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Download draft at :

www.nupecc.org/lrp2016/Documents/...
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Introduction
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• Responsible for quark confinement
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• Responsible for quark confinement

• When nucleons are tightly packed, the
mean inter-quark distance is short,
and their coupling becomes weak
=⇒ deconfinement
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Phase diagram (sketch) of QCD matter

• Control parameters :
• Temperature
• Chemical potentials
• External fieldsJanuary 11th 2017 8
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No visible imprint on present day
astronomical observations...
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Heavy ion collisions

• Recreate the conditions of the deconfinement transition in the
laboratory by colliding large nuclei at ultra-relativistic energies

• Experimental handles :
• beam energy
• ion species
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Timeline of Heavy Ion facilities

Bevatron (Billions of eV Synchrotron) :
From 1954 to 1993 at Lawrence Berkeley National Laboratory, U.S

AGS (Alternating Gradient Synchrotron) :
Since 1960 at Brookhaven National Laboratory, U.S
Now used as injector for RHIC

SPS (Super Proton Synchrotron) :
Since 1976 at CERN
Now the injector for the LHC

RHIC (Relativistic Heavy Ion Collider) :
Since 2000 at Brookhaven National Laboratory, U.S

LHC (Large Hadron Collider) :
Since 2009 at CERN
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Heavy Ion Collision @ LHC

January 11th 2017 12



Theory...
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• Thermodynamics :
• Equation of state
• Susceptibilities
• Transport coefficients

• Dynamical evolution :
• Thermalization / Isotropization
• Expansion and cooling
• Hadronization

• Investigation of medium properties with
perturbative probes

• Jets
• Photons
• Heavy quarkonia

January 11th 2017 13



Theory...

Lattice QCD Perturbative QCD CGC

Hydrodynamics
QCD

L = −
1

4
F2 + ψ(i/D −m)ψ

ww

gg

&&

88

//

OO

oo

��

NRQCD

Kin. Theory AdS/CFT χPT

• Thermodynamics :
• Equation of state
• Susceptibilities
• Transport coefficients

• Dynamical evolution :
• Thermalization / Isotropization
• Expansion and cooling
• Hadronization

• Investigation of medium properties with
perturbative probes

• Jets
• Photons
• Heavy quarkonia

Example : Equation of State
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High-Temperature matter

• High T and low µB

• Minimal excess of quarks over antiquarks

• Similar to the QGP in the early universe

Main Goals :

• Identify and characterize the properties of the QGP

• Extract fundamental QGP parameters that may be compared to QCD
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Since last NuPECC LRP (2010)

• LHC Run-1 : 2010-2013
• LHC Run-2 : 2015-2018

• Collision energy increase w.r.t. RHIC :
• ×25 for AA collisions
• ×55 for pA collisions

Main classes of observables

• Bulk observables : provide information of the
space-time development of the collision

• Hard probes : rare processes (high pT jets, photons,
heavy quarkonia, open heavy flavors)
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Initial State :

• Nuclear parton distributions
• Gluon shadowing/saturation
• Input from other measurements:

• pA, dA collisions (RHIC and LHC)
• `p collisions (HERA)
• `A collisions (NMC, future EIC)
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Initial State :

• Nuclear parton distributions
• Gluon shadowing/saturation
• Input from other measurements:

• pA, dA collisions (RHIC and LHC)
• `p collisions (HERA)
• `A collisions (NMC, future EIC)

Freeze out :

• From yield ratios, Statistical Hadronization Models give the
temperature and chemical potential at chemical freeze-out
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Flow observables
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Flow observables
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Goals :
• Assess the transport properties of the QGP
(viscosity, etc..)

• Provide constraints on its equation of state
• Validate models of bulk evolution that are used in
the computation of other observables

• Constrain the initial state
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Goals :
• Assess the transport properties of the QGP
(viscosity, etc..)

• Provide constraints on its equation of state
• Validate models of bulk evolution that are used in
the computation of other observables

• Constrain the initial state

Observables :
• Azimuthal distribution of the produced particles
• Fourier coefficients v1, v2, v3,...
• Orientations of the principal axes Ψ1, Ψ2, Ψ3,...

