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Parton confinement

« QCD describes the strong interactions between spin 1/2 objects called quarks which
possess color as an internal degree of freedom.

« Color is a quantum number that couples to a vector field whose quantas are the gluons.

 Gluons are the gauge bosons of QCD, they are massless and they mediate the
interaction between the quarks , similar to photons mediating the interaction between
charged particles in QED.

. When the distance between two quarks increases, the recoil interaction between these
two quarks increases.

« Itis not possible to observe isolated quarks or gluons under ordinary temperature and
energy density conditions.
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How can we liberate quarks?




Quark Gluon Plasma

Heat and pressure leads to a phase transition:

collisions of heavy atomic nuclei Pb*®®, Au ™’

New state of matter: quarks and gluons are liberated. T~10""K~10° sun’s core
Evolution of the early universe, QGP may still exist in neutron stars
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Quark Gluon Plasma

Heat and pressure leads to a phase transition:
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Evolution of the early universe, QGP may still exist in neutron stars

(r~10238) hadrons (1.~ 30x1023s)

Phase Transition/ Chemical Freeze-Out Thermal Freeze-Out
Cross-Over (inel. collisions cease) (el. collisions cease)
Te Tt

= :
o o
Z sl >
% . .
QO o

Tp time

Astrid Morreale CPPM 2017



Quark Gluon Plasma

Heat and pressure leads to a phase transition:
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Time evol&tion of the QGP created in nucleus-nucleus collisions:
« Dynamical modeling of the different stages of the the collision

« Understand a significant fraction of the dynamics from hadron measurements
« Distinguish what can be related to the first and last stageSasvoreae crpu 2017
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* PID over a very broad p_range (> ~100 MeV/c mid-n and down to zero at fwd n )

 Full acceptance in azimuth

« Mid-rapidity coverage (|n| < 0.9) and -4 <n < -2.5 in forward region . soM2017 10



Strategy

Large and dense — heavy ion physics
AA: Npdf, pQCD, FF, collectivity
Small and dilute - comparison measurement

pp: pdf, pQCD FF
PA Npdf, pQCD FF

Npdf: Modified parton distribution functions
pPQCD: perturbative QCD
FF: Fragmentation functions

Collectivity: when a formed medium can be described as a locally equilibrated
system evolving hydrodynamically as opposed to a group of individually interacting
constituents.
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Centrality determination in ALICE

* Correlate the multiplicity of produced particles with the geometry of the system
i.e. impact parameter (not directly accessible), volume and (roughly) the shape...
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In the details, the situation is “slightly” more complicated:
— after centrality, fluctuations play an important role
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Outline

1. Hadronization, particle spectra and abundances

2. Collective Expansion

3. Hard Processes
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1. Hadronization, particle spectra and abundances
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Strangeness enhancement

> 110

Among the first proposed signatures of the QGP PRL48(1982)1066

Observed in A-A at SPS, RHIC, LHC

ALICE, Phys. Lett. B 728 (2014) 216
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Strangeness enhancement

Enhancement of strange particles with respect to non-strange yield
Is also observed for high multiplicity pp
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Strangeness enhancement

Enhancement of strange particles with respect to non-strange yield
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Strangeness enhancement

Enhancement of strange particles with respect to non-strange yield is also

observed for hig
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Strangeness enhancement

Enhancement of strange particles with respect to non-strange yield is also
observed for high multiplicity pp and p-Pb collisions
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Strangeness Pb-Pb at VS =5.02 TeV

Run 2
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-Pb-Pb ratios follow the trend from pp and p-Pb

-The ratios of integrated yields seem to be saturating for higher values of
dN_ /dn.

-In Pb-Pb hadrons produced in apparent near thermal and chemical equilibrium

Wi ? :
Will pp and pPb also saturate” EPS 2017 presentation O 20


https://indico.cern.ch/event/466934/contributions/2588311/attachments/1492435/2320500/StrangenessProduction5TeV_EPS_HEP2017_v07.pdf

Heavy flavor vs multiplicity: quarkonia

B. Miiller, Nucl. Phys. A750 (2005) 84 The contribution of the QCD vacuum condensates to
1000000 the masses for the three light quark flavours u, d, s

100000 | {DOCDMass | considerably exceed the mass believed to be
10000 B figgs mass generated by the Higgs field.
t

1000
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10
1 | |
U d S C b

» Charm and beauty quark masses are not affected by QCD vacuum ( ideal probes to
study QGP)

Blue: masses generated by electroweak symmetry
breaking (current quark mass)

Yellow: additional masses of the light quark flavors
generated by spontaneous chiral symmetry breaking
in QCD (constituent quark masses)

» Charm and beauty quarks provide hard scale for QCD calculations

« Charmonium production proceeds from hard initial processes and no strong
correlations with event activity are expected

Astrid Morreale CPPM 2017 2 1



Heavy flavor vs multiplicity: quarkonia

-Charmonium production proceeds from hard initial processes and no Run 2

strong correlations with event activity are expected
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Heavy flavor vs multiplicity: quarkonia

-Charmonium production proceeds from hard initial processes and no Run 2

strong correlations with event activity are expected
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Increase is not linear: highlights importance of other physical processes:
MPI, percolation effects, color re-connection

Initial stages 2017 Presentation
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Heavy flavor vs multiplicity
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-Similar effects observed for D’s

