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ALICE

3. Particle Yields and Statistical Model
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Goal: determine the thermodynamical and transport properties of the QGP
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Particle spectra ‘

ALICE

‘.‘% 102 i" ’ "m..,\ ALICE, charged particles :
G ® °.,. ww=2.76TeV,|n|<0.8 ]
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- Particle spectra are described by a Boltzmann o S R ]
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- Particle spectra described by a power law - e b S T N
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partons from QGP p. (GeVic)
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&Y Chemical freez-out and Hadron-gas phase ﬂLlICE

After hadronisation, the system is a hot I\Freeze-ow f 4 /4 o Ijh/n
(T< 155 MeV) and dense gas of hadrons T T T | £ Kinetic f.o.
and resonances. | Hadronic transport .
adron Ga hemical f.o.

. Re

Chemical freeze-out hydrot
_ o evolutio Hadronisation
 |nelastic collisions stop T.= (155 - 159) MeV
. . : 1,£ 1 fm/
- Relative particle abundances are fixed i fromIQCD
e’a{(\ d‘% ‘

Kinetic freeze-out > N

* (pseudo)elastic collisions stop
« Momentum distributions are fixed

— Fit abundance of identified hadrons: probe chemical equilibrium at chemical freeze-out
— Fit shape of pt spectra: probe final hadron kinematics at kinetic freeze-out
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Statistical hadronisation model ALICE

It models an ideal relativistic gas of hadrons and resonances in chemical equilibrium
(as the result of the hadronization of a QGP in thermodynamical equilibrium)

Particle abundances are obtained from the partition function of (2J+1)-spin degeneracy factor
a Grand Canonical (GC) ensemble 2103;;{*' T pbPb (5276 Tev -
§ 102 .__ L( 0-10% centrality _
’ PN ‘ oo 4) = - "E“\
o I'onz; ¢ pedp s 1o "y D
n; = *\j/" —= e o s © ok LS o 3
| Vo 22 / exp|(E; — ) /T] £ 1 10} e g
: : 102f 1
where chemical potential for guantum numbers =3F i
. . . E ~Hes :
are constrained with conservation laws. 104F o Data, ALICE gt
1075k Statistical Hadronization *
H; = UgB, + 1S + iy I, + 11cC; &L total (after decays) “!He ]
o L -------- primordial f
L : : : A I Y I B VR BT S B VR
d P_redlct yields (see_ rlghF figure) at a given temperature | Mass (GeV)
O Fit measured particle yields (or ratios) to extract Ug, Ten, V. A Andronic et al,, Nature 561, (2018)321-330
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Chemical freeze-out temperature ALICE
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Production of (most) light-flavour hadrons (and anti-nuclei) is described (x2/ndf ~ 2) by
thermal models with a single chemical freeze-out temperature, T, = 156 MeV

— Approaches the critical temperature roof from lattice QCD: limiting temperature for
hadrons!

— the success of the model in fitting yields over 10 orders of magnitude supports the
picture of a system in local thermodynamical equilibrium
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“=’Summary (Particle Yields & Statistical Modé&hc:

After chemical freeze-out particle composition is fixed
More than 10 species of hadrons measured at LHC
Statistical model allows extraction of freeze-out temperature and

baryochemical potential

At high Vs chemical freeze-out temperature close to phase transition

temperature

Statistical models describe
hadron production from
sy = 2 to 5040 GeV

>

20224E8H 13H-14H
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Matter created in HI collisions
Is inlocal thermal equilibrium




ALICE

4. Jet quenching and energy loss
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ALICE

In the early stages of the collision, hard
scatterings produce back-to-back
recoiling partons, which fragment into
collimated “sprays” of hadrons.

— in-vacuum fragmentation

SJATLAS
E‘.EXPERIMENT”—

Run Numb

hadron

hadron

ATLAS, pp collision event display
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ALICE

1, 7.0 G

In the early stages of the collision, hard
scatterings produce back-to-back
recoiling partons, which fragment into
collimated “sprays” of hadrons.

