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Quarkonium production in HIC

w» Gluo-dissociation / landau damping
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. Color Screening

® Suppression
» Debye screening
-> static color screening - ReV(r,T)
» Gluo-dissociation / Landau-damping

-> dynamical screening - ImV,(r,T)

® Recombination (Regeneration)
» Uncorrelated (off-diagonal) recombination

» Correlated (diagonal) recombination

® Initial/Final state effects of nucleus
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”Ouéronium ‘p-rductio |n Pbe coIIisibh at 2.76 T |

Runl : 2011-2013

PbPb : J/sny = 2.76 TeV, L = 166 pb-!
pPb : /SN = 5.02 TeV, L = 34.6 nb-!
PP : ~/S\N = 2.76 TeV, L = 5.4 pb-!

[arXiv:2202.11807]
- Accepted by PLB -

Run2 : 2015-2018
PbPb : sy = 5.02 TeV, L = 1.6+0.4 nb-!
pPb : JSny = 8.16 TeV, L = 186 nb-!
Pp : ~/Snn = 5.02 TeV, L = 300+28 pb-!

oM. PN 21-001 New Run2 results (April 2022)
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Inclusive Y in HI with CMS &3
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: Nuclear modification of Y(nS) in pPb at 5.02 TeV EtE ]

- Accepted by PLB -

For Today

PN — - I -~ - Dy A P AP —

Observation of Y(3S) in PbPb at 5.02 TeV

Elliptic flow

of Y(1S) in pPb at 8.16 TeV
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Runl : 2011
PbPb : J_sNN 276 TeV, L = 7.28 ub-l

* Enhanced statistics
* Improved analysis technique

Run2 : 2018
PbPb : JSNN 5.02 TeV, L = 1.6nb-!

P == oo s ,_./-Ttw».‘,_ B - v P s,ﬂ,.j.. ~ g% ey ;‘,_,.'.,.,,,f,\,r, — =

Observatlon of Y(3S) in Pbe at 5 02 TeV
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Inclusive Y in

PbPb 1.6 nb™ (5.02 TeV) /

4000

e Boosted Decision Tree (BDT) method applied
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c\’l-\ 8000 p:i‘i<30 GeV/c
o * ly**1<2.4
% 7000 + pl>3.5 GeV/c
g 6000 'l <24 e First observation of Y(3S) in AA collision!
B 5000 Centrality 0-20%
')
P
T
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>
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3000 — Huge reduction of background level
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1000 | 3 * Significance > 50 using discrete likelihood profiling
R T T T
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Sequential Y suppression in PbPb

CMS-PAS-HIN-21-007

PbPb 1.6 nb™", pp 300 pb™ (5.02 TeV)
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1oL <30 Gevie CMS T 1 * Observation of Y(3S) in PbPb!
I T oy 1 ] — Significance > 50
lyl<2.4 Preliminary 1 .
""""""""""""""""""""""""""""" = e Y
——Y(1S) (2015 PbPb/pp) T
. Y(2S) __ _ * Clear ordering of Y suppression!
H Y(1S) 1 - Raa(Y(1S)) > Raa(Y(25)) > Raa(Y(39))
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CMS-PAS-HIN-21-007

PbPb 1.6 nb™", pp 300 pb™ (5.02 TeV)

CMS __ _ . Obs.er\./a’rion of Y(3S) in PbPb!
— Significance > 50

Preliminary 1

Y(1S) (2015 PbPb/pp) T

* Clear ordering of Y suppression!

Y(28)
Raa(Y(1S)) > Raa(Y(2S)) > Raa(Y(3S))

e Gradual decrease towards central collisions
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CMS-PAS-HIN-21-007

'bPb 1.6 nb™", pp 300 pb™ (5.02 TeV)

GeV/c CMS T
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———————————————————————————————————————————— e
1 0-90 %
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Observation of Y(3S) in PbPb!
— Significance > 50

Clear ordering of Y suppression!
Raa(Y(1S)) > Raa(Y(2S)) > Raa(Y(3S))

Gradual decrease towards central collisions

Flattened in central collisions?
— Dissociation = Recombination?
— Need more precision data
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Compact Muon Solenoid