-Hadronization doesn’t seem to play
arole
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Heavy flavor vs multiplicity

dN,, /dy

pp collisions p-Pb arXiv 1704.00274
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-Similar effects observed for D’s

-Hadronization doesn’t seem to play
arole
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Heavy flavor vs multiplicity

dN,, /dy

pp collisions p-Pb arXiv 1704.00274
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-Similar effects observed for D’s Mid-and backward rapidity (Pb-going):

-Quialitatively similar behaviour as in pp
-Hadronization doesn’t seem to play collisions
arole Forward rapidity (p-going):
Saturation at high multiplicities (Bjorken-x
range in the domain of shadowing / saturation)
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2. Collective Expansion
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Hydrodynamical flow

Radial Flow:
Affects shape of low p_ particle spectra

Elliptic Flow:
Sensitive to initial geometry
Requires early thermalization of the medium

28



Identified particle spectra

Thermalization: pressure drives the expansion
-Particles move in a common velocity field
-Momentum distribution “blue-shifted”, mass ordering
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- low p_: mass dependent slope, high p_ common hardening of p_ spectra

-The spectra become harder for more central collisions
-The change is most pronounced for heavier particles: effect of radial flow

Initial Stages 2017 Presentation
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Baryon to meson ratio

Run 2

-Pb-Pb no significant
energy dependence

- Radial flow pushes
protons to intermediate

p.and depletes low p_

- Stronger radial flow in
central Pb—Pb collisions

-Low to mid-p_ described

by hydrodynamic models

- Similar effects observed
in high-multiplicity pp and
p—Pb collisions
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Initial Stages 2017 Presentation
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Identified particles in pp

Run 2
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Would be interesting to perform studies as a function of multiplicity of these same
particles (possible hardening of particle spectra with increasing event multiplicity)
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Anisotropic flow

Azi thal
Spatial deformation imuthal (¢)

Anisotropic particle density
pressure gradients
//{ Pb + Pb, b =7 fm
Z y

Initial overlap asymmetric — pressure gradients

Momentum anisotropy — Faurier decomposition:
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https://indico.cern.ch/event/466934/contributions/2474212/

Light meson flow

ALICE Preliminary
Pb-Pb ys,, = 5.02TeV

lyl <0.5

V{2, |An|>0.9]

0 3 -_ v2 1 0'20%

-Low p_: Mass ordering expected in a collective expansion scenario.

Run 2

-Low-p_: v, sensitive to hydrodynamic expansion and initial conditions (geometry).

SQM 2017 presentation
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Light meson flow

ALICE Preliminary
Pb-Pb ys,, = 5.02TeV
ly| < 0.5

% 03l Vo 10-20% H ~:
£ <
o | ® p+p
::‘4 02_— éﬁﬁﬂ.ﬁ#
n;if"*gﬁi o
0.1 = E s "
A { R
ol-F ..
1 1 L3 L | 1 1 | 1

0.25

0.2

03[

Run 2

[ p-Pb\sy =5.02TeV
e

vKg

VTS (2, An]>0.8}

0.15

0.05 *
: o

 m *.;;;%;t ;* ;
: + ]

0.1F

T T
0-20% (VOA) Ml <0.8 1
without non-flow subtraction

C o PLB 726 (2013) 164 —]
- ? ':' + errors: stal.+(sysl. ) ]

I t I'l‘ ni
o * g ]

4" K

= p(p)
PRI R NS SR U NN SN ST SR T [N T ST ST SN T T SO SN A S S N

0 1 2 3 4 5 6
P, (GeV/c)

-Low p_: Mass ordering expected in a collective expansion scenario.

-Low-p_: v, sensitive to hydrodynamic expansion and initial conditions (geometry).

-Similar results observed in a high multiplicity p-Pb environment.

-Effect in these systems may be due to initial state (saturation?) or final state
effects (expansion and/or thermal equilibrium ?)

SQM 2017 presentation
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Light meson flow

ALICE Preliminary
Pb-Pb ys,, = 5.02 TeV

Run 2

lyl <0.5

Al Ml

o [
_? 015k ALICE Preliminary IP-Glasma+
S0 Pb-Pb |5y, =5.02TeV  MUSIC+UrQMD
o [ ly| < 0.5 arXiv:1609.02958
Al
i . nt w1t
0.05[ oK K
0 ® P+p p+p |

V4 more sensitive to interactions and less to initial state

— hydrodynamic models work at low p T (pT<1 GeV/c)

— only describes trend at intermediate pT (1<pT <2 GeV/c)

QCD@LHC Presentation
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Charm flows

arxiv:1707.01005

|IIIIII|III lIIIIllIIIIII
D, D', D*" average, |y|<0.8

0.4

- ALICE o V,{EP, |An|>0.9}, \ 5, = 5.02 TeV

- . ® V,{EP, [AN|>0}, | S, = 2.76 TeV
0.3~ PRL 111 (2013) 102301

- 7, |y]<0.5, 8, = 2.76 TeV
0.2~ 5 V,{SP, |An|>0.9}, JHEP 06 (2015) 190

D%
i
[T—%- -

o V,{EP, |An|>2}, PLB 719 (2013) 18

o
e
mlmlDIDrED'D
- 5
EE—

[ Syst. from data
[ Syst. from B feed-down

vl v P g Iy

IIII|IIII|IIII|IIII|I

30-50% Pb-Pb ]