— in-vacuum fragmentation

When a QGP is formed, the colored
partons traverse and interact with a
colored medium.

— in-medium fragmentation
— jet “quenching” (energy loss)

CMS event displays

Run: 169045
Event: 1914004
Date: 2010-11-12
Time: 04:11:44 CET

504 E, [GeV] AT LAS

Goal: study and understand

the nature of parton energy
loss induced by the QGP
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9.6

R, (p)= 1 dN,/dp;
i <Ncoll> dN pp/de
Parton energy
loss in QGP
M- - =
HARD
RAA </.l
RoacA

PV

20224E8H 13H-14H

The nuclear modification factor, Raa ALICE

If a AA collision is a incoherent superposition of
independent pp collisions, the prspectra in AAcollisions
can be obtained by scaling the p; spectra in pp collisions
by the number of nucleon-nucleon collisions, N¢g :

dN AA/ de: I\Icoll xdN pp/de

and RAA: 1 at h|gh Pt
— the medium is transparent to the
passage of partons

L

If Raa< 1 at high pr
— the medium is opaque to the passage of partons
— parton-medium final state interactions, energy
loss, modification of fragmentation in the medium

20228 B REZHER/ARE (CCNU) 13
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A strong suppression of high-pr hadrons and jets is observed in central Pb-Pb collisions.
No suppression observed in p-Pb collisions, nor for the color-less Z bosons and photons.

Charged particles

I T T T T I T T T T I T T T T I
ALICE \s,, =5.02TeV
charged particles |7|< 0.8

p-Pb | N

TFEE Periph. Pb-Pb

Central Pb-Phb

B I Py 1

L f b ]
p.. —e— i
- ™ _ _Eo _
- =%— [ Pb-Pb,0-5% 1

(e Pb-Pb,70-80%
~—4 p-PbNSD-0.3<7n_ <1.3 ]

1 1 1 1 1 I
0 10 20 30 40 50
JHEP 11 (2018) 013 P, (GeVic)

Inclusive jets

2 | ATLAS  antik, R=04jets, |5, =502 TeV |
1
e o
L¢] e _r[*]
]
- .
1%'_ - e |
[’3"1’3’ F‘-"jT . L *E:I
<28 =t €10 -10%
2015 data: Pb+Pb 0.49 nb™", pp 25 pb™” Eﬁg ? 2840
i llllli.iJl(TlAA) alm[d luminosityl uncer. | %6() 217(?%‘;
40 60 100 200 300 500 900
p. [GeV]
PLB 790 (2019) 108 i

1.5

0.5

Evidence of parton energy loss in QGP

EW bosons

CMS

T T [ T T [ T T T ] T 171
cMsS T,a uncertainty

— PbPb {5 =276Tev [ 20

T T T ‘
lyl<2.0 —
- e p:>25 GeVic  |nfl<2.1
L 0-10%._|.Ldl=7-150 ub" g Isolated photon  [n|<1.44
L =&— Charged particles [n|<1.0
B bequarks (0-20%) [n[<2.4 -

(via secondary Jiv)

0%' T T T T

Ry

1 ‘ 1 1 1 | 1 1 1 | 1 1
40 60
M [GeV]

80

ALICE

1  dNa/dp;

Raa( pr)=

(N

coll> dN pp/de

— Jet quenching is explained as parton energy loss in a strongly interacting plasma

20224E8H 13H-14H
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Probing Jet quenching in Pb-Pb collisions