Comparison with theory
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- [CMS-PAS-HIN-21-007] T . + Open Quantum system approac
1.2 p, <30 GeV/c CMS p, <30 GeV/c CMS - : Dissociation + Recombination
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—®— Y(1S) (2015 PbPb/pp) 1] #® —e— Y(1S) (2015 PbPb/pp)
0.8 —®— Y(29) Coupled Boltzmann Eq. | . v(S) * Open Quantum system
—®— Y(@39) - Y(1S) . OQs + pNRQCD : Dissociation + Recombination
p- - Y(25) i = Y(3S) Y(1S) + no CNM effect
o6 . --- Y(3S) — N * Feed-down included
K w S0 1
. = . 1 m . « Transport model in kinetic rate equation
0.4 : T § : Dissociation + Recombination
[ : -8 §\ » EPS09 (NLO) nPDF effect
= ~ T N U * Feed-down included
04 . T g [
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despite some tensions at central

—8— Y(2S) T Y(19) . . / .
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Nyes)

7v@s) e Very different predictions for

excited states

A e _ . . I
N . > Need constraints on excited states!
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[CMS-PAS-HIN-21-007]

PbPb 1.6 nb™', pp 300 pb™ (5.02 TeV)
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e Propose Y(3S)/Y(2S) double ratio as a

new observable

» Sensitive to suppression &

recombination due to the weaker
binding energy than Y(1S)

e Still statistical hungry measurement

—> expect to be improved with LHC Run3
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[arXiv:2202.11807]
pPb 34.6 nb™', pp 28.0 pb™
I I | I I I I | I I I I

(5.02 TeV) pPb 34.6 nb™', pp 28.0 pb™
I I I I I I I | I I I I | I I I I

(5.02 TeV)
| i I I I I

1.6F =

- e Y(1S) * Y(S)
145 = ves) - = Y(25) . : ]
1.2 * YB3 oF + YGS) .

e Stronger suppression of excited states at backward rapidity & low-pr
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[EPJC 78 (2018) 171] [arXiv:2202.11807] [JHEP 11 (2018) 194] [EPJC 78 (2018) 171] [EPJC 77 (2017) 269] [PLB 774 (2017) 159]

[PLB 806 (2020) 135486] [PLB 790 (2019) 509] [JHEP 03 (2016) 133] [JHEP 07 (2018) 160]

[JHEP 07 (2020) 237]

e Sequential suppression for both charmonia and bottomonia in pPb!

e Indication of additional final state effects for excited states

27 September 2022 10



[arXiv:2202.11807]

pPb 34.6 nb™!, pp 28.0 pb™ (5.02 TeV)
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pPb 34.6 nb™!, pp 28.0 pb™ (5.02 TeV)
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 nPDF + comover breakup explains additional suppression of excited states?
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[JMPA 35 (2020) 2030016]
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 nPDF + comover breakup explains additional suppression of excited states?

* Models with hot-medium effects describe Y suppression in pPb collisions...
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[arXiv:2204.10253]

ALICE pp Vs =13 TeV
Y(1S), Y(2S) » n'n,25<y <4

o Data — 3-pomeron CGC —
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[JHEP 11 (2020) 001]

CMS
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e Quarkonium production vs multiplicity sensitive to rapidity overlap region

e Suppression of excited-to-ground state ratio at higher multiplicity due to

MPI / correlation / UE?

27 September 2022
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Azimuthal correlation

[JHEP 11 (2020) 001]

CMS 4.8 b (7 TeV)
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Ntrack
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[JHEP 11 (2020) 001]

4.8 b (7 TeV)
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e Y(nS) / Y(1S) still suppressed for different Nirock
in a given cone size

e Different from comover breakup picture

27 September 2022
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Event-activity analysis

[JHEP 11 (2020) 001]

0 5CMS 4.8 b (7 TeV)
! Y(2S) 7 Y(1S)
i —4—0.00 <S.< 0.55
0.4 ~4 055 <S_< 0.70
- —— 0.70 <S. < 0.85
H iéjé§+++ + —+-0.85 <S. < 1.00
1\;-:0.3— : ¥ 1 z = 4 [Y(3S) 7/ Y(1S)
i T ek 4 0.00 <S.< 0.55
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> | o % e
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e What about charmonia?

