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Quark-gluon plasma ?
LHC ?

s a quark-gluon plasma produced in proton-
proton collisions at the LHC ?

Where should it be usually
produced and studied ?
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Matter at the QCD scale

Electron

Proton

Quarks

Nucleus Neutron
Matter
particles L& ©N§
Allordinary | | Electron Electron neutrino Up Down
particles ! Responsible for electricity Particle with no electric Has an electric charge of Has an electric charge of minus
belong to & | and chemical reactions; charge, and possibly no mass; 0 pbsMo-thirds;.protmeonlai\Mo. mhdwmmm °
this group g it has a charge of -1 billions fly through your body neutrons contain one neutrons contain two
These % | Muon Muon neutrino Charm Strange
particles | 3 | Aheavier relative of the Created along with muons A heavier relative of the up; A heavier relative of the down;
existed just electron; it lives for two- when some particles deca found in 1974 found in 1964
J y
after the millionths of a second
b
Big Bang.
Now they are > | Tau Tau neutrino Top Bottom
found only 3 | Heavier still it is extremely not yet discovered but Heavier still Heavier still; measuring
in cosmic & | unstable. It was discovered believed to exist 0 bottom quarks is an important
rays and £ | in1975 test of electroweak theory
accelerators

Quantum ChromoDynamics (QCD) is the theory of strong interaction
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Matter at the QCD scale

g gluon (color charge) exchange {

» Quantum ChromoDynamics (QCD) is the theory of strong 0= —@
interaction, it describes quark interaction by gluon exchange,
gluons carrying color charge (standard model) « r >
Quarks are colored (R,G,B) 4
: . (04
Quarks interact via gluon exchange VQCD(I/') = S 4 fkr
4
> Big difference with QED: gluon self-interaction /’ T
QCD potential between 2 quarks, Gluons attract
4/3 colour factor each other:
string with
tension k
Sept. 2013
o v Tdecays (N’LO) .
Q) v TN DTN Confinement :
a DIS jets (NLO) . .
03l o HCZWJ.y Zgum.k(m PR At long distance, low energy, the attractive
o e'e¢ jets & shapes (res. NNLO) .
e Z pole fit VLo, force between cz!uark:c) increases
v Pp—> jets (NLO) Quarks are confined into hadrons
02} ]
Asymptotic freedom:
5 / At short distance, interaction becomes weak
i 1 Quarks can be considered as free in had
— QCD 0y (M,) = 0.1185 + 0.0006 uarks can be considered as free in hadrons
1 100 1000

" QGev]

/% “‘ b
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Quark-Gluon Plasma

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons (asymptotic freedom
regime) predicted by QCD and studied in high-energy heavy-ion collisions

Credit: GSI

Temperature T [MeV]
S

1 :
Nuclei Net Baryon Density
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Why to call this deconfined state of QCD
matter a plasma ?

» A “standard” plasma is a state of matter which contains ionized atoms: positive ions and
negative electrons.

At high temperature, ions are ionized and the gas makes a transition into a plasma

phase (electron and ion soup). In this plasma, electric charges are screened due to the
presence of other mobile charges. Globally the plasma is electrically neutral.

» In our case: at high temperature (and/or pressure) QCD matter undergoes a transition
into a phase where quarks and gluons are deconfined. They move freely (asymptotic

freedom): quark and gluon soup. Color charges are screened. Globally the state is color
neutral .

A?,h‘"
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Why to call this deconfined state of QCD
matter a plasma ?

» A “standard” plasma is a state of matter which contains ionized atoms: positive ions and
negative electrons.

At high temperature| ions are ionized and the gas makes a transition into a plasma

phase (electron and ion soup). In this plasma,|electric charges are screened|due to the
presence of other mobile charges. Globally the plasma is electrically neutral.

» In our case: atlhigh temperature|(and/or pressure) QCD matter undergoes a transition
into a phase where quarks and gluons are deconfined. They move freely (asymptotic

freedom):{quark and gluon soup](Color charges are screened| Globally the state is color
neutral.

This deconfined state of QCD matter looks like a
color analogue of the electric plasma

The Quark-Gluon Plasma

I Historical analogy, the QGP looks like a perfect fluid more than a plasma ...
IAlso QGP at low temperature and high baryonic density

A.\"‘,h“
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

A

(o

i
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

A

(o

Initial-state interactions
Hard scattering: production of high-momentum particles e.g: heavy quarks, quarkonia, jets, direct photons,
vector bosons
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

A

(o

direct
pho

QGP ?

/S ‘ e
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

Plasma hadronization
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QGP with heavy-ion collisions

Quark-Gluon Plasma (QGP) is a deconfined state of quarks and gluons predicted by QCD
and studied in high-energy heavy-ion collisions

Chemical freeze-out
(no more inelastic collisions)

Thermal freeze-out
(no more elastic collisions)
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QGP with heavy-ion collisions

Various measurements, referring to various stages of the collision

v Soft probes are produced at the QGP hadronization stage
v Hard probes are produced at the initial stage of the collision and can interact with the QGP
See review from Zaida Conesa Del Valle and focus on direct photon from Erwann Masson, Parallel C 1.3
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QGP with heavy-ion collisions

» pp collisions are considered as the vacuum reference

» PpA collisions are a control experiment to estimate cold matter effects

» AA collisions are described by a (geometrical) Glauber model defining the number of
participants and the number of binary collisions (N__,) for a given impact parameter b

coll




AD Antiproton Decelerator

The Large Hadron Collider (LHC)

CERN Accelerator Complex

A b 4 4
vy NN
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LHC P
2007 (27 km e SN
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ALICE ’ LHCb
"" TT40 TT41
SPS e
y y neutrinos
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AX AS CNCS
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nRE T ‘
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neutrons
— Leir
UNAC 3 .