ALICE

with area-based backgroundsubtraction Exploring ML background subtraction
< . < T 1t rrrrrrrrT [ r rrrrr1
dN/d | o 1.4 N ALICE R=0.2 EE<1_2'_ ALICE Preliminary Pb-Pb |5, = 5.02 TeV, 0-10%
R . 1 Pr PbPb - Pb-Pb 0-10% \s,, =5.02 TeV - Full Jets, anti-k; R=0.4, |7 <07~ R 4
AA T 1.2 pp Vs = 5.02 TeV [ ML Estimator Trained on PYTHIA i
N.oi) dN/dpr] 2 pp (5=5.02Te : ]
(Neon) P lpp [ 1n,<05 pesscevie R=0.2 1_—"'. A B ':"O'_'Zl'"lj
1 ! - LBT ' : [[e] Area-Based (p > 7 GeV/c) :
- % ALICE0-10%  [m SCET, 08| = = + Fractional Colliiear -
0.8} | |Correlated uncertainty E :zg::g mggg:’ i’"f:z(;(ﬂ-) - === BDMPS-Motivated Area-based -
Shape uncertainty [ JEWEL, recoils on, 4MomSub [ Fractional Large Angle i
[ @8 JEWEL, recils off 06l ML-based ]
0.6F F e -—
| : T
0.4+ 0.4 ‘l:’_""ﬁ"f{ -
02| AL ]
Ll 0.2~ -
0 : Tl I (I T | ML Fragmentation Bias Studies ]
O 50 1 00 0 1 L 1 1 5'0 IIIIIIIII 160 IIIIIII
PRC101(2020) 3, 034911 Pl (GeV/e) P, o (GeVic)

Out-of-cone radiation

» Large reduction (factor 3-4) of jet yields, down to 40 GeV/c A

Incoming
parton

» Lost energy is not recovered within the jet “cone” up to R= one s
0.4-> large angle QGP-induced gluon emission

202248H13H-14H 20228 B REZHER/ARE (CCNU) 15



Jet substructure in Pb-Pb collisions

s . . . AITCE
® Understand evolution of parton-medium interactions and 0 0.05 0.1 0.15 R,
energy redistribution by exploring substructure of jet .S %m 4F -~ ALICE prehmmary
—BYy soft drop (SD) grooming to find first hard © 35F mPb-Pb0-10% \|Syy=5.02TeV
o — .;_) . Sys. uncertainty Charged jets anti-k;
splitting 6 SF R=02 |7 |<0.5
\ 25F puun 60<p. <8OGeV/c
min(py 1,P1,2) \/Anz + Ag? 3 * SD z,.=0. 2 B=0
zg = zg > 0.1 2F £P 0.89, fAA 0.88
pJ_,l +pJ_,2 = + * : tagged — tagged —
15
L: : Unfolded for
" 2 detector effects
0.5F 3
E " 1 " 1 " " 1 " " " 1 ‘ " "
Tl e e 3
. . . . . sle el Lymiay 5
» First evidence: Jet core is more collimated in 1 45h L e 3
Pb-Pb than inpp O e —
11 7 \ (11 ”» \ 0-5 S— &:
Cartoon: “pp | Pb-Pb A i :
O C P .. = 1

/ 0 02 04 06 08 '61
@ arXiv:2107.nnnnn g
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Energy Loss Iin the QGP ALICE

E E-AE

QGP: high density of quarks and gluons / color sources
Traversing quark / gluon feels color fields

Collisional energy loss —> + AE
— Elastic scatterings
— Dominates at low momentum

Radiative energy loss

— Inelastic scatterings =
— Dominates at high momentum =— i
|
— Gluon bremsstrahlung — . E-AE
|
X
AE = AE ) + AE,qq (medium)

Lect. Notes Phys. 785,285 (2010)

202248H13H-14H 20228 B REZHER/ARE (CCNU) 17



In the BDMPS (Baier-Dokshitzer-Mueller-Peigné-Schiff)
approach, the energy loss depends on

the color-charge via the Casimir factors C,
- C, =3 for gluon interactions
- C,=4/3 for quark interactions

the strong coupling
the path length L

propagating

Radiative energy loss

radiated
gluon

parton BT
Radiation sees
length ~t; at once

dE .
d_x = —CrasqL

the transport coefficient ¢ ( “g-hat”)
- gives an estimate of the “strength” of the jet quenching
- is not directly measurable - from data through model(s)

20224E8H 13H-14H

Baier-Dokshitzer-Mueller-Peigné-Schiff, Nucl. Phys. B. 483 (1997) 291

20228 B REZHER/ARE (CCNU)

> | Average transverse
H | momentum transfer

=7
Mean free path
1
A oc —
p Density
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Collisional energy loss