Sphericity — 0 Sphericity — 1

g = 21,

2
= gT — Pxi
A+ Ay

L1
Yo Xipri 5 pri \PaiPyi

PxiPyi
Pii )

e Y(nS) / Y(1S) decreasing trend disappears for
low-sphericity events

e Connection to UE jetty events?

27 September 2022
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[JHEP 11 (2020) 001]

0 5CMS 4.8 b (7 TeV)
I Y(2S) 7 Y(1S)
i —4-0.00 <S_< 0.55
0.4 ~4 055 <S_< 0.70
- —+—0.70 <S_ < 0.85
H iéjé§+++ + —+-0.85 <S. < 1.00
1\;-:0.3— ¢ ¥ i z = 4 [Y(3S) 7 Y(1S)
i T ek 4 0.00 <S.< 0.55
—~ r @ 4 055 <S_< 0.70
Dol 3¢ 7o s —+—0.70 <S; < 0.85
02 =y g o o i 085<S, < 1.00
> | + % e
0.1+
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Ntrack

e What about charmonia? We already know the different
event-activity dependence for charm vs beauty

27 September 2022

34.6 nb™" (pPb 5.02 TeV)

I I i
[EPJC 77 (2017) 269] CMS -
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Elliptic flow (vz) of Y(1S) in pPb

[CMS-PAS-HIN-21-001]

CMS Preliminary pPb 186 nb™ (8.16 TeV) 005 CMS Preliminary pPb 186 nb™' (8.16 TeV)
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* First measurement of v, for Y(1S) in small systems! * Hierarchy of vz at low-pr
* No sizable v, observed in contrast to J/y charged hadrons > K" > Prompt D° = Prompt J/1)

> Nonprompt D° = Y(1S) = O
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Quarkonium vz at LHC

» PRL 123 (2019) 192301 (D » PLB 819 (2021) 136385 (D
» CMS-PAS-HIN-21-001 (O

» CMS-PAS-HIN-21-008 (D » PLB791(2019) 1720
» JHEP 10 (2020) 141 (O » ALICE Preliminary (O

0.2 = o Inclusive Jiy (ALICE) PbPb 5.02 TeV 10-30% 2.5 <y < 4 -
- ® Prompt Jiy (CMS) PbPb 5.02 TeV 10-60% 1.6 < lyl < 2.4 - @ Y(1S) (ALICE) PbPb 5.02 TeV 5-60% 2.5 <y < 4
[ @ Prompt J/§ (CMS) PbPb 5.02 TeV 10-60% lyl < 2.4 [ ® Y(1S) (CMS) PbPb 5.02 TeV 10-90% lyl < 2.4

0.15 = m Prompt J/p (CMS) pPb 8.16 TeV 184 < Nk < 250 1.2 < Iyl < 2.4 0.1 I ®Y(1S) (CMS) pPb 8.16 TeV 69 < Nk <300 lyl < 2.4
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J/YP : PbPb vz > pPb v > pp v2 R O Y(1S) : PbPb v, = pPb v2 & 0

o J/1) PbPb v; at low-pr because of recombination —> then what about pPb?
e Upsilons : No vz but sequential suppression in both pPb & PbPb
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Quarkonium feed-down

[EPJC 72 (2012) 2100]
[EPJC 76 (2016) 283] J/II)
[JHEP 07 (2014) 154]
[PLB 718 (2012) 431]

Y( 1 S) [PLB 749 (2015) 14]
[JHEP 11 (2015) 103]
[EPJC 74 (2014) 3092]

FS = B(mS — nS)—2S

[PRL 114 (2015) 191802] lol
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e Significant contributions from feed-down! — Crucial on data interpretation

e Advantage of )(2S) : almost free from feed-down effects!
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[PLB 749 (2015) 14] Y(ZS) GmS Y(3S)
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e Caveat for Y(2S) and Y(3S) : Still large! Decreasing towards low-pr?
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Summary

(Zlmpor’ran’r achievements from CMS to ‘bottomonia in media’
= 11 public results with many of them “firsts”

[ Reveal of sequential Y suppression in AA
= Observed Y(3S) in PbPDb collisions

= 3S/2S double ratio expected to be a model discriminator

[ Sequential suppression of Y(nS) in pPb
= Need sophisticated studies to understand the nature of the suppression in small systems