Note :
• Initial geometrical fluctuations play a crucial role
in these studies
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Example : pT -dependence of v2 of identified hadrons
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Example : pT -dependence of v2 of identified hadrons

• The QGP is a nearly perfect fluid

• Shear viscosity : η/s ∈ [1, 2.5]× h̄

4πk
B

(the lowest of all known substances...)
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Example : pT -dependence of v2 of identified hadrons

• The QGP is a nearly perfect fluid

• Shear viscosity : η/s ∈ [1, 2.5]× h̄

4πk
B

(the lowest of all known substances...)

Plans :
• T-dependence of shear viscosity
• Bulk viscosity ζ/s
• Better assess the flow of heavy quarks
(hence their degree of thermalization)
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Energy loss, Jet quenching

• The QGP enhances the radiative energy losses of hard partons
=⇒ use these observables as a “tomographic” tool
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• Nuclear modification ratios :
ratio of inclusive hadron yields
in AA collisions and a reference.
Measured as a function of:

• transverse momentum
• rapidity
• centrality
• hadron species
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• Nuclear modification ratios :
ratio of inclusive hadron yields
in AA collisions and a reference.
Measured as a function of:

• transverse momentum
• rapidity
• centrality
• hadron species

• Large suppression in central collisions for all
“light” partons (including charmed quarks)

• Smaller suppression for bottom quarks
=⇒ in agreement with theoretical expectations

(dead cone effect)
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• Now feasible : direct observation of reconstructed jets
• Provides a handle on the energy of the jet before quenching
• New handles to characterize energy loss (jet opening angle)
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• Now feasible : direct observation of reconstructed jets
• Provides a handle on the energy of the jet before quenching
• New handles to characterize energy loss (jet opening angle)

Plans :
• Better understanding of the energy loss mechanism(s)
• Path length dependence
• New tool : jet + {γ,Z}
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Quarkonia suppression

Debye screening

V(r) = 
exp( - mdebye r)

r
r

• Debye screening weakens
the binding of QQ pairs

• Sequential suppression
pattern depending on the
binding energies
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Quarkonia suppression

Debye screening

V(r) = 
exp( - mdebye r)

r
r

• Debye screening weakens
the binding of QQ pairs

• Sequential suppression
pattern depending on the
binding energies

• Differential suppression of the
1S, 2S and 3S states of Υ
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... and regeneration

J/ψ suppression at RHIC and LHC

• At LHC : copious production of c, c ⇒ large density⇒ formation of J/ψ by recombination of unrelated c and c
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... and regeneration

J/ψ suppression at RHIC and LHC

• At LHC : copious production of c, c ⇒ large density⇒ formation of J/ψ by recombination of unrelated c and c

Plans :
• Characterize when quarkonia are formed
• Assess the initial temperature from quarkonia yields
(also with electromagnetic probes : thermal photons/dileptons)
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The mystery of small systems

• AA collisions : this is flow !

• pA collisions : maybe flow ?

• pp collisions : could it still be flow ?!
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The mystery of small systems

• AA collisions : this is flow !

• pA collisions : maybe flow ?

• pp collisions : could it still be flow ?!

Plans :
• How small is the smallest droplet of fluid ?
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High-Density matter

• Low T and high µB

• Large net baryon density

Main Goals :

• Explore the QCD phase-diagram at µB 6= 0

• Search of the QCD critical endpoint

• Study of hyper-nuclei
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• Presently not accessible to ab initio theoretical
approaches (lattice QCD)

• Main areas of interest :
• Critical endpoint
• Color-superconductivity (qq condensation)
• Possible separation of deconfinement and chiral
symmetry restoration (quarkyonic phase : still confined
but chirally symmetric)

• Hyper-matter (non-zero strangeness)

• Moderate collisions energy : max net baryon density
reached for √sNN ∼ 5− 6 GeV (up to 10× ρ0)
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Current activities

• HADES at SIS-18 (GSI)
• NA61/SHINE at SPS (CERN)
• Beam energy scan at RHIC (BNL)

Main observables

• Collective flow
• Strangeness
• Dileptons
• Charmed hadrons
• Event-by-event fluctuations
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Collective flow

