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Recall from the very first talk

Where It gets ‘'messy’

The orthodoxe approach The probes The observables
e e Hard probes Production
» The QCD ‘vacuum’. * Heavy-quark mesons, » Cross-sections, Nuclear
quarkonia, jets... modification factor,
© Relative ratios ...
- . Soft probes
i b Q » Charged particles, light Q
» The confined matter. hadrons, low-mass _
| hadrons ... Correlations
’—’ ‘—‘ i * Multiplicity
" - Electromagnetic probes dependance, flow
P bP e Drell-Yan, photons, measurements...

* The QGP weak bosons ...
A QGP physicist should know everything about his/her favorite probs !

Today we do the exercise for Quarkonia !



Quarkonia production and experimental measurements

pp collisions

O — — 9

+ gq production mechanism

* Cross-section
e Jets
 polarisation

UPC collisions

&

AA collisions

pA collisions
- -8 &8 @
—

* Cold Nuclear Matter * OGP physics * Cold Nuclear Matter
e qq production in pA * qq production in AA * gq cross-section
Y Nuclear modiﬁcation factor ® NU.Clear mOdiﬁcation faCtOI‘
¢« * Jets

 Elliptic flow



General strategy with hard probes studies

* How QGP affects your probe

* Study the production mechanism in the QCD « vacuum ». °— —e

* Study cold nuclear matter effect. i Q
P Pb

* Build up observables :
Nuclear Modification Factor Raa

Correlation observables (v2, jet quenching...)

* The more precise measurements we have, the more we can constraint
models !



General strategy with hard probes studies

* How QGP affects your probe

* Study the production mechanism in the QCD « vacuum ».

* Study cold nuclear matter effect.

* Build up observables :
Nuclear Modification Factor Raa

Correlation observables (v2, jet quenching...)

> —p —
o_.._Q
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RiALA (APT, Ay) —

YFPP=Phi(Apr Ay)

(Neco)YPP(Apr, Ay)

* The more precise measurements we have, the more we can constraint

models !




QUARKONIA IN PP




Quarkonia in pp collisions

* Quarkonia: bound state of charm and bottom quarks

High mass (mc,ms >> A p) -> use pQCD to compute production 5
cross-section in pp. i 4400
. . A 4200
* Physics motivation in pp: §
. 4000
Test pQCD production models ...
* color singlet, color octet, NRQCD, GPDs, CGC ... 3800
... and all the ingredients that come with it ! 3600
* PDFs, LDME ... 3400:
q Q Q Q 3200
3000
q Q Q Q

Leading production diagram of QQ pair at LHC

%S pPRD 102 (2020) 7, 072008
M, (1S)

e 3 1y 3 L 3 1w 3 L~ 3
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* (Color neutralized by induced gluon

* Proportionality factor independent of y / pt/ys




Exemple @ J/ production

* Three main approaches to J/ pp production :

» Color Evaporation Model (CEM)

2 _

* Simple integral R / TH dogg _

. | Q Q . deQ QQ
* (Color neutralized by induced gluon Q
* Proportionality factor independent of y / pt/ys

® Color Singlet Model (CSM)
A 2

* pQCD based model dogtx = Z fi-fj ® dai+j—>QQ+X ® |1o(0)

* Direct colorless (singlet) production

* Hadronization probability from data and/or IQCD



Exemple @ J/ production

* Three main approaches to J/ pp production :

® Color Evaporation Model (CEM)

* Simple integral o = Fo /QmH doqo oG
* (Color neutralized by induced gluon 2MQ deQ
* Proportionality factor independent of y / pt/ys
® Color Singlet Model (CSM)
* pQCD based model dogt+x = Z Jiej ®d0itj5qQ+x @ 10(0)/°

o
* Direct colorless (singlet) production

* Hadronization probability from data and/or IQCD

® Non-Relativistic QCD (NRQCD)

doo+x = fi-l; ®do;4 5 q0+x © (Og)
* pQCD based model ZZ; v I QQ+ 2
* Both singlet and octet state are considered

* Relative state contribution of the states are parametrized (LDME)
/



J/W production in pp

Events / 5 MeV/c?

Events / 20 MeV/c?

