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Introduction — Quarkonia

ALICE

Quarkonia are made of of charm and bottom quarks

Because of the large mass of the quarks (m, m, >> Aqcp), they can only be produced in hard
scatterings
—> can be described with perturbative QCD calculations

However, the binding of the quarks involves long distances and soft momentum scales
—> described with non-perturbative QCD

In medium QGP medium, heavy quarks experience the whole evolution of the system

There are many quarkonium states characterized by different masses & binding energies
—> ideal to confront models
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Introduction — What can we measure and learn? %

ALICE
Initial phase QGP phase  Hadronisation Hadronic phase
i
[
AL
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\
Initial State effects : JHEP 04 (2009) 065
- Saturation s [ O —
- Modification of PDFs Yer o
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Introduction — What can we measure and learn? %

ALICE
Initial phase QGP phase  Hadronisation ~ Hadronic phase
' . i b
Wy
In medium effects :
» Suppression: Color Screening of heavy C ... d3N 1
e Collectivity: — + 2v, cos(n Wy
quarks in the medium Y d3pap ZnPTdPTdy[ 2n=12Vn ( (@ - R))]
Yaa
’.@).'GG Rpp = m 1 | EIIiptic_row vy initial anisotropy
.' & %) :&' and reintteractions
“0&"‘ R
‘ = Triangular flow v3:fulctuations of
the initial state
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Introduction — What can we measure and learn? %

ALICE
Initial phase QGP phase  Hadronisation ~ Hadronic phase

i 5

ey

W

* Coherentenergyloss ¢ Nuclear absorption » Statistical hadronization : charm quarks
distributed to hadrons according to thermal
weights
o L {!' A ':. o’\. e %, ©g5@5
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Introduction — Different collision systems

ALICE

Measurements in different collision size allow to investigate several properties

Proton-proton collisions :

* Measurement of fragmentation fractions O—»— --------- -4—0

» Test of pQCD models regarding hadron formation

Proton-Nucleus collisions :

* Initial state effects p P <_o
* Interplay between soft and hard process

Nucleus-Nucleus collisions

* Properties of the Quark-Gluon Plasma e ‘_é
* Final state effects ' |
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Introduction — The ALICE detector

ALICE

ACORDE

* Muon Arm :
* J/U, P(2S), Y(nS) > urw
* Acceptance: 2.5<y<4.0
* Inclusive quarkonia down to p;=0

e Central Barrel:
 J/p>ete
* Acceptance: |y| <0.9
* Inclusive quarkonia down to p;=0

* Separation of prompt and non-prompt J/{
down to very low p;

DIPOLE
MAGNET,

ABSORBER
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Quarkonium cross sections at forward rapidity.

ALICE

* Measurement of J/W, W(2S), Y(1S), Y(2S) and Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (2023) 61
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% DICEM (V. Cheung et al.) + FONLL
;DCEM NLO (J.P. Lansberg et al.) + FONLL

E DJ/w from B, FONLL (M. Cacciari et al.)
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* The calculations of the non-prompt contribution are estimated using FONLL

* CEM NLO calculation underestimates the cross sections for 4 < p; < 10 GeV/c and reproduces the data

at higher p;
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Quarkonium cross sections at forward rapidity

ALICE

* Measurement of J/W, W(2S), Y(1S), Y(2S) and Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (2023) 61
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ICEM (V. Cheung et al)
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 Rapidity dependence of the J/W cross section in several p; bins compared with models
* NRQCD and ICEM described the data well within uncertainties

e CEM NLO calculation underestimates the cross sections

22/11/2023

ALICE-STAR India Collaboration Meeting - DQ physics

CEM NLO (J. P. Lansberg et al)

10



Quarkonium cross sections at forward rapidity.

ALICE

* Measurement of J/W, W(2S), Y(1S), Y(2S) and Y(3S) in pp@STeV(paper Eur. Phys. J. C. 83 (2023) 61)

* Y(2S) cross sections described by NRQCD and ICEM
* Except for 5 < p; < 6 GeV/c (NRCDQ Y-Qa Ma et al) and 3 < pyr < 4 GeV/c (NRQCD M. Butenschon et al.)
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* The calculations of the non-prompt contribution are estimated using FONLL

e CEM NLO calculation overestimates the data
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Quarkonium cross sections at forward rapidity%
ALICE

Measurement of J/W, W(2S), Y(1S), Y(2S) and Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (2023) 61 )

—_ rTrrr 171U 17 17T 1T 17 17T 17T T 7T 1T 1T 17T 17 17T 17T 1T 17 1T 1T T 71T T T 7T TT1
F | I I I | I | I I

ub

» Rapidity dependence of the W(2S) cross section : 1 '8:_ T ALCE, P (5= 502 Tel: Inclsive W(ES). by < 12 Gevie

O E |:| Uncor. syst. unc.
3 1'6:_ L,.=1.23pb"+1.8%, BRunc. : 7.5% B
. o NRQCD+CGC (Y-Q.Ma et al) + FONLL (M. Cacciari etal) -
« The NRQCD+CGC and ICEM models provide a good 1.4 +OGC (rQMa etal) + (M. Cacciari etal)

description of the {(2S) cross section as a function ofy, 1 o[ [ J1CEM (v.Cheung et al) + FONLL E

albeit with large uncertainties. -
1

0.8F

e The calculations of the non-prompt contribution are :
estimated using FONLL 0.6

0.4F
0.2F -
0

:IIIII
24 2.
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Quarkonium cross sections at forward rapidity

ALICE

. Measurement ofJ/tIJ LIJ(ZS) Y(1S) Y(ZS)and Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (2023) 61)
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\ﬁ 0.9F L, =123 pb +1.8%, BR Unc. : 7.5% _: \ﬁ 0.35;_._ ALICE, pp Vs = 5.02 TeV, Inclusive J/y, y(2S), P, 12 GeV/c__
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(2S) over J/ cross section ratio

