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Quarkonium studies in Pb-Pb

Development of
Start of collision quark-gluon plasma Hadronization

Low

» Direct quarkonium production suppressed due to:
R ” : (“f} » Color screening (static)
» Decoherence (dynamical)
» Additional production mechanism: (re)generation of
,« quarkonium
i o0 seo ey » Quarkonium can be used to study deconfinement of the QGP

energy

Nature 448, 302—309 (2007)

» In ultra-peripheral collisions(UPC), hadronic interaction strongly suppressed.

» Photoproduction of vector mesons (VM) in UPC with clean experimental signature
» Very low p; production, large rapidity gaps

» Provides information on hadron structure of protons and nuclei at low x
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https://www.nature.com/articles/nature06080

Quarkonium detection at forward rapidity 2.5<y< 4
I -> prw, Y(2S)-> pip, Y ->

Down to zero p;

MCH : tracking

MTR : trigger
Separation of prompt and non-prompt J/{ ITS : primary vertex
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https://indico.desy.de/event/28202/contributions/105633/

J/U¥ Nuclear modification factor

ALICE Preliminary
Pb-Pb sy, = 5.02 TeV

Inclusive J/y lyl < 0.9 25<y<4
® Data 0-10% @ Data 0-20%

TAMU TAMU

» Suppression at forward y relative to mid-y at low p;

» Statistical hadronization model describes the data
at low p;

» Transport model agrees with data for all p;
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ALICE Preliminary ALICE Preliminary, Pb-Pb, |/s,, = 5.02 TeV
Pb-Pb sy, =5.02 TeV Inclusive J/y, y| < 0.9 e Data (2018)
Inclusive J/y |y| <0.9 25< y<4 p. > 0.15 GeV/c TM1 (Du et al.)

. ' [ TM2 (Zhou et al.)
® Data 0-10% ® Data 0-20% Comover (Ferreiro et al.)

TAMU TAMU SHM (Andronic et al.)

L., =~19.4nb” (pp)
L. ~93 ub" (Pb-Pb)

int

> The statistical hadronization model
and transport model can describe the
data within the uncertainties

» Suppression at forward y relative to mid-y at low p;

» Statistical hadronization model describes the data
at low p;

» Transport model agrees with data for all p;
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Y(nS) Nuclear modification factor

Pb-Pb SNN =5.02TeV,25<y <4.0
ALICE ¢ Y(1S) = Y(2S)

)

part

arXiv:2011.05758

» Strong suppression of Y(1S) with respect to
elementary collisions

» Comovers, Hydro models describe the data well as a
function of centrality
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https://arxiv.org/abs/2011.05758v1

Y(nS) Nuclear modification factor

<C
Pb—Pb |5, = 5.02 TeV, 2.5 < y < 4.0 . CMS (0-100%) ALICE (0-90%)
ALICE e« Y(1S) = Y(29) s X(1S) 8125 WS mi2S

)

part

arXiv:2011.05758

» Strong suppression of Y(1S) with respect to » The R, of Y(1S) at midrapidity almost flat ->
elementary collisions decreases at forward rapidity

» Comovers, Hydro models describe the data well as a » For Y(2S), the rapidity dependence is flat within
function of centrality the uncertainties
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https://arxiv.org/abs/2011.05758v1

J/P and Y(1S) v, (Forward-y) s L Zurms e

e Y(1S)

ALICE Pb—Pb |s,, =5.02 TeV
ALICE  20-40% Pb-Pb /s, = 5.02 TeV

Inclusive J/y,2.5<y <4
e v, {SP, |An| > 1.1}
| |Syst. (uncorrelated)

25<y<4
= Inclusive J/y
Y(1S)
=== Y(1S), TAMU model
——— Y(1S), BBJS model

= W : ¢
40 AN

TAMU (X. Du et al.)
| |Inclusive Jiy
- = Primordial J/y

JHEP10(2020)141 PRL123(2019)192301

» Observation of positive J/{ v,, agreement with transport model at low py,
suggests charm quark thermalisation
» The Y(1S) v, is consistent with zero and lower than J/{ v, by 2.60

BBJS: Phys. Rev. C 100, 051901(R)
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https://link.springer.com/article/10.1007/JHEP10%25282020%2529141
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.192301
https://www.sciencedirect.com/science/article/abs/pii/S0375947415002055%3Fvia%253Dihub
https://journals.aps.org/prc/abstract/10.1103/PhysRevC.100.051901
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p+P, |y[<0.5

J/Y v, and v,

10-30% Pb—Pb |5y = 5.02 TeV

o Prompt D°, |y|<1, CMS
Syst. uncertainty non-prompt

e Inclusive Jly,25<y <4

2 4 6 8

10 12 14 16 2 4 6 8 10 12 14 16
p_ (GeV/ce) p_ (GeV/c)