» tor » ion » neutrons P p[antiproton) =—-H- proton/antiproton conversion  » neutrinos b electron

LHC Large Hadron Collider SPS Super Praton Synchrotron  PS Proton Synchrotron

CTF3 Clic Test Facility CNGS Cern Neutrinos to Gran Sasso  ISOLDE Isotope Separator Online DEvice

LEIR LowEnergylon Ring LINAC LINear ACcelerator n-ToF Neutrons Time Of Flight

LHC 27 km circumference
50 to 175 m underground
At the French-Swiss border (Geneva area)

‘ Dverall view of the LHC experiments.

P oS
e e -
ESSSSSSE CERN
LHC - B
- —gPolnt 8 o ALICE
[ . Point 1

=z Point 2
o

Collision systems and energies

> pp+/s=0.9,2.76,5.02, 7,8, 13 TeV
» p-Pb \/Syy = 5.02, 8.16 TeV

» Pb-Pb \/syy =2.76,5.02 TeV

> Xe-Xe \/Syy =5.44 TeV
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QGP experiments at LHC

THE ALICE DETECTOR

cmNpaswNR
=
Py
o

11. Absorber
12. Muon Tracker
13. Muon Wall

14, Muon Trigger

15. Dipole
16, PMD
17.AD
18.ZDC
19. ACORI

Magnet

DE

Muon chambers

Toroid magnets

a. ITS SPD (Pixel)
b. ITS SDD (Drift)
c. ITS SSD (Strip)
d. VO and TO

e. FMD

Tile calorimeters

LAr hadronic end-cap and
forward calorimeters

Pixel detector
LAr electromagnetic calorimeters

Solenoid magnet | Transition radiation fracker
Semiconductor tracker

CMS Detector -
Microstrips (80-180um)
Pixels 200m ~9.6M channels
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SARAH.PORTEBOEUF@CLERMONT.IN2P3.FR




QGP experiments at LHC
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Dedicated to heavy-ion physics
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THE ALICE DETECTOR
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Developed an heavy-ion program
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LHC Schedule

2015 2016 2017

JIF M aIMl )1 AISIOINIOY ) F MAIM] )] ) [A]SIO

0ER0E DE!

NFMAMD DIABIIRIO D [FMAM O DIASION

. fPb—Pb = -1 . fPb—Pb = -1
Run2 : £ eoratea = 1.0 b Run3: Lt oratea = 6-0 b
2024 2025 2026 2027 2028 2029 Shutdown/"l'echnical stop
‘,; DA LI [FIMAIM D NE NG J1J1AIS|O) J|F JJ A NIDY [ FIM[AIM )] DA NU)FMANJ)A’; N ProtonthSiCS
1S3 Commissioning
lons
. rPb—Pb o -1
Rund : L;teoratea = 7-0Mb

» A LHC Run: period of 3 to 4 years of data taking, improvement of machine conditions
(energy, luminosity) every run

» A year of data taking starts around April (technical operations in Jan.-Mar) with pp
collisions, heavy-ion physics in Nov-Dec

» Long Shutdown (LS) in between runs: 2 to 3 years of detector upgrades and maintenance

Now in LS2, in preparation for Run 3
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The French QGP community

Saclay
ALICE

» 0(100) physicists Orsay Théorie urg
ALICE ALIC
Nantes Palaiseau
ALICE  Théorie
Théorie
» + Ingeniors and technicians Théorie
Clermont-Ferrand
ALICE Grenoble
ALICE
. Lyon Théorie
» QGP-France annual meeting ALICE
Théorie

+ Linked to the GDR QCD
+ Linked to the SFP Division Nucléaire and
Division Champs et particules
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LHC: QGP studies in heavy-ion collisions

Disclaimer: A large variety of measurements
referring to various stages of the collisions from different probes,
implying different mechanisms

It is not possible to present one single measurement as THE QGP signature.
A convergent beam of signatures is needed as evidence for QGP

Highlights on Flow and Quarkonia
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Elliptic flow of charged particles

Initial spatial anisotropy
= momentum anisotropy of particles

The anisotropy is quantified via a Fourier expansion in
azimuthal angle ¢ with respect to the reaction plane W,

[ee)

dN

—o<1+22v cos(n(p — Wn)
d(p ] n (('p )

The second coefficient is v, (elliptic flow)
v,> 0, interpreted as collective expansion of the medium
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Elliptic flow of charged particles

Initial spatial anisotropy
= momentum anisotropy of particles

’ & The anisotropy is quantified via a Fourier expansion in
Q\'b azimuthal angle ¢ with respect to the reaction plane W,
4 . & oo
yz & Ta142 vy cos(nlp —wn)
— X Vh COS(n — W¥n
& de LT ®

x,b

The second coefficient is v, (elliptic flow)
v,> 0, interpreted as collective expansion of the medium

& 03[ ALICE Pb—Pb |5, =502TeV  Ex
= - Iyl <0.5,10-20% a K _
< 0 Ep+p Charged particles flow
% 0.2 o leg ﬂzg in Pb-Pb collisions
[ _EFEE‘F_E . % 5 A+A with expected characteristics of
=y F i) . " ¢ mass ordering.
0.1~ _.':‘104 ‘} g U ‘% Confirmed by advanced analysis
[ St - subtracting non flow component.
¥
Ol L L
0 2 4 8 10
P, (GeV/c)
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Elliptic flow of charged particles

Initial spatial anisotropy
= momentum anisotropy of particles

' & The anisotropy is quantified via a Fourier expansion in
Q\'b azimuthal angle ¢ with respect to the reaction plane W,
Z . & oo
y & dN
& —x1+4+2 Z v, cos(n(@ — Wn))
xrb Q. n=1

de

The second coefficient is v, (elliptic flow)
v,> 0, interpreted as collective expansion of the medium

CcMS 1.0 <p <3.0 GeVic
&“062,: 3 Centrality: 0-5% 5-10% 10-15%F 15-20%
%o.%';:ﬁaﬁaaa:fiﬂ aﬁga:f aﬂa:f ® s
. Charged particles flow
oL Wy g UL ey : 0 in Pb-Pb and Xe-Xe collisions
Yo, . :ia e, ok ‘e, ok °s o With v, amplitude depending of
3 ] 3 centrality of the collision.

