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What have we learned so far for Upsilon
modification in heavy-ion collisions?
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What we learned from Upsilons in heavy ion collisions

From data

[7 Excellent reconstruction in dimuon decay channel @ LHC!! (some difficulties exist in AA)

[arXiv:2209.04241]

Counts per 50 MeV/c?

[CMS-PAS-HIN-21-007]
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What we learned from Upsilons in heavy ion collisions

From data

[ Excellent reconstruction in dimuon decay channel @ LHC!! (some difficulties exist in AA)

TZSequem‘ial suppression in AA @ LHC!
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[PLB 822 (2021) 136579] [CMS-PAS-HIN-21-007]
[PLB 790 (2019) 270]  [arXiv:2205.03042]

® Amount of suppression :
Y(1S) < Y(2S) < Y(3S)

® Binding energy :
Y(1S) > Y(2S) > Y(3S)
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What we learned from Upsilons in heavy ion collisions

From data

[7 Excellent reconstruction in dimuon decay channel @ LHC!! (some difficulties exist in AA)

gSequen’rial suppression in AA @ LHC!

(ZSequen’rial suppression in pA @ LHC!

® Y(1S) (ALICE) pPb 8.16 TeV pr < 15 GeV
® Y(1S) (LHCb) pPb 8.16 TeV pr < 25 GeV
® Y(1S) (ATLAS) pPb 5.02 TeV pr < 40 GeV
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[EPJC 78 (2018) 171]

[PLB 806 (2020) 135486]

[arXiv:2202.11807]

[JHEP 11 (2018) 194]

0.8 I

® Amount of suppression :
Y(1S) < Y(2S) < Y(3S)

absolute suppression smaller than PbPb

® Binding energy :
Y(1S) > Y(2S) > Y(3S)
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What we learned from Upsilons in heavy ion collisions

From data
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[7 Excellent reconstruction in dimuon decay channel @ LHC!! (some difficulties exist in AA)

gSequen’rial suppression in AA @ LHC!

(ZSequen’rial suppression in pA @ LHC!

[ Multiplicity dependence? Production in pp w.r.t UE
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What we learned from Upsilons in heavy ion collisions

From data

[7 Excellent reconstruction in dimuon decay channel @ LHC!! (some difficulties exist in AA)
(ZSequen’rial suppression in AA @ LHC!

(ZSequen’rial suppression in pA @ LHC!

MMul’riplici’ry dependence? Production in pp w.r.t UE

From theory

[ Calculations for dissociation processes — Suppression
— static/dynamical screening captured as real/imaginary part of the potential

e R R R ~emns GlUO-dissociation / landau damping -
; Color Screening |
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What we learned from Upsilons in heavy ion collisions

From data

[7 Excellent reconstruction in dimuon decay channel @ LHC!! (some difficulties exist in AA)

gSequen’rial suppression in AA @ LHC!
MSequen’rial suppression in pA @ LHC!
[ Multiplicity dependence? Production in pp w.r.t UE

From theory

[ Calculations for dissociation processes — Suppression
— static/dynamical screening captured as real/imaginary part of the potential

[F Recombination process —> Enhancement

— correlated/uncorrelated recombination or off-diagonal/diagonal components

Uncorrelated Correlated

C‘C
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What we learned from Upsilons in heavy ion collisions

From data

[7 Excellent reconstruction in dimuon decay channel @ LHC!! (some difficulties exist in AA)

gSequen’rial suppression in AA @ LHC!
(ZSequen’rial suppression in pA @ LHC!
gMul’riplici’ry dependence? Production in pp w.r.t UE

From theory

[ Calculations for dissociation processes — Suppression
— static/dynamical screening captured as real/imaginary part of the potential

[F Recombination process —> Enhancement

— correlated/uncorrelated recombination or off-diagonal/diagonal components

[A Initial /Final state effect apart from hot-medium effects
— nPDF, CGC, coherent energy loss, comover breakup, etc.
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https://www.worldscientific.com/doi/abs/10.1142/S0218301315300088

What we learned from Upsilons in heavy ion collisions

From data

I Excellent reconstruction in dimuon decay channel @ LHC!! (some difficulties exist in AA)

’ZrSequen’rial suppression in AA @ LHC!
gSequen’rial suppression in pA @ LHC!