JHEP10(2020)141

» Clear mass hierarchy at low pq:
Vo(TT) > v,(D) > v,(J/ )

» Similar behaviour for v,

» v, grows from central to semi-
central collisions


https://link.springer.com/article/10.1007/JHEP10%25282020%2529141
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J/P Polarisation vs p;

Helicity Collins-Soper

[[® ] ALICE, Pb-Pb ys = 5.02 TeV, 25 <y <4
O ALICE,pp¥s=8TeV,25<y <4

O LHCb,pp¥s=7TeV,3<y<35 Eur. Phys. J. C 73, 2631 (2013)

Phys. Lett. B 815 (2021) 136146
Polarisation: spin alignment w.r.t a chosen direction

1 . . q
W(cos8, d) «x — (1 + Agcos?6 + A(bsmze sin2¢ + /19¢ sin 26 cos ¢)

» First measurement of J/{ polarization in A—A collisions


https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-013-2631-3
https://www.sciencedirect.com/science/article/pii/S0370269321000861
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-018-6027-2

J/P Polarisation vs p;

Iy — i Helicity SRl > Ay, Ay, Ao close to zero in HE and CS frames
(HE) () in Pb-Pb:

%@ﬁ;@ _____

» Maximum deviation of ~ 20 in the low-ps
bin

» Indication of small transverse

C5] ALCE, PbPb fam - 502 TeV, 25 < y <4 polarization in HE frame and small

O ALICE, pp 5 -8 TeV, 25 <y <4 longitudinal polarization in CS frame for

O LHCb,ppV¥s=7TeV,3<y<3. Eur. Phys. J. C73, 2631 (2013)
. 2<p; <4GeV/c

P, (GeV/c)
Phys. Lett. B 815 (2021) 136146

Polarisation: spin alignment w.r.t a chosen direction

T ) : )
W (cos6, d) « I (1 + Agcos?0 + /1¢sm29 sin 2¢ + Ag¢, sin 26 cos d)

» First measurement of J/ polarization in A—A collisions
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https://www.sciencedirect.com/science/article/pii/S0370269321000861
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-013-2631-3
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-018-6027-2

J/ Polarisation vs p,

Jhy > Helicity SRl > Ay, Ay, Ao close to zero in HE and CS frames
in Pb-Pb:
» Maximum deviation of ~ 20 in the low-p;
bin
» Indication of small transverse
polarization in HE frame and small

[[® ] ALICE, Pb-Pb s =5.02TeV,25<y <4

O ALIGE, pp ¥5=8TeV, 25 <y <4 longitudinal polarization in CS frame for

O LHCb,ppV¥s=7TeV,3<y<3.

2<p; <4GeV/c
P, (GeV/c)
Phys. Lett. B 815 (2021) 136146 > Ao, Ao, Ao cOmpatible within uncertainties
Polarisation: spin alighment w.r.t a chosen direction with ALICE results at Vs = 8 TeV in pp
. - ——— _ collisions
W(cos6,@) «c337, (1 1 Agcos™0 + Agsin®6sin 2¢ + dggy sin 26 cos ) > Significant difference for A at low p; in

HE frame with LHCb data in
» First measurement of J/ polarization in A—A collisions . —_— | pp
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https://www.sciencedirect.com/science/article/pii/S0370269321000861
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-013-2631-3
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-018-6027-2

J/ Polarisation vs p,

Iy = i Helicity SRl > Ao, Ao, Ao Close to zero in HE and CS frames
in Pb-Pb:

» Maximum deviation of ~ 20 in the low-p;

bin
» Indication of small transverse
C5] ALGE, Pb.pb {5 - 502 TeV, 25 < y <4 polarization in HE frame and small
O ALIGE, pp ¥5=8TeV, 25 <y <4 longitudinal polarization in CS frame for
O LHCb,ppV¥s=7TeV,3<y<3.
2<p; <4GeV/c

P, (GeV/c)

> Mg, Mg, Agp compatible within uncertainties

Polarisation: spin alighnment w.r.t a chosen direction with ALICE results at Vs =8 TeV in pp
collisions

%
W (cosb, ) « e (1 + Agcos?6 + Ad)smze sin 2¢ + 4,4, sin 26 cos d)

» Significant difference for Ag at low p; in
HE frame with LHCb data in pp

» First measurement of J/ polarization in A—A collisions collisions at Vs = 7 TeV

» No significant centrality dependence of the
J/U polarization
» Polarization studies as a function of the
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https://www.sciencedirect.com/science/article/pii/S0370269321000861
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-013-2631-3
https://link.springer.com/article/10.1140%252Fepjc%252Fs10052-018-6027-2

