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4.2.1 Introduction

Basics o GCD_Four fundamental forces rule the in-

teractons of mateer in Nature: the ravtational force,

e dectromagneic force, the weak force and the

strong force. Except or graviy for which the quest of a
has

Insarce, i beloved it ez aistes bt bor
ral experiments. Pentaquarks states
vt e e mors A o fo. bt ey nave
been soen in the products of protorproton colsions.
althe LHC. However, despite the fact that confinement
prevents a direct abservaton of quarks ard g

iyl o

desciibed i tem:
ofloclquantum o heoris In ese fd thores,
charges periainin o o o

Sosonic fidcs that mediat o eracion.

For the weak and strong forces, hes flelds are aiso
charged under the gauge symmelry.

The auanium g o hat descrbss e siong

moDynanics (QCD). has been

perimenia ces. n paricuiar, dopinetc sl

Techan et v momertumal o otk o o et
nitated them.

Asymptote resdom has a vary proourd nplcaton

becomes a system of unbounded quarks and glions.

tering experimens 0
the elecirical nhzrgn m hadmni is ot sy de-
i i s carn uenis which. to

o o alowed w e S rosoloon o o .
i

from atice simulations of QCD. i the form of arapid n-

crease of he entropy densiy around the critcal energy.

density. The deconlinement of quarks and guons s
moar sponta-

earl

ly
e e ad ey consaon Wi et .
erlies and with the

I the cooling history of the Early Uriverse, the pr

an intemal local SU (3) symmelry. 1 which the charged
il flds a1 refored 0 25 cuarks and the media-
fors of the force a5 the gluons.

Although there are six flavours of quarks (ug

erange . bl and o) oy th 1ot Mo
(up and down) appear n the valence composiion of

the fina sate of various reactions.

butths

ransiton has, as far as we know, not lef any mprint

collsions at sufficenty high energies, within \olumes.
of the order o the nuclear size.

QCD phase diagram _In oquilbrium, the phaso struc-
ture of nuclear mater is contraled by a smal number
offocal thermodynamical parameters: the femperature

o

dom and cobur canfinement. the sirength of its cou-
ping decreases at sherl distance and incroases at
largo distance (incontrast to Quantum Electrodynam-
ics, where the coupling evoles in the opposite way)
This behaviour explains bath the scaling observed in
desp-nelastic scatering experiments and the fact that

quanles, e most rtant o whch s e baryon

ial potental, iy, rlaled 10 baryon number con-
Soraton Bure | emtes o rastbmcereds
of the phase diagram in the T, pane. Nore specif-
caly:

st

o
bind the quarks ino hadrons. Neither quarks nor glu-
ns exist s isolated particies in Nature. and the only
siable anangements are colour-singlet bound siates,
e, hadro

@
g Up- and down-quark masses, a phase transtion ex-
Ists, thal separates a phase of broken chial symmetry
at low temperalure from a chirally symmetric ph

high temperalure. This iransition aso persists a smal,

quirks and anieuane or (antbaryone omed rom
thro (anti)quarks. Also more exoticstales, o

purely from gluons (so-called glueball) or fom more
than three quarks, have been suggested 1o edst. For
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(b) For QCD with its physical spectrum of small but
non-zero up and down quark masses and a heavier
sirange quark, the tansiton from the fow- to the high-

=
-
g.rf o

Hadron-Gas

4 ettt

Figure 1 llustration of the QCD phase
fapied ffom J. Phys. Conl. Ser. 432 (2013) 012013,
Couneey oG, Schmit

femperature regime is apid and accompanied by large

{6 0ne o mare cooursupsreonductng phases e
o o g
suficienty low temy
s omogaaous, but i may dispiay metel vt

ations of the colour-suf ucting order parameter
when the densityis low
15 Vadr ot o rbig o s

s e ot v 8 s Farsh i

iy of about 0.16 nucieons per fm".

socid rta lomoora & aterwol esiabished
tobe a

el e o e el
the phase diagram from fist

maie scaren.n pateuiar n ho experimently nir-
ositing rogion of nformediate net baryor

phase, termed the “quarkyonic phase”, was pro

Honever, L is presumably not a genuine phase tran-
silonbut o rr ansion Alvanshing banon

ceeding that of the nuclear matter ground state. How-
over, ithout oxperimental constaints, these model ap-

T e nd retores el syt up o roceal
expliit breaking efiects arsing from non-zero values of

whi
8nd glons emerge as e cornant degees of -

o Pmpcm-: ot stongymercirg oty igh

femperature or baryon cherical potental can be cal-
it usng poraive ciuss. | ymp-
1 regime, nuclear malter consists of weakly inter-
cling quarks and giuons i the OGP phase. Al as

o igh lorparsires anc variing baryon cheracal
wih

Equation of state, thermodynamics and transport
“The equaton of state (E0S) and cther themodynam-
cal properties of a system in equilbrium are encoded
in s partition function, whie s transport coefficents
an be eracted from the low momentum behaviour of
spectral functons.