[ Elliptic flow (v2) of Y(1S) in pPb
= No collective behavior in contrast to J/y
: what is the origin of flow for charmonia and bottomonia?

fZLarge amount of feed-down contribution and very pr-dependent
= Crucial for physics interpretation — Need to consider their different binding energies
= Challenge for (higher) P-states measurements towards lower pr region
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Compact Muon Solenoid

Comparison with theor

KOREA

[CMS-PAS-HIN-21-007]
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* Open Quantum system approach
: Dissociation + Recombination
EPPS16 nPDF effect

* no recombination for Y(3S)

* Feed-down included

+ Transport model in kinetic rate equation
: Dissociation + Recombination

« EPS09 (NLO) nPDF effect

* Feed-down included

* Open Quantum system

: Dissociation + Recombination
* no CNM effect
* Feed-down included

* Models qualitatively describe Raa for Y(1S) (tension in some cases at central collisions / high-pr)

o Despite similar Raa of Y(1S), very different calculations for excited states
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Comparison

with theory

Re (RuM.R(TRYT). ¥ = ~2.6, Tngg= 06 fm. NLO _R=Ro(T). 9 {-35,-26.0}, treg= 06 fm.NLO

5.02 TeV Pb-Pb g e D) 5.02 TeV Pb-Pb N R
1 O- ALICE: pr <15GeVand2.5<y <4 B ATLAS -Y(18) 1 0' ALICE: pr <15GeV and 2.5 <y <4 W ATLAS -Y(19)

| ATLAS: pr <15GeV and |y| < 1.5 A CMS-Y(15) el ATLAS: pr <15GeV and |y| < 1.5 A CMS -Y(1S)
CMS: pr <30 GeV and |y| <2.4 O ALICE - Y(2S) CMS: pr <30 GeVand |y| <2.4 O ALICE - Y(2S)
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| A CMS -Y(2S) | A CMS -Y(2S)
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Figure 4. Ry for the T(15), T(25), and Y(3S) as a function of Npare. The left panel shows
variation of & € {kL(T),kc(T),ku(T)} and the right panel shows variation of 4 in the range
—3.5 < 4 < 0. In both panels, the solid line corresponds to # = K¢ (T") and the best fit value
of 4 = —2.6. The experimental measurements shown are from the ALICE [2], ATLAS [3], and
CMS [4, 11] collaborations.

 New updated results at NLO binding energy over temperature
: still some tension because of the similar Raa of Y(2S) & Y(3S)
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[arXiv:2202.11807]

(5.02 TeV)

1.6

o Y(1S)
1.4 = Y(2S)
12 4 Y@3S)

pPb 34.6 nb™", pp 28.0 pb™
I | I I I I | I I I I

Y
yCM

[PLB 790 (2019) 509]

pPb 34.6 nb™", pp 28.0 pb™ 5.02 TeV pPb34.6 nb™, pp 28.0 pb” 5.02 Te

Prompt y(2S) CMS 1 : Prompt (2S) CMS
A=< < 6.5 GeV/c 4 - /fx'

<10 GeVic

Rigmpt ) [EPJC 77, 269 (2017)]
m65<p <10 GeVic

e Stronger suppression of excited states at backward rapidity & low-pr

e Similarity between charmonia and bottomonia?
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Charmonia in pA RHIC vs LHC

O Inclusive J/y (ALICE) pPb 8.16 TeV pr <20 GeV

O Prompt J/Y (LHCDb) pPb 8.16 TeV pr < 14 GeV

® Inclusive J/Y (PHENIX) pAu 200 GeV pr <7 GeV
O Inclusive Y(2S) (ALICE) pPb 8.16 TeV pr < 12 GeV
O Prompt @(2S) (LHCb) pPb 5.02 TeV pr < 14 GeV

¥ Inclusive Y(2S) (PHENIX) pAu 200 GeV pt > 0 GeV » PLB 774 (2017) 159 (D

» JHEP 07 (2018) 160 (D

b arXiv:2202.03863 (O

» JHEP 03 (2016) 133 (D

» PRC 102 (2020) 014902 (O

1.5

lllllllll

e Similar trend for both J/i & (2S) at RHIC and LHC

e Similar ‘amount’ of initial/final effects?
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J/¢ in pPb vs model i