Coherent J/ photoproduction in Pb—Pb collision with nuclear overlap

. > An ex ver hadropr ion ex ionin

I > . 2.5 < y < 4 ALICE Prefiminary e cess-, ove ?d oproduction expectatio

p_ <03 GeV/c the J/{ yield attributed to coherent

—— Pb—Pb\/s_,W=5.02 TeV, Global syst. uncertainty = 7.3% 1 1 1 1

T Pre e 576 Tov, Global et uneertainty - 13.6% photoproduction in peripheral.and semicentral
M.B. Gay-Ducati et al., Phys. Rev. D97 (2018) 116013 Pb—Pb collisions measured at VSNN: 2.76 and

— |IM at 5.02 TeV 5_02 TeV

GBW at 5.02 TeV

— IIM at2.76 TeV
GBW at 2.76 TeV

- » Ultra peripheral collisions (UPC)-like models'with
modification of the photon flux can reproduce
the peripheral data.

> Need to account for modification of
photonuclear cross section and various coupling
80 100 N 1>20 scenarios for semi-central events

part
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https://indico.desy.de/event/28202/contributions/105633/

Ultra-peripheral Collisions(UPC)



|t| dependence of coherent J/y photoproduction

ALICE Preliminary Pb+Pb — Pb+Pb+J/y \s, =5.02 TeV

» The first measurement ever of the |t|-dependence
of the J/{ photonuclear production cross section

> |t| obtained from J/{ p;> measurement +
unfolding

» STARLIGHT calculation (Pb form factor) without
shadowing/saturation overpredicts the data

» Models incorporating nuclear shadowing (LTA) or
gluon saturation (b-BK) describe well the data

EPS-HEP 2021

Model / Data

ALICE coherent J/vy, |y|<0.8

+ Experimental uncorrelated syst. + stat.
Experimental correlated syst.
UPC to yPb model uncertainty

No

shadowing/
/ saturatio

— STARIight (Pb form factor)
--= LTA (nuclear shadowing)
— - b-BK (gluon saturation)

0.002

i

0.004 0.006 0.008

arXiv:2101.04623v1

o STARlight / Data
o LTA/Data
v b-BK/ Data

0.01  0.012
lt| (GeV? c?)
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https://www.sciencedirect.com/science/article/pii/S0370269321002203%3Fvia%253Dihub

Atomic Mass Number (A) dependence of coherent p, photoproduction

» The A dependence of the p, photonuclear
cross section explored with two collision
systems: Xe—Xe and Pb—Pb

65 GeV) (mb)

» Measured slope of cross section with A:
» Approximately linear
» Close to model with strong nuclear
effects (GKZ, CCKT)

EPS-HEP 2021

e ALICE y—Xe
m ALICE y-Pb
m Hilyp

— fit: 5, A

===: CCKT

B GKZ

‘4
+ - coherent: g, A"

incoherent: 6, A

Phys. Lett. B (2021) 136481
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https://doi.org/10.1016/j.physletb.2021.136481

Conclusions
I

» Increasing precision in measurements of R,, confirming the
regeneration picture

» Transport model underestimates v, at intermediate/high p;

» First measurement of close to zero polarisation

EPS-HEP 2021
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Conclusions
I

» Increasing precision in measurements of R,, confirming the
regeneration picture

» Transport model underestimates v, at intermediate/high p;

» First measurement of close to zero polarisation

Y(nS)
» Strong suppression for Y(1S) and Y(2S) in Pb—Pb collisions
» Measurements consistent with zero v, for Y(15)

EPS-HEP 2021
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Conclusions
I

» Increasing precision in measurements of R,, confirming the
regeneration picture

» Transport model underestimates v, at intermediate/high p;

» First measurement of close to zero polarisation

Y(nS)
» Strong suppression for Y(1S) and Y(2S) in Pb—Pb collisions
» Measurements consistent with zero v, for Y(15)

Photoproduction
» First measurement of |t| dependence of J/{ production -> described
by models with gluon saturation or nuclear shadowing
» Excess J/U in Pb—Pb collisions can be attributed to photoproduction
» P, production found to have linear depedendence with A

EPS-HEP 2021
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Thank You
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Back-Up slides
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J/@ Triangular Flow (v;) (forward y)

» v, is sensitive to initial state energy-
density fluctuations

» Inclusive J/ v; positive in most of the
pr and centrality intervals

» Same mass hierarchy as for v, :
v3(1t) > v5(D) > v5(J/ )

EPS-HEP 2021

ALICE

e Inclusive J/y,2.5<y <4
[]Syst. uncertainty (uncorrelated)

°°°§E’§ e g% %$$

30-50%
% Prompt D°, D*, D average, |y| < 0.8
[1Syst. uncertainty from data
Syst uncertainty feed-down

JHEP10(2020)141

Pb-Pb |5 = 5.02 TeV 10-30%

¢ 1wt |yl <0.5

o Prompt DY, |y| < 1, CMS
Syst. uncertainty non-prompt
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https://link.springer.com/article/10.1007/JHEP10%25282020%2529141

