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Introduction: why are we measuring quarkonia in A-A collisions? ""
(.\'

Quarkonia are bound states of either a charm-anticharm or a bottom-antibottom quark pair UNICAMP

— Probes of the medium formed in A-A collisions

.-_#*-.

« Heavy quarks are created early in the collisions
and can live longer than the QGP
— Experience full evolution of the medium
» Quarkonia states were initially proposed as

QGP thermometer

— Sequencial melting observed at RHIC

— Regeneration process observed at LHC

energies

>
R Time:  0fm/c <1fm/c ~10 fm/c ~10'S fm/c
i Regeneration
a
I T
3 Sequential https://arxiv.org/pdf/2211.04384
s melting
| : >
"'_ _._q~ energy density
e Y
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Introduction: why are we measuring quarkonia in small systems? S"’A

a¥
UNICAMP
— Probe nuclear effects (PDF modifications, Coherent energy loss,
‘ """ _— nuclear absorption, Comover breakup)
p-A, d-A
— Elementary collisions to understand the quarkonia production:
e Production of the heavy-quark pair can be described with pQCD calculations.
e The binding of the QQbar is a non-perturbative process
o treated differently in the various approaches
. """ e — QCD tool to investigate rare decays or exotic quarkonium states
pp, e'e — Baseline for A-A and p-A collisions
1&«‘J.;!l_._._..‘,_%
\—~V/
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Introduction: How are we measuring quarkonia? &"’A

RHIC: PHENIX, STAR LHC: ALICE, ATLAS, CMS, and LHCb
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Introduction: How are we measuring quarkonia? &"’A
a¥

RHIC: PHENIX, STAR LHC: ALICE, ATLAS, CMS, and LHCb
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Results in small systems &"’A
' a¥

UNICAMP
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Jhp and Y(2S) production in pp

A

Cross section measurements to probe quarkonia production

- Good description of J/i cross sections at low and intermediate p; by NRQCD and ICEM
- Prompt J/ip and ¥ (2S) cross sections are described over a wide range of p; by NRQCD and ICEM
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Theory / Data
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a¥

UNICAMP

ATLAS ATLAS
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IY(1S) productioninpp = @7 — "”

(.\’
Cross section measurements to probe quarkonia production JHEP 07 (2023) 069 UNICAMP
ey 10° F N AL L L L
—> Good description of Y(1S) cross section over p; by ICEM § i LHCb, r(15) 1 .
and NRQCD O AR T {s=5TeV,9.1 pb -
Qo i | —§ LHCb i
% [ L ‘ L | T 7T I L ‘ LI | L I L I T ] B 102 ?—. :INRQCD —
S [ e ALICE, pp (5= 5.02 TeV, Inclusive Y(1S), 2.5 < y < 4 o, - 3
o L, =1.23pb" +1.8%, BR unc. : 2.0% = N — ]
(\3 N Uncor syst. unc. QH = .
fe] L ‘-O = .
£ [JICEM (V. Cheung et al) -
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1 -
E + | P, [GeV/c]
I B Sy S S T vy -> Complementary results by the different experiments:
P, (GeVic) provides important input for tuning of theoretical models.

Eur. Phys. J. C 83 (2023) 61
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Cross sectionratioinpp @ ——- AV

(.\'

Eur. Phys. J. C 83 (2023) 61 UNICAMP
Ratios of spectra among energies can 5 $(29) $(2S)
. = W71 TR o= 105E — T ——
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Y(2S)/INP ratio In pp

o —— o

| »
— - "
Excited to ground state ratio is used to UNICAMP
investigate final effects
, L _ 2S)/J/ Eur. Phys. J. C 83 (2023) 61 Y(2S)/Ip
—> theoretical uncertainty is considered . 1|1p()1|/)| s O
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Multiplicity dependence of Y(2S)/IY AW