* pr;dependence described by NRQCD (M. Butenschon et al.) and ICEM (V. Cheung et al).
» Rapidity dependence described with ICEM (V. Cheung et al).
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Quarkonium cross sections at forward rapidity

* Measurement of J/W, W(2S), Y(1S), Y(2S) and Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (2023) 61
20/ O N B N S S R R AR I
o t  ALICE, pp, Inclusive J/y, y(2S),25 <y <4 B o [ ALICE pp, Inclusive J/y, y(2S) ]
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[ Uncor. syst. unc. B 0250 [J Uncor. syst. unc. ]
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* Inclusive (2S)-to-J/ cross section ratio as a function of p; and rapidity y, in pp collisions at several
collision energies
* The p-differential Y(25)-to-J/ ratio increases with increasing p; and does not exhibit any energy
dependence within the current uncertainties.
* Aflaty dependence is observed for all energies
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Quarkonium cross sections at forward rapidity%

ALICE

* Measurement of J/W, W(2S), Y(1S), Y(2S) and Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (2023) 61)

* Transverse momentum dependence of the Y(1S) cross section (left) and rapidity dependence of the
Y(1S), Y(2S), and Y(3S) (right) measured by ALICE (closed points) and CMS (open points)

* p;dependence is described by ICEM (V. Cheung et al), CEM NLO (J. P. Lansberg et al) y dependence is
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described by ICEM (V. Cheung et al), but models have large uncertainties
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Quarkonium cross sections at forward rapidity

ALICE

* Precise J/W p; differential

measurements in a wide energy

range (5.02 < Vs < 13 TeV)

* Cross sections generally well
described by models among
energies

d’o/dp_dy (ub/(GeVic))

Ratio

* BUT models are challenged by ratios
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Ratio

Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (

2023) 61)
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16



Quarkonium cross sections at forward rapidity.
ALICE

* Measurement of J/W, W(2S), Y(1S), Y(2S) and Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (2023) 61

= 10°g [ [ |v'w"'§§1°5§ T T T T T T T T TE
3 0k R v ekt 1 3 0 =152 136V 100) global et 125 3
. . . e 3 - 15 =8 TeV (x 20), global syst. 12% 12 ok ﬁlii?%§§§§’)g%82f"s§§t1é2/ 3
* Precise W(2S) plefferzntlaI 2 12 g??5-géjygéxv?r’iilgﬁ?i'yiﬁ% 2 THIES R
measurements in a wide energy i S R - U
° 10;:@_ —'E'—_-g.___g___@_ - N% 1o§:.§._ = -
ra nge (5.02 < \/S < 13 TeV) “-'g 1;_——______‘:—-0-—_*_ — 3 % 1;_;_;::__@___%_—%—_@_ E
. . ‘?*__*___.__ = e E _1§_ ——— === & 3
* The cross section described by NRQCD "' fee- ——— e e Rl T
102 E T ey 107 = E
(M. I?]utenschor; et al.) and ICEM 1o RGOD (. Stecn ra) ¢ FONL | yqa OEM O Chawngaral e FONL
(V. Cheungetal.) =S PR =1 S 1 epmereveen S
* Contrary to the J/ case, the ratios 3 2 o Tov/ 3 Tev.goba et 6% 1 & o8 TeV/ 18 ToV,gobal syt 60% ]

exhibit a flat P dependence for 1'65 =7 TeV/13 TeV, global syst. 6.2% ] &7 TeV/13 TeV, global syst. 6.2%
3 < pr< 12 GeV/c, indicating that no 1.4; 502 TeV /13 TeV, global syst. 3.9% : 5,02 TeV / 13 TeV, global syst. 3.9% ]
significant hardening of the p; : ] - E
spectrum is seen between 13 TeVand  os; %@ %—Eﬂ— ] @ﬁ % i 5
lower energy measurements o s i e - o
(within current uncertainties). ook b E i :
S S [ R— - S T B T
p; (GeV/c) p; (GeV/c)

NRQCD (M. Butenschon et al.) ICEM (V. Cheung et al)
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Quarkonium cross sections at forward rapidity.
ALICE

Measurement of J/W, W(2S), Y(1S), Y(ZS)and Y(3$) in pp@STeV(paper Eur Phys J. C 83 (2023) 61)

T T T T T U

i_% 6: ALICE pp Incluswe J/\u ] 3 105;:_ ALICE pp Incluswe \y(ZS) _
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. . 5 o f_ -©-1s =8TeV (x 20), global syst. 5.0% 1 B 10t L -o- 15 =8TeV (x 20), global syst. 12% _
v differential /¥ and W(25) . T sz 3 S T g g
s -e-\s=5. eV, global syst. 1.9% 1 3l - \s e obal sys o
measurements in a wide energy UF Cotroor st wme. E ] Cyvreor syt w. ;
103?—5————8————&%—5——__9__ = 2 —-E————E————E——-__g__
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10 = —— — —_— — : 10L — e e S d
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* The ICEM model (V. Cheung et G/.) 10713gx9/é\§3?e:188)etal.)+FONLL 3 10-‘g—gm(Tvé\;:Fel:gg)etal.HF;)_I;_IL\I;( ) 3
. E X 7TeV (x5 3 E X eV (x ]
is able to reproduce the cross (g2 8 TeV (x20) Cl502 1oV g 102 - [8 TeV (x 20) [15.05Tov -
. . o E o b b L L PR 3 g T N S AT T N S S S AN ST T M NN S S L L .:_F
SeCtlonS at a” energles’as We” as £ 1.1§— ©8TeV/13 TeV, global syst. 6.0% —i & ©-8TeV/13 TeV, global syst. 6.0% 7]
the decreasing trend with 0B TeV 13 o o sy 5% AN o e
Increasingy. 0.9F — 3
, 0.8 ﬁ—ﬁ— e
* The ICEM calculation successfully o T — ST [ :E:
describes the 8-to-13 TeV ratio 2 R o e I E ] E |
for J/W over the entire y range, but 050 o1 o B ] —fe] ——= $ ]
overestimates the others 0.4F E : ]
e o b b e b e b by 0.2~ Ly b b b e e e b by |
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Quarkonium cross sections at forward rapidity