ALICE

It depends on
* path length through the medium, L (linearly)

parton type

ufrome, b

IIIIIIIII[IIII|IIIIIIIII|III!III

cb— W 25<y<4 ALICE

T

1.1
E E-AE Q;?

_ e ET 1
— For light quarks AE,  ~agCy J“HELEhl_z

® 0-10%, Xe—Xe, {s,, = 5.44 TeV

- y7i e 0.9 <chn/dTl>2_5<y<4= 1388 + 91 - 95 _;

o ET +A 08 ®  0-10%, Pb—Pb, {5, = 5.02 TeV E

— For heavy quarks + a°T? CR #2 Liln —— . <dNg/dn>, =2252+125-126

s et M2 Bl VIC @sHQ+EPOS2, Xe-Xe ]

0.7 MC @sHQ+EPOS2, Pb-Pb B

« temperature of the medium, T 0.6 only rad. Ejess =
« mass of the heavy quark M 05F A’ 3
 average transverse momentum transfer |1 in the medium " 45_ R i
| 0.3F

— Data are well described by models (MC@sHQ+EPOS2) : :
that include both collisional and radiative E,ys; , 0.2: both coll. and rad. Ees
but PHSD model including nuclear PDF modification and 2 3 4 5 6 7 8 !
collisional energy loss cann'’t (see dot lines). PLE 819 (2021) 136437 p. (GeV/c)

202248H13H-14H 20228 B REZHER/ARE (CCNU) 19



A recent combined analysis of the RHIC and
the LHC data on jet quenching (inclusive
hadron Raa) allowed to extract a value for the g
parameter

Y

§ _f46+12  at RHIC,
T3~ 37+14  at LHC,

For a quark jet with E = 10 GeV

. {12103 T=370 MeV

2
GeV7/fm b 1_s70 Mev

9919407

— Still large uncertainties, but important step
towards a quantitative characterisation of
the QGP.

Jet transport @efficient ALICE

10:| LI | 1T 17T ‘ 1T T T | T T 1 | T T T T | LI ‘ L |:
- S0 3 3
9 —MATTER 90% CR 40F- MATTER/LBT 3§
8; - LBT 90% CR E SOE_PI’IOI' 90% _g é
7E ~*-JET Collaboration hd fg:-_ E
- 6?— 902 04 06 o.s—i
=50 =
<O C 3
4 E
3 E
2
1= p=100GeV/c -
:I 11 | | I | ‘ I | | 1 1 | | I — | 11 1 1 ‘ L1 | |:

8.1 02 03 04 05 06 07 08

T (GeV)
S. Cao et al., PRC 104, 024905 (2021)
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In-medium jets: main questions ALICE

Full jet

Related to the properties of the medium

- Density of the medium and transport properties
- Nature of the scattering centers
- Distribution of the radiated energy

Jet structure (shape,
grooming, ...)

Related to the energy loss mechanism

- Path length dependence

- Broadening effects

- Microscopic mechanism for energy loss
— Study the shape and structure of jets for insight
Into the details of jet modification mechanisms due to
Interactions with the plasma

- Flavour dependence
— measure charm and beauty Raa

202248H13H-14H 20228 B REZHER/ARE (CCNU) 21



Heavy Quarks: charm and beauty e
Charm (m ~ 1.3 GeV/c?) and Beauty (m ~ 4.7 GeV/c?) - E _
e produced in initial hard parton scatterings o
T b ~0.02<t_c ~0.07<t_QGP ~ 0.1-1 fm/c b Jiwie 5
. . c £ 3 r~
« large production cross sections o - f S
(~7 D > 2 GeV/c per central event) 9 - = E
7)) - ]
« Essentially not produced in the QGP g1 mb 41Hz2 ©
- - 9
== ideal probes of the QGP at the LHC 8 ©
« “brownian” motion through the medium, diffusion Wbé 31 mHz §
« sensitive to QGP hadronisation (into baryon/meson) 3 i : i E L
10 102 10° 104
« Expectation R” «RP <R°® Energy (GeV)
AA AA AA