J. PHYS. G40 (2013) 045001

Eur. Phys. J. C 77 (2017

- PRD 101 (2020) 5, 052006 y (2017)

250 f— — 2 . I I I | I I I | I I I | I I I | I I I | I I I |
- O . .
- LHCDb - [ ] LO-NRQCD+CGC S 10 ~e- ALICE inclusive J/y, 2.5<y<4 _
200 _' _ g s = 510 GeV & : pp Vs =5.02 TeV -
C - = H [ ] NLO-NRQCD = ; L. =106.3nb" =2.1% _
i ] 2 I /s =510 GeV =3 e BR uncert.: 0.6% |
- T - 5 — = 1 —O -
150 J/w — //t //l PP@7T€V — g IE e p+p Vs =510 GeV —_ = o ]
- - = [ > L ]
n 7 = B o p+p Vs =200 GeV 'ol_ - i
C - = 1L Q [ |
100~ - s 0 S 107 :
. ] 5 i N :
B - o 2 © I i
50 ] oz 10 3 2 —%
i i = : . 107 5] NRQCD, Y-Q. Ma et al. - E
i + [ PHENIX N =+ FONLL M. Cacciari et al. E
29 3 31 3.0 33 E 10° = Jly - . L[] NRQCD+CGC, Y-Q. Ma et al. J
' " ' / 02' ~ - 1.2<]y|]<2.2 103  + FONLL M. Cacciari et al. i
Dlmuon mass [Gev ] 4 - +10% Global Uncertainty o e e e e ey A
10 §_I | 1 | | | | I | | 1 | | | | I | | | | 1 O 2 4 6 8 10 12
0 2 4 6 8 10 p. (GeVic)
P, (GeV/e)

* Large number of precise measurements done by many
different experiments, covering different colliding energies
and rapidity ranges.

: + * (Good descriptions by NRQCD-based formalisms at both
gl - e e RHIC and LHC.

Dimuon mass [GeV/c?]




Quarkonia versus multiplicity

A

A
|
|
|
|

t Charged particles

Charged particles
Charged particles

4

Proton/nucleus Proton/nucleus

. | /) Parton
roton /nucleus Proton/nucleus Proton /nucleus Proton/nucleus

Underlying
event

* Production versus multiplicity prob correlations with:

Partons

Jets

Multi-parton interaction produced by the underlying event, QGP or not.

* Caveat: importance of the multiplicity estimator.
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Quarkonia versus multiplicity

N
o

’_-If ]T-YTTT | B TP TN T T]' IIT]' T‘[TIT
- ALICE pp ¥s =13 TeV

INEL>D

¥
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¥ /

L : 18 :
g 18 ALICE. pp. Vs =13 TeV 3 > ;i [ Inclusive Jiy, ly| < 0.9, p_integrated &
 —— » Inclusive J/vy, |y| < 0.9, arXiv: 2005.11123 [nucl-ex] F =|=» 16/ SPD event selection u IV 4 p
S| 16 e Inclusive J/y, 2.5 < y < 4, Preliminary - o L o Dot ¢ /-
3 3 14 ¢ TY(1S), 2.5 < y < 4, Preliminary _ % 5 14} T f‘il ]
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Imi<1
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( ol n>|NEL>0

* Linear increase of quarkonia production with relative multiplicity at forward rapidity.
* Not the case at mid-rapidity.

* Caveat: keep in mind the multiplicity estimator.
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Quarkonia in jets

* Quarkonia in jets:
prob fragmentation parametrisation.

Generally algorithm dependent measurement.

* Results at LHC show that prompt J/W is less isolated
than expected by LO NRQCD in PYTHIA

0.3

T T T T T T ]
i .Data (syst) --- DPS

. — LO NRQCD

LHCh -
s =13 TeV _
Prompt

SPS

do/c

Larce iet activitv Low jet activity 11

do/o

AR = @ Quarkonia i
quarkonia
Z_PT
jet
Pt
0.3 T T
I Data (syst) LHCb .
I P 8 G:l?’ TeV )
- YTHIA -
" b—>Jly
0.1+ -
O e
0 0.2 0.4 0.6 0.8 1
z(Jy)




Quarkonia polarisation

* Polarization is defined as the spin alignment with respect to a chosen direction.