In regions o high temperalure andor high baryon
chemical potential, a perturbalive approach is

ble thanks to asymptotic freedom. In regions where
the coupling conslant is large, non-perturbaive caicu-
lations are necessary. In the strip where jin/T < 1
e ey tse thon CED. i, e GO0

latice-QCD cakulatons.
6) Close to the cross-over region. i partcular on the
higt

s strongly coupled. I jon. the tarsy -
ficents are " a strong collect

haviour of the niclear mater. This has profound consa-
quences on our understanding of heavy ion collsions:

ospio lago spaceim gradrts n s colisios

large iy
v deine and thus cannol be sampie by 2 Morte.
Garlo melhod. Variousanlcal matods hve boon
developed to circumyent thi probiem, but they al in-
o tuncairs and rs el appronman Movs
detals on these techniques can be found in Box. 1

Heavy-ion collisions The idea to callde heavy lons

ongly
o oo o

clear matternto the deconfined QP phase and study-
ing i propertes in the laboratory dates back 1o the



Box1-

At High tamperaturs orHgh chomical polenals, asymplotc Foedom alovsto compue th parfion func-
tion perturbately in forms of a power saries n the strang coupling constant, provided ana resums the large

alues
e, A ~ 0.2 GeV, weak couplng lochnidues are o longer applicabe. A nor peturatve stpinople

o the order of the QCD scale param-

. but advances

thecompung resutces neced i s aren
This method works very well only for vanisting
baryon chemical potertial Al nonzero i, the.
femoni gelominan contaed e rigrand

elued, precluding Monte-Carlo

samplings. Al small baryonic chemical polental

(/T < 1), other methods. (rewelhtng. Tay-

or & discussion of

ot iragnar ) mey be used o par
sl reumven i

o o oo of rnspart o
aficents laice QCD faces an adational aif-
culty relafed to the extraction of aspectralfunciion

rlnomationabout tr unkown st -

1§ the Maimal Envopy
Vet N, & Savecan manod o
most lkely spectal function.

Besides latice QCD, other non-perturtative fist-principle methods are functional methods in the continuum.

Tieew)

fom the fermion sign problem and can thus be appied at any lue of T and . Athough a prior exact.

calculation of
no.1,112002),

Rov. Lett 115 (2015

early 805 (see the B 2 fora tmeine of heavy-on fa-
cies). Ponsering studis at the Brookhaven Altoral-
ng Gradient Synchrotron (AGS) and the CERN Super
Proton

g experimental characterization of the different fea-
\umx of the phase diagram (e. the critkal encboin)
well a3 a determinaton of the paramelars thal char-

el ey regionwere i g Aiher cenirt-

s quest, are the
collding energy,the ons used i the colisions and the

mass ener
Characries by mackear ransparncy e nerta of
te colg rueons becones s age can-
notbe competely stoppe. Nevertheless, the nial en-
ey donsyn he cental repily egion, e en
the number of produced particles via Bicrker

increasing with onergy. The na baryon densily
at mid rapaity approaches zero already at RHIC energy
(s = 20 Gol. and o il onary densily n
Enil POPD callsions al the LHC (/5 — 276 TeV)
is more than an order of magnitude Varger than that of

422 High-temperature matter

In this Secton, we focus on the strongly ineracting
QG (80G) producednnuciercollsons at mzmq»
est avallable energies. In these collsk

formed with high temperaiure and low. hnrynnchem\m\
polential g, Le. with a minimal excess of

ot quarke. Tna OGP produced n rose calsons &

The challenge for the coming years consists in a de-
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the QGP in
and s n the low u, mi where lttice QCD calculations.

Box2 - Timeline of heavy-on facilties

Bevatron (Bilions of &V Synchrotron) - rom 1954
1o 1953a1 Lawience Berely Natonal Labrabory

265 (Atematng Gradent Syncvtron) - sinca
1960 at Brookhaven Natonal Laboralory, US. It

SPS (Super Prolon Synchotron)  since 1976 at
LHC.

RHIC (Relatuistc Heavy lon Coller) : since 2000
borlory, U

requred o stac s amun, A morscomprtersive
study of this regime oflarge nuclear gluon densty wil

essilo at tne Elecvon lon Cotkdet (10) cuenty
planned i the USA, by alioing a direct measurement

scalteings produce a dense system (made
colour figls, the so-calkd Glasma) that quckly ap-
proaches a hydrodynamical regime. 1 takes less than
a fm/for he system 10 become a nearly perfect luid

LHC (Large Hadron Colider) : since 2009 at
CERN.

are eliabe.

e goal of the high energy heavy-ion programme is
1o idently and characterize the propertes of the QGP.
This programmo naturaly has two steps: understand-
ng the dynamics of heavy-ion colisions, o.g., via com-
parison fo phenomenological models, and the extrac-
tion of fundamental QGPIQCD propertes that can be
(attice) QCD results.
Figure 2 lustrates the three main stages of a heavy-
fon colision: () an early non-equilbrium stage. (i) an

in each stage. In this way the modeling of heavy-ion
allsons ca o gy inroved and s o<

whose by relatvisic vis-
cous hydrodynamics.

During the second stage —he freball expansion-, the
bulk evolution is described by relaiisic viscous

Morever, this buk evolution provides the substate for
the mediim modifications of hard probes, altiough a
batter inegraton of these two aspects of the descrip-
tion i certanly needed.

Hadronisation takes place when the sysiem reaches
the pseudo-ciical temperature (n th hydrodynamical
descripton, ths translon is encoded in the EoS). A

stain urther the propertie mat-
o The picurs, g e assocaled phanomenciogy
has indubitably evolved over the st 30 years as ob-

and a kinelic descrption becomes more appropriate
than hydrodynamics. This third stage may be described
ID.Given

Gifc processes in each phase.