202248H13H-14H 20228 B REZHER/ARE (CCNU) 22



DO Reconstruction ALICE

« DO9meson: m=1.87 GeV/c2; ct=123um
— Rather short lived
— Many decay modes
— DO =» K 1t (branching ratio 3.9%)
« Standard method: invariant mass of opposite charge pairs
— Per central event (D= K 11, > 2 GeV/c, Incl. efficiencies):
0.001 compared to ~700 K and up to ~2500 1t
— Signal over background far too small to extract a peak

* Reduce combinatorial background (see next slides)
— Topological cuts
— Particle identification (PID) of K and Tt

202248H13H-14H 20228 B REZHER/ARE (CCNU) 23



Invariant Mass

« DO=>»K 1t Without PID and without topological cuts

20224E8H 13H-14H

4000
3500
3000
2500
2000

Entries / (5 MeV/c?

1500
1000

500

1

103 Candidates vs. Mg
P

_r'lll'lllllll'llrlfl'l'll'l'lf

- ALICE Preliminary

= p-Pb, |5, =5.02TeV, L, =49ub’

D? - K'=* and charge conj.

r'lfl'l'llllfl'lfll

e Same event

M(K=) (GeV/c?)

20228 B REZHER/ARE (CCNU)

f— — Event mixing —f
e Lke sigr 0<p,<1GeVic
:l 1 1 | | L1 1 | I L1 11 | L1 11 I. L1 1 1 ] L1 11 I L1 1 | J L1 1 I.:
4 15 16 1.7 18 19 2 21

ALICE

Peak not visible without cuts

24



ALICE

3) Require distance of primary and secondary vertex
(impact parameter) [~100 um challenging for pixel 2) Require that K and & share a
detectors!] secondary vertex
CT ~ 123 um ”“»«»
[ \ g reconstructed D
...... "-------.n\ momentum
do{* o —unniainb it il
T Do
primary secondary
vertex vertex
1) Require large impact
parameter tracks

20224E8H 13H-14H

4) Require pointing
Plane transverse to beam

angle 6 to be small
20228 B RFEHFER/ARE (CCNU)
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1000Pb -Pb, 2011 run, 15_,%, =2.76 TeV negatwe pamcles *
1 % T A nl 3
P I D 900E-! --jfé -p d i\ e ALICE E
= [ N At */ P duly 4™ 2012
G ookl W A% LY i ALICE
D 700F =
. g (Vp] 3
» Specific Energy Loss ~ 600 E
. . O 500 —
— Particles passing through matter loose energy = 400 E
mainly by ionization N o _5
. c 3
— Average energy loss calculated with Bethe-Bloch  © 200 | T ofline =
formula 100 g/ & i
. . . . ! ) T 1 1 L
— Identify particle by measuring energy deposition ' 02 03 ] 5 3 45
and momentum Momentum p/z (GeV/c)

» Time Of Flight

— Particles with the same momentum have slightly
different speed due to their different mass

— Needed flight time precision, e.g. for a particle
with p = 3 GeV/c, flying length 3.5 m:
t(m) ~ 12 ns | t(K) — t(11) ~ 140 ps

» Methods can be combined

0 05 1 15 2 25 3 35 4 45 5

Momentum p (GeV/c)
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Invariant Mass

ALICE
» Reconstruct D meson decay to Kttbased , i
" S L DS Kot oo ALICE @
on the following methods 2 | ooy P\ popb, 3050%
— Combinatorial pairs - | \swe27eTev
— background reduced $
with particle identification -
and topological cuts [ b -
— Invariant mass distribution | Fit without reflections template 1
. . . . . L S=673+45 1
— Background with like-sign combinations TR
. ] 1.7 18 18 19 19 2
— Apply fit to extract yield

M(Kn) (GeV/c?)