ALICE
* Measurement of J/W, W(2S), Y(1S), Y(2S) and Y(3S) in pp@5TeV (paper: Eur. Phys. J. C. 83 (2023) 61)
3 B | T T T | T T T T T T | T T T | T T T | T T T
o J/U, U(2S), Y(1S), Y(2S), and Y(3S) pT-integrated = 10% = =
cross section per unit of rapidity as a function of T\g i
the collision energy in pp collisions T 10°F =
. L . 10°F 3
* An increase of the cross section is observed with g
increasing Vs for all the states 0
* Results described by ICEM model (V. Cheung et al.) I3 ALCE oD 26< y<d4 3
- Y(3S) results lie on the lower edge of the theoretical - ICEM (V. Cheung et al) D e s
calculation band [ FFONLL rs) sy * Y S8 o)
107°F Ouy  m@res) x2)  * v@S) ox(3s)
- [Hv@S) [mY(3s) [ JUncor. syst. unc.
—, | 1 | | | 1 | 1 | | | 1 | | 1 1 | 1 | | | 1 1 |
* Model uncertainties are large 10°° 2 4 6 8 10 12 14
s (TeV)
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Quarkonium cross sections at forward rapidity%

ALICE

* New preliminary reuslt : cross-section analysis of Y(1S) and Y(2S) in pp@13TeV

2 : T T T | T T T ‘ T T T | T T T ‘ T T T | T T T | T T T ‘ T T T
§ 10° .- ALICE Preliminary . 4 Y(1S)x 4
> E pp Vs=13TeV,Y(nS) - u'u -+ Y(2S)
O] C 25<y<40
= y [Jsys unc.
O E
£ g
B 1k
— 107
Q. E
XS E
L 10FE
© g
1
107! ;— ICEM (V. Cheung et al., PRD 99 (2019) 034007)
E [JY(1S)x4
(o OT(Es)
E 1 1 1 | 1 1 1 ‘ 1 1 1 | 1 1 1 ‘ | | 1 | 1 1 1 | 1 | | ‘ 1 1 1
0 2 4 6 8 10 12 14 16

pT(GeV/ C)

* prandy dependence of Y(1S) and Y(2S) in pp@13TeV

do/dy (nb)

10°

102

10

—_

LA L I O B O

I~ ALICE Preliminary —-4-Y(1S)x 2
~ pp {s=13 TeV, p, > 0 GeV/c -4 Y(2S)

- T(nS) — W' [ ]sys unc.

-_—
EE'EEEE

[——|

- ]

= ICEM (V. Cheung et al, PRD 99 (2019) 034007)
T [Y(IS)x2
- Or(2s)

lllIIIIIII|I\I|II\llll‘lllllllllll‘llll

1 IIIHIl

22 24 26 28 3 32 34 36 38 4

* Results described by ICEM model (V. Cheung et al.) with large uncertainties
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Quarkonium cross sections at mid-rapidity
ALICE

* Measurement of prompt and non-prompt J/W in pp@5TeV & 13 TeV (paper: JHEP 03 (2022) 190)

= ET LA B BN I B T g = * T T T T T T | T
2 E pp, V5 = 5.02 TeV 3 2 10§ 3
E C « ALICE, [y<0.9, L, = 19.4nb" +2.1% ] E & ALICEpp \s=13TeV 7
-1 o L |
= 1:_ o ATLAS, |y|<0.75, le = 25.07pb + 5.4/0_: = o | o Prompt J/W: |y|<09
o) E 0 CMS, |y]<0.9, L, = 28.0 pb" £ 2% 3 a 1= Fer— 1 E
g : 3 = E L,=322nb"£16% 1
o8 T 1 olg ]
B2 101 N Prompt J/y . B,
z e : f :
0| S0 — ——= kg
10 E NRQCD, Ma et al. e e 3 1072 £ [/NRQCD, Ma et al. =
5TeV F ~ NRQCD + CGC, Ma et al. e ] £ NRQCD + CGC, Ma et al. 5 13 TeV
I [Z1ICEM, Cheung et al. e [ [Z]ICEM, Cheung et al. i
103 | /NRQCD CS + CO, Butenschoen et al. - 103 NRQCD CS + CO, Butenschoen et al. _
E NRQCD k; factorisation, Lipatov et al. 3 E NRQCD k; factorisation, Lipatov et al. 3
C [P IRV I PRI R BN o B vl b b by e b Ly o
« T ‘ ‘ " T © ‘ T T T T T
g ¢ 7 5
=~ 3r . =~ 4r n
[0} [}
g 2 - g Ll _
£ 1 _ 1S
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16
P, (GeV/c) P, (GeV/c)

* Prompt J/W cross section compared to several model calculations using NRQCD and ICEM

* The large uncertainties of the model calculations, which arise from the charm quark mass, as well as
factorisation and renormalisation scales, do not allow to discriminate among different models.
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Quarkonium cross sections at mid-rapidity .