40-50% 2 50—‘60% 2 60-I70%'I

N “.,g 3 ~ F . e o [ ®XeXe \sy=544TeV
' M s Beoo

< . 8t 3 - &2PbPb ysy, =5.02 TeV

¥ 3 3 3
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Qu a rko n ia See contribution from

Roland Katz C1.3

» Quarkonia, bound states of charm and beauty quarks,
* Charmonia (cc): e.g. J/Y and W(2S)
* Bottomonia (bb): e.g. Y(1S), Y(2S) and Y(3S)

» Quarkonia, produced in first stage of AA collisions, experience the full QGP evolution:
* Quarkonium sequential suppression via color screening [Matsui and Satz, PLB178 (1986) 416]

* Quarkonium regeneration
[Braun-Munzinger & Stachel, PLB 490 (2000) 196 ; Thews, Schroedter & Rafelski, PRC 65 (2001) 054905]

18) “ 2 %
T/T¢ 1/{r) [fm1]
C\
B XBZ = I:l EP
_ Y(l S) = Lattice QCD 5 .. .
2 - wl - B o Sum s g statistical regeneration
- | %,(1P) . B aasiaco '@
— Y(ZS) —_— l:l Potential Models A
= e S [~
12 J/yp(1S) Y'(2S) \3S) & T oo 5072006V g 1
- Q
= _ S "g
STC % (2P) Y'(3S) W = =227 Q%
x(1P)  w'(2s) s = sequential suppression
c| == =
v == | | | | | |
I 15 2 25 3 35 4 .45 5 Energy Density
Eur Phys J C61 (2009) 705 PRC 91 (2014) 0249158 17T, NPB 214 (2011) 3
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Quarkonia at Runs 1+2

Nuclear modification factor

_ dNaa/dpr
< Ncoll >Xdep/de

Rap
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Quarkonia at Runs 1+2

Nuclear modification factor Measurement in AA
dNpa/dpr
Rap

B < Ncoll >Xdep/de
w

Normalization by the numm;sion (Neon) Same measurement in pp
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Quarkonia at Runs 1+2

AA = superposition of N pp

R 4
Nuclear modification factor Measurement in AA 1
dNpa/dpr

Rir =
AA < Ncoll >Xdep/de
w

Normalization by the numm;sion (Neon)

Same measurement in pp
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Quarkonia at Runs 1+2

Ra
eps . AA = superposition of N
Nuclear modification factor Measurement in AA 1 e -
R dNaa/dpr
AA —
< Ncoll >Xdep/de .
b/v w Suppression
Normalization by the number of collision (N.;) Same measurement in pp
g LI I I LI I LI B I I LI I LI I LI I I I LELELEL I LI I I I l- n‘g_ 1'4_ p_PbW=8_16TeV
o 14 Inclusive J/y — py . c i NN
® ALICE, Pb-Pb |5, =5.02TeV, 25 <y <4,p_<8GeV/c . 1.2 ® ALICE inclusive Jiy
10k B ALICE, Pb-Pb\s,, =276 TeV,2.5< y < 4, p,< 8 GeV/c N ’\ O LHCb prompt J/y (PLB 774 (2017) 159 )
THM, O PHENIX Au-Au\ s =02TeV,1.2<ly| <22,p >0 GeV/c i 1__.. ] e P I
g ? | * 0.8
0.8 =g . i
L el @ ] i
¥ x © [ ® © - 0.6 [~ | EPSO09NLO + CEM (R. Vogt)
0.6 i m ] [ || nCTEQ15 (J. Lansberg et al.)
[ EI E ] 0.4 [ [ EPPS16 (J. Lansberg et al.)
04+ @ — UL CGC + NRQCD (R. Venugopalan et al.)
[ ] 8 [ ] i CGC + CEM (B. Ducloue et al.)
0.2 :_ El |ﬁ| _: 0.2 - E Energy Izr)tssP(FZ.:rIeo ettall.)
- PLB 766 (2017) 212 o i [ mmm cfr:zsc;rs((é. Feljr?gi?oe)3 &) JHEP 1807 (2018) 160
0||||I||l|I||||IIlIIIIIIIIIIIIIIIIIIIIIIII IIIJiIIIIiIIlliIIII|II\I|l|||||||I|IIII|IIII|III\
0 50 100 150 200 250 300 350 400 0—5 -4 -3 -2 - 0 1 2 3 4 5
N2 Yems

> /Y less suppressed at the LHC than at RHIC when varying the centrality of the collision
» Cold matter effects studied with p-Pb reference measurements

» Contribution from regeneration at low p;
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Quarkonia at Runs 1+2

>N r Pb-Pb \sy, =5.02 TeV 0-10% T 10-30% T 30-50%
0.2 ® Inclusive Jy, 25<y<4.0, ALICE I oésmzboo ] . .
D B8 g° ] Unambiguous observation of non-zero J/Y v,
0.1~
; ¢ O © o o E() o
AL % ------- At high p,, stronger effect than expected:
= possible path-length dependence effect
0. #’H"O
0.05F o°°o+ HH oo A
Oﬁ@ ________ +Jﬂ° At low and intermediate p;: v,(J/Y) < v,(D) <
0.0 JHEP 1902 (2019) 012 Vn(h)
2ETTE T 0 12 2 46 810 e
e (GeV/c) P, (GeV/ce) P, (GeV/ce)
PbPb 166 ub™, pp 5.4 pb™ \Sun = 2.76 TeV
C?BOOT L L I L L L L L B B BN B ;(( |—|PI'-B'7|70| 210’;7| 3'57 T T 1 | L | T ]
S [ e daa CMS PbPb {5 =276Tev § [ 1-6:_ (2017) CMS | ]
& 700 — Popb it Cent. 0-100%, y| <24 140 T E
. e 600: ------ pp shape || L, =150 ub” B - E
> S;rong Y suppression at S e > 4 Gavic : 12H EE
the LHC 2 ‘_ . 4 L T o04100% |
5 : if 5 S
. i " 4001 = U ®Y(1S) 1 ]
> Exited states melting - : 0.81" ov(2s) T ]
3000 = ol H H gres 1 1
> Raa(Y(1S)) > Raa(Y(29)) 200; E 0.4 ¥ H o 1 (=
1002 C H H I ]
F ] 0.2 H T o T
07IIIlélIlIQII]111101III1I1IIII1IZIHI1I3IH]14 O:||1|||1|||] |||||||||: ];:
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(N2

part
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A Heavy-lon LHC discovery
Small System Physics
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Double ridge structure

pp Vs =7 TeV, N> 110 pPb s = 5.02 TeV, 220 < N2 < 260 PbPb /S = 2.76 TeV, 220 < N°"™* < 260