Main goals

• Role of partonic degrees of freedom
• Softening of the equation of state

Observables

• Directed flow v1
• Elliptic flow v2
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Collective flow

Main goals

• Role of partonic degrees of freedom
• Softening of the equation of state

Observables

• Directed flow v1
• Elliptic flow v2

Plans :
• Flow of identified hadrons
• Differential flow between particles and anti-particles
• Flow of weakly rescattering hadrons (e.g., Ω,φ)
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Strangeness

Main goals

• Onset of deconfinement
• Measure of equilibration
• Density of the fireball

Plans :
• Yields of multi-strange hyperons
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Dileptons
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Goals

• Temperature estimates

• Modifications of vector
meson spectral functions

• Chiral symmetry
restoration

• Collective effects (flow)
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Goals

• Temperature estimates

• Modifications of vector
meson spectral functions

• Chiral symmetry
restoration

• Collective effects (flow)

Plans :
• Dilepton spectra at low and intermediate mass
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Charmed hadrons

Main goals

• Probe of deconfinement through Debye
screening

• Degree of thermalization (flow)
• Formation mechanism of charmed
hadrons at large µB

Plans :
• Yield of charmed hadrons
• Collective flow of D mesons
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Event-by-event fluctuations

Goals

• Assess susceptibilities
through fluctuations of
conserved quantities
(baryon number,
strangeness, electrical
charge)

• Assess vicinity of
critical point
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Event-by-event fluctuations

Goals

• Assess susceptibilities
through fluctuations of
conserved quantities
(baryon number,
strangeness, electrical
charge)

• Assess vicinity of
critical pointPlans :

• Measurement of higher moments (skewness, kurtosis)
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Hyper-matter

Expected yields of light hyper-nuclei
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Hyper-matter

Expected yields of light hyper-nuclei

Plans :
• Hyperon-nucleon and hyperon-hyperon interactions
• Yields and lifetimes of hyper-nuclei
• Search for the hypothetical H-dibaryon
Note : very low yield/collision ⇒ need very high rate
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Future plans

• Facilities

• Computing

• Instrumentation
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Facilities and experiments

• Existing and operating :
• LHC at CERN

• Realization approved and
on-going :

• FAIR at GSI
• NICA at JINR

• Under exploration :
• NA60+ at the CERN SPS
• AFTER at the CERN LHC
• Future Circular Collider
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Heavy-Ion program at the LHC

High-Temperature matter
produced in PbPb
collisions at
√
s
NN

= 2.76− 5.02 TeV

Lint ≈ 1 nb−1 in Run-1 and
Run-2 (2010-18)

• ×10 integrated luminosity
• Improvements in the accelerator chain during long shutdown 2
(2019-2020)

• PbPb collisions at 50 kHz interaction rates from 2021
January 11th 2017 34



Heavy-Ion program at the LHC

• Run-3 and 4 : 2021-29
• √

sNN = 5.5 TeV
• Lint > 10 nb−1

• Experiment upgrades

• Correlations and
fluctuations

• Jet structure. γ-jet and
Z-jet correlations

• Low-mass dileptons
• (Anti-)(hyper-)nuclei

• Charm and beauty energy loss
and degree of thermalization in
the medium

• Charmonium production
mechanism and elliptic flow
(hadronization at phase
boundary or in medium?)
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Heavy-Ion program at the LHC

• Run-3 and 4 : 2021-29
• √

sNN = 5.5 TeV
• Lint > 10 nb−1

• Experiment upgrades

• Correlations and
fluctuations

• Jet structure. γ-jet and
Z-jet correlations

• Low-mass dileptons
• (Anti-)(hyper-)nuclei

• Charm and beauty energy loss
and degree of thermalization in
the medium

• Charmonium production
mechanism and elliptic flow
(hadronization at phase
boundary or in medium?)