ALICE

* Measurement of pr

ompt and non-prompt J/W

—~ e S . g
Q E pp, Vs =5.02 TeV 3
3 F ® ALICE, |y| <09, L, =19.4nb"+21% ]
() N o ATLAS, y| <0.75, L, = 25.0 pb™' £5.4% 1
(O] f 0 CMS, ly| <0.9, L, =28.0pb" +2% .
gl 1 lI' —
o] 1 0 E 3
3; C ‘:#:l Non-prompt J/y ]

— u ]
o i ]
Nb S L === 4
O ) %
T 10 o= E
C = 7
[ (mom] |
5 TeV C — ]
g [mom=] B
103 FONLL, M. Cacciari et al. -~
T R R PR B B =
© : :
E T i
=~ 1 S N
GJ — —{
2 0s
S .O , ‘ , ‘ , ‘ ,
0 2 4 6 8 10 12 14 16
P, (GeV/c)

13 TeV

in pp@5TeV & 13 TeV (paper: JHEP 03 (2022) 190 )
o L e e e B L
2 - ALICE, pp \s =13 TeV ]
% B ® Non-prompt J/y, ly| < 0.9 ]
o] : [ﬁzﬁ L, =322nb"+1.6% .
?: i o] 1
= . 10—1 = [— - =
olg -
oS | —— ]
° L ]
102 1:+: E
- FONLL, M. Cacciari et al. .
i | | i | R R L L ]
@ : :
5 20 -
~ 157
g 1 [*]—‘j E I — — () I + —
g 0.5
O~ 2 "4 6 8 10 12 14 s
P, (GeV/c)

* Non-prompt J/W cross section well described by FONLL

* Both prompt and non-prompt are in good agreement with ATLAS and CMS measurements in pp@5TeV in the

common pr range
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Quarkonium cross sections at mid-rapidity

ALICE

* Measurement of prompt and non-prompt J/W in pp@5TeV & 13 TeV (paper: JHEP 03 (2022) 190)

3 L | L ‘ T T 17T I LI T 1T ‘ T 17T | LI \_ 3 3 B | T T T ‘ T T T T | T T T 7T | T 1T | L | LI L
2 14 Prompt iy, p,>0 pp, \s =13 TeV — =2 r  Non-prompt Jiy, p_ >0 pp, \s =13 TeV 1
b > : [ ) ALICE NRQCD+CGC Ma etal. - o) _é\ - e ALICE B
oo 4o W LHCD = ICEM, Cheung et al. 1 ©Ol®25- mLHCb .
L u r FONLL, M. Cacciari et al. ]
101 | 2 -
8- . 15 .
- [21opRe[e] . : ; ;
6r ] i o ]

A iR - [

- - ALICE extr. unc.
21 7

open points: reflected

_1|\||0|1\|1||||2|||l3\||\4||| y

* Rapidity dependence of the prompt and non-prompt J/W in pp@13 TeV

* Models describe the data, but with large uncertainties

22/11/2023 ALICE-STAR India Collaboration Meeting - DQ physics 23



Quarkonium cross sections at mid-rapidity %

ALICE

* New preliminary result : (2S) over J/Y cross section ratio at mid rapidity

s 16[ — ] > 16 —————1T——T1T— .
© - o ] o C i .
~; 14| ALICE Preliminary — ~ 14 ALICE Preliminary —
b% i C  pp, Vs =13 TeV, Inclusive J/y, y(2S) 3 bN; i C  pp, Vs =13 TeV, Inclusive Jiy, y(2S), e'e channel, |y| < 0.9 7

E ° e*e‘_ c:annell, g/|5< 0.9 ('ZfR(E-tringrv]ereddd:Zl:taB)3 2029) E E e TRD-triggered data E

1 ® Wi channel, 2.5 <y < ur. Phys. J. — 1= . —

- BRuncert.: 2.2% (e'e channel), 11.0% (uw*w channel) 7 - |:, NRQCD (M. Butenschdn et af) + FONLL 3

0.8 - 08 [__]ICEM(V.Cheung et al) + FONLL i

0.6 :_ _EH_ _: 06 :_ BR uncert.: 2.2% _EE_ _:

. . - —— 3

“E —= ==SS=== 04 £ i E=——

02 ##E—E— = 02 = == 3

) S E P R B B ! ] 0 - | | | L .
4 6 8 10 12 14 16 4 6 8 10 12 14 16

P (GeVic) p, (GeV/c)

* Measurements in e+e- show good agreement within uncertainties with measurements in p+u-

* |CEM can describe the measurement at 4-8 p;, and NRQCD shows good agreement at overall p; region
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Nuclear modification factor %
ALICE

* Measurement of inclusive RpPb at pPb@8.16 TeV (paper: JHEP 07 (2023) 137

2_IIII|IIII|IIII|II\Illlllllllll}llllll\lIIIIIIII

1.8F-ALICE, p—Pb, Sy, = 8.16 TeV

* Models describe the data well at forward, mid and backward 1.6
rapdity, despite using different theoretical frameworks

Rpr

inclusive J/y — e*e’
(extrapolated to p. = 0)

1.2]1 = inclusive J/y — puipw

N -!

* Uncertainties do not allow to disentagle between models 0.8

II|III|I

1.4

II|\II|III|III|III

0.6

* theoretical models for prompt J/y production E
reweighted nCTEQ15 (Lansberg et al.)

0.4\~ g reweighted EPPS16 (Lansberg et al.) -

C EPS09NLO + CEM (Vogt et al.)

0.2_— == Energy loss (Arleo et al)

Transport (Zhuang et al.)

O_IllllllII|IIII|II\Illlllllllll\II\lII\IlIIIIlIIII

-5 4 3 2 1 0 1 2 3 4 5
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Nuclear modification factor at mid-rapidity KF
ALICE

* Measurement of prompt and non-prompt RpPb at pPb@8.16 TeV (paper: JHEP 07 (2023) 137)

E2'5_III|III“"""""""II‘II‘IIII‘ i &2.5\Ill\II‘\\\‘\II'III‘I\I'III\\IlIIII
o | P-Pb, promptJ/y ] o [ P-Pb, non-prompt Jiy 1
[ ® ALICE, \s,=816TeV, -1.37<y <043 ] [ ALICE, {5, =816 TeV,-1.37 <y __<0.43 1
ol ® ALICE, (s =5.02TeV, -1.37 <y _ <043 _ ol = ALICE, {5,,=5.02TeV,-1.37 <y__<0.43 _
[ ¢ CMS,ys,=5.02TeV, -09<y <0 ] [ ¢ CMS,|5,=5.02TeV,-09<y,_ <0 ]
[+ ATLAS, {5, =5.02TeV, 2<y_ <15 ] [+ ATLAS, s5,=502TeV,2<y_ <15 ]
1.5 s 1.5 :
rompt I i I i non-prompt
P P 1 = Lo | mm— = P P
E nCTEQ15HQ (Duwentster ef al) 1 g B
0-5__ reweighted EPPS16 (Lansberg et al.) | 0.51 nCTEQ15HQ (Duwentaster etal) |
- EPSO09NLO + CEM (Vogt et al.) . i FONLL + EPPS16 1
i [ Transport (Du et al.) ] e ‘ ‘ | ‘ | | | e
o b b b b b by by s by g by e L b b P 1