The st stage, which lso provides intial condiions

naical stage, is the east known and s often described
by simple geometrcal models (e.. the Glauber Mont

U
iro o secions o h carrgs boweon hovar
ious hadrons species, this Kinetc description can in
vl doseos me (possbl succesave dcouplng
of the hadrons from the ireball. The measured relave

hadrons indicale that chemical freeze-
oul happens al a lemperature T, Which is vry ciose

Stong interac-

Subamcuanty o Hackorn contrun o eacar ol

cross-secion. More ab-rito descriptons, such as the
Colour Glass Condensate (CGC), in which one eats
the calision in terms of parlonic degrees o Ireed

uttemperature,
T, wher 1o chcouplo and ey “roam o tre da.

0 tho last NPECC long range plan, the Large
Hadron Collder (LHC) al CERN has staried and com-

the Bevatron, SPS and RHIC, ncreasing by faclors of



Stasical Trormal
Desaripton

Hadronic
Transport

Pre-Equilloium
Glasma Phase

Figure 2.
the right side

let sice.

507,25 405 i aracs oo n
Jlon-ion colisions, respec-

v i v i oo onrdy s rovidd s
acoess to so-caled hard probes, whose produe-

e cpuced tat s colsirs ould mailypr-
o  calbaton of h s i and it was rre

lore sursing o avsome large aziminal anistropes

e dting v he sysona. o sy

ficton due 1o he propagaton 1vugh the medum

1o test the quar mssummemmmmugym

ton el creases th J/ rckiton o by co
lest ke, Tro 170 yiod n PP
oo o e G copsiston wih doconnominn
followsd by such a recombination. For T states, the
much larger production cross-section has enabled the
fist measurement of the dssociation of he 15, 25, and
35 botlomonium states ndividual.

Inadditon o e i now st of ey fn s
ihe LHC, unexpected novel insights related fo inal
StatoGymames s come frompp.and pPb collsions.
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lisons, where they are atiriouted to the creation of he.
.QGP pertect ud.

e LM has un 7 collsion agin 1201, due o
the large terest in s itis o

that in 2018 there will be a \ng Fur o sots.
2020, LHC wil be shut down to upgrade and prepare.
ho expariments for Funa. Tho goul of the hoavy ion

creasing the sensity or most measurements by one
10two orders of magnitude.

Recen Exparimenal and Thaortcs

%
-
NE
2z
g

the hard-scattering regime. On he other hand, devel-
opmens wihin

programme is that mater produced i heavy-ion coll-

sions behaves as a nearly perfect (avisci) fud. This
conchsion was alfeady reached 1a,
and the LHC has shown that it also holds for systems.
with higher inial lemperature. Fig. 3 shaws the rel
o resuls of the second-order harmonic
nisotropy «, (elipic flow) as a funclon of ., for i
feront “The resul are compatbie with caku-

Tation of reativistic fuid dynarics (hydrodynamics) in
‘which the flud has avery low viscosiy. Deviations rom

shown tha snfcan dovisions fom lopycan be

ated gluon state to the final Ireeze-out siage, n an al-
st seamiess fashion.

Uniike hadronic observables, whose prediction is com-
plcated by fina state ntoracions, photons and dilep-
tons interact only electiomagnetically and therelors es-

trom the fireball wihou! reineractig afer pro-
ducton. The yield of (ie. he black

Lo-eniropyenshy ral 1/5. This o s esimated

by comparing hydrodynanical cakcuiatons 1o the mea-

Lraments 1 F. S, oaing o a valie n the rang

< 93 < 25 in unis of h/(1xk,). This value s
n

the value n/s = b/(ixk,) obtain
Sovable 10 ek n o I e i coupng.
suggetng althe OGP isdo  tarly nrecing

um. Fecany, has been camonaialed 1t the
Incusion ok vecosly afects vt o

be
hydrodynam.-

determining the bulk viscosiy o entropy ati, ¢ /5 rom.

ical simulatons. Direct photons have boen measured
n PP collisiors at the LHC (/7 — 276 TeV). Al
ow 17, 0@ observes an excos over the non-thermal
pholons (prompt photons from callsions of the quarks
and antiquarks contained i the incoming nuclel, pho-
lon fommeson deceys. .. et arees essonaby
well wil

The important question of the thermalisation of

quarks appears 10 bo partly answered or cham: the

posiive eliptc flow of charmed hadrons ndicates thal

part i the collecive expansicn of

the QGP. Thelr degree of thermalization is however not
thermalisato

il GGP temperaturs sround 1.7 = 400 VeV i 3

time 7, = 0.4 e for cental collions).

remains an open ssue.

Analyses of the ratios of hadronic yields within tatisti-
cal hadronization models (SHN) indicats a tempera-

e s po - 27600

5Pl 09}

temperature, and amost zoro baryon chemical poten-
tial. Nowadays, these models also inclde, besides the
fatios, fluctuations of conserved charges inferred from
suscapilbilies computed i lattce GCD simulations.
For he High temperature and low o values extracied
at e LHC, he yields of mater and antr-matter are ak
most equal they difer oly by the aryon numberof the
incomig nucl. alremais ocalzed o averd e
he

by (Govio

piies) e most
ansouc of ani e n o abraory ks
possi i campar ho prpertio o sl andan-
Aot crdo 5t G wtobng o

icker

Foues s a functon of trans-
verse momentum, fo various hadron species. From
JHEP 06 (2015) 190.