) . D J .
W (0, o) 3 Ap|COS“ 6 +@sm 6 cos2¢ +5A9¢lsm 26 cos qb)

(1
+ Ag
* Measured as anisotropies in the angular distributions of decay products in the quarkonia CM

Helicity (HX): quarkonium pT direction.

Collins-Soper (CS): bisector of angle between beams.

)2 -
& Quarkonium

Gottfried-Jdackson (GJ): direction of one beam. rest frame

* Useful To constrain models:

LO NRQCD: transverse polarization (45 > 0).

NLO CSM: longitudinal polarization (4, < 0). %)

Medium-induced polarisation ?

12



Quarkonia polarisation

EPJC 79 (2018) 7, 562

- _ Inclusive JAp: 2.5 <y <4
— Helicity
© NLOCSM
NLO NRQCD

g

| |¢
;_—.— ALICE PP E =8 %éi?tjzi:::1?_‘_‘_'_-___’_‘_‘::‘_‘_—_-_—————————
nl ALICE pp s =7 TeV .
E—Q—ILHCprE=7ITeV | | | |
0 2 4 6 8 10 12 14

p. (GeVi/c)

PLB 727 (2013) 381-402

-

* No significant polarization up to pr~ 60 GeV for the J/y and the

w(2S).

* NRQCD and CSM also fail to describe W(nS) polarization @ 8 TeV.

13



QUARKONIA IN PA



Quarkonia in pA collisions

* Same motivations as for pp collisions, but now with a
nucleus !

* Allow to test/constrains the so-called ‘Cold Nuclear Matter
effects.’

Nuclear PDFs Coherent energy loss Interaction with co-moving medium
th&l‘d e E / M . toctet
i i | ty
E Q |
[ﬁ_«u R RN ——————— R - JD: ",b

<]l

% fui @ TF Pl

arxiv:1212.0434

NPDFs - Eur. Phys. J. C 82, 413 (2022)
15



Quarkonia in pA collisions

* Same motivations as for pp collisions, but now with a
nucleus !

* Allow to test/constrains the so-called ‘Cold Nuclear Matter
effects.’

Nuclear PDFs Coherent energy loss Interaction with co-moving medium
&—514 E]i)l:')s"""l o PRI ol ""':"l;a St "a‘:?'
- 21 z |
5/ o _ antishadowing maximum : ) th&l‘d ~ F / M 2 _ Loctet
I \ .................. i | ty
10 | if’! K E Q |
I N I y :j[ﬁ_«u R R RN ———— - JDZ '(,b
038 p % q, i @ TE, Py
o . " | LT
A R R, arxiv:1212.0434 Phys. Lett. B731 (2014) 57—63
10 10~ 107 » 10" 1

NPDFs - Eur. Phys. J. C 82, 413 (2022)
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AN Important plot

- 8.16 TeV pPb Other Collision Systems
| W LHC) 9 LHCh 110 GeV
10° ol ATLAS/CMS I HERA
0 ALICE
10°} ALICE Muon
Ty w4l
> 10
S |
< 107
102, ,
101; - - ; é.as
[ ' (He,Ne, Ar...)
: Gluon saturated region |
10 10° 10" 107 107 10" 1

X

16



Rp

oPA

RA_

PA " A x PP

1.6
1.4
121

08
0.6
0.4]
0.2]

ALICE, Inclusive y(2S), J/y — pu'u-
p-Pb \syy = 8.16 TeV, p_< 12 GeV/c
® y(25)
¢ Jv (JHEP 07 (2018) 160)

JHEP 07 (2020) 237

EPSO09NLO + CEM (R. Vogt)
# nCTEQ15 + HELAC-Onia (J. Lansberg et al.)

CGC + CEM (B. Ducloue et al.)
Energy loss (F. Arleo et al.)

-3 2 -1 0 1 2 3 4 5

! g < L]

Y (nS) production

—&@— LHCb, prompt y(25)
== LHCD, prompt J/y

EPS09 LO

777> EPS09 NLO

— = nDSg LO

e . lOSS

- E. loss + EPS09 NLO

« y(nS) measured at the LHC by many experiments.