(Detalls seen in backup)
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Y’Nuclear modification of charm and beauty £

< 2IIII|I|II|I|II|1IIIIIIII|II)||I|II||IIIL <1.4III|Illlllllll]lllllll!lllllll llllllll
= Al D ALICE . & [ Pb-Pb 2.76 TeV d
'y 1 D mesons |, i _ ] [ FO-FD, {Syy=<.70 1€
1 '8: 0-10% Pb-Pb, \SNN =276 TeV . 12 | m D mesons (ALICE) 8<pT<16 GeV/e, |y|<0.5
= o 0 H* Pt R = It Non-prompt J/y (CMS)
1.6 Ayerage D7, O°, DT lyl<0.5 . - ’ 6.5<p_<30 Geglllc lyl<1.2 EPJC 77 (2017) 252
- o with pp pT-ex.trapoIated reference a - (empty) filled boxes: (un)correlated syst. uncert.
1.4 ) g{]g[ggg B b~ o o I @SHQLERPOSS pryarior oo ore o140 -
1.2F E - Open charm and beauty RN
DT U D S S A -—— - m\\ ]
o ~
] 0.6 Tl i & 1/ from B
E 2 AN —
. ] i i \\ :
charged partlcles . 0.4]-50-80% B'-%\ g
. i u E\E D mesons ]
- 40-50% TR, .
H - 0.2 30-40% o0 a00; L] e TR
’# E i 10-20% |
- = (*) 50-100% for non-prompt J/y 0_10% -1
""l" r ._|1||||11||111111111'1111|1|||| 11111111
00 5] 10 15 20 25 30 35 40 o0 50 100 150 200 250 300 35/(\)/ 400
P (GeV/c) EPJC 77 (2017) 252 (Noord

A strong suppression is observed in the Raa 0f D mesons, J/psi from b decay.
J/p from beauty Is less suppressed than D mesons from charm — AE. > AE,
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Summary N

» Strong nuclear suppression of particle production observed in central
heavy ion collisions, which provides the evidence that a dense
strongly coupling medium is produced in HIl collisions

» Mass dependence of energy loss of colored partons inthe QGP is
observed:
RT™ ~RP <R°®
AA AA AA
» Radiative energy loss dominates at high p+ for light flavors u, d,
gluons and charm

202248H13H-14H 20228 B REZHER/ARE (CCNU) 29



ALICE

5. Quarkonia
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Quarkonia ALICE

c-cbar (J/W, W',..) and b-bar (Y’, Y",Y"") pairs from hard process
« Small decay width (~keV), significant BR into dileptons

 Intrinsic separation of energy scales: E

« Avariety of states characterized by different binding energies mqg >> Aqcp

— Goal: understand mechanisms of dissociation and regeneration in QGP T/T¢ ﬁ1/<f'> [fm!]

-1 Y(1s
<> ‘ 0.56fm 1 .2fm cho_s | ( )
Ebing | 063Ge 7 QUELY Yy 006GV Al :

- | I/y(1S)
Y(’S;)  Xo(PPor2)  JIW(Sy) Y(381(n=2)) Y(3S1(n=3)) lI"(3S1(n=2))

. 1 (2P)

To larger radius
) ’ 11P)
YZ’??
To lower binding energy > ¥'(2S
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Quarkonium as a thermometer for QGP  ALICE

(N VACOUM IN HED|UM
T<Typ T>1p

el < s @

Charmonium suppression (J/Y, 1’,..) suggested as
“smoking gun” signatures for the QGP back in the 1980’s.

- - o e
In vacuum (T=0), qgbar is bound by the Cornell potential @ - ! B
) : : : ' | ! K
_ o e e |
V== "+kr ReDSfm : -
r XD no lQOUV\Dl §l’°"€d
When the ggbar is immersed in the high density of quarks
and gluons (QGP) (T>0), the surrounding color charges Effective coupling from (2+1) QCD at various T
screen the binding potentials (color Debye screening), A ——
resulting in N e L L 2 0Vs(r)
o it I 1=
V(r)=——ge""* o R
r . =
The effective coupling between g and gbar at large i
distances gets reduced - g-gbar melting ol T
I i & B

0 > ‘,7 L 1 3 0 ;1 3PN ;
2022$8H 13E -14E 2022%&*%%%%&/%&% (CCNU) 0.01 0.02 0.03 0.06 0.1 02 03 32



0

0.