One ofthe mostimpertan discoveries ofthe heavy-ion

the mass of ant-nuclel up to antideuterons and 'Ti.
Wihin the achieved experimental undertantes, no di-
ference was cbserved, so thal this measurement pro-
Vides the most stringent constraint on CPT violation
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o Thapmmp
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Recent Exparimanal and Toaortcsl Develoe-

ding system evolves quickly

warde solving 1hs fast isotropisation’ puzzle. On
th one har,cesipions of h i s based on

nilal condilons have shown thal the approach to
Coropy i such dars oyl 1t moch fes i
the hard-scattering regime. On the other hand, devel-

srogamine s iat mater procuced n heawyion colt
iaves as a nearly perfect (avisci) fud. This.

anisotropy «, (eliptic flow) as a funclon of ., for -
ferent partcis. Th resuts are compatile with cak
Tation of reativistic fuid dynarics (hydrodynamics) in
‘which the flu has avery low viscosity. Deviations from

opmens

o s csimaicd

ing prospects for
o, /s, from

www.nupecc.org/lrp2016/Documents/... |z

b hermateaton

i within statisti-
jcate a tempera.
Hhe hacronisaton
chemical poten
s bostces e

mechanisms. The much more abundant
o goaty increses th /1 prodton o by cox
scance of ¢ and o 'e /2 yield in PLPb.
calisions at fhe LHC (s conssant wih daconfinment
followsd by such a recombination. For T states, the
much larger production cross-section has enabled U
5. and

P peneCTOT
T L15 has n O: coorssgainn 200, e

the large terest in small itis expects

et in 2018 there wil b 2 ang PoPb. run. 1 2015

fon experiment a LG, 1h upgraded delcor il be

35 botlomonium states ndividual.
I adion o the rich new set of heavy-on results from
the LHC, unexpected novel insighs related 1o inial
siate dynamics has come frompp and pPb collsens.
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creasing e snstvty o most éssutemant y one
10two orders of magnitu

by (Govio

Fiur3: Elpc fow cosfientasa fnciono rrs:
5 momentum, for various hadron species. From
SHED 06 (2018) 166,

One ofthe mostimpertant discoveries ofthe heavy-ion

7alios, Tuciaons q from
uiconiotias corpued i ace G Smone

For he High temperature and low o values extracied

Vides the most stringent constraint on CPT violation
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October 2015

T decays (N3LO)
DIS jets (NLO)
Heavy Quarkonia (NLO)

e*e” jets & shapes (res. NNLO)
e.w. precision fits (NNLO)

pp —> jets (NLO)

pp —> tt (NNLO)

oy(Q?)

03+

®e OO D> «

<

02+

= QCD 0(M,) = 0.1181 + 0.0013
‘ 1(.)0 1600

" Q[Gev]
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—

- Responsible for quark confinement

October 2015

b\ vy ;
) DIS jets (NLO)

A
0 Heavy Quarkonia (NLO)

o e'e jets & shapes (res. NNLO)
® c.w. precision fits (NNLO)

v pp—> jets (NLO)

pp —> tt (NNLO)

03+

ore)

— QCD ag(M,) =0.1181 £0.0013
. 160 10.00

0.1}

" Q[Gev]
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Responsible for quark confinement

—

October 2015

KO} \\l A DIS iate o

« When nucleons are tightly packed, the

mean inter-quark distance is short,
and their coupling becomes weak
— deconfinement

0)
s. NNLO)
LO)

01} "
QCD 0,4(M,) = 0.1181 + 0.001

ore)

3 YR

10 Q[GeV] 100

1000
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PHASE DIAGRAM (SKETCH) OF QCD MATTER

Temperature

ITicy
END ol Quark-Gluon
O

Plasma

Superconductor

Phases

L J

+ Control parameters :
« Temperature
» Chemical potentials
January 11th 2017 + External fields 8



time

10+12 sec|

10+2 sec

10-5 sec

10-10 sec

1032 sec

first atoms

............ nucleosynthesis

A - confinement
<«—— Quark Gluon Plasma

,,,,,,,,,,,,,,,,,,,, EW transition

A end of inflation

big bang
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time

10+12 sec first atoms

10+2 sec nucleosynthesis

confinement
rk Gluon Plasma

EW transition

10-5 sec :
No visible imprint on present day

astronomical observations...

10-10

102 sec|-—-mmmmmmmms Y- end of inflation

big bang
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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

vacuum

'

Temperature
A—\*

Hadron-Gas

RHIC@BNL

nuclear matter

Quark-
Gluon-
Plasma

NICA@)]JINR

neutron stars

[¢]

Chemical potential

January 11th 2017

- Experimental handles :

« beam energy
- ion species

10



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 lon Collider) :
Since 2000 at Brookhaven National Laboratory, U.S

LHC (Large Hadron Collider) :
Since 2009 at CERN

January 11th 2017 1



HEAVY ION COLLISION @ LHC

January 11th 2017 12



Qcb

£=— P+ - mp
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Lattice QCD

Qcb

L= 1P 4D -

January 11th 2017 13



’ Perturbative QCD ‘

Qcb

£=— 1P+ - mp

January 11th 2017 13



’ Perturbative QCD ‘

Qcb

£=— 1P+ - mp

January 11th 2017
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’ Perturbative QCD ‘

Qcb

£=— 1P+ - mp

AdS/CFT

January 11th 2017
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’ Perturbative QCD ‘

QcCb

2= —%Fz + (D —m)y

Hydrodynamics

Kin. Theory AdS/CFT

January 11th 2017
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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

. J

January 11th 2017 13



+ Thermodynamics :
+ Equation of state
( B
Example : Equation of State

rrT T T T T T T T T T T T T T T T T T T T T T T 17T

Q6 =
non-int. limit

T [MeV]

— 1] L
130 170 210 250 290 330 370
January 11th 2017 - J 13




High-Temperature matter

High T and low 1,
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



Since last NuPECC LRP (2010)

¢ LHC Run-1: 2010-2013
* LHC Run-2: 2015-2018

+ Collision energy increase w.r.t. RHIC :

« x25 for AA collisions
« x55 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)

January 11th 2017
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Statistical Thermal X
Description time
=
hS]
Q)
2
]
=

Hadronic
_ Transport

T, K, p, ...