(‘\'
= l4p e 3 Excited to ground state ratio is used to investigate final effects UNICAMP
2 L3 LHCb pp (s=13TeV
o <L - ] . . g . .
B o 12F N @3 The prompt normalized ratio exhibits a decreasing trend as a function
8 B oE 3 of multiplicity
Q .'—.m" ’ E ™ N E
FE RN . .
X 3 ook 31 Consistent with a picture of comover suppression effects, where a higher
0'8 §+ 3 density of comoving particles corresponds to lower production rate of
SpT o 1 excited charmonium states
F+ non-prompt = Cms Prellmlnary pPb 175 nb™ (8.16 TeV)
0.7E— ] 1.6¢
[ co-mover model . ’ 65<‘p <30GeV | ]
TV T SR SR N SR ST SR T N SR SR S T R 1 - . m
0'60 1 2 3 l)V4 1'5§ ¢(28>/J/¢ 2.865T<yDM<1.935 E
N irackd N tracks>NB b§ 1-4? ¢ Prompt ¢ Nonprompt |
No significant dependence on the normalized multiplicity is observed for s 8 1'3? E
non-prompt charmonia 35 o E
z 8 11 =
L I 8 E
Non-prompt charmonia originate from B hadron decays that occur % E T g
significantly after the initial stages of the collision evolution, they are not 0 Z 09p E
expected being broken up by comoving particles 3] 08 E
C ol b b b b
' 7705 "1 15 2 25 3 35
|| *probe and N, in the same rapidity interval Noa/ <N
y' 'QQ% h t track” MB
\—~/
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Jp production in p-Au and d-Au

Investigating cold nuclear matter effects on J/i production

* A suppression below 2 GeV/c in p-Au and d-Au is observed. For py
above 3 GeV/c, results compatible with unity, indicating little CNM effects
in this kinematic range.

« |CEM and Lansberg calculations include only nPDF

» CGC+ICEM approach directly calculates the ccbar production cross section in
p+Au collisions based on the CGC formalism

* TAMU: considers that a short-lived hot medium modifies the observed J/y
yields through both dissociation and recombination.

» Comovers: breakup of J/y mesons through interactions with final state particles
traveling along with J/y

NG

)

[ ]
v
Phys. Lett. B 825 (2022) 136865  LnicAMP
o VS =200 GeV, inclusive JAy STAR
* STAR p+Au, lyl <0.5
@] F'HENI;. d+Au1:IyI <0.35 J/lp

@® STAR Au+Au, 0-20%, Iyl <0.5
)_

0'5_'_ ICEM+NLO EPS09 77 Lansberg: nCTEG1S
 Eloss+Broadening: interactions between ccbar pairs and the cold nuclear i % cheEm e Broagening
medium induce both radiative energy loss and p;-broadening °uh 5 . - . 1.u
'l. P, (GeVic)
b e
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(2S) production in p-Au, d-Au and p-Pb @ —— @@ M

(.\'

Investigating cold nuclear matter effects on ¥(2S) production

« At forward rapidity, the J/y and @(2S) suppression are
similar, suggesting that initial-state effects dominate

charmonium modification.

* At backward rapidity, the results show a larger suppression
for w(2S) than for J/y, suggesting final-state effects in small

systems for the A-going direction

2 I I I
PHENIX ys,,,=200 GeV  LHCb p+Pb VSNN=5 TeV

v(2S)@p+tAu Vd+tAu Ew(2S) iy
Jy OptAu Vd+Au  ALICE p+Pb \5,=5 TeV
Avy(2S) Ay

2
%

@

ST

—— ]

1_._@_.[;]. _____________________________________________

PHENIX

P(2S) vs Jap

L

‘—l—.-m Phys. Rev. C 105, 064912 (2022)

- Y(2S)/J/y ratio mostly

removes initial-state
effects

- Important to isolate

modification due to final-

state effects

UNICAMP

Double cross-section ratios ¥(2S)/J/p:
- Suppression compatible with CGC+ICEM and
comovers model

YRS)AY

5 1.50 g T
% LHCb 4 LHCb /san=8.16TeV ]
EC1.25F —— CGC+ICEM A=20MeV ]
N —— CGC+ICEM A=10MeV 1
075 j—w 4‘—"‘#5
0.50 F -
0.25F 3
0_00:-.I...I...I...\...I..