1905

[JHEP 07 (2018) 160] [EPJC 77 (2017) 269] 1 1

pPb 34.6 nb™, pp 28.0 pb™ (5.02 TeV)

i 1 -4 1 .6 I | 'TTT | T T | T T | T TT | T T | T T | T TT | T T | T T |

o i p-Pb \s,, =8.16 TeV - 1

1oL ® ALICE inclusive JAp 1.4:— 6.5< P < 10 GeVic CMS —:

I o LHCb prompt JAp (PLB 774 (2017) 159 ) - Prompt J/Aip

1 I e I 1.2~ ;i

- °o| © ]

0.8 ~ | o N o I s s s X xy\»;%;\x& i

i o 5 i

0.6 1 EPS09NLO + CEM (R. Vogt) + - i

.| | nCTEQ15 (J. Lansberg et al.) 0.6 ]

~ || EPPS16 (J. Lansberg et al.) - i

0.4 B CGC + NRQCD (R. Venugopalan et al.) 0.4 - Iﬂ Data ]

i CGC + CEM (B. Ducloue et al.) o || EPS09 NLO (Vogt) ]

02+ = _I?nergy 'OSSP (FZ-hA”eO et a'l-) 0.2 1\ EPS09 NLO (Lansberg-Shao) B
- — t (P. t al. - :

. Comws Fenary - [/ nCTEQ15 NLO (Lansberg-Shao) :

O||||I||||I||||||||| I L 111 L1 1| L 111 L 111 L 111 Do lvva b b b b b b s b g by g 1

's 4 3 2 4 0 1 2 3 4 5 055 2 15 1050 05 1 15 2

ycms yC|\/|

e J/1 modification well explained by nPDF / CGC predictions

e Negligible contributions from final state effects (comover or hot nuclear matter)
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[JHEP 02 (2021) 002] [PRC 105 (2022) 064912]
g 2.5 i I 1 I | I I I | I 1 I | I I I | I . I I | I I I I I I I | 2 I I I I
O : ALICE, p—Pb sy, = 8.16 TeV, Inclusive J/y, y(2S) — u'p ] 22<y<-12, Inclusive - @
| 4.46<y__<-2.96, p_< 20 GeV/c ] ENIX
21" Transport Model (Du ;nd Rapp) . J/ \y(2S) 7 B Y(5), prAu ysy=200 GeV
: P PRI 1 15 @ Jap,prAu {s,=200 GeV _
1.5 EPS09sNLO + CEM (Vogtetal) =~ Jiy = y(2S) - KX J/p Transport Model (Du & Rapp)
i i - CNM Effects Estimate (Du & Rapp)
| | P D ]
1 A hd ‘ T
| | 03 ’ _
051 - =
! oJ/y :
0 i 1 1 1 | 1 1 | | 1 1 1 | | 1 | | 1 | 1 | | 1 | | 1 | 1 | I I I I
0 2 4 6 8 10 12 14 2 4 6 8
(N_)
coll
<Ncoll>
o Attempts to describe )(2S) suppression with comover breakup & QGP-like HNM effects
e Tension b/w model & data in both RHIC and LHC
e Similar nuclear absorption for J/1 & (2S) @ RHIC —> already hot in pAu 200 GeV?
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[PLB 806 (2020) 135486] [arXiv:2202.11807]

hQ_ 1.4 _I [ T 11 T T | T T | T 11 | T 11 | T 11 | T T | T T L I_ | | |p|Pb|34|-.6| n|b-1|, plp |28|.O|pb|-1 |(5'|02| -I-Ie\I/)
o - p-Pb s, =8.16 TeV, Y(1S) - 16 CMS -
10k e ALICE, p_<15 GeV/c . - e Y(1S) oY <30 GeVic -
- o LHCb, p_< 25 GeV/c (JHEP 11 (2018) 194); 1_4:— IR. Vogt, EPS09 NLO T E
L | g L 1 o[ .
0.8 B % ] o ——m  m me_ee -
’ . ' i
061 1 T 08 5 -
.| | EPSO09NLO + CEM (R. Vogt et al.) - 0.6 7
0.4 | EPSO09 + energy loss (F. Arleo et al.) N r ]
"+ [ | Energy loss (F. Arleo et al.) - 04 N
| [ | EPPS16 reweighted (J. Lansberg et al.) ] " .
0.2 [ nCTEQ15 reweighted (J. Lansberg et al.) . 0oL b
. NCTEQ15 + comovers (E. Ferreiro) - T ]
_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ T T T T T
0—5 -4 -3 -2 -1 0 1 2 3 4 ) 0 -1 9 1
ycms yCM