® 24 6 8 10 12 14 16 18 20 %274 6 8 10 12 14 16_18 20

P (GeV/c) P, (GeV/c)

e Cold nuclear matter effects are small, even smaller than predicted by most theoretical calculations
implementing nuclear shadowing.
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J/U Nuclear modification factor

ALICE
* Inclusive J/ production at mid- and forward rapidity in Po—Pb@5.02 TeV (paper: arXiv:2303.13361)
'Ié ol CALICE _ D::E o | ALIE)E | | ' | | I_
| Pb-Pb |5y =502TeV 1 | Pb—Pb, sy = 5.02 TeV
i Inclusive J/y | < 0.9 25< y<4 1 | Inclusive J/y |
i ® Data 0-10% ® Data 0-20% i i ® |y|<0.9(0.15< p; < 15 GeV/c) |
| TAMU TAMU i ® 25<y<4(03< p; < 8 GeV/c) |
e S s 1 @ .................................. B
%M—E,—_———m———
O PR TR T TN N s s s I s s A MY S M | 0 1 1 1 | 1 1 1 |
0 5 10 15 20 0 200 400

* Inclusive J/W RAA as a function of pr and multiplicity in forward and midrapidity

 Evidence for J/{ (re-)generation at low pT and in central collisions, with a larger contribution at
midrapidity compared to forward rapidity

* Transport and SHMc models describe data at low p;, while SHMc underestimates the measurement at
high p. The energy loss model agrees with data at high py
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J/U Nuclear modification factor

ot

ALICE

* Inclusive J/ production at mid- and forward rapidity in Po—Pb@5.02 TeV (paper: arXiv:2303.13361)

w - ALICE
L Pb—Pb, {5, =5.02 TeV
2 + Inclusive J/y, |y| < 0.9
- 0.15<pT<15 GeV/c

® Data
Transport (R.Rapp et al.)
|:| Transport (P.Zhuang et al.) |

<p2T > PbPb

(D7) pp

FAA =

YR N T T NN T T
0 100

P I R T T
300 400
(N part>

ol
200

<
<
-~

- ® ALICE, {5, =5.02 TeV, Pb-Pb , |y| < 0.9

¢ ¢ PHENIX, \sy = 0.2 TeV, Cu-Cu, Au-Au, |y| < 0.35

+ NAS5O0, {5, = 17.3 GeV, Pb—Pb, |y| < 1

N ++++H++ 1
+ +

* -

* Decreasing trend for ry, from semicentral toward central collisions

e =
I e s e
I A BT B ST ]
0 100 200 300 400
< Npart>

* raa below unity indicates a softening of the J/{ p; shape in Pb—Pb collisions compared to pp collisions,
the behavior is different from the lower center-of-mass energies
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J/U Nuclear modification factor at mid rapidity Kt
ALICE

* Prompt and non-prompt J/{ production at midrapidity in Pb—Pb@5.02 TeV (paper : arXiv:2308.16125 )
e s o e L B s s 22— T ]
< 2.2F ] < 2.2¢ . ]
D:< oF  Prompt Jiy, Pb-Pb, Sy = 5.02 TeV, 0-10% — Q:< oF Pmmbén\(ﬁnj 3‘3/2“,”"’ 0-10% E
1.8 = ALICE, Jly —»e'e, [y| <09 3 1.8 = ALICE, Jiy —»e'e, |y| <0.9 3
= x CMS,Jy - p'u, ly| <2.4 E 1 % CMS, J/w—>u+u:, <24 E
1.6E o ATLAS, Jiy — p'ii- ly] < 2.0 E 1.6; ° QTLAS, J/\q,; E())p. w, ly| <2.0 3
1.4 — 1.4 onpromptt —
C J o % ALICE,D" —» KTt |y| <0.5 _
1.2;— = 1.2 =
L e = e URECEREEEELELEEES =l
prompt 0.8F- = 0.8F- 4 non-prompt
0.6 = 0.6 =
0.4 - 0.4F x| x x E
C = = e T ;- > =
0.2F = 0.2F e =
O:| | | [ | P R 1: O: o e v b e b e by Ly 1:
0 5 10 15 20 25 30 0 5 10 15 20 25 30
P, (GeV/c) P, (GeV/c)

* R,, extended down to p;=1.5 GeV/c and compatible within uncertainties with ATLAS and CMS
measurements in the common p; range

* ALICE non-prompt J/{ and DO are compatible within uncertainties
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J/U Nuclear modification factor at mid rapidity %

* Prompt and non-prompt J/{ production at midrapidity in Pb—Pb@5.02 TeV (paper : arXiv:2308.16125 )
3T e ] > 3 P N
= q - POWLANG =D J
oc 18- Pb-Pb, 0-10%, {5y, = 5.02 TeV @ 18 hn D;tEENA-A E
1.6 Prompt J/y, ly| < 0.9 = 1.6 ---LatQCD [ICUJET3.1
1_4; m Data A 1.4F LT 3
3 Dissociation E LBT 3
1.20 + SHMc = 1.2 —LT2 =
i BT 3 C . 3
[: | SRR - 1:—..:5--",:";‘*“-':.';.:"""' AL T -
0.8F m - 0.8F .7 ¥ . E
0.6F- Nt | = 0.65 | LT N
prompt o E 04:—ALE-A.\ non-prompt
F [ —— — " | Pb-Pb, 0-10%, |5, = 5.02 TeV .
0.2 E 0.2 Non-Prompt Jy, |y| < 0.9 =
R R g 10 I T R S T [N
P, (GeV/c) P, (GeV/c)

e The SHMc model and transport microscopic calculations that include a contribution from regeneration
are compatible with the measured prompt J/{ Ra, at low p;