JHEP 04 (2024) 111
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Associated quarkonia production &"’A

[ ]
pp collisions: typically only a few partons undergo a hard CMS: Nature Physics volume 19, pages 338— UNICAMP

scattering 350 (2023)
Pure prompt production:

As the collision energy increases, the densities of gluons and

sea quarks probed inside each proton grow rapidly.

— More than one pair of partons can undergo a hard scattering

in a single pp collision

— |eading to the simultaneous and independent production of

two or more particles with high p; and/or mass (above a few

GeV).

SPS:

DPS:

Studies of n-parton scattering (NPS) processes are important to
elucidate the inner structure of the proton and its
evolution with energy

— double JAP, triple Y, IP-Y(2S), IP-D

TPS:
Leading-order diagrams for inclusive
triple-J/y production in pp collisions

y!'_._!!!\‘ ple-J/y p pp

\—~V
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https://www.nature.com/nphys

Double and triple J/i production

Summary of effective cross section o

arXiv:2407.03223v1
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0. — Characterizes the area occupied by the CMS
interacting partons in the transverse space e
—_— pPb — Jhw+lhy, |5, =8.16 TeV,CMS (this work)
-~ pp = Jw+qu:+ﬂ£q.r, :’§=13 TeV, CMS Nat. Phys. 19 (2023) 338
: : . — pp — Jhw+dhy, vs=7 TeV, CMS” Phys. Rept. BBA (2020} 1
Double J/ip production in p-Pb: - Bp — Jhy+dhy, (5=B TeV. ATLAS  Eur Phys. 4. C 77 (2017) 76
i - pp — JAw+Jhy, ¥5=1.96 TeV, DO Fhys. Rev. O 90 (2014) 111101
- large transverse parton de.nSIt_y Of the | pp — Jhy+Y, {s=1.96 TeV, DO* Phys. Rev. Lett. 117 {2016) 062001
nucleus enhances DPS contribution w.r.t pp -.— pp — Walhy, ¥5=7 TeV, ATLAS"  Phys. Lett. B 781(2018) 485
- pp — Z+Jiy, 5=8 TeV, ATLAS" Phys. Rept. BBA (2020} 1
_ pp — Z+b—Jhyr, EFB TeV, ATLAS* Nucl Phys. B 916 (2017) 132
. : : — — v+bic+2-jet, ¥5=1.96 TeV, D0 Phys. Rev. O B3 (2014) 072008
- Trlple J/¢ prOdUCtlon IS a gO|den channel - EB — §+3ajet, 5=1.96 TeV, DO Phis. Aev. D BO (2014) 072008
tO study DPS and TPS With minima| SPS —— pp — 2-y+2-jet, Vs=1.96 TeV, DO Phys. Aev. O 93 (2016) 052008
. . ! - pp — v+3-jet, Vs=1.96 TeV, DO Phys. Rev. D B1(2010) 052012
Contamlnatlon — pp — Y+3-jet, Vs=1.8 TeV, CDF Phys. Rev. D 56 (1997) 3811
—_— pp — 4-jet, Vs=640 GeV, UA2 Phys. Lett. B 268 (1991) 145
e —— pp — 4~jet, {@=1 .8 TeV, CDF Phys. Rev. D 47 (1593) 4857
— The effective cross sections obtained from — R e T Tov oMs — Lar ey Cre otey 140
P ; ; — pp — 4-jet, Ys=13 TeV, CMS JHEP 01(2022) 177
multi-quarkonium production favor a smaller A D 3 Widjet, 15=7 TeV, CMS i 03 2018 082
value of o = 3-10mb Compared with the —— pp — W+2-jet, {s=7 TeV, ATLAS  New .. Phys. 15 (2013) 033038
€ . op — WW, Ys=13 TeV, CMS Phys. Rev. Letl. 131(2023) 081803
O, = 10-20 mb result of the other types IR B
of multiple hard scattering processes 0 20 40
¥ G, [mb]
e -.-'!'h
& S
\—~V
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Results in large systems &"’A
' a¥

UNICAMP
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Nuclear modification factor of J/ip and y(2S) AWz,

(.\'

J/p and ¢(2S) differ in binding energy by more than a factor of 10 (~ 640 versus ~ 50 MeV, respectively) and by UNICAMP
about a factor of 2 in size.
— sequencial dissociation
— P(2S) is suppressed by a factor of ~2 with respect to the J/y
— The Y(2S) Ry show a hint for a decrease as a function of p;
— charm quark recombination processes.