* Y(1S) Rypp data in agreement with nPDF calculations
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[JHEP 03 (2019) 015] [PLB 813 (2021) 136036]
0 CMS pPb 186 nb' (8.16 TeV)
. T T T T T T T [ I | I | I | I | I | I | I | I | ]
pPb @ 8.16 TeV 03 Iy I<1 CGC (Zhang etal) —
—=— ALICE J/¥ -4.46<y<-2.96 ] 0 0 o 0 i
—o— ALICE J/W 2.03<y<3.53 - O K @ PromptD Prompt D -
—e— CMS J/¥ - 3= A D" from b hadrons -- Prompt J/1p .
I O —
. “JP/‘(ES) ) _ 0.2 - 19 < |ylab| <24 . —D" from B mesons__
0.1 + | 1 o = Prompt J/y o, i - A
o -] - -
> n U>>C\l i % MO e LR
2AY 017 9% - exe tf ~
O qn .-~ o S~ <
2= - - m I {+ r e *~%\ m
e e E— e — = B i I e Tk SN
0 I A B N () L R — | L /'{::' e v I —
NI S’ S . -
- 185 < NOI'"™ < 250 ]
. ! , ! . ! | ! | ! | ! | ! | ! | ! | ! |
pr[GeV] P, (GeV)
* Transport model underestimate J/¢ v. * Qualitatively in agreement with CGC?
- predicts larger vz for 1(2S) N.B. J/1 vz keeps increasing vs pr

: discrepancy for pr>4 GeV/c
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[PRD 102 (2020) 034010] [CMS-PAS-HIN-21-001]
c CMS Preliminary pPb 186 nb™" (8.16 TeV) . 15CMS Preliminary pPb 186 nb" (8.16 TeV)
i i . i ] : ' . i : . i . ' [ ' i ' ' ’l T T 71 | 1T T 1T | T 17T | T 1T T°T | T 1T 1T | T 1T ] . I 17177 | 17177 | 17177 | 17177 | 17177 | T T 1T | |
o ONS .  4vas)o<iy_i<2a : Y (18),0<ly_l<24 |
0.20 {{ — J/1 & g, m. = 1.2 GeV 70 < NOY'™ <300 (N"™ <50 sub.) - 70 < N < 300 (fokf”“e <50 sub.) -
" = ' - 0.1 f -
1 4/Z & q, me Z;é C\}feV ¥ Prompt JAp, 1.4 < ly l<24 - -
. 0158 ___ vy i: :Z: _ e GEV 180 < Npy'™® <250 (N°"'"™ < 35 sub.) 1 SHINCHON_MC
S g - -
3 0.10 ".‘ Bp =6 GeV—2 [L :
g - A =0.5 GeV T l s . . 1
L Q%2 =15 GeV? . — I
0.05 , T ® = (]
L] - [ ]
0.00 § - —0.05|- —
O 1 2 3 " F | I I | | L1 1 1 | I I | | I I | | L1 1 1 ] i I | | I | | I | | I | | I | | I | | |
0 5 10 15 20 25 30 0 5 10 15 20 25 30 0-30
k1(GeV) p, (GeVic) p_ (GeVic)

e Similar v; predicted by CGC for J/1) and Y(1S) - CMS Y(1S) vz consistent with zero
— N.B. limitations for higher-order QCD calculations (works only pr < 5 GeV/c)

e Very small vz predicted considering only QGP-like dissociation
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[PHENIX Prelim. SQM 22]
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New preliminary!