L1

Non zero v, for D-meson

Non zero v for J/’s

II|III|III|III|IIIIIII|III|II
0 2 4 6 8 10 12 14 16 18 20 22 24
pT(GeV/c)

arXiv:1709.05260 Run 2

0.05

—-0.05

IIlIlIIII:

ALICE

L2 T T T T T T T T T T T P PP

====== Primordial JAy, 25<y <4
M T

X. Du et al.
BZE Inclusive J/y, |yl <09

T T 1 I 1 1
20 - 40% Pb-Pb, \ s

NN

T T T T T | T T
=5.02 TeV

Inclusive J/y

fre*e, [y] < 0.9, v {EP, An= 0}
O, 25 < y <4, v{EP, An=1.1}
- global syst : 1%

;

K.Zhouetal. (25<y<4)
Inclusive J/y w non-collective _
Inclusive J/y w/o non-collective
Primordial J/y —

III|!IIJIIIIlIIIIlIIIIlIIII

—0.1

o

Strong coupling of c-quark with the medium

Participation of low p_ charm to collective motion in the QGP

2

4

8

Additionally for the J/{ this is interpreted as proof of recombination.

SQM 2017 presentation
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https://arxiv.org/abs/1709.05260

3. Hard Processes
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Nuclear modification factor

Measure spectra of probe and compare to those in pp collisions or A-A collisions

b AA dNaa/dpady
AL T gealed pp (Necon)d? Ny, /dprdy

R 1.4

o Enhancement

10 ===
0.8
0.6
04
0.2
%
Transverse Momentum (GeV/c)

"hard"

Suppression

rrrrrrrr
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Energy loss in the medium

2
R AA d“N AA / de dy
< 2 I_ T l T T T I T T T | T T T T Shape Iunlcelrtaln{y T T | T
< C - [ - %
18 _—AUCE Pb-Pb {syy = 5.02 TeV [ ] correlated uncertainty
1.6/~ Anti-k, R=0.2 ) <0.7 pE>5 GeVic
1.4 :—+ \'Sun = 5.02 TeV ALICE 0-10 % (Ch Jet, R=0.2 pp:Data)
15 -~ Sy = 5.02 TeV ALICE 0-10 % (Ch Jet, R=0.2 pp:POWHEG)

Run 2

-High momentum partons lose energy while propagating through the QGP
-Energy loss depends on parton type and properties of the medium.

—_—

I

0.8

0.6

0.4

0.2

~ —— |s, = 2.76 TeV ALICE 0-10 % (Full Jet, R=0.2)
PLB 746 (2015) 1

C —4— |5 = 2.76 TeV ATLAS 0-10 % (Full Jet, R=0.4)
PRL 114 (2015) 072302

]II|III|III|III|III|]II|III|III|III|III

il ]
: _E_—_!__
— ALICE Preliminary
T | | 1 1 l | L L | | | | | | | | l | l L L | | | | | L
20 40 60 80 100 120 140
GeV/c
Pr ( )

Expectation:

Jet fragmentation is modified by the
medium

- suppression of jet yield

- broadening of jet shape

- di-jet imbalance

Findings:

Strong suppression of jet yields in
most central Pb-Pb collisions

Astrid Morreale CPPM 2017
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Energy loss in the medium

-High momentum partons lose energy while propagating through the QGP

-Energy loss depends on parton type properties of the medium.
-It can modify color flow

5 AA d?Nax /dprdy
AA p— p—
scaled pp  (Neon)d?N,,/dprdy
5 ALICE-PUBLIC-2017-003
< 7I TTT | TTTT | TTTT | TTTT | TTTT | FTTT ‘ ITTT | FTTT | ITTT |III7 .
Q:<1 8: ALICE Preliminary . Pb-Pb suppression:
= Pb-Pb, sy = 5.02 TeV ] - Increases with centrality
1.6 Average D°, D", D", |y|<0.5 ]
) - 010% ]
1.4 = 30-50% - - Not initial state
- ® 60-80% ]
1.2¢ —
| S | H— E - Final state effect; due to
: ] hot and dense QCD matter
0.8_ Jﬁ[ -
06 it ¢ E . |
L s ] - Similar to that of pions (at
0.4 Hﬁﬁr I .
- i . high enough p.)
02:_ EEE o8- —— ?Ied markers: pp rescaled reference _:
C | | | Open markers: pp p; extrapolated reference
00 5 10 15 20 25 30 35 40 45 50

P, (GeV/c)
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Quarkonia in Pb-Pb

Bound states of ccbar or bbbar

a Development of
Start of collision guark-gluon plasma Hadronization
Low
— 2 of — ®0
Energy ..«
(RHIC) o ®0
- f A D
Hl h  Sef I " o
g ! x !'b g-"*‘ J R l,-”‘:ﬂ %‘;rl "EI—"' I'I-EHIL' -'".,L‘
- o % "2 a b ll{\ b el Tt Ay
Energy oo | — [TEASpR | @0, &7
- aDcor @D
(LHC) + "~ & PIY @0igo: @
¥ 2o @D
(EL iy
I?-D
Time —

-QGP screens the ccC interaction and quarkonia can be suppressed

-If many ccC are created in the collision quarkonia on the other hand can form via quark
recomblnatlon Astrid Morreale CPPM 2017 41