Qpr

2.5

1.5

yPA

B <Ncoll> X YpPp

QpA

| I | | | | | I | | | | | I | | I | | | | I | | | | |
| ALICE, p—Pb |s,, = 8.16 TeV, Inclusive J/y, y(2S) — p'p- -

| 446<y  <-2.96,p_<20GeV/c
| Transport Model (Du and Rapp) " J/iy . y(2S)

| Comovers + EPS09LO (Ferreiro) Jiw  w(2S)
~ EPS09sNLO + CEM (Vogtetal.) J/y y(2S)

« J/y production described by theory models (energy loss, nPDFs ...)

« Relative w(25)/J/Y¥Y suppression better described by comovers model.



https://doi.org/10.1007/JHEP03(2016)133

JHEP 11 (2018) 194

EPJC 78 (2018) 3, 171
PLB 806 (2020) 135486

Y (nS) production

Y (1S) WY (2S) WY (3S), ATLAS pPb |/5,,=5.02 TeV @_1 6 Y (1S) WY (2S) MY (3S), ATLAS pPb |5,=5.02 TeV 2 . P e N P b P b L L B
AY(1S) AY(2S) AY(3S), CMS pPb |s,,=5.02 TeV 0C N AY (18) AY(2S) AY(3S), CMS pPb |s,,=5.02 TeV : %.. | 8 LHCb ' P P _:
OY(1S) OY(2S) OY(3S), ALICE pPb |5,=8.16 TeV 140 Y(1S OY(1S) OY(2S) OY(3S), ALICE pPb 5,=8.16 TeV o EPPS16 -
+X(19) 78}, LHCH pPb fimr 610 Tow - Y(1S) wvis) exies), o pes s, s 16 e 1.6 W nCTEQIS ;
Y(2S e Y(2S 4 EPSO9LO+comover9—
N, ( ) 1f_ __________________________ ( ) 1.2k nCTEQ15+comovers__
e % J;FE 0.8 N ﬁ ‘ '-
‘ +- 3= I ! | + 4= X
=52 SSosn i 0.6F e | :
1 T ] . ] 5
Y@3s) gk sk Y(3S) | L
| 02 nCTEQ15 + comovers (E. Ferreiro) l

20 T Y(S) | Y(2S)  Y(3S) pPb8.16 TeV O 3 :

IS NS NS S S A N W 0_|1|l111111|1|l111111|1|I111111111]111111111]1111 . S‘I\I[\]_Slérl‘e\,
-2 -1 0 1 2 3 4 5 -5 -4 -3 -2 -1 0 1 2 p% 4 5 O [T T NN TR TN W NN TN TN SN NN SN SN M M

Yems Pb Po

—4 —2 0 2 .

ycmS ‘ ‘
<l I 8..‘3 i | “ Pb Pb y
%.. o g I " ’%

——
’v
;
v

» Y(nS) production measured by all the LHC’s experiment.

« Difficult to have strong conclusions with the large uncertainties, but a relative suppression of
higher Y(nS)/Y(1S) seems to be observed.

* This trend is reproduced by comovers+ nPDFs predictions.
18



A last puzzle : W(2s) versus J/P

Pb
p

o 1.8 @“ﬂ | l i

ALICE, Inclusive y(2S), JA\y — p'u-

-5 4 3 -2 -1 0 1 2 3 4 5

T 46 = p-Pb \sy\ =8.16 TeV, p_< 12 GeV/c bg. LEXCh, peocegt W25} -
i o y(25) ® ’

145 ¢ Jhy (JHEP 07 (2018) 160) o LII;{)CF STy —H4~ LHCb, prompt J/y ™
10 S 6F P Sy =9 1€ EPS09 LO :
' JHEP 07 (2020) 237 2 77/} EPS09 NLO O

B I EN — — nDSgLO —
- L 998y —— E. loss -
0.8F —+— -.=.=. E.loss + EPS09 NLO A
06F il 1 o
- f zzzggond <
0.4 EPS09NLO + CEM (R. Vogt) i LAY O
- #3 nCTEQ15 + HELAC-Onia (J. Lansberg et al.) . “forey P A
0.2+ CGC + CEM (B. Ducloue et al.) n
i Energy loss (F. Arleo et al.)
O —l L1 1 I L1 11 | L1 11 I | .| | 111 | | .| I L1 11 I L1 11 | 111 | 111 %
—

8, <o ol | I o =l m
* (P(2S) more suppressed than J/P in pPb: the two have different binding energy.