Pre-Equilibrium
Glasma Phase

15



[

(Initial State :

* Nuclear parton distributions Jon

« Gluon shadowing/saturation y ©

* Input from other measurements: 7
« pA, dA collisions (RHIC and LHC) Q@Q

« (p collisions (HERA)
+ (A collisions (NMC, future EIC)

Pre-Equilibrium
Glasma Phase

N

January 11th 2017
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[

(Initial State : 1

(Freeze out :

« From yield ratios, Statistical Hadronization Models give the
temperature and chemical potential at chemical freeze-out

S T 5 900
180 -
[ C 10
I 12 800
= 160 | B0
140 4 600
120 - - 500
400

100 - ) .
I fits of yields

w
o
S

80;* 0 dN/dy ]
60 0 4n E 200
L —— parametrization 1 100
4or ! ! Luwud
0
1 10 0% 10°
sy (GeV) sy (GeV)

-
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FLOW OBSERVABLES

January 11th 2017 16



FLOW OBSERVABLES

(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

January 11th 2017 16



FLOW OBSERVABLES

(Goals :

« Assess the transport properties of the QGP
(\viceacityu ote )

(Observables :

+ Azimuthal distribution of the produced particles
* Fourier coefficients vi, vz, v3,...

« Orientations of the principal axes ¥, Y5, ¥3,...

_| Note :

« Initial geometrical fluctuations play a crucial role
in these studies

January 11th 2017 16



Example : pr-dependence of v, of identified hadrons

ALICE 20-30% Pb-Pb |s,, = 2.76 TeV

v,{SP, A1 > 0.9}

January 11th 2017



Example : pr-dependence of v, of identified hadrons

ALICE 20-30% Pb-Pb |s,, = 2.76 TeV

« The QGP is a nearly perfect fluid
h

4k,
(the lowest of all known substances...)

« Shear viscosity : /s € [1,2.5] x

v.{SH

J
o g D

January 11th 2017



Example : pr-dependence of v, of identified hadrons

ALICE 20-30% Pb-Pb |s,, = 2.76 TeV

-
Plans :

» T-dependence of shear viscosity
* Bulk viscosity (/s

- Better assess the flow of heavy quarks

(hence their degree of thermalization)
oF [ ol
0

‘\1 |

> 6
P, (Gevic)
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ENERGY LOSS, JET QUENCHING

p+p A+A

« The QGP enhances the radiative energy losses of hard partons
— use these observables as a “tomographic” tool

January 11th 2017 18



51.47””‘””‘””‘ T
@ | Pb-Pb, {Syy=2.76 TeV ]
12 L D e s s ] + Nuclear modification ratios :
e Non'promplele/(CMS ; r2elwmirxary) 1 . a o .
1 805,90 GoVIG, ic].2 ceremn s ratio of inclusive hadron yields
L (?mply)Ql\edboxes:(un)correlatedsysl.uncen. - . ..
M (oo fornonsrampt iy 1 in AA collisions and a reference.
T H ] Measured as a function of:
0.6~ —
E t i ] ] * transverse momentum
- 50-80%" ..
o F B « rapidity
. 40-50% 4 . .
02~ 3040% pon00,  BE f centrallty
[ shited by 110in(N,,) 1?'20% o10% + hadron species
1 L NS W
GO 50 100 150 200 250 300 350 400
pan>
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AT T
@ | Pb-Pb, {Syy=2.76 TeV 1
120 0§ e (i) bop it bVio oS ] + Nuclear modification ratios :
- @ Non-prompt J/y (CMS Preliminary) 7 . . . .
A SSPrS0 GOVIE 12 i 1 ratio of inclusive hadron yields
L (?mply)g\?c:rl‘);:e;“(\:n)correlatedsysl.uncen. - . ..
el Qe rnorprTeLy ] in AA collisions and a reference.
s H ] Measured as a function of:
0.6~ —
i H H § ] - transverse momentum
[ 50-80%" 7 . g
o4 B - rapidity
ool T ey B - . - centrality
r 102 \
O . . . .
« 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)
& J

January 11th 2017
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E;(GeV)

(MS CMS Experiment at LKC, Ci
Datarocorded: Sun Nov 14 53139 2010 CeST
- RunfEvent 151076 /1326520
2
S [tk

. Leading jet
100 ° pr:205.1 GeVic ‘ ‘ —
80 ; £ ‘ ]
60 5 Subleading jet |
0 1 pr:70.0 GeVic |
20 -

- 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)

January 11th 2017



{ T CMS L
— 2% | ota rocordad: Sun Nov

Plans :
- Better understanding of the energy loss mechanism(s)