Quarkonia in Pb-Pb

Phys. Lett. B 766 (2017) 212-224 Run 2
< LI N S L I I I I IIII+IG'V/
'y Inclusive J/y — py 1 a o . . . 0.3<pT<2 eV/c
1.4 -i1 ® ALIGE, Pb-Pb | 5= 5.02TeV, 25.< y <4,p_<8 GeVic ] 1.4 |- ALICE Preliminary, inclusive J/y — p*u ¢ 2<p_<5GeV/c
1ol m ALICE, Pb-Pb |5 =276 TeV, 25 < y <4,p_<8 GeV/c h 1ok ¢ 5<p_<8GeV/c E
TN o PHENIX, Au-Au | s = 0.2 TeV, 1.2<|y| <2.2,p_> 0 GeV/c i I Pb-Pb\s,,=5.02TeV,25<y <4 ¢ 8<pT<12 GeV/c ]
ks [
i * L .
ilfir._ ] : .
0.8 Hllp 4 08 '—% .
g L2IoEs ” ] F ® @ O
@] [o [ ]
o6l L Hﬁl ®® ' m m. 1 os6fF E g ® = ol 8
] [ () = |
0.4 Iﬂ I@l Iﬂ - 04_— [ p
i ) i i
0.2 (® 1 [l 4 02 -]
T 1 1 1 1 I L L L L I L L L 1 I 1 1 L L I L L L L L L L 1 I 1 1 L Il I L L L I-l
0IllIIIllIIIlIIIIllIIlllllllllllllllllllll-
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350N 400

(N_.»

part

part

Stronger suppresion at RHIC than at LHC despite larger energy densities at LHC:

regeneration?

In central collisions, larger suppression for higher p_

EPS 2017 Presentation
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Quarkonia in Pb-Pb

 Phaa N
Phys. Lett. B 766 (2017) 212-224 5
g T I LI L I LI I L I LI I LI I LI I LI I T é : T T T | T T T | T T T | T T T | T T T | T T T :
44 i Inclusive J/y — p'w 3 aC 1.8 ALICE, Pb—Pb Vs = 5.02 TeV, 0-20% -~
= ® ALICE, Pb—Pb \s,, =5.02TeV,25<y <4, P, < 8 GeV/c ] C
1 -2 L | ALICE, Pb—Pb \SNN= 2.76 TeV, 25< y< 4, pT< 8 GeV/c _- 1'6 :_ . Jhw 5> ptp25<y < 4, (PLB 766 (2017), 212) _:
by O PHENIX, Au-Au\s,, =02TeV,1.2<|y| <22, p. > 0 GeV/c ] 14F [} Jhw = e*e’ |y| < 0.9 (Preliminary) A
it - 1
1 ilﬂ * 12p H E
0.8 Rl o . L i
b . C
] C ]
gk ost T B —E— ]
0.4 B ] - B :
[ 1 C - |! ]
0.2 B n @ ] 0.2F _p 3
0....|....|....|....|....|.l..|....|....|.: ] A S ) Y S i
0 50 100 150 200 250 300 350 400 0 2 4 6 8 10 12
(N_ ) p. (GeVrc)

part

Stronger suppresion at RHIC despite larger LHC densities: regeneration?
Larger suppression for higher p_, similar to that of pions

Smaller suppression at mid-rapidity (recombination?)
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Quarkonia in Pb-Pb

RAA
NEEES

—
N

o 0 o
(=T \CRE e -

Run 2

: T T T T | T T T T I T T T T I T T T T | T T T T | T T T T | T T T T | T T T T | :
— ALICE inclusive J/y, y(2S), Pb-Pb {5, = 5.02 TeV, 2.5<y<4, 0<p_<8 GeV/c —
E_ —— y(2S) (Preliminary) _E
i — J/w (arXiv:1606.08197) .
Cll Upper limits include global uncertainties
- LI
3 “n
_D e O ogH oo
: 1 1 | | | 1 . 1 1 I | 1 1 | I - 1 1 | | 1 | | 1 | | | 1 | | | | 1 1 | 1 1 | | | :
0 50 100 150 200 250 300 350 400

<Npart>

P(2S) indicates larger suppression than J/Y (BE)
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Summary

Interesting new emerging phenomena for high multiplicity events in pp and pPb
— Lack of a consistent picture yet.

Collective flow is observed also for massive particles (charm).
— This requires strong interaction with the QGP.

- High p_v, is a challenge to models.

Charm meson R, (high p_) similar to that of light mesons.
- Precise measurements of J/ R, now available.

- P(2S) will need more statistics and detector upgrades.
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Run 2 Publications

1. Search for collectivity with azimuthal J/$\psi$-hadron correlations in high-multiplicity p-Pb collisions at $\sqrt{s}$ = 5.02 and 8.16 TeV
PLB https://arxiv.org/abs/1709.06807

2. JI$\psi$ elliptic flow in Pb-Pb Collisions at 5.02 TeV
PRL https://arxiv.org/abs/1709.05260

3. $\Dzero$, $\Dplus$, $\Dstar$ and $\Ds$ azimuthal anisotropy in mid-central Pb-Pb collisions at $imathbf{\sqrtsNN=5.02}$ TeV
PRL https://arxiv.org/abs/1707.01005

4. Energy de})endence of forward-rapidity j/psi and psi (2S) production in pp collisions at the LHC
EPJC https://arxiv.org/abs/1702.00557

5. Centrality dependence of the pseudorapidity density distribution for charged particles in Pb-Pb collisions at $\sqrt{s_{\rm NN}}=5.0
PLB http://arxiv.org/abs/1612.08966