=
4
=
g : X /]
4 '.‘\““‘,c //l///","
"0.".‘.4
I <p,<3GeVic -4 N\ l<py<3GeVle 7 4
CMS, JHEPO9 (2010) 091 CMS, PLB 724 (2013) 213

A long-range angular correlation (elliptic flow) is observed for all systems (pp, p-A and A-A)
in the high multiplicity regime.

Confirmed by the 4 experiments
ALICE PLB 719 (2013) 29 | ATLAS PRL 110 (2013) 182302 | LHCb PLB 762 (2016) 473

In Pb-Pb collisions it is interpreted as a signature of the collective expansion of the system
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« small system» physics at the LHC

» "small” refers to system size: protons at the initial - . Nature Physics 13 (2017) 535-539
stage iz, oed z[ﬂ] @fﬁﬂﬁ]
» But with sometimes a final state looking like a g o -
large system (charged-particle multiplicity) HF_%
o
» At the LHC, minimum bias pp collisions can be E

used as reference

» High-multiplicity events represent a small

contribution to the total cross section B M
O(10*) in statistics I $§
I %* ALICE
o . . i ® pp,\s=7TeV
» Role of system size in question i O PPb, |5 =502TeV |
. oé O Pb-Pb, {sy = 2.76 TeV
* pp is smaller than p-Pb
. . e —— PYTHIAS8
* nuclear environment includes cold matter S e DIPSY
S EPOS LHC
effects
10737.—I<_I:-|‘—_ll IIII\IIl | I I 1
10 P °
@dN _/dn)
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« small system» physics at the LHC

Table prepared by the systems from the HL/E-LHC working group (~140 refs)

arXiv:1812.06772 arXiv:1602.09138

Observable of effect Pb-Pb pPb (high mult) pp (high mult)
SOFT Probes
low p; spectra ("radial flow") yes yes yes
Intermediate p; ("recombination") yes yes yes
HBT radii Ryue/ Ryge™1 Ryt Rge < Rout/Rge S
Azimuthal anisotropy (v,) (2 prt. correlations) ViV, ViV V,-v,
Characteristic mass dependence Vy-Vs Vy-V; v,
Higher order cumulants "4~6~8 " + higher harmonics "4~6~8 " + higher "4~6 "+ higher
harmonics harmonics
Event by event v, distributions n=2-4 Not measured Not measured
Event plane and v, correlations yes yes yes

HARD Probes

Direct photons at low p;

yes

Not measured

Not measured

Jet Quenching

yes

Not observed

Not measured

Quarkonia Nuclear Modification Factor

Jh) regeneration / Y suppression

suppressed

Not measured

Heavy-flavor anisotropy

yes

yes

Not measured
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Collective behavior of heavy quarks in p-Pb

collisions ?

S o.12- ALICE [e] Data, Pb-going
0, - p-Pb \sy, =5.02 TeV o Data, p-going
O - VO0S: (0-20%)-(60-100%) 777 AMPT, Pb-going
a o N\ AMPT, p-going
Y B
=~ 0.081
0.0~
0.04F :+:
: O
0.02 7
[ ¢ ,é
OAIIIlllllllllllllllllllllIllllllllllllll
o 05 1 15 =2 25 3 35 4
p. (GeV/c)

» Measurement of single-muon elliptic flow
in p-Pb collisions in two rapidity regions

» Unambiguous observation of non-zero v, in
the p; range 0-4 GeV/c

Jhy

p-Pb, (0-20%)-(40-100%), | 5,,,=5.02,8.16 TeV ALICE

—e— 2.03<y”¥<3.53

—=—— -4.46<y”V<-2.96

0.2

Pb-Pb, 2.5<y""<4, | 5,,,=5.02 TeV
—e— 520%

0.1

vl ‘
B = ey — == S |. __________
ﬁ PLB 780 (2018) 7

del, Pb-Pb, 20-40%, 2.5<y"¥<4, | 5,,=5.02 TeV
1 Inclusive J/y
Primordial J/y

Tral

» Measurement of J/i elliptic flow in p-
Pb collisions in two rapidity regions

» Low p;: v, compatible with zero
High p;: positive v,

Not yet understood
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Turning off Collectivity: RHIC ?

Relativistic Heavy lon Collider, Brookhaven National Laboratory, New-York, USA
The QGP facility before LHC

arXiv:1805.02973

0.2_IIII|IlllllllI|Illl|'lll|l'll|IIIIIIIIIIIIIIIIIIIIIIIIIIIII]__IIIIIIIIIIIIlIIlIIIIIlIIlIIIII_
0.18Fp+Au s, =200 GeV 0-5% d+Au |'s,, =200 GeV 0-5% (b) + °He+Au \s,, =200 GeV 0-5% (c) ]
0.165- -®- v, Data PHENIX _

. —4—v,Data
0'145_ = v, SONIC
0.1 2:— = = v, iEBE-VISHNU

1> PHENIX claim for

> 0.1 i
0.08} :_ QGP in small
0.06} . i systems ...
0.04; A i -
0.02 - Y, o s S AR ]
0' Pad SR 1 m A% o e T T N b NN RN RN RN R
o5 1 15 2 25 3 0.5 1 15 2 25 3 05 1 15 2 25 3
p,(GeVrc) p,(GeVic) p_(GeVic)
0.20 arXiv:1805.09342
0_18. p+AU \/m=200 GeV 0-5% 1 d+Au \/m=200 GeV 0-5% ] 3He+AU \/SNN=200 GeV 0-5% > also explained
0.161 % PHENIX 1 # PHENIX . . S
_ Q18 4 Guons 2} o EE) 4 Gluons g m S E g by Color Glass
~N & n ] = 3 -
~0.101 s ] > | .
< 0.08: o . el _ /_/. Condensate
0oal . " A I U LR L (initial state
002) Lawmeres * ¥ | L awmew @ 8] we" effects).
00 05 1.0 15 20 25 30 05 1.0 15 20 25 30 05 1.0 15 20 25 3.0
p. [GeV] p. [GeV] p. [GeV]
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Turning off Collectivity: e*e ?