 Path length dependence

+ New tool : jet + {y, Z}

T s
t | 2

- 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)

January 11th 2017
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QUARKONIA SUPPRESSION

Debye screening

- Debye screening weakens
the binding of QQ pairs

P~ My ) - Sequential suppression
r

@
éaee V() = )
@gggr/' pattern depending on the

binding energies
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QUARKONIA SUPPRESSION

s 2
— 8OO T e ey
D [ o data CMS PbPb |5 =276 TeV |
700 PoPbifit || Cent.0-100%, lyl <2.4
oo pp shape || L, =150ub"

[ p!>4Gevic .
T ye screening weakens

binding of QQ pairs

Events / (0.1 GeV/c?
o D
S8 8

IS
o
=3

uential suppression
tern depending on the
ding energies

N @
Q 1=
=3 S
T T T T

5}
=
-

NI IFEFII I RS i W s

1 12 13 14
Mass(u*w) [GeV/c?]

>

- Differential suppression of the
1S, 2S and 3S states of v

- J
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... AND REGENERATION

J/\> suppression at RHIC and LHC

® ALICE (Pb-Pb Vs = 2.76 TeV, 2.5 < y <4, pp> 0 global sys. +12.5%
1.9 4] ®PHENK Au-Au Vs =200 GeV, 1.2 < |y| <2.2,p> 0 global sys. +9.2%

o e~
o =}

1
P

o g . g

T T T T T T
0 50 100 150 200 250 300 350 400
<Npan>

+ At LHC : copious production of ¢c,c¢ = large density
= formation of J /1 by recombination of unrelated c and ¢

January 11th 2017 22



... AND REGENERATION

J/\> suppression at RHIC and LHC

L4 ]

(Plans :
« Characterize when quarkonia are formed

+ Assess the initial temperature from quarkonia yields
(also with electromagnetic probes : thermal photons/dileptons)

¢ J
8 I
0 T

T T T T T T
0 50 100 150 200 250 300 350 400
<Npan>

+ At LHC : copious production of ¢c,c¢ = large density
= formation of J/1 by recombination of unrelated c and ¢
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THE MYSTERY OF SMALL SYSTEMS

(@) pp Vs =7TeV, N2 110 (D) pPb |5y =502 TeV, 220 < Ni™ < 260 (C) PbPb S =276 TeV, 220 < Nii™ 5 260

—0 p
—
~ ‘

—~ RN S50,
= ey R
NI s 2N %
TR TS i SRR e
4 AR Le 33 R S
= XX AT %l st oS
g Ay 37 N A
2 2 A AR | - W
S K e 4 /) R
s AR A
9 >
a/’; \
%
2 Y 2)
1<p, <3 GeVie -4 1<p;<3GeVie

+ AA collisions : this is flow !
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THE MYSTERY OF SMALL SYSTEMS

(@) pp Vs =7TeV, N2 110

—0

-~
< LR
<4 SR
c R
N R S
kbt S 4
~ S g S "‘\‘ SR
= IS B )
?/{'o‘ " { " N P ‘:““‘\"‘\\
BN ! o
8,
1<p,<3GeVic 1<p,<3GeVic

+ AA collisions : this is flow !

+ pA collisions : maybe flow ?
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THE MYSTERY OF SMALL SYSTEMS

(@) pp Vs =7TeV, N2 110 (D) pPb |5y =502 TeV, 220 < Ni™ < 260 (C) PbPb S =276 TeV, 220 < Nii™ 5 260
P

—0

=
SRR SRR
TR CSRCTy
2 S S
g S S
N ' SN
Z S
: =0
SO
o
v
1<p;<3GeVic

+ AA collishons : this is flow !
+ pA collisio maybe flow ?

+ pp collisions : could it still be flow ?!
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THE MYSTERY OF SMALL SYSTEMS

(@) pp Vs =7TeV, N2 110 (D) pPb |5y =502 TeV, 220 < Ni™ < 260 (C) PbPb S =276 TeV, 220 < Nii™ 5 260

2 |Plans :
3| - How small is the smallest droplet of fluid ? : .
~ R
@\\\\:5\‘
e

42 vv/o/ 2 9,0 S R -
5\ S, “ < < , <
. » £
7 04Y T N~ LA\
1<p,<3GeVic 4 1<p,<3GeVic <4 1<p,<3ga !

+ pp collisions : could it still be flow ?!
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High-Density matter

Low T and high 1
Large net baryon density

Main Goals :

Explore the QCD phase-diagram at ., 0
Search of the QCD critical endpoint
Study of hyper-nuclei



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 \/s . ~5— 6 GeV (up to 10 x po)

January 11th 2017
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\T
0
5 Quarks g Gluons

cr
~ ~0stVer Cep
AP

supernovae
Neutron star me‘S

Neutron stars
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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

January 11th 2017
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COLLECTIVE FLOW

Main goals

* Role of partonic degrees of freedom
« Softening of the equation of state

Observables

+ Directed flow v,
« Elliptic flow v,

January 11th 2017 27



COLLECTIVE FLOW

Main goals

(Plans :
+ Flow of identified hadrons

« Differential flow between particles and anti-particles

» Flow of weakRly rescattering hadrons (e.g., Q, ¢)

* Directed flow v,
« Elliptic flow v,

January 11th 2017 27



STRANGENESS

Main goals

+ Onset of deconfinement
+ Measure of equilibration
« Density of the fireball

Plans :
« Yields of multi-strange hyperons

January 11th 2017 28



DILEPTONS

N
o
&

S
L

=
o
&>

1N, AN o /M, [1/(GeV/c)]
3 3

_\
2
3

1079'...|...|...|...|..