* Non-prompt J/U R, described within uncertainties by models implementing collisional and radiative
energy loss contributions, but POWLANG calculations, which include only collisional contributions,
overestimate the R, at intermediate and high p;

e With current uncertainties it is not possible to disentangle between different models
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P(2S) Nuclear modification factor %

ALICE

* Inclusive (2S) production at forward rapidity in Pb- Pb@5 02 TeV (paper arXiv:2303. 13361)

< |||||||||||||||||||||||| [T T T T[T T[] T T |

< [ i
o 6_ ALICE |nclu3|ve J/\y w(zs) —>u w . Q:<1_4 - Pb—Pb ﬁ 502TeV CMS, Iy [ <1.6, 0-100%-
f Pb—Pb, {sy=5.02TeV,25<y,_ <4 ] [ ALICE,25<y, <4,0-90% (EpJG78(2018)509) ]
14 :_ E\w iljx:,c = Uiy, 03 < p_<8 GeVic (PLB 766 (2017) 212) ] 12 ® Jy (JHEP 2002 (2020) 041) Jy .
1.2F CIv@S) —v(@S) e y(25),03<p <12GeV/c 3 ] Z * v(@9) v(2S) .
- . N -
N : TAMU
: 0.8f Ouy -
0.8¢ EEIE Oves)
C 0.6 .
0.6F f o (e} - ]
F 0.4 -Er @E@ - .
0.4 : ﬂ» - ;
0.2f 0.2fF ﬂ‘__q;.__ .
0 :u paa by by by by vy by g byg vy by ] 0 AT T T N T A ST T KT T W T N A SN NN AN AN R R TR
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* Nuclear modification factors for {(2S) compared to J/ as a function of multiplicity (left) and as a
function of p; (right) > Stronger suppression for {(2S)

* TAMU model describes the measured Ry, for both J/{ and (2S). The SHMc model reproduces the
J/ RAA centrality dependence, while it underestimates the {(2S) RAA in central and semi-central
collisions
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P(2S) Nuclear modification factor

ALICE

* Inclusive Y(2S) production at forward rapidity in Pb—Pb@5.02 TeV (paper: arXiv:2303.13361)
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TTENAS0, 0 <y, <1 (EPJ C49(2007) 559)
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e e L
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N @ [ e Pb-Pb, sy, =5.02 TeV, 0-90% ]
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+ 0.0t ]
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* The (25)-to-J/Y ratio shows no significant centrality and p; dependence at 5.02 TeV

 Stronger centrality dependence of the {(2S)-to-J/ ratio at lower energy

* The TAMU model describes data slightly better than SHMc in central collisions
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Multiplicity analysis

ALICE

» Multiplicity analysis: J/{ in pp@13TeV (paper : JHEP 06 (2022) 015)

J/Y->uu measurement at forward rapidity

2 2(‘....[..|||||n||:u||:u||||||nn|||-||||||||| I | AR T AR T AR LA RERRE LRRRN R ARRR
)
2 1a[. ALICE pp, Vs =5.02 TeV T ALICE pp, Vs = 13 TeV 1 ALICE pp, Vs = 13 TeV )
—_ ' Inclusive J/y — pu'n,25<y <4 Inclusive J/y — p'n,25<y<4 Inclusive J/y — e'e’, |y | <0.9
5 |5 16l Mult. classes: | | < 1 1. Mult. classes: || < 1 1 Mult. classes: || < 1
s —e— Data /i — Daa / —e— Data /
Zﬁ Z”JM [ ===.linear 1 === linear R a1 - = linear / .
siI5 PYTHIA 8.2 > PYTHIA 8.2 PYTHIA 8.2
~ o} R EPOS3 / 1 [ EPOS3 / 1 = eros3 / &
f ] Percolation £ Percolation =23 Percolation “
ik f— 3-Pomeron CGC 3 e 3-Pomeron CGC K w— 3-Pomeron CGC ;_f;“»-“"
[ s CGC+ICEM F | s CGC+ICEM f e CGC+ICEM
cpPP / ' cpPpP / E/ cPP ./
st . =7 I X k) T =
lllllllIllIllllllllllllllllllllllllll lllllllllllllllllllllllllllll]llll
1 2 3 4 5 6 7 1 2 3 4 5 6 7 8
INEL -0
dl] l dn. AN,/ dn. /dn |INEI - dn |INEl >0
<dN /dm) et @aN_ Tan (dN Tam

Self-normalized J/{ yield as a function of normalized charged-particle multiplicity

* The normalized J/ yield at forward rapidity approximatively grows linearly as a function of the event
multiplicity, independently of the collision energy

* Models including either initial state effects or both initial and final state effects can describe
qualitatively the data trend and the different behaviour at forward and midrapidity
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Multiplicity analysis

ALICE

* Multiplicity analysis: Y(1S), Y(2S) and Y(3S) in pp@13TeV (paper : arXiv:2209.04241)

g 12 7 ALICEpp Vs=13TeV >\/>\\
— ok * THS) Y(nS) - W', 25 < y <4 NS ALIGE pp -
B ey =X >|= 20 Y(nS) - p'w,2.5<y <4, {s=13 TeV, INEL > 0, SPD 7
;., ;, 8r ] —3-pomeron CGC T|T o F(1S) ¢ Y(2S) x Y(3S) g
3|3 6 71 EPYTHIAB2 I . +o-
4 E2 PYTHIA 8.2 (no CR) L Inclusive J/\U — uu, 25< y< 4, SPD
' cpp 15 oVs=13TeV,INEL>0 ]
2t [ o Vs=7TeV, INEL [l
oF e ' oVs=502TeV,INEL>0
b 12F LS SR AARE AL R RRAE R R I E
z 10F Inclusive Jiy — e*e [ -
E ¥Y(3S) nclusive J/y — e*e, |y| < 0.9
st e [ Vs=13TeV, INEL>0 @ 1 1
S5 g - e - 0SPD o T SE o
33 ¢ 7 i sp VoM 5 g ]
A /. : _-‘_;_.
L - L |
2. -
t 0 QF@ L L1 I Loyl I
C0 1 2 3 4 5 6 0 1 2 3 4 5 6 7 8
chh/dﬂ |'NEL° N, /dn. |'NEL>° dN,/dn
N, 7dn) e @N_, 7dm) et T A
i< (chh / dn)