— . offline
ALEPH e'e’ — hadrons, (s = 91GeV PP ‘/; =7TeV,N " =110
N > 35, |co N e+ e_ o

p;"’ > 0.2 GeV

0 e

QM2018, Yen-lie Lee

Thrust coordinates

L3 3 ] > LEP e*e Vs=91 GeV
%‘__ y,, X : 4
g ”'/I?fo'/‘ b < - (\ . . .
£ = 1 - /mz‘,‘q » High mult = 55 particlesin |n|<5
s ™ ) ‘
AN » No ridge observed, compatible
el ) QA with PYTHIA
I <p,<3GeVic h 2
Badea et al., arXiv:1906.00489 CMS, JHEPO09 (2010) 091
QM2018, Jacobus Onderwaater
ZEUS Preliminary ZEUS Preliminary _
8 I (5=318 GeV, 366 pb’" IAni> g 0.06 {5=318 GeV, 366 pb’" IAni> > HERA ep VS—318 GeV
° i 32125;:6:‘50 GeV/c %g:: T oa.z1><5pG<e\£o GeV/c %212 . . .
L <o o ool || AS<he<z0 1o » High mult = 35 particles in -1.5<n<?2
0.05 — o 1.5 L ° 1.
L [Lle [eJ20 0.02f . .
gisco — : » No observation of 2-particle
o it S i correlations, compatible with
L ‘ . \ A -0.02 . .
o s e s 0 Ariadne (dipole cascade model)
|An| > 2.0: c3{2} and c4{2} are consistent with zero. and Lepto (Lu nd string)
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Beyond the « standard model » of QGP

» Do we observe QGP droplets in small systems (Collectivity # QGP) ?
Hydro requires the Reynolds number R, >> 1 => small g

» What about hard probes interaction with QGP droplets ?

Energy loss ocsystem size => small system = small effect

» For small systems, which mechanism in the initial state can allow to reach the energy
density needed for a phase transition ?

» Is it the same mechanism for all systems ?

» Can high energy hadronic collisions be described in one single formalism ?
Nucleon-nucleon vs. parton-parton interactions

Small systems: not a nt" QGP probe
But a change of paradigm

How does collectivity emerge in hadronic collisions ?
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Pb-Pb, low centrality

SARAH.PORTEBOEUF@CLERMONT.IN2P3.FR

86£S0€1-P10224/50D




Beyond the « standard model » of QGP

» Do we observe QGP droplets in small systems (Collectivity # QGP) ?
Hydro requires the Reynolds number R, >> 1 => small g

» What about hard probes interaction with QGP droplets ?

Energy loss ocsystem size => small system = small effect

» For small systems, which mechanism in the initial state can allow to reach the energy
density needed for a phase transition ?

» Is it the same mechanism for all systems ?

» Can high energy hadronic collisions be described in one single formalism ?
Nucleon-nucleon vs. parton-parton interactions

Small systems: not a nt" QGP probe
But a change of paradigm

How does collectivity emerge in hadronic collisions ?

Need new observables !
(a biased selection)
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Charm/beauty vs. multiplicty

» Soft-hard correlations: measurement of quarkonium
and single muon production as a function of the
charged-particle multiplicity for various systems and
energies (first proposed Nucl.Phys.Proc.Suppl. 214 (2011) 181-184 )

» Goal to understand the initial state of hadronic collisions,
potentially in terms of Multi-Parton Interactions (MPI) and
to study the specific regime of high multiplicity

dN,/dy The correlation is more
—— complex due to hadronization
< dNAQ/dy > in final state, saturation Probability to

effects, hardness, of the probe produce the hard

process scales with
the mean multiplicity

A naive MPI picture

)

Nypy € Nep X Nparqg

The production is
independent of the
underlying event

chh/dﬂ
<dN,, /dn >
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Charm/beauty vs. multiplicty

20 Trrr I Trrr I TTrrT I Trrr I Trrr I Trrr I Trorr I Trorr
[ ALICE Preliminary |
L Mult. classes: |17|<1

» Soft-hard correlations: measurement of quarkonium
and single muon production as a function of the

|INEL>0

N . :
. T . o |T 15} Jy —»e'e, |y <0.9 4
charged-particle multiplicity for various systems and -~ « pp, \s=13TeV ]
. ] Jy - pn,25<y<4
energies (first proposed Nucl.Phys.Proc.Suppl. 214 (2011) 181-184 ) % % ® pp, \s =13 TeV +

10 e pp,1s=5.02TeV -

- t —
» Goal to understand the initial state of hadronic collisions, ; b
potentially in terms of Multi-Parton Interactions (MPI) and 5: P S
to study the specific regime of high multiplicity i ___f_..v--"
0 S . R BT | | | | |

7 8
chh / d17 INEL>0
<chh/d77> i<

dNQ/dy The correlation is more
—— complex due to hadronization
<dNQ/dy> infinalstate,saturation Probabilityto 2 12_| LI B BB l. |.| LN N R B N N N B L B L B B L B B l-
A effects, hardness of the probe o + ALICE Preliminary

produce the hard
process scales with
the mean multiplicity

[ pp, \s=13TeV i

—_
(=]
L

r Mult. classes: |77|<1

dN / dy
(dN / dy)

®Y(1S) » u'w,25<y <4
EY(2S) > u'w,25<y <4 N

A naive MPI picture

)