V] Multiplicity dependence? Production in pp w.r.t UE

From theory

[ Calculations for dissociation processes — Suppression
— static/dynamical screening captured as real/imaginary part of the potential

[F Recombination process —> Enhancement
— correlated/uncorrelated recombination or off-diagonal/diagonal components

[A Initial /Final state effect apart from hot-medium effects
— nPDF, CGC, coherent energy loss, comover breakup, etc.

gHuge contribution from feed-downs - |
—Y(1,2,35) all affected strongly depending on pr -~ F_ |

7, (28)
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Quarkonia in media — not a simple picture...

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

Q-Qbar state = projection on various eigenstates

@

Q

&

Rapid expansion...

Corona region..

Formation time...
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Start with familiar things..



[PLB 822 (2021) 136579] [CMS-PAS-HIN-21-007] [PRL 123 (2019) 192301] [PLB 819 (2021) 136385]

[PLB 790 (2019) 270] [arXiv:2205.03042] Pbe 1 7 nb-1 (5 02 TeV)
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e Ordering of suppression : Raa(Y(1S)) > Raa(Y(2S)) > Raa(Y(35))
e Y(3S) observed in AA collisions
e Y(IS) va * 0 <> J/YPpv2>0
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[CMS-PAS-HIN-21-007]
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e Flattened in central collisions?
— Dissociation = Recombination?

— Need more precision data
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[CMS-PAS-HIN-21-007]  [arXiv:2009.05658] [PRD 104 (2021) 094049] [arXiv:2208.10050] [PRC 88 044908]
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e CMS proposed Y(3S)/Y(2S) double

ratio as a new observable to test
theory models

e Sensitive to suppression &

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

o Still statistical hungry measurement

—> expect to be improved with Run3
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g [ pr<30GeVe CMS 1 ] S« - - Pb-Pb |5y, = 5.02 TeV, lyl < 0.5 -
o L _ 1 B AT, S =
~ L Preliminary 1 i B e -
>~ r lyl <2.4 —®— Data Y T 1% 08BF 1 iE i g
Z 1.2 1 Y < e s e :
Ly L s 0Qs +pNRQCD ~ c---- CIM + nCTEQ15 i 1 > E 5
0 M| s Coupled 4 i o 0.7 . .
e 77 Boememeq T e __T Cent. 1 - . .
S T 0-90% 6. . 7
08 T ] 0.5 =
o T 7 e o
Aﬁ T n ] 0.4 e
& o1 H T B 0.3  SHMb 3
>" B T | [ o) R
EA 0.4k | T N 02 100% b therm. .
QL T i - — 50% b therm. -
hat i £ . 0.1 ]
Z>~ 0.2 1 ] = 30% b therm. 3
B T 1 % 50 100 150 200 250 300 350 400

oLLL! O o G e M R B e e e e e e T Y N
0 50 100 150 200 250 300 350 400 part

< Npart >
e Sensitive to degree of b thermalization?
—> see also falk from Anton
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https://indico.ijclab.in2p3.fr/event/7656/contributions/27120/attachments/19681/26937/shm-rrtf_hq2022.pdf