Not explained by coherent energy loss or nPDFs alone.

* Sign of comovers effect ? QGP ?
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| atte results by ALICE

arXiv:2204.10253

INEL>0

N(J/y)

N(y(29))

I I I I I I I
_ ALICE, pp, Vs =13 TeV
- Jy, y(2S) - ut ', 25<y, <40

IIlIllll

¢ Data

. — PYTHIA 82 -

| —— PYTHIA 8.2 (no CR) omover

o { i -

-5 :

- 1 | I | | | | | —

0 2 6INEL>0
dN_ / dn

* Puzzle not understood ... but It seems that no
comovers effet in pp collisions... or ?

<chh / d”) Inl<1

‘ NSD

N(Jy)

N((2S))
{N(y(2s))

/7

N(Jy))

2 i T T T | T T T I T T T I T -
1.5+ _
1— _
0.5 ALICE, p-Pb |5, =8.16 TeV _
i Jhy, w(28) — p* e Data -
- 203<y, <353 Comover 4

O 1 1 1 I 1 1 1 I ! I A | |

0 2 4 6
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I I _
B ALICE, p-Pb |5, =8.16 TeV _
i iy, w(2S) - pu* B Data 1
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2 4 6
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https://arxiv.org/abs/2204.10253

X(3872)/(2S) in pp/PbPb collisions

« X(3872) : exotic state still not understood.

= Tetraquark / hadronic molecule / something else ?

“ Production yield in QCD medium strongly reflects S 10000 + PRL 1 26é2°::)£92001
o u ' S = e
internal structure. = 90001 + . ;
- > |
Compact . E 80001 . c it ++
tetraquark/pentaquark Hadronic Molecules <" 70001 g h }
PLB 590 209 (2004) g - 5 ezof ¥ W* +++ y #{#ﬂ i
Diquark-diquark PRD 77 014029 (2008) .= 6000 - ++++ { Tt
PRD 71, 014028 (2005) PRD 100 0115029(R) (2019) = - 2 it
PLB 662 424 (2008) Ll 9000 ZBZZE')' N R R
D0 4000 = . M e (MeV/C?)
T = ".\m.wm‘m’
a Hadrocharmonium/ @ 3000 = N w}*wsww*""""wmw
adjoint charmonium 2000 »’ff": vaas
PLB 666 344 (2008) ™
@ PLB 671 82 (2009) 1 000 —_I ] | | | | ] | ] ] ] ] I | | ] ] | ] | | | | ] ] ] | | | ] ] ]
3650 3700 3750 3800 3850 3900 3950

My (MeV/c?)

Benjamin Audurier - benjamin.audurier@cern.ch 21
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X(3872)/1(2S) in pp PbPb collisions

arXiv:2102.13048 1.7 nb™' (PbPb 5.02 TeV)

E . 0.14— ' LHCb T L — 1.8 CMS
+R _'_E 0.1 C pp ﬁ =8 TeV X +Pr0mpt +b decayS _ — 16-_ Prompt Q — — a
>R FE p >5GeV/ 4 o -
N > - Py evie Comover Interaction Model, Esposito et al. - 8 E 8 1.4F “ :;'II)I:I: (65-(())?9;?/\/)
T N 0.1 — . . Molecule Compact Eggg Molecule — 8 S § i o
< T = (coalescence) tetraquark (geometric) 4 = T 1.2
S g oosf- | el S .
@N ; - ®© — «— O 4 O % > 12_
[ 006 — ! 4 < <I<0.8F
SR _ : 3 n U-COF M pp (7 TeV)
P2 _ q = & 06 bl = 1:2 (SNS)
12 F w— o 1 7 R & = pp(8TeV)
S N -~ E- &Q_ 0.4F ly| < 0.75 (ATLAS)
o O - 1 A :
n B 0.2
ol ~IE —= — =
O 50 100 150 200 IIIIIIIllllllllllllllllllllll
NVELO Y% 20 30 40 50 60 70
tracks pT (GeV/C)

« Different trend measured by LHCb and CMS in pp and PbPb.