Nypy € Nep X Nparqg

(2]
— T

.-
T
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\
\

The production is
independent of the
underlying event 0 ] 5 3 4

5 6
chh /dﬂ chh / dn INEL>0
< chh /d77 > (chh / dm) Inl<1
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Understanding quarkonium production in
dense hadronic environment

» In the quarkonium sector a large fraction of LHC Runs 1+2 results are linked with the
associated event activity

» But, quarkonium production are not yet understood and no theoretical knowledge about
guarkonium fragmentation function, poor implementation in MC event generators

» A key measurement is quarkonia in jet, see workshop Quarkonia as Tools*

» First measurements from CMS: J/i less isolated in data than in PYTHIA 8

pp 27.39 pb™ (5.02 TeV)

pp 27.39 pb™ (5.02 TeV)

81— : : . 81— : : .
Jot axis 75 Prompt JAy CMS : 75 Prompt JA CMS ]
E 1y, <16 Preliminary ] F[16<ly, <24 Preliminary ]
6L 6.5<pTJ/w<35 GeV Dat 1 60 3<pTJ/w<35 GeV o ]

r : -= Data r : -= Data
N =F Wigyl <24 -+ PYTHIA8 ] N eF Wigyl <24 -+ PYTHIA 8 ]
o 5 25<p_ <35GeV - S 5 25<p_ <35GeV ]

E F Tjet E E T,jet
T 4F = T 4F ]
< .F = =7 —o < .F E
~ 3f . ~ 3f ]
u ] u —t—
2- = ] 2r - :
n e SR £ e = ]
! ! '_L—'\ \ : | | \ " |
0O 0.2 0.4 0.6 0.8 1 0O 0.2 0.4 0.6 0.8 1
4 4
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Looking for the proper scaling quantity

» To go beyond the Glauber model for heavy-ion and avoiding normalizing by N,
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Looking for the proper scaling quantity

» To go beyond the Glauber model for heavy-ion and avoiding normalizing by N,

» To have a quantity system and energy independent
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Looking for the proper scaling quantity

» To go beyond the Glauber model for heavy-ion and avoiding normalizing by N,

» To have a quantity system and energy independent
» What is the best system size estimator?

> Multiplicity is the measured quantity (caveats: experimental estimator has to be well
defined)

> Multiplicity is protected from theoretical biases (N ., N, from Glauber models ...)

part’

> But hard to compare to formal calculation and first principle

Bjorken estimates Multiplicity per volume unit
nm 3 dNCh NCh

e~ —
ToA2 dn =0 R3

Problem of the definition of the normalization size in pp and p-Pb (A or R or ?)
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Conclusions

» The Quark-Gluon Plasma is a deconfined state of matter studied in high energy heavy
ion collisions
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Conclusions

» The Quark-Gluon Plasma is a deconfined state of matter studied in high energy heavy
ion collisions

» The LHC is the most powerful particle accelerator colliding pp at 14 TeV and Pb-Pb at 5.02
TeV. 4 main experiments (ALICE, ATLAS, CMS and LHCb) collecting and analyzing data.
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Conclusions

» The Quark-Gluon Plasma is a deconfined state of matter studied in high energy heavy
ion collisions

» The LHC is the most powerful particle accelerator colliding pp at 14 TeV and Pb-Pb at 5.02
TeV. 4 main experiments (ALICE, ATLAS, CMS and LHCb) collecting and analyzing data.

» QGP properties were largely studied at LHC RUN 1+2 in heavy ion collisions: focus on
elliptic flow and quarkonia
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Conclusions

» The Quark-Gluon Plasma is a deconfined state of matter studied in high energy heavy
ion collisions

» The LHC is the most powerful particle accelerator colliding pp at 14 TeV and Pb-Pb at 5.02
TeV. 4 main experiments (ALICE, ATLAS, CMS and LHCb) collecting and analyzing data.

» QGP properties were largely studied at LHC RUN 1+2 in heavy ion collisions: focus on
elliptic flow and quarkonia
> A heavy-ion LHC discovery: small system physics
* QGP signatures are observed for soft probes in high multiplicity sector of reference
systems pp and p-A => unexpected!

* Is a quark-gluon plasma produced in proton-proton collisions at the LHC?
Not yet possible to answer to the (provocative) question

A better formulation: How does collectivity emerge in hadronic collision ?

* Need already to understand the initial state of hadronic collisions and how the
multiplicity is built up to the very high multiplicity sector (pp vs. p-A vs. A-A)

* New observables: examples of soft-hard correlations and hadronic activity
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Conclusions

» The Quark-Gluon Plasma is a deconfined state of matter studied in high energy heavy
ion collisions

» The LHC is the most powerful particle accelerator colliding pp at 14 TeV and Pb-Pb at 5.02
TeV. 4 main experiments (ALICE, ATLAS, CMS and LHCb) collecting and analyzing data.

» QGP properties were largely studied at LHC RUN 1+2 in heavy ion collisions: focus on
elliptic flow and quarkonia

> A heavy-ion LHC discovery: small system physics

* QGP signatures are observed for soft probes in high multiplicity sector of reference
systems pp and p-A => unexpected!

* Is a quark-gluon plasma produced in proton-proton collisions at the LHC?
Not yet possible to answer to the (provocative) question

A better formulation: How does collectivity emerge in hadronic collision ?