TAMU: uses an expanding fireball; lower dissociation
temperature of the ¥(2S) relative to the J/i. This

< T T[T T T T[T T T T[T T T T[T T T T T TrTrT] TTTTTTTTTTTTT T BRI L

<. F Pb-Pb [S=502Tev E ALICE i Iu iv JI (23)-. E : : .
A e any, <hooom  rSeplis ot s m;“ & { implies a sequential freezeout of those two mesons,
e . 7 R T e e ccveremanzn 3 with most of the ¥(25) regeneration occurring later in
I - v -\ w(2S),03 < 12 GeVic -
o 2P e G s 4 the fireboall evolution
03[ Odw 3 :
-HEEl Dv(@s) 3

06fF ]

B —@— 3
z:'!f‘!r;magﬂ 1 SHMc: assumes that all charm quarks are produced
L #_*_—*——EP— 1 during the initial hard partonic interactions and then
0 = (Gew;o T z(oN(;n>250 500550400 thermalize in the QGP.
Phys. Rev. Lett. 132 (2024) 042301 — Model implements a hydro-inspired freeze-out
hypersurface.
oL,
\—~V/
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Nuclear modification factor of J/iy é"’é
' a¥

e R,, indifferent collisions energies to probe dissociation vs regeneration UNICAMP
e Increasing the collision energy shows a stronger suppression at RHIC energies

o Different p; dependence for 200 GeV (flat) versus 20 GeV (increasing with p+)
e (Goingto LHC energies, the R4 is less suppressed, which is compatible with the regeneration scenario

o Model calculation including regeneration can describe the data (but underestimates the data below 20

GeV)
5 1o EPJ Web of Conferences 296, 09004 (2024)
18 AutAu, 0-80%,lyl<t  STAR preliminary [ = This analysis: AusAu, 14.6, 19.6, 27 GeV
16F 4 200Gev 1= o AutAu, 54.4GeV .
T ¢ 27GeV o Au+Au, 39, 62.4, 200 GeV 0-10%
T4E w196 Gev _ 0.8 ¢ Pb+Pb, 17.3, 2760, 5020 GeV
S 12F ¢ 146GeV il < |
o - o 0.6k 0-20%
Jproememmmr e s UYL
= s < [
S 0.8[ il - - % T —Total (0-20%)
N .H 0.4 B @ - - Primordial
06 2 N - Regenelation
04b git——H— 0ol e
02%: STAR preliminary
: 0 --u----:------ P | i i PSS | i i PR
0 PRI BTSSR ST N RSN TS MU TS S TS S UN MU ST S TS N TS S R S N 2 3
0 05 1 15 2 25 3 35 4 45 5 107 s— 10
p (GerC) Snn (GeV) Model based on thermal lattice
"l. T QCD: Phys. Rev. C 82, 064905
N (2010)
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Ratio J/iy over DO S"’A

¥
e J//D° measurement provides a tight constraint to models because some of the model parameters ~ “N'©AMP
and most model uncertainties related to the ccbar cross section cancel in the ratio
[a 0.04 — ALICE | - . . .
P " Pb-Pb, (50 =502 TeV ] e Theresults suggest a higher value for this ratio in central
5 - Inclusive Jiy, Iyl <0.9,015<p < 15 GeVic : compared to semicentral collisions.
0.03 [ PromptD’, Iyl <05, p_>0 ]
e (A Ancronic et al) ] e This is supported by the SHMc calculations, vyhich
i ] suggests both the J/y and DO are produced via the
0.02 - . coalescence of charm quarks at the phase boundary
. L2 i e The model uncertainty from the SHMc model is due to
0.01 | N uncertainties on the charm fugacity parameter, which is
0-10% 30-50% fitted to the ALICE D9 data
Centrality
Phys. Lett. B 849 (2024) 138451
gl
\—~V/
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Jh v, (.\:

UNICAMP

Azimuthal anisotropy of J/i at LHC energies:

— At low py, an increasing trend of flow is observed
Agrees with microscopic transport model which consider charmonia formation from both initial hard

interaction and recombination of thermalized charm quarks

— At high py, path length dependent effect are expected (for primordial J/1p)

0.25

o~ C +/Syy = 200GeVAu+Au-J/yy+X 7

LHC Run 3 prellmlnary 2, - l2x ly| < 2.2 (10 — 60% Centrality) Run 14 + Run 16 -

o 0-4- T T “L o pr(GeVie): [0.0 - 1.0], [1.0 - 2.0], [2.0 - 3.0], [3.0 - 5.0] -

0.35F ALICE Prellmlnary Pb—Pb Jl\p—)u W, 2 5<y<4 ] E =

03F (Sw=502TeV |5, =5.36TeV E = E

025F [2]10-30% [¢]10-50% - - =

. 30-50% ] E —]

02F ] ° E - e

0.15F b - =

: B =2 ] E ]

0.1E $_$ g 3 —0.1 — - initially produced =

[ g ‘%' ﬁ 1 = purely thermalized ¢t ]

0.05F % —: —0.15F s initial + coalescence =

i % E semeeen initial + coalescence —Y‘ ]

0 ?’i --------------------------------------------------------- 'E _0'25 Systematic Uncertainty P H>>/\<<E NIX E

_0.05~[||.|_|||‘,,|,,,|,,.|,,,|,.‘|.‘— _0.25’\|H|\|\|\H||\||\\||\\||\|||\|H|||\|\\\||\||H|’

0 2 4 6 8 10 i2 14 0O 05 1 15 2 25 3 35 4 45 5

GeV/e

".-. ALI-PREL-577735 Pz GeV/c HP2024 Velkovska.pdf (cern.ch) P ( )
TSN
\r'\/
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Exotic quarkonium-like states

NG

®
Y
Experimentally established charmonium states: WNIEAME
dashed red lines: calculations
black solid lines: experimentally observed
_ y(4S)
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Exotic quarkonium-like states

N

Experimentally established charmonium states:

dashed red lines: calculations

black solid lines: experimentally observed
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Exotic quarkonium-like states \\"')
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Example of exotic state X(3872):
4800
D? AN = X(4700)
7 4600 | "’,
https://cms.cern/news/x wi4S) — 4430 X(45005™"
& 3872-exotic- 4400F"" "-'.YA-R‘)(N o p ’,: ':“4"1:“'
O charmonium-charming- 'FD““"“' I swea T TG
S— B . . puzzle 4200 \'}4’»0, i FOXA21) e e gri4250)
D°-D° “molecule Diquark-diantiquark = . X0 7
9 ‘-." -"" . "' - 77 (4050)
= 4000F 7 s T‘-'_u’vv/__/ e
7)) ‘ | " 3¢ —\:“)lib — X( }\717 v (1D} DD
Z 3800 P m R B
. . . . . S 7 .- DD
e Different hadronic structures can affect the interaction with =

the medium formed. 3600F .;_;x»iup(-/:;,’islfp'
— In Pb-Pb collisions, the production of X(3872) )
may increase via coalescence or decrease due to
dissociation (similar to quarkonia states). 3200

m Processes depend on spatial configuration.

b o+ 2" & other

}/t‘—l—!-{% Rev. Mod. Phys. 90, 015003
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Exotic quarkonium-like states é"’é
' a¥

The ratio X(3872)/1(2S) of cross sections HNICAMP
— shows a decrease in the prompt production of X(3872) hadrons relative to prompt ¥(2S) mesons as the charged
particle multiplicity increases. Model comparison suggests a “compact tetraquark” state.