6.J/y suppression at forward rapidity in Pb-Pb collisions at sqrt(SNN) = 5.02 TeV
PLB https://arxiv.org/abs/1606.08197

7. Anisotropic flow of charged particles in Pb-Pb collisions at VsNN = 5.02 TeV
PRL http://arxiv.org/abs/1602.01119

8. Centrality dependence of the charged-particle multiplicity density at mid-rapidity in Pb-Pb collisions at $\sqrt{s_{\rm NN}}$ = 5.02 1
PRL http://arxiv.org/abs/1512.06104

9. Pseudorapidity and transverse-momentum distribution of charged particles in proton-proton collisions at vs = 13 TeV
PLB http://arxiv.org/abs/1512.06104
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Centrality determination in ALICE

* Correlate the multiplicity of produced particles with the geometry of the system
i.e. impact parameter (not directly accessible), volume and (roughly) the shape...

——— ———— 12 10 8 & 4 2 0 <b(fmj>
ALICE Vs, = 2.76 TeV ] ' ' '

F 50 10D 150 200 250 30D 350 <Ngan®

;
‘i %1 o’ n|<1
3 —

102

i ]
00 A0

ST Y T
|

spectators

illustration: courtesy of T. Ulirich

! Multiplicity . | e .
|m_|c:E. arJ'Ew:‘IE-WF’hys. Rev. C 88 (2013) D44-EIG'B| Wik 8 8 &

S &

= : ~ -

—— 90

géﬂ'nmt{%] |
"t U TR FRUTH PR FUTR T AU P AR
0 400 800 1200 1600 2000

- . . . N,

Number of participants (N __): nucleons in the overlap region "
part

Number of binary collisions (V_ ): nucleon-nucleon inelastic collisions

LSEand oy dan
Sa sl P arw

| B. Schenke ef al., Phys.Rev. 586 (2012) 034908

In the details, the situation is “slightly” more complicated:
— after centrality, fluctuations play an important role

USIAS
It 'l.ll.lu'I I.'\..:.'. o] Sk

v o Slrasboun:

Slide from B Hyppolyte
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Weak Decay Topologies

938.27MeV 139.57TMeV
P t
1115.65MeV 497.61MeV
a% + sd {I
(s 1"\ 7 80m ( Ij : )K 5 7.50m
W S
e ”
P T e T
T.45cm 139.57MeV 2.68cm 139.57MeV
(15.34m)
BR: 63.9% BR: 65.6 %
1115.65MeV 1115.68MeV
P
A -"J .-"J‘l
A 7.8%cm ,*7.8%cm
. . 1672.45MeV .
132L.7I1MeV " 5 g0m _ _ S 371m
|:||'~.'~::E [588) Q .-_f,.--—'_‘—-—-__\ 7
T K~ pea, S/
' 2.46cm ; £ /7 |
4.91cm 139.57MeV 493 .68 MeV . /9
ray
— r
l:'mir/'r W
| BR: 99 9 % BR: 67 .8 % ) g

Courtesy of B. Hyppolyte
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Hadron production from framentation in PYTHIA

q . - -
0 '\ @.q,) In vacuum production of meson via string break-up
- o 1 .
RS Probability to produce (q,q.)
TN o Probability to form (q,.,3,)
(9,9, ﬂl Factorization: production of (q,q,) independent of
S o ;.4 but the pair mass quark (flavour) is relevant.

= Fragmentation in (q_g.) = meson

2 2 2
T b 8] T pr

probability: ¢ ¥ =g * xeg ¥

Production of (g q,) via quantum mechanical tunneling:

« (string tension) = 1 GeV/fm = 0.2 GeV?2 + Classically, the pair is pulled apart by the field (no annihilation);

* Quantum mechanically, the pair is created at one point then tunnels
mass suppression: u:d:s:c=1:1:0.3:10-1 out with a non zero probability (mass and flavor dependence).

In vacuum production of baryon with the diquark model
Relative probability to produce a diquark pair wrt quark pair Do \

Extra suppression associated to s content :£f11Q1) -
Spin suppression (spin 1 diquarks wrt spin 0 diquarks) " (9,9,)
Weighted probability relative to 3-q state symmetry T
= Fragmentation in (g, ,9,9,)= baryon s
(d09,9,) M. (9,9;)
i
Sy

Courtesy of B. Hyppolyte
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Multiplicity selection in pp collisions

* Multiplicity event class... with minimising auto-correlation bias
» using VO detectors in the forward region

- VOA(28<n< 5.1)

+ VOC (-3.7<n<-1.7)

Event count

TO-100¢%
SO0-70% -

________________________________

WVOM [raw) illustratian_:'~murtes1,r of A. Maire

1) select events with INEL>0 measured in || < 0.5
2) compute VOM = sum (VOA+VOC signals)

3) for each VOM percentile interval, extract the (d/N.,/d#) corresponding to a corrected distribution
of charged tracks in the central region |n| < 0.5

Courtesy of B. Hyppolyte
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Multiplicity selection in pp collisions

L]

Global event class... several possibilities to select events
relevant for consistency checks between experiment and model comparisons

non single diffractive ? inelastic ? (with one charged track in a selected n interval ?)