Self-normalized yield of Y(nS) states as a function of normalized charged-particle multiplicity

* Linear increase with multiplicity for all forward quarkonium states, when multiplicity measured at
midrapidity.
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Quarkonium Polarization

ALICE

* Polarization analysis: Y(1S) in pp@13TeV e BLUSE i, 06 TR oy

1= Y(1S) = u'w,25<y<4

1 Ll 1 1
Collins-Soper

. . . . < ol —e s T
 Constrain theoretical models for quarkonium production : ' + :
mechanisms 4F ) :

1;_ $ Stat. uncertainty _:.:_ ¢ Stat. uncertainty _:.

* Ap compatible with zero (maximum deviation of 1.50 with | et osdably $ Wsrtncatably 4
respect to zero in the helicity frame), all points compatible PR Ry — e -
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* Ap and Agy compatible with zero within uncertainties in
both frames

< gt esaas e T g
1= . -
...l...I...l...I...I...I...l."...l...l...l.. l...l...l...l.-
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

P; (GeV/c) P; (GeV/c)
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Quarkonium Polarization

* Polarization analysis: J/W polarization in Pb-Pb using EP (paper : arXiv:2204.10171)
0-06?1'0?{"'w'w"'|"'|"'\"wv"H"H & 0.5 e & 06— 7T 1 ]
[ ALICE, Po-Pb |5,y = 5.02 TeV N: ALICE, Pb-Pb |s\, = 5.02 TeV ] 0.5 *  ALICE, Pb—Pb VS = 5.02 TeV E
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| 2<p <4GeVic,25<y<4,30-50% 0.3F 2<p <6GeVic,25<y <4 E 0.4t E
0.04, e r ] 0.3F E
> o e 0.2 = : :
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001k Event plane o [] N —0.1:— ¢ Stat. uncert. Event o ] -0. :— . 0-20% __
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* First measurement of quarkonium polarization w.r.t the event plane via angular distribution of the
decay products
* Significant polarization (~3.50) observed in semicentral collisions (40-60%) in 2 < p; < 6 GeV/c
* The significance of the polarization reaches ~3.9¢ at low pT (2 < p; < 4 GeV/c) in 30-50%
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Photoproduction

« y-differential coherent J/{ photoproduction cross section in peripheral Pb-Pb collisions
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* Probe nuclear gluon distribution at low Bjorken-x
* Provide further constraints on photoproduction models in Pb-Pb collisions with nuclear overlap

* Clear excess in all y intervals, Ry, > 1 with clear hierarchy in rapidity
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Photoproduction

* Photoproduced J/W polarization in Pb-Pb@5.02 TeV
UL B LA B B AL B 4r
| ALICE Preliminary - ALICE Preliminary
100001y py, | Sy = 5.02 TeV, 70-90% ] L Pb-Pb, | 5, =5.02TeV
Jy — utps, Helicity Frame 3_‘ Helicity Frame ® 70-90%
p, < 0.3 GeVic A Sl p, <0.3GeV/c
T 8000 25<y<4.0 25<y<4.0 e UPC ]
a 0.0 < |cos6] < 0.6 2r p, <0.25GeVic ]
% .......... r arXiv:2304.10928 |
> 6000 ., I i N SO 1 O ]
Som, 1 S—
L m Data (stat. uncert.) 0: ]
4000__ ce Ny [1 + 2, COS26] r
i Uncertainties: stat. (bars), syst. (boxes)
00402 03 04 05 06 -
|coso|
* Photoproduced Vector Meson expected to have transverse polarization due to the s-channel helicity
conservation - Confirmed by UPC measurements
* Polarization measurement interesting to probe mechanism at the origin of the low p; J/{ excess
 Hint for transverse polarization of inclusive J/{ for p; < 0.3 GeV/c = in line with a dominant
contribution from photoproduction process in this kinematic region
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J/Win jets %

22/11/2023

J/Winjetsin pp@13 TeV

Preliminary measurement of prompt and
non-prompt J/ production as a function of z,
(fraction of the jet momentum carried by the J/{) in
charged jets for pp@13 TeV and midrapidity.

Prompt and non-prompt J/ yields exhibit a similar
pattern

Except in the high-z,,, region, mainly corresponding
to high-p isolated J/ in jets.
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Status of Run 3

ALICE

e Run 3 started in 2022

* Upgrades installed to improve measurements

— r — é ALICE Performance, 2023, pp, \s = 13.6 TeV
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* Already (17.6+9.3)pb! collectted : more than Run1+Run2 !
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Preliminary result run 3
ALICE

« W(2S)/J/W in pp@13.6TeV (Run 3 data)
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 First Run 3 analysis

* Large systematic uncertainty but demonstrates that the 02/DQ framework is ready for large scale
analysis
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Prospect analyses for Run 3

m 05 T e Lo

* Many planned analyses for Run3 : iy J Thisthesis /5§ lo
* J/P and (2S) analysis in pp@13.6 TeV at mid-rapidity ol i ks
* J/ - DO correlations in pp collisions at 13.6 TeV 0"22: —t— 3
* Prompt and non-prompt J/{ production in pp collisions — > oaf o E
at 13.6 TeV at forward rapidity By N 3
* Upsilon production at midrapidity " o E