0.

0

)

Raa VS. multiplicity

J/@ suppression

ALICE

- observed at the SPS (Vsyy = 17 GeV)

- later measured at RHIC (Vsyy=200 GeV) up to very
high multiplicities

For similar multiplicities the suppression at SPS is
similar to that at RHIC despite the energy difference

« Atthe LHC, Vsyy=2.76 TeV, yet J/y is less
suppressed, due to the larger charm cross section.

4
-  ® ALICE (Pb-Pb \s,,, = 2.76 TeV), 2.5<y<4 global sys.=+ 12%
D | @ PHENIX (Au-Au \s,, = 200 GeV), 1.2<|y|<2.2  global sys.=+ 9.2%
[~ O PHENIX (Au-Au \s,, = 200 GeV), |y|<0.35 global sys.=+ 12%
1
-/l suppressed suppressed
8
I [ |
\
6%%’ Tl)%__-ﬂf____$.4' ---- 4=
- e, T 4
= —
oy ¥ 4 M o ___|
O—1111|1l|111111]|1111111111111
0O 200 400 600 800 1000 1200 1400

dN_,/dn| -

20224E8H 13H-14H
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c-cbar production vs Collision energy  ALICE

c-cbar production cross section The cross section for producing a c-cbar pair
g ] A L Increases with collision energy
§_103 | « ALICE LHC [ |
S e —~  Inacentral event
% . At SPS ~0.1 c-cbar At
© RHIC ~10 c-char At
LHC ~100 c-cbar

c from one c-cbar pair may combine with
FONLL - cbar from another c-cbar pair at
10 - ——— NNLO - hadronization to form a J/y

: -> regeneration!

el 1 Lol L A |
4x10% 10 '2x10™ 1 9 34 10
2021 update: arXiv:2105.06335 'S (T€V)
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J/Yy suppression & regeneration

ALICE

a Development of ifi i i
Start of collision quark-gluon plasma Hadronization J/LIJ modification vs. energy denSIty
2 H. Satz
= regeneration
Low L ] =
o @D =
o | L3 T — AT~ (ot
gy co—> CO\ oD m
o
2
2
<
0 %4' / /\\ ®P =
o, o> Y . 5ab -
A A N 2 @D @®D \A _ . 1 e
Hioh 332908 % 85,0 0o /ﬁ’éo ©"®% ) > sequential suppression
g g ) — e o\ o f g " . (\Q)D QO\J/IIJ/ -
(LEIC] ¥ ° ©° De°e=o o@D el :
energy S8 A 400 o0 % @~-@Do o
¥ <S> ! Srpo @D
% o@D

Energy Density
P. Braun-Munzinger, J. Stachel., Nature 448, 302—309 (2007)

Regeneration of charmonium and charmed hadron production take place at the

phase boundary or in QGP.
Dissociation and regeneration take place in opposite directions vs energy density.
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ALICE

J/Y suppression vs regeneration

< T T T X I T T T ¥ { l T T T T < 1 .4
D:< B o 7] m<( Inclusive J/y — u*w, Pb-Pb | s,,=2.76 TeV, Au-Au | s,=0.2 TeV|
_ ALICE Preliminary . /| m ALICE, 2.5<y<4, p <8 GeV/c global syst.= + 15%
o 1.2 0 T
o L b-Pb |Sy, = 5.02 TeV _ O PHENIX, 1.2<|y|<2.2, p_>0 GeV/c global syst.= + 9.2%
I Inclusive J/y pl<09  25<y<4 0
® Data 0-10% ® Data 0-20%
| TAMU TAMU i 08

SHM SHM

' 0.4
ety _ : Yo N
Fwd, 0-20%  #sl— 7 0.2F
- e | - RHIC, Vspy = 200 GeV SO - T
g QS I O it s o s i i s A L R Lo v b by b b b b g by
0 5 10 15 20 %0 " 50 100 150 200 250 300 350
P, (GeV/c) <Npart>