J/U Polarisation vs Centrality

Helicity Collins-Soper

ALICE Preliminary
Pb-Pb sNN =5.02 TeV

Inclusive J/y — piu-
2<pT<6GeV/c,2.5<y<4

[] Uncorrelated syst. uncertainty

10 20 30 40 50 60 70 80 90 10 20 30 40 50 60 70 80 90
Centrality (%) Centrality (%)

EPS-HEP 2021



y dependence of coherent J/{ photoproduction

ALICE Pb+Pb — Pb+Pb+J/y sy, = 5.02 TeV

[ ALICE coherent Jy » Comparison of data to impulse approximation (no

- - = = Impulse approximation 1
b g nuclear effects) leads to a nuclear suppression

—— EPS09 LO (GKZ) factor Spp(x ~10-3) ~ 0.65 + 0.03
- ==+ LTA (GK2)
-= |[IM BG (GM) )
—- g)éit&ys)) ) » STARLIGHT model (no gluon shadowing)
- - -- GG-HS (CCK) overpredicts the data

— — b-BK (BCCM) -~

» GKZ with EPS09 shadowing and the GG-HS agree
with data at forward and midrapidity, but not at
semi-forward rapidity (2. 5<y < 3.5)

arXiv:2101.04577v1

EPS-HEP 2021
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https://arxiv.org/abs/2101.04577v1
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Y(nS) R,, Ratio

Hydrodynamics Transport model

4t n/s =3 with
|, --4nn/s=2
\ —A4n n/s =1

without regeneration

= Coupled Boltzmann equation

200 250 300 350 400

(N 2

part

» Excited-to-ground state R, ratios are in
agreement with Hydro calculations,
Transport model and coupled Boltzmann
equations

» Underestimation by comovers model for
most central collisions

19



J/Y Polarisation as Event-Shape Engineering

ALICE Pb-Pb \s,, =5.02 TeV 5-40% ALICE Pb-Pb \s,, =5.02 TeV 5-40%

Inclusive J/y, 2.5<y<4.0 2.5<y<4.0

N

m Unbiased
o 20% Iow-q‘z’OA
o 20% high-q;"”‘

)/v,(unbiased)

0000000008 0006000060000 000000000000000000:
» 2_. P |2 X 4

A

VOA
2

O Jiylow-g,"
® Jy high-q;"’“

=< JIy Iow-q:OA: Fit +1c
¥ Jy high-q,*: Fit +1o

VOA

O p*low-q,

“VOA

| T high-q2

4
N =
2
=t
=~

2
k]
=

>

JHEP 1902 (2019) 012

» J/Q v, coefficient in low (high) g,"°* event classes are found

to be lower (higher) with respect to those in the unbiased
events

EPS-HEP 2021

» Ratios in the event-shape
selected and unbiased events

show no p; dependence up to
10 GeV/c

» J/U v, results compatible
with the expected variations
of the eccentricity of the
initial-state geometry within
the uncertainties.
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https://link.springer.com/article/10.1007%252FJHEP02%25282019%2529012

llIl‘lll||ll|lll||IIYIIIlTIIIIIIIIIIII

Y(nS) R,, vs centrality

Pb—Pb s, = 5.02 TeV, 2.5 < y < 4.0

Pb-Pb |5y, = 5.02 TeV, 25 < y < 4.0
i e Y(1S) = Y(2S)

ALICE  Y(1S) = Y(25) | ALICE

Transport model
Y(1S)  with 77, without regeneration

| @74

Y(2S) [ with 77 without regeneration

Coupled Boltzmann equations -
EY(1S) =Y(2S) |

ik . o ¢) [
7 //// /;’///,,/Z/Zw;?/////mf,,// .
2

E

%7

27
1/2/710/2/2/27/_‘/0/]2/1/'[/0 I2IZAZIZI T 2
L1 U i =

PRI N A N U RO N ST NAVENY N NN RO A ] i i o i i el s B el

50 100 150 200 250 808 350 400
(N_) (N

part

(@)

bl 100 160 200 -- 250 ' -300- 3560

(@)

» Strong suppression of Y(1S) in the most central collisions
» R,, of Y(2S) is smaller than Y(1S) by a factor of 3
» Comovers, Transport, Hydro models describe the data

EPS-HEP 2021
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Y(nS) Ry, vs prand y

Pb-Pb |5y, = 5.02 TeV, 25 < y < 4.0
ALICE (0-90%) « Y(1S)

Hydrodynamics Transport model

4t n/s = 3 with 77 without regeneration
--4m n/s =2
—A4n n/s =1

CMS (0-100%)
s X(15) = L(25)

ALICE (0-90%)

Y(1S)

. Y(25)
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