-

* J/PYVv2in pp@13.6 TeV data at midrapidity
* Quarkonium polarization in pp@13.6 TeV data
* Bcin pp collisions at 13.6 TeV

» Exclusive reconstruction of B mesons in the J/{ + K decay channel
in pp@13.6 TeV data

* J/Y photoproduction in Pb-Pb
* Study of the x(3872) and {)(2S) in pp and Pb-Pb
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e And many more to come!
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Conclusion
ALICE

* We have now many precise measurements of quarkonia in pp, p-Pb and Pb-Pb collisions, allowing to
confront the production models and the in medium models in a variety of ways :

* pp collisions :

» Results well described by models but large model uncertainties

» Cross section ratios are challenging the models

» Multiplicity dependence qualitatively described by models including MPI
* Pb-Pb collisions

> Interplay between suppression and (re-)generation

» Sequential suppression of excited states
* Polarization:

» Observed small polarization vs event plane (magnetic field or vorticity effect?)
* Quarkonia photoproduction

» Measured in UPC and hadronic collisions

» Hint of transverse polarization of J/{ for pT < 0.3 GeV/c
* And more...!

* With the increase statistics of Run3 and the new and improved ALICE detectors, we are having the first
glimpse at the new measurments that will further
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Conclusion %

ALICE

* More in the future, ALICE3 will include quarkonium physiscs and allow to measure more exotic
states such as xc, xb, xc1(3872)

3
Superconducting iy g 10 I
o S - ALICES Study, pp Vs =14 TeV, 18 fb’
SfEJ [ %,,(3872) = Jhy+r', lyl < 1.44, BR = 0.24%
c 102 3 -
2 3 ;
(D &

Muon 1E -
absorber E 3

Muon
chambers

[ (GeVlc)
 Special thanks to Laure Massacrier and Cristiane Jahnke !
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Model descriptions vs multiplicity

ALICE

Kopeliovich et al (CPP): higher Fock states. It assumes that hadron multiplicities larger than the mean value in pp collisions
can be reached using higher Fock states in the proton, which contains an increased number of gluons. (Kopeliovich et al.,
PRD88 (2013) 116002)

EPOS3: MPI and hydrodynamic expansion of the system. Uses same formalism to calculate cross sections and particle
production (QCD-inspired field theory). Uses a unified treatment of soft and hard scattering: no fundamental cutoff
parameter is used to define a border between soft and hard scattering. (Werner et al., Phys.Rept.350 (2001) 93)

CGC: Model based on Color Glass Condensate (CGC) effective field theory to compute short distance charmonium cross-
sections. J/{ hadronization employing Nonrelativistic QCD (NRQCD) and an Improved Color Evaporation model. With
increasing event activity the J/ production is dominated by the 3S [8] state, which is consistent with an interpretation of
the dominance of hard gluon fragmentation in J/{ hadronization. A faster than linear trend generically arises from the
Bjorken-x dependent saturation scale which would suppress more the soft-particle multiplicity, produced at low-x,
compared to J/ production which is sensitive to larger values of x.

3- Pomeron CGC: Correlation arises as J/ production via 3-gluon fusion processes from various Pomeron configurations.

Ferreiro et al (percolation): Saturation of soft particle production and string interactions (percolation model). It assumes
that all projectiles have a finite spatial extension and collides at finite impact parameter by means of elementary parton-
parton collisions.

(Ferreiro, Pajares, PRC86 (2012) 034903)

PYTHIA8: MPI and saturation of soft particle production via color reconnection. The colour reconnection is used in the final
state, in which there is a certain probability for the partons of two sub-scatterings to have their colours inter arranged in a
way that reduces the total string length. (Sjostrand et al.,Comput.Phys.Commun.178(2008)852)
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Model descriptions quarkonium production

ALICE

Quarkonium production can be described by various approaches that essentially differ in the treatment of the
hadronization part.

The Color Evaporation Model (CEM) considers that the quantum state of every heavy-quark pair produced with a mass
above its production threshold and below twice the open heavy flavor (D or B meson) threshold production evolves into a
guarkonium. In this model, the probability to obtain a given quarkonium state from the heavy-quark pair is parametrized
by a constant phenomenological factor.

The Color Singlet Model (CSM) assumes no evolution of the quantum state of the pair from its production to its
hadronization. Only color-singlet heavy-quark pairs are thus considered to form quarkonium states.

The Non-Relativistic QCD (NRQCD) considers that both color-singlet and color-octet heavy-quark pairs can evolve towards
a bound state. Long Distance Matrix Elements are introduced in order to parametrize the binding probability of the various
guantum states of the heavy-quark pairs. They can be constrained from existing measurements and do not depend on the
specific production process under study (pp, electron—proton, etc.)

Improved CEM: In contrast to the traditional color evaporation model, it is imposed a constraint that the invariant mass of
the intermediate heavy quark-antiquark pair needs to be larger than the mass of produced quarkonium. It also introduces
a momentum shift between the heavy quark-antiquark pair and the quarkonium.
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Model descriptions in medium

ALICE

: includes dissociation and regeneration in QGP and hadronic phase

* Comovers: suppression via comovers interactions and includes regeneration

charmed particles are generated at chemical freeze-out
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Polarization reference frames %
ALICE

Polarization, i.e. the alignment of the particle spin with respect to a chosen axis, is studied via the

polar angle distribution of the dilepton decay products of the charmonium:

W) « ﬁ (14 29 cos? 6 + Ay sin? 0 cos 2¢ + Agy sin 26 cos ¢)

Reference frames the polarization:

Helicity: measured with respect to directions directly connected with the production process, i.e.,
the momentum direction of the J/{ itself.

Collins-Soper: the direction of motion of the colliding hadrons.
Reaction plane: by measuring the polarization with respect to the estimated reaction plane of the
nuclear collision

—> one rather selects a reference frame that should naturally be connected with the observation
of polarization effects due to the presence of early electromagnetic fields and/or QGP vorticity.