»  Low-pr v <y —> Cannot escape QGP
flow
: ) Y OGP : : o
» Intermediate pr : Vv =~ Viow 2 Effective travel distance longer for short-axis : v2<0?
. . Y OGP . .y
»  High-pr v > Viow Experience initial geometry from fast QGP escape
1— A A L B B B B T 0 2 Cl\lns l l leplb 1|7 nb|'1 (5|02 -Il-e )
hvne g ; '™ ) Y 008 . _I TTT TTTT TTTT TTTT TTTT TTTT TTTT ITTT TTTT TTT I_
“ oo SO 8 - p'>3.5GeV/c  -'- Hong, Lee (10-90%)
n ’ i IyTI <24 Yao (10-90%) ]
0.8 - 0.15( o Du, Rapp (20-40%)  —
. | - Cent. 10-90% " ghaguri et al. (10-90%)
n 0GP S ,QGP - Reygersetal. x10" A
O 6 __ flow | x—axis flow | y—axis 01__ (1 0-20, 40-50, 60'700/0)__
. | C’E | a
col ) L i
| = - .
] > - -
0.4 — 0.05_— .
[ & LY(TS) : Sy AN :
0.2i# 5 Y(28) N 0 B
Y (3S) | |
;:;HI | | | | | | | | | | | | | | | | | | | | | | | | I_ _0 05 _I 111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 1111 | 111 I_
0 5 10 15 20 25 "0 5 10 15 20 25 30 35 40 45 50

p_ (GeVre) p. "> (GeVic)
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[arXiv:2205.03042] [PLB 822 (2021) 136579] [CMS-PAS-HIN-21-007]

- ® Y(1S) (ATLAS) PbPb 5.02 TeV 0-80% p; <30 GeV
- @ Y(1S) (CMS) PbPb 5.02 TeV 0-100% p; <30 GeV
| X Y(1S) (ALICE) PbPb 5.02 TeV 0-90% p; < 15 GeV |
| 0Y(2S) (ATLAS) PbPb 5.02 TeV 0-80% p; <30 GeV |
| O Y(2S) (CMS) PbPb 5.02 TeV 0-100% p; <30 GeV  _
| 77 Y(2S) (ALICE) PbPb 5.02 TeV 0-90% p; <15 GeV -

Y (1) wid-y Y(1S) forward-y

et T

Jﬁ»

| _ ]

i % Y(2S) wid-y Y(2S) forwavrd-y I

= e FLI ni -

i i 0 _
1 | 1 1 I | 1 1 | T | | 1 1 I | 1 1 |

0 1 2 3 4

lycul

* Rapidity dependent suppression?

* Different trend for Y(1S) vs Y(25)?

* Caveat for interpolation pp results
— Good to confirm with future LHCb

" 18 October 2022


https://doi.org/10.1016/j.physletb.2021.136579
https://cds.cern.ch/record/2805926/files/HIN-21-007-pas.pdf
https://arxiv.org/abs/2205.03042

- O Y(1S) (STAR) AuAu 200 GeVpr<10GeV lyl <0.5
1.4 - 77 Y(2S+3S) (STAR) AuAu 200 GeV pr <10 GeV lyl <0.5 RHIC AutAu 200 GeV
- |® Y(1S) (CMS) PbPb 5.02 TeV pr <30 GeV lyl <2.4
12 [ [k Y(2S) (CMS) PbPb 5.02 TeV pr < 30 GeV lyl < 2.4 LHC[Pb+Pb 5.02 TeV
i Y(3S) (CMS) PbPb 5.02 TeV ptr <30 GeV lyl <2.4
TN S
; H * Similar suppression in 0.2 vs 5.02 TeV?
< 038 :
o e Different cold nuclear matter effects?
— t hot enough?
0.6 |k RHIC Y(1S) or no g
t &] H 0 LHC YUS) — feed-down?
0.4 m@ @ ® e Still large uncertainties...
I o RHIC,Y(2S+3S)
0.2 - e - LHC Y(2S)
i - o e
0 | | | | I | | | | I | | | | | | | | | I | |
0 100 200 300 400
<Npart>

@

O

" 18 October 2022
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https://doi.org/10.1016/j.physletb.2019.01.006
https://cds.cern.ch/record/2805926/files/HIN-21-007-pas.pdf