» ALICE data from 5.02 TeV Pb-Pb collisions confirm the J/@ recombination picture:
e Raa(LHC) > Raa(RHIC)
* Raamidrapidity > Raaforward rapidity

» Signature of de-confinement.
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%103 pp 300 pb™ (5. 02 TeV) PbPb 1.6 nb, pp 300 pb (5. 02 TeV) ____________
: T T T | |||||||||||| | """"""""" | TTTT | TTTT | TTTT | | TTT | |||||||||||| |
200 - T |
- _ (_:MS . L p.< 30 GeVic CMS 1 i
- 1801 | P <s0Gevic Preliminary [ lyl<24 Preliminary T _ = ]
§’ 1601 (e = e B e
O 140K pi> 3.5 GeVic } Data - —— Y(1S) (2015 PbPb/pp) T
8 - 'l <2.4 et ] 08 + -
B 120:_ ot _: :(( i - Y(2S) 1 4
=) 100:_ ) s B o 0.6 H 1 ]
: - B _..Background 1 - H —=-Y(3S) T i
o F B . I [‘H u i :
2 ' . 0.4 ¥ Th -
Q I B8
$ T, o
0.2 1 ]
- oo i ]
- I,/ \\/1_‘1 . \\ I I I : - [i] l:*:l m E!:] C*: * 1 m i
O Aol L o - S— E— _I 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | I__
8 9 10 11 122 13 14 O 50 100 150 200 250 300 350 400
m,.- (GeV/c?) ( Npart )

» Measurements reveal a sequential suppression of high mass bottomonium states.

» The centrality dependence of the asymptotical suppression in a hotter medium is
observed.
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Quarkonia as probes

Charmonium Raa

Bottomonium Raa

ALICE

[Ig hat Inclusive J/y — 'y, Pb-Pb ysyy = 276 TeV and Au-Au sy = 02 TeV 1.6 ﬁpl?t‘)w???ﬁ?ﬁ B ?_\1" PP?\?P ‘p|b"1| (w5w0'2‘ "I"e‘\{)
B ALICE (PLB 734 (2014) 314), 2.5<y <4, 0<pT<B GeV/c global syst.= £ 15% ) [ m T
1 2 f [1 PHENIX (PRC 84(2011) 054912), 1.2<[y|<2.2, p>0 GeV/e  global syst.= £ 9.2% Il p-I;lH< 30 Gevle CMS T ]
1.4 y"i<24 Preliminary
el — 1
il 1.27 T .
0.8 {1 0 Yo J Cent -
. L s, =276 TeV EHOO% -
L < L —
0.6 @@E W CC< 0.8F @ Vs, =5.02TeV T .
0.4 0.6- + .
L @ & o B oo i E H 4 ]
r 0.4 L @ - % .
02| Yoo @ : . S
0 i I I | ‘ I | ‘ I N ‘ I I | | I | | I N ‘ I I ‘ I I | 0-2 j ij i
O 50 100 150 200 250 300 350 400 O:I L1 | [ ‘ L1l 11 ‘ | ‘ L1 ‘ [ | [ | ‘ L1 ‘ I:: .
(N 0 50 100 150 2|\(I)0 250 300 350 400

part

Beauty/bottomonia: no evidence that beauty is
even partially equilibrated with the medium

Charm is partially equilibrated (thermalized)
with the medium

» A partially-equilibrated probe of the late
hadronization stages

20224E8H 13H-14H

» Non-equilibrium probe
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Summary(Quarkonia) ALICE

The study of quarkonium (ccbar, bbar) states provides information on the
mechanisms of dissociation and regeneration of strongly-bound state in a
medium (T>0).

* The high density of color charges in the QGP leads to melting of quarkonia

« The large abundance of charm quarks at LHC results in regeneration of the
amount of J/y

« States with smaller binding energies are more suppressed
(“QGP thermometer”)

202248H13H-14H 20228 B REZHER/ARE (CCNU) 39