Recommendation :
• Vigorous physics exploitation of LHC Run-3 and Run-4 to
provide precision information on QGP parameters
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ALICE upgrade

New inner tracking
system with MAPS

Muon forward
tracker with MAPS

GEM-chambers for
continuous readout
of the TPC

New readout
electronics. New
online and offline
(O2) system

• Preserve high resolution and particle identification
performance

• Fully exploit 50 kHz interaction rate
• Minimum bias data for low transverse momentum regime

• Open heavy flavors, Heavy quarkonia
• Light nuclei and exotic states
• Di-lepton spectrum
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ATLAS, CMS and LHCb

LHCb :
• Upgrade in LS2 : tracking system

• Ongoing : SMOG (System for
Measuring the Overlap with Gas).
Gas injected in beam pipe, fixed
target operation, different nuclei
(He, Ne, Ar, etc...)

ATLAS and CMS :
• Upgrades in LS2 and 3 (pixels,
trigger, DAQ, etc...)

• Focus on jet physics, quarkonia,
electroweak bosons and extend to
top quark!
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ATLAS, CMS and LHCb

LHCb :
• Upgrade in LS2 : tracking system

• Ongoing : SMOG (System for
Measuring the Overlap with Gas).
Gas injected in beam pipe, fixed
target operation, different nuclei
(He, Ne, Ar, etc...)

ATLAS and CMS :
• Upgrades in LS2 and 3 (pixels,
trigger, DAQ, etc...)

• Focus on jet physics, quarkonia,
electroweak bosons and extend to
top quark!

Recommendation :
• Completion of the ongoing upgrade program of the LHC
experiments
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Heavy-Ion program at FAIR
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CBM and HADES at SIS-100

• Probe the QCD phase diagram at high net-baryon densities
• Chiral symmetry, critical endpoint, new phases, etc...

• Strangeness, di-leptons, flow and correlations, fluctuation
and higher moments, (double-)hypernuclei
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Compressed Baryonic Matter
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Compressed Baryonic Matter

Recommendation :
• Construction of SIS-100 at FAIR
• Realization of the CBM experiment
• Continue supporting developments for SIS-300
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NICA at JINR Dubna

• First stage : BM@N fixed target detector at the nuclotron
Au beams of 1-4.5 AGeV, protons up to 12.6 GeV

• Second stage : transfer line and collider
MPD collider experiment
Design luminosity : 1027 cm−2s−1, √s

NN
= 4-11 GeV
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BM@N and MPD at NICA

BM@N :
• Fixed-target exp, beams from
nuclotron

• High precision tracking and particle
identification

• Expected start in 2017

MPD :
• Collider experiment, intermediate
reaction rates

• TPC, TOF, ECAL, FHCAL

• Completion of commissioning ∼ 2023
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BM@N and MPD at NICA

BM@N :
• Fixed-target exp, beams from
nuclotron

• High precision tracking and particle
identification

• Expected start in 2017

MPD :
• Collider experiment, intermediate
reaction rates

• TPC, TOF, ECAL, FHCAL

• Completion of commissioning ∼ 2023

Recommendation :
• Construction of NICA at JINR
• Realization of the BM@N and MPD experiments
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Projects under exploration

NA60+ at the SPS, at CERN :
• Vertex + absorber + muon spectrometer
• Thermal radiation, light vector mesons and
charmonia, chiral symmetry restoration, onset of
deconfinement, critical endpoint

• Moderate to high baryonic density, 20-160 AGeV

AFTER@ LHC: fixed-target at TeV :
• High luminosities, access to y < 0, target versatility
and polarization

• Bottomonium, charm to low pT , Drell-Yan. Nuclear
PDF, factorization

Future Circular Collider (FCC) :
• 80-100 km long hadron collider, PbPb at√

sNN ≈ 63 TeV, Lint ≈ 33 nb−1/month
• Qualitatively different medium
• Collective effects, thermal charm, top quark, color
coherence, new phenomena!
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Projects under exploration

NA60+ at the SPS, at CERN :
• Vertex + absorber + muon spectrometer
• Thermal radiation, light vector mesons and
charmonia, chiral symmetry restoration, onset of
deconfinement, critical endpoint

• Moderate to high baryonic density, 20-160 AGeV

AFTER@ LHC: fixed-target at TeV :
• High luminosities, access to y < 0, target versatility
and polarization

• Bottomonium, charm to low pT , Drell-Yan. Nuclear
PDF, factorization

Future Circular Collider (FCC) :
• 80-100 km long hadron collider, PbPb at√

sNN ≈ 63 TeV, Lint ≈ 33 nb−1/month
• Qualitatively different medium
• Collective effects, thermal charm, top quark, color
coherence, new phenomena!