X*/NDF
Y(1S) Yield
Y(2S+3S) /Y(1S)

Counts

LI LN L L B B B LB B B T T T T T
Au+Au@200 GeV, 14.2 nb™ (2014) and 12.8 nb™ (2016)
0- 60%,0<p_r< 10 (GeV/e)

L L

26.8/18
266 =26
0.30 =0.08

< unlike-sign
© like-sign
---bb+DY
— Y(1S)
— Y'(2S)

Y (3S)

KoL

,_:\“' m
< W

STAR Preliminary

)

85 9

10
M, (GeV/c?)

IIIIIIIIIIIIIIIIllI]IlII[IIlI]I

lIIIIIIIIIIIIIIII

SPHE

sPHENIX Simulation
0-10% Au+Au Vs = 200 GeV
24 billion events

I X

»

III|III|[IIIIT"

II|[IIIIII|III|I]]I

v v b b v b v by
O7 8 9 1011 12 198
Mass(e'e’) [GeV/c 2]

T ] T 17T

[
7 s

b e

P e b b |

I:zAA

0.8
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0.4

0.2

0 1 2 3 - 5 6 7 8 9

‘§ 20 (b) centrality=[0,92]%
i ~— ® Net di-electron counts
| N | Drell-Yan
- ) P H7/\\\E NIX L jets +bb
K. — 1 Y(1S+25+3S)
10H 7
7e [ ] TOTAL
J T ;ﬂ +
| i B O S A Sl B e ol e ol B

1l I I 11
11 12 13 14 15
di-electron mass [GeV/c?]

[sPH-TRG-2022-001]

llllIlllllllllIlllllllllIllllllllllllllllllllllll

"~ sPHENIX BUP 2022 e Y(15)
Years 1-3, 0-60% Au+Au e Y(25)
21 nb”' rec. Au+Au, 62 pb”' samp. p+p @ Y(3S)

SRR N R

* STAR Prelim. Y(25+3S)

++++++++

&

III|III|III|IIIIIII|I

-
—
—
—
—
—
—
—
—
—
[~
}—~
}—

lllllllllllllllllllllllllllllllllllllllllllllllll

Transverse momentum [GeV/c]

10

e Limitations in
current RHIC

measurements

e To be confirmed
with future

experiments

18 October 2022
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[PLB 805 (2020) 135434]

pp 302 pb™ (5.02 TeV

[PRL 118 (2017) 192001]

N - 03— T —— —— —— ARARNRRRRERARRE RARRE RAREN RRE LARLE RARRN
% 52_ CMS i .Datla (syst) '__ DPS ' ]_',HCb ] © ptp, 15=500 GeV, L, =22.1 pb’ .
g I ErOT%tEJggV i Vs =13 TeV | S 081 Charged jets, anti-k , R=0.4, [/<0.6 B
:_ 38Jl<w p_l_’jet <40 GeV 0 - —LO NRQCD SPS Prompt . ‘\; 0.5:_ plTﬂ> 10 GeVie, p‘;~> 5 GeVl/e _:
- hgl<2 o N 2o f .
- —=— Prompt data i — ) 2o -~ STAR Data E
3l Prompt PYTHIA8 i — | g 9; o4 Pythia8 inclusive JAy :
B Nonprompt PYTHIA8 B T S— . 2|5 _ _‘
ey I o1l I - o 7 B[R o :
2r - ‘ — - “ls _E_ :
L » - . Ko} . —
| = - ] B dEel L
——— P L ]
1:_ - ] _ l ---------- ﬁ 0-1:_ STAR Preliminary z=1 -
O—Iﬁ'_l—lll O 02 04 06 08 1 R UOTICCRN PP WY YOOY P VOTIN |
03 04 05 06 07 08 09 1 . . . . . . . A&
. = < J/ Jhy, jet
\ e Significant contribution from (inside) jets
AN
for J/1 production!
Constituent
Particle [CMS pp 8 TeV PLB 804 (2020) 135409]
~85% of J/¢ are produced within a jet
(Ezze > 15 GeV, lyszyl < 1, Ejet > 19 GeV, Injetl < 1)
18 October 2022 12


https://doi.org/10.1103/PhysRevLett.118.192001
https://www.sciencedirect.com/science/article/pii/S0370269320302136?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0370269320302380?via%3Dihub

