi-particles (at some point, quarks and gluons) in the Quark-Gluon 
Plasma? What is the structure of QGP probed at different length scales?

ÅWhat are the transport properties of the medium?
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How do we extract the medium effect in A+A collisions?
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pp referenceA+A measurements

One typical way is to compare A+A data to pp reference measurement
See for instance review form 
D. ŘΩ9ƴǘŜǊǊƛŀand C. Loizides

Ann.Rev.Nucl.Part.Sci.71(2021)315-44
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How do we extract the medium effect in A+A collisions?
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pp referenceA+A measurements

One typical way is to compare A+A data to pp reference measurement
See for instance review form 
D. ŘΩ9ƴǘŜǊǊƛŀand C. Loizides

Ann.Rev.Nucl.Part.Sci.71(2021)315-44

Ncoll Ą Number of binary scatterings

Npart Ą Number of participating nucleons

Npart= 2 Ncoll = 1

Npart = 5 Ncoll = 6

Example:
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How do we extract the medium effect in A+A collisions?
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RAA< 1 (suppression)

ñQCD Mediumò

ñQCD Vacuumò 

RAA > 1 (enhancement) 

RAA = 1 (no medium effect) ~

pp reference

óNuclear modification factorsô

Questions: How do we know the Glauber model calculation of Ncollis correct?

Is the nuclear PDF modified with respect to nucleon PDF?

Motivates the studies of electroweak probes
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NcollĄAveraged number of binary scattering

A+A measurements

See for instance review form 
D. ŘΩ9ƴǘŜǊǊƛŀand C. Loizides

Ann.Rev.Nucl.Part.Sci.71(2021)315-44
One typical way is to compare A+A data to pp reference measurement
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Example: Photon RAA
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ÅElectroweak probes are unmodified

ÅConfirm Ncoll scaling of hard scattering

ÅHigh precision W, Z and isolated photon
measurements: constraint nPDF

Ncoll scaling

pp
PbPb

nPDF

PDF

Z Photons
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Colorless and Colored Hard Probes
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Photons / Z

Quark Gluon Plasma

In medium parton energy loss

ĄñJet quenchingò

(Bjorken, 1982)

Fast-moving high energy quarks and gluons, 

Heavy quarks Studies of the medium properties 

Photons, electroweak bosons

Validation

Tag the initial state

Transport coefficient ή, stopping power dE/dx, 

gluon density , temperature Ὕé
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Mechanism of In-medium Energy Loss
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Jet: a powerful tool for the understanding of QGP

Landolt-Bornstein23(2010)471

Jet quenching parameter:

And it is the first moment of the Fourier Transform of the elastic cross-

section to momentum space
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QGP Transport Properties and Structure with Jets
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Jet

Z/ɔ

ÅJet broadening effects from multiple soft 

scattering  (ή
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QGP Transport Properties and Structure with Jets
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ñHoleò

Jet

Z/ɔ

ÅJet broadening effects from multiple soft 

scattering  (ή

ÅContribution from medium response

ÅReveal medium recoil (the propagation of 
)
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QGP Transport Properties and Structure with Jets
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ñHoleò

Jet

Z/ɔ

ÅJet broadening effects from multiple soft 

scattering  (ή

ÅContribution from medium response

ÅReveal medium recoil (the propagation of 
)

ÅWith the precise understanding of the 

phenomena above, one could reveal the 

QGP structure with Moliere scattering
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QGP Transport Properties and Structure with Jets
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ñHoleò

Jet

Z/ɔ

Tan Luo, Xin-Nian Wang (CoLBT)

Jet

ñHoleò

Hole

Bullet

Jet

medium response / wake

arXiv:2208.13593

Hulcher, Pablos, Rajagopal

Low pT particles at large angle

wake

wake

Hole Hole
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Parton Energy Loss with Final State Particles
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Å Ideally, we would like to measure Quarks and Gluons directly

Å In reality, we could only measure final state particles which 

are coming from hard scattered partons

Quark Gluon Plasma
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Early Measurements at RHIC (2001-3)
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PRL 88 (2002) 022301

Strong suppression of high pT hadrons

Modification of the leading fragmentQuark Gluon Plasma

Reminder:
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Jet Quenching without Jet: Charged Particle RAA
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Greatly improved results at RHIC since the 

first measurement

ÅA prominent ñS shapeò in charged particle RAA

ÅGood agreement between experiments at the LHC
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Jet Quenching without Jet: Interpretation
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Gluon saturation

Shadowing

Jet quenching

Anti-shadowing

for intermediate 

x partons

QGP become

more transparent

to very high pT particles

Radial flow

RAA from PbPb data

RpAfrom pPbdata

Charged Particles
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Limitation of Charged Particle Spectra

!ōǎƻǊǇǘƛƻƴΚ Energy loss?

Single hadron spectra itself do not provide details of the underlying mechanism

Ą Need direct jet reconstruction and correlation studies
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Detecting Quarks and Gluons
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Dijet event? Three-jet event?

(defined by jet clustering algorithm) 

are used as a proxy of quarks and gluons

ALEPH ALEPH
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Parton Energy Loss with Jets
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Å Ideally, we would like to measure quarks and gluons directly

Å In reality, we could only measure final state particles which 

are coming from hard scattered partons

QCD branching:

Å The attempt to invert this process is called 

jet reconstruction, defined by jet algorithms

ƳŜŘƛǳƳ
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Jet Clustering Algorithm 
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Anti-kT algorithm

ÅGive circular jet, cluster high momentum particles first

ÅJets with a radius of roughly R

ÅMost popular algorithm used in analyses of pp and 

heavy-ion collisions

R: distance parameter

Cluster smallest distance dab pair first

Small R

Ą jet splitting 
Large R

Distance between 

pseudo-jets i and j

Distance to beam B

JHEP 0804:063,2008
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Underlying Event Background
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Multiple parton interaction

Large underlying event from soft scattering

Jet

Need to subtract the underlying event background

ATLAS
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Probe the QGP with High Energy Quarks and Gluons
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tǊƻǘƻƴҌtǊƻǘƻƴ

Asymmetric dijets in Lead+Lead collisions!

medium

PRC 84 (2011) 024906

PLB 712 (2012) 176

!!

Lead+Lead
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First Measurement of Full Jets in Pb+Pb at LHC
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PRL 105 (2010) 252303 PRC 84 (2011) 024906

Dijet Momentum Imbalance

Jet quenching with jet

Energy flow out of the jet cone

Missing Transverse Momentum

Quenched energy carried by low 

pT particle out of the jet cone
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Inclusive Jet Transverse and Longitudinal Structure
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Jet Transverse Structure Jet Longitudinal Structure

ÅModification of average jet structure when compared the jets in PbPb to the pp reference at 

the same pT

ÅJet structures, defined by clustering and background subtraction algorithms, are modified in 

PbPb collisions

PLB 739 (2014) 320-342PLB 730 (2014) 243-263
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High Transverse Momentum Scattering
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Quarks WŜǘǎ

Photon

Jet
CMS 

event display

Energy density

pp

r

Jet direction
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Probes Produced with the QGP
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Quarks Jets

QGP

(fm)

Jet Quenching
LBT-CCNU Model

Quark jets in PbPb could become broader

Energy density

pp

PbPb

r

Medium response

Jet direction

(As Probe!)

(As Tag!)