Recommendation :
• Continue studies for AFTER@LHC, NA60+, and a
heavy-ion program at the Future Circular Collider
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Computing : resources

Large computer resources required for :

• Theory :
• Lattice QCD : power ∼
petaflop/sec

• Hardware accelerators
such as GPUs

• Needed resources double
every 1.5 years

• Experiments :
• Storage of 10s of peta-bytes of experimental and simulation
data. World wide access

• Future experiments will produce a few TB/sec (to be reduced
and compressed)
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Computing : resources

Large computer resources required for :

• Theory :
• Lattice QCD : power ∼
petaflop/sec

• Hardware accelerators
such as GPUs

• Needed resources double
every 1.5 years

• Experiments :
• Storage of 10s of peta-bytes of experimental and simulation
data. World wide access

• Future experiments will produce a few TB/sec (to be reduced
and compressed)

Recommendation :
• Secure resources to face the increasing needs in
computing power and data storage both by theory
and by experiments
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Computing : new solutions needed

• Theory :

• New multi-GPU and many-core
CPU architectures

• Complex memory hierarchies

• Corresponding software
developments

• Experiments :
• Distributed cloud systems, high-bandwidth wide area
networks

• Intense online processing, filtering, data reduction

• Less GRID and more optimized data centers
(e.g., Green Cube @ GSI)

• New computing models
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Computing : new solutions needed

• Theory :

• New multi-GPU and many-core
CPU architectures

• Complex memory hierarchies

• Corresponding software
developments

• Experiments :
• Distributed cloud systems, high-bandwidth wide area
networks

• Intense online processing, filtering, data reduction

• Less GRID and more optimized data centers
(e.g., Green Cube @ GSI)

• New computing models

Recommendation :
• Invest in developments of new technology and
algorithms
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New instrumentation

Next generation heavy-ion experiments : high particle density

GEM Time
Projection
Chamber

High rates, PID
(ALICE)

High resolution
tracking and
vertexing

Monolithic
Active Pixel
Sensors (ALICE,
CBM)

Ultra-fast
silicon detectors

4D event
reconstruction,
Low-gain
avalanche
detectors

Compact RICH
detectors

PID, Silica
aerogel,
Pressurized gas

Silicon
calorimeters

High
segmentation,
speed (ALICE,
SPHENIX)
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Recommendation :
• Continue at all times R&D of detectors employing new
techniques for :

• SPEED : faster signal production and collection
• RATES : higher interaction and data rates
• RAD HARDNESS : tolerate higher radiation levels
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... and finally

Recommendation :
• Guarantee continuous support to theory (theoretical
support needed to interpret the results and to provide
feedback to the experimental programme)

• Foster close collaboration between theory and
experiments
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Thanks !
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Recommendations

Experiments

• Vigorous physics exploitation of LHC Run-3 and Run-4 to
provide precision information on QGP parameters

• Completion of the ongoing upgrade program of the LHC
experiments

• Continuation of the on-going programs at intermediate
energies: HADES at SIS18, NA61 at the SPS

• Construction of SIS-100 at FAIR and realization of the CBM
experiment. Continue supporting developments for SIS-300

• Construction of NICA at JINR and realization of the BM@N
and MPD experiments

• Continue studies for AFTER@LHC, NA60+, and a heavy-ion
program at the Future Circular Collider
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Recommendations

Theory

• Guarantee continuous support to theory (theoretical
support needed to interpret the results and to provide
feedback to the experimental programme)

• Foster close collaboration between theory and experiments
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Recommendations

Miscellaneous

• Computing: secure resources to face the increasing needs
in computing power and data storage, both by theory and
by experiments. Invest in developments of new technology
and algorithms

• Continue at all times R&D of detectors employing new
techniques to reach faster signal production and collection,
to handle higher data rates, and higher radiation levels
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