AuAu 1.23A GeV
40% most central

0 02 04 06 08

January 11th 2017

Goals

- Temperature estimates

- Modifications of vector
meson spectral functions

« Chiral symmetry
restoration

« Collective effects (flow)

29



N
o
&

AuAu 1.23A GeV
40% most central

Goals

S
L

- Temperature estimates

_‘
Q
b

- Modifications of vector
meson spectral functions

=
o
&>

AN, M, [1/(GeV/C?)]

x10| Plans :

1/N

10f - Dilepton spectra at low and intermediate mass

10

0 02 04 06 08 1 12 14T
M, [GeV/c?]
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Main goals

+ Probe of deconfinement through Debye
screening

« Degree of thermalization (flow)

» Formation mechanism of charmed
hadrons at large .,

Plans :
+ Yield of charmed hadrons
« Collective flow of D mesons

January 11th 2017 30



EVENT-BY-EVENT FLUCTUATIONS

KO

" Au + Au Collisions at RHIC
0-5% centrality

O net-proton
A anti-proton
O proton

" CBM@FAIR &
e

MPDQN\CA

Iyl <0504 <p <2(GeVic) |

January 11th 2017

2 5 10 20 50 100 200

Center of Mass Energy Vs, (GeV)

-

Goals

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

« Assess vicinity of
critical point




EVENT-BY-EVENT FLUCTUATIONS

-

Goals
" Au + Au Collisions at RHIC
0-5% centrality og ege, e
4 e » Assess susceptibilities
O netorotn through fluctuations of
3 A anti-proton L.
“o =i conserved quantities
o
2l (baryon number,
strangeness, electrical
1 cemarar &
AR charge)
MPDQN\CA
o - - 5 . A HPR- £
Plans :

+ Measurement of higher moments (skewness, Rurtosis)
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HYPER-MATTER

Expected yields of light hyper-nuclei

T T T T T T —TTTH
3

10° o %He 3Fe +H -
’ 5
10° -5 “He, *Ae =t
-, He 3
10* H,
- aazhe
10° ~o

o=

10?

Yield (dN/dy) for 10° events

1
uul \U‘L‘umu\

ul | Ly

10 10° 10°

5 (GEV)
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HYPER-MATTER

Expected yields of light hyper-nuclei

—
- %He, °He +H

5
546,49 B\l

° events

ou-
T T

61y,

(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

\ 7
To =
wﬂ it VA N.m T R ‘ﬁ
10 10° 10°

5 (GEV)
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Future plans

o Facilities
o Computing

¢ Instrumentation



FACILITIES AND EXPERIMENTS

« Existing and operating :

+ LHC at CERN ! 8;::::
« Realization approved and RHICEERS Flasi

on-going : )

- FAIR at GSI : ZZ@\

- NICA at JINR £l el N
 Under exploration : o

- NAGO+ at the CERN SPS fhdne

« AFTER at the CERN LHC - po——

* Future Circular Collider

January 11th 2017 33



HEAVY-ION PROGRAM AT THE LHC

High-Temperature matter
produced in PbPb
collisions at

Von = 2.76 —5.02 TeV

Lint ~ 1 nb~" in Run-1 and
Run-2 (2010-18)

- x10 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

LHC roadmap: ion runs

* Run-3and 4: 2021-29
* /ey = 5.5 TeV ||||||||I||||||||||||||.....IIIITII IIIIIii'IH [ IITﬂllllll“IIIIIIITIIIi“TT
* Line > 10 an i etef 0N Run3: £7% T

 Experiment upgrades

2015 2016 2017 2018 2019 2020 2021 2022 2023

Shutdown/Technical stop
Proton physics
Commissioning

fons

2024 2025 2026 2027 2028 2029
P S A e e

Runa: LAt o =7.0mb™?

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

+ Correlations and
fluctuations

« Jet structure. y-jet and

Z-jet correlations « Charmonium production

mechanism and elliptic flow
' _ (hadronization at phase
* (Anti-)(hyper-)nuclei boundary or in medium?)

+ Low-mass dileptons
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HEAVY-ION PROGRAM AT THE LHC

LHC roadmap: ion runs

2015
e DO E S DU O UK T DU ST BOGECE DUz 0L UOCE 0% DSOS DLCET DU EEUBOCL0S DUZOSDURK S 0T U= 0Ll

2016 2017 2018 2019 2020 2021 2022 20

* Run-3 and 4: 2021-29
© /S = 5.5 TeV

* Ling >10nb~"
 Experiment upgrades
Recommendation :

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

« Jet structure. y-jet and HE TEEE

Z-jet correlations « Charmonium production

mechanism and elliptic flow

' _ (hadronization at phase
* (Anti-)(hyper-)nuclei boundary or in medium?)

+ Low-mass dileptons
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ALICE UPGRADE

New readout

) ) Muon forward GEM-chambers for  electronics. New
New inner tracking  tracker with MAPS  continuous readout online and offline
system with MAPS of the TPC (0?) system

A A s A
& L Yy « 3

> @ B &
- e -

Outer Read-Out Chamber

+ 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 : h”
+ Upgrade in LS2 : tracking system i, l“”'
+ Ongoing : SMOG (System for "
Measuring the Overlap with Gas).
Gas injected in beam pipe, fixed
target operation, different nuclei
(He, Ne, Ar, etc...)