b UL B L L L B D L LB BLELELELE BB L B
g .r ALICE pp @ Vs =7 TeV ]
> 8im ALICE INEL [EIALICE INELO ™|
S %EGME NS —— ALICE INEL>0[3] ]
7 re—at — -
- BEI TR ]

- T 117 7
ﬂSD{ALICEandCMS}—»Gﬁ] .+-¢,. _# 4}_.#-43. -
_ lél IJP. ]
5:_ ettt e * s ]
B AR ]
I TIPS PP PR PR PR
-2 -15 -1 =05 0 05 1 15 2 g

= choice: INEL>0 measured in |n| <0.5

Courtesy of B. Hyppolyte

o
Y
70
=
5
‘E__ «— INEL=0 measured
60 in |nl<1
3
5
4

ALICE Collaboration, arXiv:1509.07541
Eur. Phys. J. © 77 (2017) 33
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Anti and Hyper nuclei measurements

foX C ,p-Pb, | 5, = 5.02 Te ALICE Prelimi c e g
Ful A relminaty - Ratio is fixed by the temperature
o or [@]ALICE, pp INEL, \s = 13 TeV :
= [ [SALCE PorPb.| sy, - 502 TeV of the source — constant with the
o 4F i e
S H H H HHHHH charged particle multiplicity

3F HHH H

2F %H Coalescence model:

1 0 e rom o270 T s ot o -Ratio should increase with the

01‘ "'1"0 — 1(')2 1(')3 | multiplicity of nucleons produced

N, /dn ) o in the collision
lab )

- Smooth transition from pp to Pb-Pb is observed, peripheral Pb-Pb at 5 TeV is consistent with p-
Pb

- The increase of the d/p ratio with charged particle multiplicity from pp to Pb-Pb is consistent with
the coalescence picture at low multiplicity

 low multiplicity: corona effects can lead to a depletion of the d/p ratio going to the pp values
 high multiplicity: possible different rescattering of protons and deuterons after chemical freeze-
out leads to a depletion

NB:Trend at high multiplicities currently under investigation (determination of the uncorrelated
systematics)
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Nuclei and hyper nuclei measurements

Production mechanism of compound objects PRC21,1301 (1980)
PLB697, 203(2011) |

e s 1 Thermal Model:
5 WBE«% o He, *He *35”: :
3 1%, g = “He, *He "-"‘;H
2 o'b T~ *-*-*:': -Hadrons emitted from the interaction region in
— = . Y e . . oy . H
2 sk bk statistical equilibrium once the chemical freeze-out
> : g 1 .
% 10°f s temperature is reached.
T 1ok bin g
> 1F 5—5—p ] -Abundance of a species proportional to ™™™

10_1;_ i 1 I_;

102k | -The large mass of Hyper nuclei gives a strong

dependenceon T
chem

C ool ool

10 102 10°

\/s, (GeV)

Coalescence Model:

-Anti-baryons close in phase space at the kinetic
NB: Hyper nuclei, nuclei in which one offrsevetaltztags rapléoedanyi-aypeangadbaryon
EPS Presentation - These newly formed nuclei can break or
regenerate in the time interval between chemical
and klneUC freeze_out Astrid Morreale Etretat 2017 54
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Probing pQCD and hot QCD with hard probes

What can we learn from measuring hard processes

“Simplest way” to establish the properties of a system calibrated probe and calibrated
interaction suppression pattern tells about density profile

Hard processes serve as calibrated probe (pQCD)

*pp: understand production mechanisms, probe PDFs, (particularly gluon’s PDF’s down
to low x: gluon saturation) , provide a reference to p-Pb and Pb-Pb measurements

In Heavy-ion collisions:

« p-Pb: probe cold nuclear matter effects (i.e. modification of the PDFs, saturation,
Cronin enhancement...)
e Pb-Pb: probe the formation and properties of the QGP
« Traverse through the medium and interact strongly
e Suppression pattern provides density measurement
« General picture: parton energy loss through medium-induced gluon radiation and
collisions with medium constituents
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Radiative energy loss

* ...depends on S. Wicks et al., Nucl. Phys. A 784 (2007) 426
1-n 1 ‘i I r. T | 1_" | I | ] | I I ] | I | T
- Medium properties (e.g. density, temperature, R b |
mean free path) 1\ % .
- transport coefficients (g) o N
- Path length in the medium (L) rA A
. IR Q _
- Parton properties (colour charge and mass) _ ®¢[" % o ) U, )
traversing the medium - Casimir coupling & | *ﬁ’% S i
. o ‘\ ) ““"-..
factor (Cy): 0.4 e, -
Cy = 4/3 for quarks and 3 for gluons N il
R. Baier et al., Nucl. Phys. B483 (1997) 291 (BDMPS) \
0.2
AT
<AEmedium> & aS CRqL i M‘_‘uﬂ“m“ o cecrrvuas|
. . n-n 1 l | I 1 l 1 | 1 J 1 | 1 I 1 |. 1 | 1
« Dead-cone effect: gluon radiation ¢ 2 & & 8 B 12 W 1B 1 20

pT{GeV}
suppressed at small angles (0 < mg/EQ)

Y. Dokshitzer: D. Kharzeev, PLB 519 (2001) 199, hep-ph/0106202
| P hot and dense QCD matter

) parton
* Expectation: AE; > AE, 4 > AE_ > AE, .__—L,ta_‘-»

Rpa() < Rya(D) < Rpa(B)

Collider Physics and the Cosmos 2017
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Inclusive results compared to NRQCD