[arXiv:2112.09433] 18 —
3 3 i ALICE, pp L e 12<y <22 ’
Inclusive J/y — u*u,25<y <4 i N : Jy —
S S [ _ h 14 —*—1.2<y <22
S B 20 F Mult. classes: |7 | < 1 n Iy
Z|Z - - e -22<y <-1.2
© E * Vs=5.02TeV (INEL > 0) 12—_ Jhy
| A V{s=7TeV(NEL)  mid-y Nch & mid-y J/ip C PP Vs =200 GeV
15 o \/§=13TeV(INEL_>O) il - \5'10;—N2'h=1-2<n<2-4
- Inclusive J/y —e'e, |y | < 0.9 2 [W:1.2<n<24
¢ Vs=13TeV (INEL >0, SPD pr i 8 + - ._
10 \l§= 13 TzVEINEL>0, V0) ) i ] = EJ/W R SUbtraCt Same y for J/ip & Ncn
I o 61— + removing|J/i tracks
5k | B 4 A .
: “mid-y Nch & forward-y JAp of : Opposite y for J/ip & Nen
VV,A llllllllllllllIlllllllllllllllllll-l l l : I l l I il l l l l l l l
o1 2 3 4 5 8 7 8 0, 5 i 5 5 m
ch /27 NV <NV s R /<N >
<dN i / d77> ch ch™? Ch/ ch
¢ Inl<1
e Quarkonium production increases in case of POI & N, at the same y
e Production behavior becomes similar after removing tracks from POI?
- hint of MPI or correlation?
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[P. Gossiaux SQM 2022]
Quantum coherence

uarkonium
Q only resolved at the

? end of the evolution
Open mesons

1/N dN/dz

KOREA
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[PLB 805 (2020) 135434]
[PRL 118 (2017) 192001]

pp 302 pb' (5.02 TeV cc / I/ creation

- CMS &0

°C Prompt JAp
P w>6'5GeV 2= N o
- 30<p,, <40GeV A0 QO

T
=
A
N

jet
—=a— Prompt data
Prompt PYTHIA8 F
——— Nonprompt PYTHIAS shower

!
_u—l_— — gluon E

Quarkonium formation time delayed above
dissociation temperature?

Temperature environment hot enough to modify
quarkonium formation time scales?

Even in pp : high-pr J/1 produced at later stages
by parton shower
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https://doi.org/10.1103/PhysRevLett.118.192001
https://www.sciencedirect.com/science/article/pii/S0370269320302380?via%3Dihub
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Quarkonium state in medium

[M. Strickland SQM 2021]
Open quantum system (OQS) approach

Probe = heavy-quarkonium state
- Medium = light quarks and gluons that comprise the QGP

If the medium evolves slowly : state remains in a given eigenstate

* Can treat heavy quarkonium states propagating through QGP using an open
quantum system approach

Htot - Hprobe ® Imcdium + Iprobc X Hmedium + Hint

[P. Gossiaux SQM 2022]
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QBM Stoch potential 2018 Kajimotoet al. , Phys. Rev. D 97,
s Ll 014003 (2018), 1705.03365

Yes No kD) Stoch potential 2020 Small dipole R.Sharma etal Phys. Rev. D101,
074004 (2020), 1912.07036
Yes No 3D Stoch potential 2021 Y. Akamatsu, M. Asakawa, . Kajimoto
(2021), 2108.06521
No Yes 10 Quantum state 2020 T. Miura, Y. Akamatsu et al, Phys. Rev.
diffusion 0101, 034011 (2020), 1908.06293
Yes s/ Yes s/ 10 Quantum state 2021 Akamatsu & Miura, EP) Web Conf.
diffusion 258 (2022) 01006, 211115402
No Yes 1D Direct resolution 2021 0. Alund, Y. Akamatsu et al, Comput.
Phys. 425, 109917 (2021), 2004.04406
B
Yes J Yes J 10 Direct resolution 2022 S Delorma et a, https://inspirehep.net
Niterature/ 2026925 ‘
i Yes No 1D+ Direct resolution 2017 SandPwaves  N.Brambilla etal, Phys. Rev. D35,
PNRQCD () 034021 (2017), 1612.07248
(i) Et (ii) Yes No 1D+ Direct resolution 2017 SandPwaves  N.Brambilla ctal, Phys. Rev. D97,
. 074009 (2018), 1711.04515
(i) Yes No Yes Quantum jump 2021 See SQM N. Brambila etal., JHEP 05,136
i ar s a e = Pro 2021 (2021), 2012.01240 & Phys.Rev.D 104
2021) 9, 094049, 2107.05222
(i) Yes “/ Yes \/ Yes s/ Quantum jump 2022 N. Brambilla ct al. 2205.10289
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Eq.
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