* Need already to understand the initial state of hadronic collisions and how the
multiplicity is built up to the very high multiplicity sector (pp vs. p-A vs. A-A)

* New observables: examples of soft-hard correlations and hadronic activity

What’s next ?
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LHC at Runs 3+4

2016

M| )] ) [AISIOINIOL ) [F

ngocn

EYETS

Run2 : LPb~Pb =1 Onb~ Run3: cF2 PP =60nb?

integrated ~— integrated

2029 Shutdown/Technical stop
DEZLCDELESIE DEULCHEDECOE DU AR Proton physics
Commissioning
| lons
Run4 : cPo—Pb =70nb*

T ~integrated

» LHC luminosity increase

> ALICE will run at 50 kHz in Pb-Pb (i.e. £=6x10%" cm~! s71) with minimum bias (pipeline) readout
(maximum readout with present ALICE set-up: = 0.5 kHz)

» Expected for Pb-Pb: £ . > 10 nb™
(ALICE Lol: 10 nb™ with nominal solenoidal field + 3 nb~! with reduced solenoidal field)

* x100 larger min. bias sample for ALICE w.r.t. Run 2 (x10 from integrated luminosity and x10 from readout)
« x10 larger rare trigger sample w.r.t. Run 2

> pp reference, p-A.
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LHC at Runs 3+4

» Increase in energy, pp to 14 TeV, important 81206772
for high multiplicity in small systems s 1 o <15
< 10
* 102 I\
» Increase in luminosity, also important for 10°° % Pb-Pb 5.5 TeV
high multiplicity in small systems 107 \
10°° p-Pb 5.5 TeV
10°° \
> Detector upgrades 107 \
10°°
107 \p
» Run 3+4 running conditions are favorable 107° Al a1 X
for small systems studies in high multiplicity ~ 107" 2|5 2 E i
. . .. -12
environment (statistics hungry) 107 o || 2 |33
s [0 phid P | i i i I [ TN
0 50 100 150 200 250 300 350 400
» Many new measurements will become N, (ml < 1.5)

accessible

Many new ideas popping up!

31
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Thanles!
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Usual units & constants in
subatomic physics

Angstrom 1A =101m (typical size of an atom)
Fermi 1F=10"m (typical size of the proton)
Barn 1b = 1028 m2 = (104 A)2= (10F)2

Electron-Volt 1eV=1,602.1071°) (energy expressed in eV)

Planck constant h = 6,626.1034 Js
h = h/2m= 1,054.1073% Js

Speed of light (in vacuum) ¢ = 2,997.10% m/s

Electron charge g =-1,6.101° C

(cross section often expressed in mb)
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Natural Units

h and c appear in many formulas
It is convenient to define the “natural units” where h=c=1

Thus mass (m), momentum (mc) and energy (mc?) can all be expressed in term of GeV
Length (h/mc) and time (h/mc?) in term of GeV~

Conversion factor Natural units Actual dimension
(h=c=1)
1 kg =5,61.10%° GeV GeV GeV/c?
1m = 5,07.10% GeV? GeVt hc/GeV
15=1,52.10% GeV? GeV? h/GeV
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Kinematic variables

particle momentum p (p,,p,,p,)

projection along the z axis p,

projection in the transverse
plane p;

pr =P + D’

Collision axis z
Reaction plane

Rapidity y defined as Pseﬁ{dit\meﬁned as

:lln{l-l—_v} n:lln |p|+pz :—ln(tan(ﬁ)) N~y pour p>>m
2 [1-v 2 |lpl-p. 2
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Kinematic variables

In experiment the measured quantity is commonly © which gives access to n

n= —1n<tan<§>>

Compute n value corresponding to each 6 value .
(Seo\a(\ Away from
«(305\‘6 o beam axis: n
0 N~y N / decrease
20 ) axi
o
5 Very close to
10° « ais the beam
250 axis: large n
>
o
45 Collision axis z
60°
90°
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Glauber Mode

Describe multiple nucleons scatterings based on a geometrical picture

Evaluate N, N and N, and connect it to b and the multiplicity

Main assumptions and inputs: Nobel prize 2005

v Nucleons travel on straight lines, no deflection after NN collisions

v" NN cross section remains constant independent of the number of collisions a nucleon suffered

v" NN cross section from measured inelastic cross section in pp (experimental data input)

J.I.II!.I\.I:. “l IIHIIII Illlllll | IIIHI\I I IIIII\I\ \- I IIllq I I\HI\‘ I IIIIM} 1‘ HI\II‘ ULALLLL

L!qC(p)

SPS | nmc(top) ~ LHC(Pb)

“%W = N Mg \/S (GEV) Oinpp (mb)

SIS SO SO 20 32

-
S
d

Cross section (mb)

200 %

10

S S phis St e— SE—— l === 2700 ~6[|-

*f’f‘m e

T e v e A e e " ", RPNV S
1 7 4 5 7 ]

10 10° 10 10
orv [)eam momontum ( GeV/c)
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Glauber Model

Main assumptions and inputs:

v Nucleon density parameterized by a Fermi distribution

p.: nucleon density in the center of the nucleus

1+ W(I’/R)2 R: nuclear radius (R~1,3A3(fm))
/0(7")2100 r—R . “ckin depth”
1+exp( ) a: “skin dept
a w: deviation from spherical shape
= 1.2
T [a)
g
08 Nucleus A R (fm) a (fm) w
0.6f Cu 63 4,20641 | 0,5977 o)
oal AU 197 6,38 0,535 0
j Pb 208 6,68 0,546
0.2}
|

0123 45678 910

distance r to center (fm)
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Glauber Model

Projectile B Target A

a) Side View b) Beam-line View
arXiv:nucl-ex/0701025v1

» The probability per unit transverse area of a given nucleon being located in the
target flux tube:

— — Pa. proba per unit volume, normalized to 1,
TA (S) — IIOA (S ) ZA )dZA for finding nucleons at location (s,z,)

» Nuclear overlap function (or thickness function)

Integrand: joint proba per unit area of nucleons being

TAB (b) = I TA (§) ‘TB (§ — b)d2S located in the respective overlapping target and

projectile flux tube of differential area d?s
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Glauber Model

Based on probability considerations, one can derive

v" The total number of nucleon-nucleon collisions (N_)

coll (b) Z I’ZP(I’Z b) A B. TAB (b) znel

v The number of participants N, :

Npart(5)=AjT (5)[1—(1 i T (5 = b))q
BT, P -(-07,®) s

v" The number of spectators Nspec

Ny () =24-N,,,(b)
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Glauber Model

» Participant nucleon scaling

MMC Glauber 200 GeV (Gyy =42 mb)
Number of binary collisions

Number of wounded nucleons

number of participating nucleons scales
with volume ~2A

» Binary scaling

o
o‘ o®

8 10 12 14 16
parameter (b)

number of NN collisions, point like,
scales with ~A%/3
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Centrality Determination

. I /Q Npart_2A Nspec

Zero-degree

Calorimeter

Events

10

107

Zero-degree
Calorimeter

Detectors at 90°

“Fit” multiplicity distributions with a Glauber

MC

(VO amplitude, SPD clusters, TPC tracks)

Collision centrality determine the number of
participating nucleons and the remaining
spectators.