— LHC Run 3 data allows ALICE to also explore the X(3872) production

2<.10? N ILIjCIRgn?:performallncle

Cl. o“F Cace AR = % — :
E‘ ke C pp {s=8TeV + Prompt -4 b decays . = 3.0 - ALICE Performance
Sl o012 3 © 92 N
> |R ““F p_>5GeVic ] = C pp, Vs =13.6 TeV, X(3872) — J/y(—e'e )n'n
X (> - T Comover Interaction Model, Esposito et al. o 35 GeV/ 0.9
T S o . Molecule Compact 1jjj Molecule 3 N 3 _< ‘[_)T_ = evie. ly| <0. -
a T = (coalescence) tetraquark (geometric) - 8— - Significance = 3.7 .
S | 008 - 2.8 - -
S5 LE — ‘ : I = ;
%5 <4 0.06:— —: E 26 i_ - b Data _i
S| 004f # 3 24 — Total fit =
£18 s —p— ¢ . e Comb. background
=y 002 —] 55 L ---- Comb. backgroun 7
b - B . —
n . . . = N T RS S R g
K % 100 150 0 3.84 3.86 388 39
Nxfclﬂ? My = My + My (GeV/c?)

“,!1;_'_[___%r Phys. Rev. Lett. 126, 092001
e S
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Small systems:

e pp: Precise quarkonium cross section measurements over wide kinematic and energy ranges thanks to
complementary experiments
—> making ratios constrain even more the model calculations
e p-Au, d-Au and p-Pb: y(2S) is more suppressed than J/y at backward rapidity, suggesting final-state effects.
e Prompt y¥(2S)/J/y exhibits a decreasing trend as a function of multiplicity, explained by comovers model
e Associated quarkonia production is used to study Single, Double and Triple Parton Scattering.

Large systems:

e Quarkonia suppression explained by models including dissociation and regeneration
e Thermalization of charm quarks in medium at LHC

Exotic quarkonium-like states being explored by several experiments
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e Associated quarkonia production is used to study Single, Double and Triple Parton Scattering.

Large systems:

e Quarkonia suppression explained by models including dissociation and regeneration
e Thermalization of charm quarks in medium at LHC \
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Jhp and Y(2S) polarization &"’A

Y
Averaged polarization determined by measuring the angular distributions of the muons emitted in the decay of the  ynicame
mesons

- 3
W(cos @ A) = ———— (14+ Aycos? &+ A, sin” Bcos2¢ + Ay, sin 28 cos
{ P | ] 4}_[{3 T+ }L&} ( i @ P thyp QO)
Polarization is defined as the alignment
of spin along a chosen direction. % F P e [ prompt w(25)
Polarization 08 - o HX frame 08 3 HX frame
quarkonium : axis :_ - -
rest frame 0_4:_ / U + 04:_ ‘
production g E_ {) ‘fh -....,.,rh% 3 4+ e E— ..;-:.{:{qu,‘:‘ +
plane T : %'&'f ’4"‘ + ] am 4".‘1:}_‘
WA "F T
x /< : :§§qu+ e CMS 13TeV lyl<12 - e CMS 13TeV Iyl<12
¢ ‘ -/ o CMS 7TeV lyl<i2 . + o CMS 7TeV Iyl<12
04 /: m LHCbh 7TeV 25<y<4 04 m LHCb 7TeV 25<y<4
;— — 'Y -
Faccioli et al, Eur. Phys. J. C (2010) 69° 657-673 08 :_ == 351:11-1( BP:B] fork=15,17,18 08 f—
Helicity (HX);direction of vector meson in SETRUITIT FETTRTETTY FETEY FITT FESTRTETEI FOTHY I FIOTA IO SPTUU T TR FYUTE PTRU FTTTE VT SYOTE FOTRU FTTT TR ST
L (1] 20 40 60 80 100 GeV) 0 20 40 60 80 100 p. (GeV)
the collision center of mass frame Pr T

CMS paper: 2406.14409
At high p;, the polarizations tend to an asymptotic value, Ay = +0.3 (HX)

¢80, > indicates a small transverse polarization
CezEEasen
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Polarization axis &"’A
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y
L
/ CHX G Helicity (HX): direction of vector meson in the collision
T center of mass frame.

Collins-Soper (CS): the bisector of the angle between the
beam and the opposite of the other beam, in the vector
meson rest frame

/ quarkonium
rest
frame

Faceioli et al, Eur. Phys. J. C (2010) 69: 657-673

»  Helicity (HX)): direction of vector meson in the collision center of mass
frame.
> Collins-Soper (CS): the bisector of the angle between the beam and the

OPP()SitE OF [].1& other bEQ.TTI, in tI'IC Vector meson rest frame.
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