= pp results favour tetraquark nature of the y.,;(3872), while PbPb enhancement favours molecular nature due to coalescence
mechanisms.

+ To be understood.

Benjamin Audurier - benjamin.audurier@cern.ch 22
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QUARKONIA IN HIC



Quarkonia in AA collisions

Initial collision| | Plasma phase Mixed-phase . : Freeze-out ,;g
' ﬁlllcht" .II' iy b s o ] ’ ...;_‘1
* Hadronic quarkonia: | s

High mass — short formation 25 fg By Pt
time — ideal prob for the QGP. o R g
tQGP ~ 1 fm/c tmixedphase ~ 10 ftm/c l}‘reeze ~ 20 fm/c

| | | .t

+ energy loss +
nPDFES ...

VEIrsus

Color screening mechanism (re)combination

Physics Letters B vol.178 n.4

24



Production mechanism at the LHC

* Leading Feynman diagrams :

q o 9 Q 9 Q

‘ ' D
1b +1kHz g
S p
0 < Expected number of Heavy-Quarks
Q . , : _
® - = pairs in central AA collisions :
31 mb H1Hz g
O = ¢ ¢
- & SPS | RHIC | LHC
Tub 1 mHz qc, i i
>
L 10 130

— 005 5

Energy (GeV)
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Quarkonia : Color screening mechanism

/@:uum

~

e Heavy Quark: cor b
. Light Quarks and Gluons



Quarkonia : Color screening mechanism
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e Matsui & Staz, TLB 178, 410 (19860)



Quarkonia : Color screening mechanism
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Quarkonia : Color screening mechanism
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Quarkonia : Color screening mechanism

acuum
In medium Tc<T<Tp
090 o
o0 0 4 - O ‘. . )
o °

e Heavy Quark: cor b
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Quarkonia : Color screening mechanism

acuum
In medium Tc<T<Tp
0® 0 o
.. ... a

e Heavy Quark: cor b
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Quarkonia : Color screening mechanism

acuum
In medium Tp<T
o %% 050 0 0 °®® o
O ) () (] .... °

Quarkonium
Bound State

. NS J

e Heavy Quark: cor b
Light Quarks and Gluons
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Quarkonia : Color screening mechanism

acuum
In medium Tp<T
. ..oo.o. ree L ee,
.0...0 .. .:o

Quarkonium
Bound State

. NS J

e Heavy Quark: cor b
Light Quarks and Gluons
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Quarkonia : Color screening mechanism

acuum
In medium Tp<T
- 0o® O [ 2P o o s e®® o

o

/ °% %o 2% ® & "0 "egp o0
/ 'o.o.:" o ®eC %0 %% » o
Y A'... .“ o0 O .‘.“.

. Y

Quarkonium Pl 8o o Y0 000 e
Bound State o I
V(r)=0~r_2 Pee ® o0 oo ¢

r

Melting of the Quarkonium
Deconfinement of Heavy Quarks

e Heavy Quark: cor b
Light Quarks and Gluons
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Quarkonia : Color screening mechanism

acuum
In medium Tp<T
o 0% 050 0 o , °°° o

fo
/ o8 oas

.o.o.. S oo ’ .0‘ $0~"o: ® o
ﬁ :"“:::..‘::‘ ~ .:0.

Quarkonium

Bound State N * "oy
Vir)=or — —

r

Melting of the Quarkonium
Deconfinement of Heavy Quarks

e Heavy Quark: cor b
‘ ‘ ‘ T<T, o ‘ Ty <T<T, . Light Quarks and Gluons
VX I Vv X IV
I A ‘ TW'<T<TX | l | T>T1P
p’ Xe Iy P’ Xe Iy
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Quarkonia : charmonium (re)combination mechanism
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Quarkonia : charmonium (re)combination mechanism

+ Possible (re)combination mechanism
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Quarkonia : charmonium (re)combination mechanism

/ o 0°% o Te<T<Tp \
X5
0:0..0 . e
.. ....0.0 .::..:0 0.0 0.

+ Possible (re)combination mechanism
# Charmonia from (re)combination = thermalized !