2 T T T T T T T T | T T T T | T T T T ‘ T T T T I T T T L=
O 10¢ —e— ALICE preliminary, L = 3.2 pb"'+3.4% =
% E [ ] Systematic uncertalnty ]
g 1 :i‘:ﬁ.i.g [ NRQCD, M. Butenschoen et al. (prompt J/y)_
o) p- ®, [ ]FONLL, M. Cacciari et al. (J/y-from-b) :
3. ]
—107"¢ “. E
> —0— E
S —e— .
% 1072 & —o— E
%’ —0o— :
1070 e E
—@= 3
+ :
10 £ . E
10°° _ pp Vs = 13 TeV, inclusive J/vy, 2.5<y<4, BR uncert.: 0.6% _
E 1 | 1 1 | | | | 1 | | 1 | | | 1 1 | 1 ‘ | | | | | | | 1 1 g
0 5 10 15 20 25 30
P, (GeV/c)
JQvsp @13TeV  NrocD (et
NRQCD (right)
NRQCD+CGC
FONLL

T T T T T T T T | T T T T | T T T | T T T T

—o— ALICE, L -32pb +3.4%
[ ] Systematlc uncertainty
[ NRQCD, Y-Q. Ma et al., (prompt J/w)

[ ] NRQCD + CGC, Y-Q. Ma et al., (prompt J/q;)
[ ] FONLL, M. Cacciari et al. (J/y-from-b) ]

———

pp \s = 13 TeV, inclusive J/y, 2.5<y<4, BR uncert.: 0.6% —

5 10 15 20 25

30

P, (GeV/c)

Butenschoen and Kniehl, PRL 106 (2011) 022003
Ma, Wang and Chao, PRL 106 (2011) 042002
Ma and Venugopalan, PRL 113 (2014) 192301
Cacciari et al., JHEP 1210 (2012) 137

All models properly account for higher mass resonance decays
NRQCD models differ in the set of LRME that is used, the p_at which fits are
performed and the datasets considered.

At low p_ (right), NRQCD is coupled to a CGC description of the proton

Predictions are quite different at high p_, but in both cases, non-prompt J/i

constitute a sizable contribution to the inclusive cross section
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Inclusive results compared to NRQCD

o/(dp_dy) (ub/(GeV/c))

Summed NRQCD and FONLL calculations assuming fully uncorrelated

uncertainties.

10 ¢

1073 3

104 B NRQCD, M. Butenschoen et al.
- + FONLL M. Cacciari et al.

—o— ALICE inclusive J/y, 2.5<y<4 =
pp Vs = 13 TeV ;

=3.2pb'+3.4%

BR uncert.: 0.6%

0= [ NRQCD, Y-Q. Ma et al., (prompt J/y)

_ pp \s = 13 TeV, inclusive J/y, 2.5<y<4, BR uncert.: 0.6% |

Ev v o e e e b o 0 3

T ‘ T T T T T T T L
—o— ALICE,L_=3.2pb" £3.4% .
[ | Systematic uncertainty 3

+ FONLL M. Cacciari et al., (J/y-from-b) E
1 NRQCD + CGC, Y-Q. Ma et al., (prompt J/y)7
+ FONLL M. Cacciari et al., (J/y-from-b) -

—5_||||||
100 5

p. (GeV/c)

5 10 15 20 25 30
P, (GeV/c)

Agreement to the data is much improved, already at intermediate p_ and especially

for the calculation from Ma et al.

Note that the calculations are completely independent, and that there was no data at
this energy, this rapidity and at such high p_ before
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Evolution if the heavy ion collision

m elastic reactions cease: spectra and correlations are

Time[fm/d\ W i, f / > Kinetic freeze-out (T, ~ 100 MeV)
frozen (free streaming of hadrons)

» Chemical freeze-out (T, __~156 MeV):

NG . Hadron Gas o g m inelastic reactions cease: the chemical
N = composition of the system is fixed (particle yields

chen” .
and fluctuations)

» Phase transition from QGP to hadron gas
(T, =160 MeV)

» Formation of Quark-Gluon Plasma phase (if T>T )

(tg< 1 fmlc)

> "Pre-equilibrium
Z

» Two Lorentz contracted nuclei approach and collide

heam

Astrid Morreale Etretat 2017 59



Evolution if the heavy ion collision
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Coalescence

If baryons at freeze-out are close enough in phase space (i.e. geometrically and in momentum)

and match spin state a (anti-)nucleus can be formed

Usually, since the nucleus is larger w.r.t. the source, the phase space is reduced to the
momentum space

The yield of any nucleus can be determined as:

L ENa (@) (ﬂ.:s)‘*‘l N, \ (. &N, \"
A dp® 24 3 Po P (dp% /A) ke (dp% [A)

Assuming that p an n have the same mass and have the same p_spectra

d3Ny d>N, .
EnSTR =By By
dpy dpp

d x p’
3Hefxp3
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Statistical thermal model

Thermodynamic approach to particle production in heavy-ion collision: all the particles are
produced at chemical freeze-out

Starting point: Grand Canonical partition function (Z) for an relativistic ideal quantum gas of
hadrons of particle type ¢ (2 = pion, proton,... = full PDG)

For each hadron i : Z depends on the temperature T, the volume Vand the chemical potentials
Pphgby: Z(TV iy po py) =32, Z,