[PLB 805 (2020) 135434]
pp 302 pb™ (5.02 TeV

CMS

Prompt J/
Pr o> 6.5 GeV

30 < Prjot < 40 GeV

1/N dN/dz

Injetl <2 i
—=a— Prompt data

Prompt PYTHIA8
Nonprompt PYTHIA8
L

—

w
III|IIII|IIII|IIII|IIII|III

—

OIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII

03 04 05

z = pT(J/lﬁ) / pr(jet) =

9g—

Constituent
Particle

07 08 0.9 1

< 1.6

R

1.4

1.2

0.8

0.6

0.4

0.2

PbPb 1.6 nb™", pp 302 pb™* (5.02 TeV)

CMS

Prompt J/p

Pryy > 6.5 GeV

30< Prjer < 40 GeV
h]]_etl <2
Cent. 0-90%

LIIIlIIIlIIIlIIIlIII

[arXiv:2208.08323]

KOREA

UNIVERSITY

= ATLAS 0-10%
----- g—>J/1p e CMS 0-10%

o CMS 10-30% Vs =5.02 TeV

Total JAhp

oo e e

10 15 20 25 30 35 40 45 50

pr (GeV/c)

e Mandatory to include jet quenching for
J/1 suppression : Already ongoing studies e.g. LBT

e What about bottomonia?
—> Measurement : Y in or associated with jets!

18 October 2022
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https://www.sciencedirect.com/science/article/pii/S0370269320302380?via%3Dihub
https://arxiv.org/pdf/2208.08323.pdf

[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

18 October 2022 13



-4 -2 0 2 4 -4 -2 0 2 4
Ycm Ycm

[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

18 October 2022 14



[arXiv:2202.11807]

pPb 34.6 nb™, pp 28.0 pb™ (5.02 TeV)

1.6 —
L e Y(IS) y %N\I//S .
1.45 77 CIM + nCTEQIS Py < 30 GeVie E
1oL . CIM+EPS09LO -
o 1 —‘ S St B
S Sy B I e o
o 0.8 ; """ + '.":.".".".._.";'.";'Z‘;':‘_‘:'_.f-._,,. “+ E
0.6 -
0.4 -
02F Y(1S) :
C 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 ]

0 1 0 1

yCM

pPb 34.6 nb™, pp 28.0 pb™'(5.02 TeV)

1.6 —
O
1.4 7 CIM +nCTEQ15 P =2 el E
{oF . CIM+EPS09LO -
IR =
) 08 ; ~~~~~~ ‘ e DT T LT + _____ ;
- * ‘-‘::‘::';':*'::'::': ---- * ......... -
0_6 __ bR R R D S _:
0.4 .
0.2f Y(Z S) .
B 1 | | | | | | | | | | | | | | | | | 1 ]

0 1 0 1

Yom

1.6
1.4
1.2

0.8
0.6
0.4
0.2

pPb 34.6 nb™, pp 28.0 pb™ (5.02 TeV)

* nPDF + comover breakup explains additional suppression

3 4+ Y(@3S) y CMS ~
T pX <30 GeVic
[ . CIM +nCTEQI5 T -
. CIM+EPS09LO -
e =
Rttt e TR s M
e !_,.,,_,,,,.,,, ¢ =
: ‘ == ,_,_,_."_".':'.';-.-;-.--_.-.-....._..._.._.._.._......_.,...._..f
: | | | | | | | | | | | | | | | | | | | :
-1 9 1
yCM

of excited states?