* Produced at low-pt / central collisions.
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J/y production in AA collisions at RHIC and LHC

- Inclusive STAR
1.8~ A STAR: Au+Au @ 200 GeV, |y| < 0.5, p_> 0.15 GeVic
- - m ALICE: Pb+Pb @ 2.76 TeV, |y| < 0.8, p_> 0 GeVic
- Au+Au @ 200 GeV, p_> 0 GeV/c
1.4 — TMI: Tsinghua - - - SHM
- BE2 TM Il: TAMU
1.2—
> T
(14 1
= -
2 0.8
0.6—
0.4
0.2 - N, uncertainty
0 L I 1 | | | L1 1 1 I | I . | I L1 1 1 I 1 1 | | 1 | | | I L1 1 1 I 1 1
0 50 100 150 200 250 300 350
YAA Npart
Ryq =
<N coll > X yprp

2
[ STAR, Au+Au @ 200 GeV: inclusive, P, >5 GeVlic STAR
1.8~ % |y|<0.5 O lyl <1
. C  m CMS, Pb+Pb @ 2.76 TeV: prompt, ly| < 2.4, p_> 6.5 GeVic
- Au+Au @ 200 GeV, p_> 5 GeV/c
14— — TM I: Tsinghua
[ B TM II: TAMU
1.2—
>
14 o | - - S S ——— . . . . . .
>
ﬁ |
0-8 [ * T T e
n | e ~
0.6— g
- | o — —
0.4 ' ——
0.2 - Ncoll uncertainty
0 u I | I 1 1 I 1 I | - I 11 I | | I L1 1 1 I | -
0 100 150 200 250 300 350

PLB 797 (2019) 134917 Noar

Phus Lett B 766 (2017) 212 224

<
<
T 14}

1.2

0.8F

0.6

0.2

1f

0.4F

ALICE Pb Pb \/SN 5 02 TeV

- Inclusive J/y — pHu :
- 25<y<4,03<p <8 GeV/c -

“;‘79»«5‘74“*“794»

I%///////////

4»»“;‘79 —
/ / 4,‘ .

L Transport, p_> 0.3 GeV/c (TM1 Du and Happ) 4
—7/ Transport ( TMZ Zhou et al.) —_
| Statistical hadronization (Andronic et al.) g
N Co-rPovers (Felrre|ro) : : : : : i

OO 50 100 150 200 250 300 350 400 450
— <Nr)art>

Relative J/y suppression measured at RHIC and the LHC, increasing with centrality.

LHC > RHIC Raa at low pr -> interpreted as recombination mechanism.

LHC < RHIC Raa at low pr -> interpreted as larger suppression due to colour screening.

Data reproduced by theory models which include recombination mechanisms.
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Y (nS) production

Phys. Rev. Lett. 109 (2012) 222301 arx1v:2011.05758

IIII|IIII|IIII|IIII|IIII|IIII| IIIIIIII ll
'_‘& rrraprrrrprrrrpreeep v prree e e I LB 1_ g (crrrprrrhprveepee e I llllllllllll ' L l- é — -
@ 1.4F CMS PbPb \(sN =276 TeV 4 chaf CMS PbPb Sy = 276 TeV - © 12~ Pb-Pb |5, =5.02TeV,2.5<y <4.0 ~
= [ —statunc L, = 150 b i . ~4-Y(1S), stat.unc. | =150 ub" - ALICE - Y(1S) = Y(2S) ‘

N 1.2 — 1.2 Y(1S), syst. unc. — ol o R
N i mam syst. unc. lyl <2.4 - i lyl<24 . AN _
= F : L —#- Y(23), stat. unc. . Transport model i
o o L1 pp unc. pi>4Gevic |1 4 CY(ES) syst unc. p; >4 GeVic : 0.8 Y(1S)  with 7Zwithout regeneration -
- |_ - ’ B N Y(2S) | with 7Zwithout regeneration -
= . i 30-40% - ]
08 - 0.8~ pp— —— = i Coupled Boltzmann equations -
% - e 20-30% i [ 50-100% + 06 - % —Y(1S) —Y(2S) -
: ’ i : . - 7 %
= 0Bl s | 20-40% - 0.6]- oo :0% o o I &% i -8 E
0.4F ' + 020% B0% 4 0.4 e - /// :
t + + : [" ¢ FF &] : 0.2~ D2 ////////////%/—
0.2 — 0.2f- - i ik

- - J/Z/DZI//Z/Z/Z/;_-/,_? >, —

+ * - 4] * @ 0 NN NN A T N N N T N N T T T N A l/rlzl/alal/z']zllznf’cfalaf i i s B el
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¢ o -8
» Relative Y(2S)/Y(1S) suppression measured by CMS in 2012 also measured by ALICE.