J. Instrum. 9 (2014) P12005.

p,; Module Concept
ATLAS and CMS :

Upper Sensor /
- o / / + 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 et 1, "“”'

" y

- Ongoing : SMOG (System for .
Measuring the Overlap with Gas). j

PR BB Lo oL

Recommendation :

« Completion of the ongoing upgrade program of the LHC
experiments

e - Upgrades in LS2 and 3 (pixels,
. trigger, DAQ, etc...)

- Focus on jet physics, quarkonia,
é electroweak bosons and extend to
top quark!
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HEAVY-ION PROGRAM AT FAIR

FAI Facility for lon and
Antiproton Research

CBM beams
10%/s Au up to 11 AGeV

10%s C, Ca, ... up to 14 AGeV
11'/s protons up 29 GeV

FAIR MSV
peyond MSV
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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

January 11th 2017 39



COMPRESSED BARYONIC MATTER

Dipole | RICH TRD TOF
—_— Ring Transition Resistive
Imaging Radiation Plate
Cherenkov I | e, Chambers

Acceptance EMCAL | PSD

P> 0 Micro Silicon Muon Electro- Projectile
Vertex Tracking Detection Magnetic Spectator

Forward rapidities Detector System System Calorimeter Detector

(parking pos.)
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COMPRESSED BARYONIC MATTER

Dipole | RICH TRD TOF
Ring Transition Resistive
Imaging Radiation Plate
Cherenkov - Detector Chambers

— | ’\‘w]“’el \
el [y R

( .
Recommendation :

« Construction of SIS-100 at FAIR
« Realization of the CBM experiment
« Continue supporting developments for SIS-300

I

Acceptance MVD STS MUCH EMCAL | PSD
o> 0 Micro Silicon Muon Electro- Projectile
t Vertex Tracking Detection Magnetic Spectator

Detector System System Calorimeter Detector

Forward rapidities ki pos)
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NICA AT JINR DUBNA

SPD
BM@N (Detector) -
Exiracted beam (Detector) G %
Collider )
.\
MPD
\ (Detector) '\c
/ E-cooling
= / — =
- l <
Heavy lon € = 223
i ™A\ o '||||| s .\\
<!
lon source —L ( Boosfer /)/ " (k
(20 e B
T ///‘uﬁ‘/ Cmge | Magnet factory

Nuclotron

Internal
o NICA

« 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 : 10%7 em2s™', /5 = 4-11 GeV
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BM@N AnND MPD AT NICA

|
BM@N :

- Fixed-target exp, beams from
nuclotron

Target 47O
detecior

« High precision tracking and particle
identification

- Expected start in 2017 .

MPD :

« Collider experiment, intermediate
reaction rates

» TPC, TOF, ECAL, FHCAL

TPC |\ Cryostat
GM T

« Completion of commissioning ~ 2023
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BM@N AnND MPD AT NICA

BM@N :

- Fixed-target exp, beams from
nuclotron

Recommendation :
+ Construction of NICA at JINR
« Realization of the BM@N and MPD experiments

« Collider experiment, intermediate
reaction rates

» TPC, TOF, ECAL, FHCAL

« Completion of commissioning ~ 2023
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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
F T E and polarization

+ Bottomonium, charm to low p..., Drell-Yan. Nuclear
el PDF, factorization

Future Circular Collider (FCC):
+ 80-100 km long hadron collider, PbPb at
VSun & 63 TeV, Liy, ~ 33 nb~! /month
+ Qualitatively different medium

 Collective effects, thermal charm, top quark, color
coherence, new phenomena!
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PROJECTS UNDER EXPLORATION

-

NA60O+ at the SPS, at CERN : Satiee

+ 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

Recommendation :

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

Future Circular Collider (FCC) :
+ 80-100 km long hadron collider, PbPb at
VSun & 63 TeV, Liy, ~ 33 nb~! /month
+ Qualitatively different medium

 Collective effects, thermal charm, top quark, color
coherence, new phenomena!
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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 1.5years
- 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)

January 11th 2017 A



COMPUTING : RESOURCES

Large computer resources required for :

* Theory:
« Lattice QCD : power ~
petaflop/sec

Recommendation :

+ Secure resources to face the increasing needs in

computing power and data storage both by theory
and by 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)

January 11th 2017 L4



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
Recommendation :

« Invest in developments of new technology and
algorithms

- 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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NEW INSTRUMENTATION

Next generation heavy-ion experiments : high particle density

. . Ultra-fast
G T f,’é’cf}gfﬁéoéﬁgon silicon detectors Compact RICH .
Projection vertexing o detectors iclzlllcCJ(r)i':neters
Chamber e G— 2N 3

i

i

3 A High }
ithi 4D event . segmentation,
High rates, PID %&R,%“E?;gl reconstruction, ;’L%Zg;ca speed (ALICE,
' Low-gai ' SPHENIX
(ALICE) gg%ors (ALICE, aggvlagnac'ﬂe Ssfueed e )
detectors

January 11th 2017 46



NEW INSTRUMENTATION

Next generation heavy-ion experiments : high particle density

; . Ultra-fast
GEM Time Z,g;e;’ﬁ;oéggo” silicon detectors Compact RICH
Projection vertexing _ detectors Silicon
- calorimeters

Chamber

~ YT

High

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

. 7
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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'!



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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