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Heavy-ion collisions and the QGP
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• Heavy-ion collisions deposit large energy in small volume 
✓ Nuclear matter “melts” 
✓ Quarks & gluons begin to become deconfined ➣ Quark Gluon Plasma (QGP)

Phys. Lett. B478 (2000) 
447-455 

JHEP 1011 (2010) 077



Heavy-ion program at the LHC
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• Run 1 (2010-2013) 
✓ Pb-Pb √sNN = 2.76 TeV 
✓ p-Pb √sNN = 5.02 TeV

• Run 2 (2015-2018) 
✓ Pb-Pb √sNN = 5.02 TeV 
✓ p-Pb √sNN = 5.02 TeV



Understanding properties of the QGP 
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• Collisions at LHC provide high temperatures and longest lasting system 

• Measurements often grouped into two categories  
✓ Soft probes: Azimuthal flow 
✓ Hard Probes: Modification of jets in the medium 



Azimuthal flow
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• Spatial anisotropies in the initial QGP state converted to momentum anisotropies 
✓ Known as “azimuthal flow” 
✓ Magnitude sensitive to details of initial state and transport properties of QGP

Science Dec 13 2002 2179-2182



• Azimuthal particle distribution 
can be represented by Fourier 
series: 

• Coefficients vn reflect magnitude 
of nth order flow
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How is azimuthal flow measured?
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Phys. Rev. Lett. 105 (2010) 252302

• Second order (elliptic flow) 
typically the largest coefficient due 
to overlap geometry

Pb-Pb 2.76 TeV



Elliptic, trianglar, and quadrangular flow
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• Hydrodynamic calculations used to investigate QGP’s shear viscosity/entropy (η/s) 
✓ Lower bound conjectured to be 1/4π in ads/CFT 
✓ Comparisons to flow harmonics indicate QGP has η/s close to 1/4π

n=2

n=3

n=4

PRL 107 (2011) 032301 
arXiv:1505.02677
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Pb-Pb 5.02 TeV results
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PRL 116 (2016) 132302

• ~4% increase going from 2.76 to 5.02 TeV for v2 
✓ Small event sample used for 5.02 TeV 
✓ Increase consistent with hydrodynamic predictions (PRC 93 (2016) 014912 & 

arXiv:1511.06289)



 (GeV/c)
T

p0 1 2 3 4 5
2v

0

0.1

0.2

0.3 ALICE vs AMPT

20-30%

 (GeV/c)
T

p0 1 2 3 4 5

3v

0

0.1

0.2
  ALICE

±π
±K
pp+

 (GeV/c)
T

p
0 1 2 3 4 5

4v

0

0.1

0.2 AMPT string melting
±π
±K
pp+

Identified particle flow
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• Mass splitting observed 
due to common radial flow 
velocity 

• Provide further constraints 
for hydrodynamical 
calculations… 

arXiv:1606.06057

Parallel Talk: I. Altsybeev
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Correlations between different flow harmonics
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• SC(m,n) measures covariance between vm2 and vn2 
✓ Negative correlations between n=2 & n=3, positive for n=2 & n=4 
✓ Sensitive tool to constrain temperature dependence of η/s

Parallel Talk: A. 
Bilandzic



Evidence of azimuthal flow in light systems
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• Azimuthal “flow” signals also observed in high multiplicity p-Pb collisions 
✓ Does this mark the onset of QGP creation? 
✓ What other mechanisms can generate flow?

Parallel Talks: A. Toia and I. Altsybeev
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What happens in pp collisions?
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• Negative c2{4} signals multiple particle correlations : 
✓ Results from ATLAS and CMS inconsistent  

c2{4}: Method 1 vs. 2 

Sasha	Milov													Correla.ons	in	small	systems	with	ATLAS								HP2016,	Wuhan,	China										Sept	25,	2016	 22	



Hard probes
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• High pT partons produced in initial stages of heavy-ion collisions 
✓ Will be influenced differently in QGP compared vacuum. 
✓ Modification with medium often calculable in QCD

Gunther Roland JET SymposiumJet Experiments at LHC 4

Jets as tools to characterize QGP 

Medium effects on jets allow extraction of QGP 
transport coefficients: 

• q: transverse momentum diffusion (radiative 
energy loss) 

• e: longitudinal drag (collisional energy loss)^

^

Jets as tools to understand QGP 

How does the strongly coupled liquid emerge from QCD? 
• Jets probe QGP at different (controllable) length scales 
• Scattering sensitive to quasi-particle nature of the medium

“pQCD plasma”

“AdS/CFT goo”

Jets as tools to manipulate QGP 

How does QGP respond to local energy 
deposition by jets? 



Nuclear modification factor (RAA)
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• Defined as charged hadron yield in Pb-Pb collisions / yield in pp collisions 
✓ Suppression at high pT linked to jet quenching
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Mass dependence of RAA
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• Heavier charm particles less suppressed 
• Colour-charge dependence of parton energy loss?

JHEP 1511 (2015) 205
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Gamma-jet correlations
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• Gamma-jets produced in hard processes: xJγ = pT(jet)/ pT(γ) 
✓ Photons not influenced by QGP 
✓ Jet momentum shifted to lower values in Pb-Pb collisions

Gamma-Jet in 5.02 TeV Pb+Pb collisions

• Start with 0-10% centrality bin:
– solid points in the figure

– systematic uncertainties from:
⇒Jet energy scale uncertainties (pp & Pb+Pb)
⇒Jet energy resolution uncertainties
⇒photon purity, combinatoric subtraction
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Evolution of the jet-peak
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• Di-hadron correlations help examine jet peak 
✓ Jet peak broadens in central Pb-Pb collisions 
✓ Demonstrates medium also influences jet fragments
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2. Strong jet medication seen at LHC energies
✓RAA drops to ~0.15 and has mass dependance 
✓Jet fragments clearly altered by the medium 

Summary
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1. Measurements of azimuthal flow indicate QGP has very 
small viscosities
✓Close to conjectured lower bound, almost perfect 

fluid made at the LHC 
✓Evidence of collectively in small systems
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Backup
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Particle production at large transverse momentum ALICE Collaboration
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Fig. 4: Nuclear modification factor RAA of charged particles measured by ALICE in the most central Pb–Pb
collisions (0–5%) in comparison to results from CMS [25] and model calculations [26–31]. The boxes around
the data denote pT-dependent systematic uncertainties. For CMS statistical and systematic uncertainties on RAA
are added in quadrature. The systematic uncertainties on the normalization which are related to ⟨TAA⟩ and the
normalization of the pp data are added in quadrature and shown as boxes at RAA = 1 (the right-most is for CMS).

nuclear modification factor, which reaches RAA ≈ 0.4 for pT > 30 GeV/c. This result is in agreement
with the CMS measurement within statistical and systematic uncertainties. The suppression is weaker
in peripheral collisions (70–80%) with RAA = 0.6–0.7 and no strong pT dependence. The observed
suppression of high-pT particles in central Pb–Pb collisions provides evidence for strong parton energy
loss and a large medium density at the LHC. We observe that the suppression of charged particles with
5< pT < 7 GeV/c reaches similar values when results from RHIC are compared to results from LHC in
terms of the dNch/dη . The measured RAA in 0–5% central collisions is compared to model calculations.
An increase of RAA due to a decrease of the relative energy loss with increasing pT is seen for all the
models. The measurement presented here, together with measurements of particle correlations [32] and
measurements using jet reconstruction [33], will help in understanding the mechanism of jet quenching
and the properties of the medium produced in heavy-ion collisions.
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