+ LHC data described by transport models which includes hydrodynamics and regeneration.

« Interpreted as a consequence of the sequential suppression (?)
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Quarkonia : LHC@5.02 TeV
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(re)combination (?)
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What about the elliptic flow ?

* Flow : measure azimuthal dependence of particle
production

= Initial spatial anisotropy -> momentum-space anisotropy

= Second order v = elliptic flow
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What about the elliptic flow ?

e
_ ALICE

* Flow : measure azimuthal dependence of particle
production

= Initial spatial anisotropy -> momentum-space anisotropy

= Second order v; = elliptic flow

« Positive v, measured for the J/y up to hight pr
= Data not reproduced but the models.

= Zero vy measured for the Y(LS).
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“ ALICE has measured J /W polarization in

PbPb

+ Tensions (30) between ALICE (PbPP’b) and

LHCDb (pp) in the helicity frame.

= Medium-induced effects on
polarization in Pb-Pb ?
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QUARKONIA IN UPC



Quarkonia in AA collisions : UPC
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Ultra-peripheral collision




Quarkonia in AA collisions : UPC

Pb Pb
3 T - Photon flux « Z2
O o \ ’/ Y a
b>R +R <AAA @
s 2// \fvwv» # o Double gluon exchange
- C :
il

Ultra-peripheral collision

Quark pair production
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Quarkonia in AA collisions : UPC

i

Ultra-peripheral collision Quark pair production

35

Pb Pb
3 B - Photon flux o« Z2
e g Q
O NN Y -
b>R +R «W\\ / @
i 2// \,WW # ﬁ/ Double gluon exchange
S C :
Pb* Pb*

Experimental characteristics :

» clean signal with low activity
in the detector

° very low PT &% 1/ I'target




Quarkonia in AA collisions : UPC

Pb Pb
3 B — Photon flux « Z2
Y \** / / Y -
b>R +R S AAAS Q
i ) 2// \W o Double gluon exchange
} /\/\/\/v-<_
Z
Pb* Pb*

ALICE, Pb—Pb s, = 5.02 TeV

UPC, L,y = 754 + 38 ub™
—4.00<y <-2.50 2.85<m,, < 3.35 GeV/c?
« ALICE data
— Coherent J/y
— Incoherent J/y
— Incoherent J/y with nucleon dissociation
— Coherent J/y from y' decay
Incoherent J/y from y' decay

— Continuum yy — uu
— Fit: 4%/ dof=1.81

Quark pair production
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J/y production in ultra-peripheral collisions

do/dy (mb)

Phys.Lett. B798 (2019) 134926
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J/y production in ultra-peripheral collisions
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Quarkonia in AA collisions : photo-production with nuclear overlap

Peripheral collision
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Quarkonia in AA collisions : photo-production with nuclear overlap

Peripheral collision

* Very-low prtexcess measured by ALICE at LHC

Q —
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Quarkonia in AA collisions : photo-production with nuclear overlap

* Very-low prexcess measured by ALICE at LHC

Peripheral collisi
ki e\ﬁc‘lf et Mostly likely photo-production — good pr resolution

OZ» L * Prob for the photon flux and the geometry of the collisions

Phys. Rev. Lett. 123, 132302
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FIG. 1: The b-dependence photon flux distribution for the
different form factors of the lead nuclei.
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Quarkonia in AA collisions : photo-production with nuclear overlap

* Very-low prexcess measured by ALICE at LHC

Peripheral collision
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FIG. 1: The b-dependence photon flux distribution for the

different form factors of the lead nuclei.
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Mostly likely photo-production = good pr resolution

* Open-question : Could it be useful for QGP studies ?

* Prob for the photon flux and the geometry of the collisions

Phys. Rev. Lett. 123, 132302
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(Quarkonia in AA collisions : photo-production with nuclear overlap
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