18 October 2022
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Rypu[Y(18)]

Rypu[Y(2S)]

[JMPA 35 (2020) 2030016]

1.4 I l I I I 1.4 I | | I I | | | | I |
P <25GeV/c T " —5.0 < yems < —2.5
1.2 / | 1.2 7 _ 7
N : N
SRR %% = i NN S
0.8 :“§?'§\~\ //%//////// 2 038 %\\%}\\k\ *
PR\ \\/./..,. g ver N |
0.6 - w2z CNM o 0.6 [lasisaes -
04 L CNM + QGP < 04 [ CNM .
- —— LHCD (2018) - = CNM + QGP ‘Y 2 b KW
0.2 - 4 ALICE (2020) 02 F o LHCb(2018) (2S) bac 1 ard
0 =

Rpr [T(ZS)]

- 1.5 < yems < 4.0

1 I | | I | I I | I I | |

0 5 10 15 20 25
p. (GeV/c)

* nPDF + comover breakup explains additional suppression of excited states?

* Models with hot-medium effects describe Y suppression in pPb collisions...

18 October 2022
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Comover Interaction Model

* Survival probability of quarkonium
interacting w comovers

* Depends on
1) quarkonium dissgtiation rate
2) comover density

Transport Model

* Thermal rate equation of
quarkonium vyields

W) _ o) Vo) ~ M)

eq 2 d3p eq
Ny'(T) cdy foy (Ep; T)

e Dissociation/rate depending on T (E. density)

e Medium evolution matched to dNc»/d#

e CIM vs Transport calculation ‘actual’ treatment similar?

e How much of modifications in pA to be considered in AA interpretation?

19 October 2022
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i ‘ IVI
3 ALICE pp Vs =13 TeV

[arXiv:2204.10253]

: Y(1S),Y(2S) » u'n,25<y <4

25 - o Data
— PYTHIA 8.2

2 - comovers

—
o
™

Y (2S)/Y(1S)

— 3-pomeron CGC
== PYTHIA 8.2 (no CR)

CPP

0 1

2

3 4

Y, Nch same rapidity region (SRR)

(dN_ 7 dn)

5 6

chh / dn INEL>0

|771<1

2 B T I I I T T I T T T T I 1 1 1 T I T T T T I T T T T I T 1 I |
Z 3:- ALICE pp Vs = 13 TeV ]
T~ F r(18),Y3s) s pw,25<y<4 ]

9] (9] | _

= = 2.5 O Data — 3-pomeron CGC ]
\Z/ \2/ [ = PYTHIA8.2 =-PYTHIA 8.2 (no CR) .comovers

gla °F ]
all POl ]

18 October 2022

N /dm) gt

chh / dn INEL>0

ity dependence?

CMS [JHEP 11 (2020) 001]
0.5

" pp \s=7TeV  pp \s=2.76 TeV pPb Vs =5.02 TeV

L ¢ Y(2S) / Y(1S) ¢ Y(2S) / Y(1S) & Y(2S) / Y(1S)
0.4 [ % Y(3S)/ Y(1S)  Y(3S)/ Y(1S) ¥ Y(3S)/ Y(1S)

P > 0 GeV, Iy < 1.93
0.3}

Ry . Y (2S)/Y(1S)
0.21- % nE

Y(1S)
0.1 s

i %] ¥

: -
OO_|||||||||||||||||||||||||||||||

"0 20 40 60 80 100 120 140 160
Ntrack

e Quarkonium production sensitive to SRR/

* Excited-to-ground state suppression in SRR
due to MPI/UE/correlation?