The mean particle number can be calculated as: B=— Total Energy

kT R 2
/ Spin degeneracy factor / ;/ g, = Vp'+ m,
Vai ¢
p

[ = pn (152, exp (&) d

23'[ 0
\ \ Fugacity:

+ fermion kAT ,u)=exp
- bosons

(N;)=

B, Ap+Su +Q, urg
T

Chemical potermal represenhng
each conserved quantity
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Statistical thermal model

(N,) Tg, . m,
Particle density n. can then be calculated as: m=" =—2 ;MK T
i T \ J

If ratios are considered (ni/nj) Volume (V') cancels —> ratio depends only on T, and m

Thermal model can predict also the yields of (anti-)nuclei = The binding energy of light nuclei is not
taken into account: nuclei are considered as not compound objects

['_ m ] Nuclei can be use as a precise
= Exponential dependence of the yield: dN o eten thermometer of the chemical freeze-out
dy temperature

nl’ ~ex [r_&_m)
T

i+1

The density ratio of a particle with the next heavier one:

= The thermal model predicts an exponential decrease of particle yields with increasing mass at a
given temperature

(mp— m_) ~ 938 MeV
p/d ~ exp(938/160) ~ 350
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Mean p_energy dependence

L T T l|||l|| T T llIIIlI T T UL T T T T TTTT ] 6\ 3_5:l T T I T T T | T T T I T T T I T T T T T T T T T l:

- max,data 7 - max,data ]

35F ® ALICE, 2.5<y<4, p.<p] _: % 34F ® ALICE, 25<y<4,p <p] dat E
- — ALICE, 2.5<y<4, p,<30 GeV/c ] & i - ALIGE, 2.5<y<4, p.<16 GeV/c

E e ALICE, 2.5<y<4, p_<8 GeV/c ] ~— 3.3F =

3r T . E -eeee ALICE, 2. 4,p <12 GeV. ]

= YL O ALICE, [yI<0.9, p_<7 GeVic ] ¥ 3ol CE, 2.5<y<4, p<12 GeVie E

55l O CDF, lyl<0.6,p <20 GeVic o j 1S 32 E

[ O PHENIX, [y|<0.35, p <7 GeV/c ] 3.1F E

o[ ®m PHENIX, 1.2<ly|<2.2, pT<9 GeV/c . 3 - 3

F % NA3, y>0 u ] g §

15F - . 2.9F E

- ] 2.8F =

1 * B E 1

0.5 :_ . . — .. - 26F . . .. 3

5 Inclusive J/y in pp (pp) collisions . -OF Inclusive y(2S) in pp collisions ]

O_ 1 1 IIIIII| 1 1 IIIIIII 1 1 IIIIII| 1 1 IIIIII| ] 2.5_I 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1

(s (TeV) (s (TeV)

<p_> is measured using fits to the p_ distributions.
A steady increase of <p_> with increasing Vs.
Consistent with the expected hardening of the of the J/y and Y(2S) p_ distributions.

Values at mid- are systematically larger than at forward-rapidity.

Could be attributed to an increase in the longitudinal momentum at forward-rapidity
leaving less energy available in the transverse plane.
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What about model comparisons?

pp yield: pp polarization: nc production:

Butenschdn,
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Figure from KNIEHL B. Quarkonium 2016 VA, USA o5


https://indico.hep.pnnl.gov/event/0/session/6/contribution/14/material/slides/0.pdf

Nuclei and hyper nuclei measurements

Production mechanism of compound objects PRC21,1301 (1980)
PLB697, 203(2011) |
I: 1 I I II| I I L || I I II| I : I :
..% 1055(.&%‘1{‘ e SHE, SH—E "'?.EHH: :
> =, “He, 40 o+
= Thermal Model:
s
z . . . o
2 : -Hadrons are emitted from the interaction region in
% statistical equilibrium once the chemical freeze-out
= ¥ temperature is reached.
10 '
10° -Abundance of a species proportional to ™™

-The large mass of Hyper nuclei gives a strong
dependenceonT_

10 102 10°

\ 8y (GEV)

NB: Hyper nuclei, nuclei in which one or several p/n is replaced by a strange baryon

EPS Presentation
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Hyper nuclei measurements

Hypertriton lifetime expected to be slightly below free A lifetime

’g 500F
Y R. E. Phillips and J. Schneps = - Free A (PDG)
£ I PR 180 (1969) 1307 34 World A
= 400F G. Keyes et al. A Yorid Average
= r PRD 1 (1970) 66
c L STAR Collaboration ALICE Collaboration
..g - Science PLB 754 (2016)360
£ 300 ! 4 328 (2010)58  pp, pp y5 =276 Tev
Q) = rmm RN _ NN NN L NEN BEN _NEN BEN BEN N B _NEN REN BEN _NEN BEN BN BEN REN NEN BEN NER REN NEN BENE _NEN BEN NEN NI
o
= L
T 200} i i
L G. Keyes et a. ALICE Preliminary
Pb-Pb ﬁ:S.OZ TeV
NPB 67(1973)269
r HypH! Collaboration
100 __ C G. Bohm et al. NPA 913(2013)170
L NPB 16 (1970) 46
+R. J. Prem and P. H. Steinberg
r PR 136 (1964) B1803

Run 2

New ALICE result from Pb-Pb at 5.02 TeV is consistent to the free A prediction

This is one of the most precise measurements of hypertriton lifetime

EPS Presentation
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