» ZDCs (~116m from IP) measure spectator nucleons

» VO, SPD, TPC are sensitive to participating nucleon

Energy deposit on the ZDCs and ZEMs

x 03 | ZDC Energy vs ZEM Amplitude (4 centrality bins selected by VO Amplitude) I

sea0!
Gel}

ALICE Performance
06/05/2011

10-20%

b a2 378 T T [ALIE Perormares
- + Data [N @.
—— Glauber fit 1 S
NBD x f Ny + (1-ON_ E
\, 120.194, 11=29.008. x=1.202 Part %
Pov, : i
7000
2| 2| R N 2 o E
o o (=) o (=] N o
© | v T @ Q e S
o o =) =) =) N 0
o< ) & - H =}
1 1 1 1 I 1 1 l 1 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1
0 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000

1 | 1 1 1 1
2500 3000

1500

1 | 1 1
1000

vA
500 2000

VZERO Amplitude (a.u.) ZEM Amplitude (a.u.)



Bjorken Estimate of the initial energy
density €

The formation (or not) of a Quark-Gluon Plasma phase depends on the initial energy
density €

In 1983, Bjorken propose an estimate based on measured charged particles

» The space-time picture of nucleus-nucleus collisions

Phys.Rev. D27 (1983) 140-151

1) Soon after the collision of the 2 nuclei, the 12
energy density in the central rapidity region }
may be high enough to produce a QGP

r,~\0f?

Hydrodynamic Phase
2) The plasma initially may not be in thermal
equilibrium, but subsequent equilibration

bring it to local equilibrium at proper time t,

Region of
non -~ vanishing
baryon number

Region of
non-vanishing
baryon number

3) The plasma evolves then accordingly to
hydrodynamics

z
N_"Central plateau”
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Bjorken Estimate of the initial energy
density €

» Estimation of the initial energy density, before hydro evolution
via energy deposit in the collision region and the relevant volume

» Energy deposit in the collision region (z=0, t=t,) linked to produced hadrons from this
region
Phys.Rev. D27 (1983) 140-151

» Central rapidity region (y=0, “central 4
plateau” ) associated with the central
spatial region (z=0)

'r,uIOf?

Hydrodynamic Phase

Region of
non~ vonishing
baryon number

Region of
non-vanishing
baryon number

—)
Particles produced around y=0 can
be directly linked to €

z

' N "Central plateau”
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Bjorken Estimate of the initial energy
density €

m, dN| _m; 3dN,

E=——— —

7,4 dy o 7,42 dn -

my: transverse mass of produced particles

2 25\1/2
m.=(m —+ region of
r ( pT) /intgerest

I\

//
A: transverse overlapping area of the 2 nuclei A
e ?uanto ﬁmerging
- —— om collisi int
A=7nR’ A=7r(1.2)°A*" DS S hesd g
. e ———
With R from HBT -

/

measurement

-————receding
L . . nuclear
7,: local equilibrium proper time, estimated to pancake

be ~1fm/c by Bjorken, still debated

1
/
/

|
ct { ct !

Phys.Rev. D27 (1983) 140-151

SARAH@CLERMONT.IN2P3.FR

N, : number of charged particles



Bjorken Estimate of the initial energy
density € @ RHIC

Plots from Tapan Nayak — ICHIC-Goa School

Bjorken energy density vs. collision energy Bjorken energy density vs. centralities
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From LQCD transition to a QGP occurs at a few GeV/fm3
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Description of quarks in hadrons:
the (MIT) bag model

Quarks = massless particles inside a bag of finite dimension and infinitely
massive outside the bag

Confinement is the result of the balance between:
» The bag pressure B (inward)

» Stress arising from kinetic energy of the quarks P

P<B: confinement (hadrons)

P>B: deconfinement, the bag cannot holds
guarks anymore

P=B: Phase transition

P can increase if we heat matter or compress it
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ldeal Gas equation of state

(to describe quarks inside the bag)

2
1 T
pressure —> P = — & = g —_— T4 <— temperature

3 90

/ g massless degree of freedom

energy density

» Hadronic matter is dominated by lightest mesons (1t*, 7, m°) g= 3

» In deconfined matter, degrees of freedom are quarks and gluons g= 37

g= 2spin X 8gluons +7/8 x 2flavors X 2quark/antiquarkx 2spin X 3color

During phase transition large increase in degrees of freedom!
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Rough estimate of QCD phase transition
temperature

90 P
From ideal gaz EOS T = 1/4
gﬂ'
At the transition T=T_ and P=B 9OB 1/4
gﬂ'

The computation of Dirac equation for massless fermions in a spherical cavity of Radius
R=0,8fm gives BY4~200 MeV (in literature 145 MeV < B4 < 235 MeV)

T ~ 140 Mev | Very crude estimate

C
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Nuclear matter phase diagram 1975

N. Cabibbo and G. Parisi: Phys. Lett. 59B (1975)

A
R

Deconfined
phase

i Phase transition
I
Confined
phase
>
T

ﬁgLSdmmﬂkdmmdhgmnthumkmmmLpBBﬂm
density of baryonic number. Quarks are confined in phase |
and unconfined in phase II.
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Quark-Gluon Plasma

» Is the measurement the consequence of the evolution of a hydrodynamic fluid?

» Warning: hydro application do not necessarily imply QGP

» Hydro requires R, >> 1 =>small g, with R, the Reynolds number:

Rv Ry RuT R: characteristic spatial dimension

R, = o= 7 = 7s v: characteristic velocity
ve V= %: kinematic velocity

7n: shear viscosity
s: entropy density
» Smalln/s (<0.2) is a feature of observed QGP