17



[JHEP 11 (2020) 001]

CMS 4.8 b (7 TeV)
0.5¢
i Y(2S) / Y(1S)
B AR _
0.4_ _+_NtAr;ck_0
: i _+_Ntrack=1
C’b\ ¢ _+_Nﬁ':ck=2
Zo03- ; E 3 30 N2
-~ + [y@3s)/ Y(1S)
a i _$_Nﬁ':ck=o
c O2r Gé 8 ¢ e NXR =1
> : ¢ * % S _‘lf‘_NtAr:ck=2
01__ _+_Nﬁ':ck>2
i p$“>7GeV, ly''l < 1.2
0.0_|||||||||||||||||||||||||||
0 20 40 60 80 100 120 140
Ntrack

Y direction

AR<0.5

o Y(nS) / Y(15) still suppressed for different Nirack
in a given cone size

e Different from comover breakup picture?
e Thresholds might be better?
(N2F>0,3,5...)

e Caveat for pr region!

" 18 October 2022
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https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP11(2020)001&v=dd2bf3d3

[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
—~ r @ 4 055 <S_< 0.70
Dol 5970 —+—0.70 <S; < 0.85
0 &y g o o . 085 <S, < 1.00
> | o % e
0.1+
i pi” > 7 GeV, ly"l < 1.2
OO_III|III|III|III|III|III|III
"0 20 40 60 80 100 120 140
Ntrack

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?

e Caveat for pr region!

18 October 2022
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https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP11(2020)001&v=dd2bf3d3

[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+
i pi” > 7 GeV, ly"l < 1.2
OO_III|III|III|III|III|III|III
"0 20 40 60 80 100 120 140
Ntrack

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

18 October 2022

I 6.5< P, < 30 GeV/c
- [@0< IyCMI <0.9

- [m0.9< IyCMI <15
C @1.5<IyCMI<1.93

5< p, < 6.5 GeV/c
1.5 < IyCMI <1.93
|

0-20 20-30 >30
HF >4
E; (GeV)

34.6 nb” (pPb 5.02 TeV)

- 6.5< P, < 30 GeV/c
- [@0< ly,, /<09

02_ Ii]OQ<|yCM|<15

B @1.5<IyCMI<1.93

5< p, < 6.5 GeV/c

|E1'5<chml<1'93
|

0-20 20-30 >30

E;

HF >4

(GeV)
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https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP11(2020)001&v=dd2bf3d3

ATLAS :
CMS
ALICE :
LHCDb

€)

lyl <1.6-2.0

lyl<2.4

25<y<4.0

:20<y<45

@ @ @ ©)

* Rapidity gap study for excited-to-ground state ratio
vs event multiplicity

e (2S)/J/1p or Y(nS)/Y(1S) vs Nux for D), @), (3

in fixed N region

* Take advantage of wide rapidity range from all LHC
experiments : possible for both pp and pPb

" 18 October 2022

20



[CMS-PAS-HIN-21-001]

CMS Preliminary pPb 186 nb™ (8.16 TeV) 005 CMS Preliminary pPb 186 nb™' (8.16 TeV)
O- 1 5 i 1T 11 | 1T 11 | T T 1 | T T 1 | 1T T 1 | L ] " :I Fr I rl|=’| Vlz{l:)g-ISFI)}I | LR | L | ti I.I |PII'OI|T|IpIt ;lj/’llp rrd | e | P I:
oy N < 12<lyl<2.4,185s N, <250 |
- tY (1S),0<ly |<24 : - 2 10,185 <N, <250 u PromptD’ .
i 70 < N::f;line <300 (Nofﬂine <50 sub.) 1 0_2_— Iyl < 1.0, 185 < N,, < 250 ‘ 'L;g n<p1r fh:ﬁ% < Ny <250 —
0.1+ tri — - Iyl <1.0, 185 = N, < 250 .
- ¥Prompt J/y, 1.4<ly 1<2.4 . B + Y(1S) N
i - lab B 0.15— lyl < 2.4, 70 = N, <300 7
R 180 < Npy'™* <250 (N°""* <35 sub.) - - 1
[lﬂ - s 0.1 —
N I~ 1
i X - ]
§ ; | ;
0.05— % ]
B [ | . B
- | B + i
I Ll : e = s S — )
-0.05¢ ‘_ : ¢
[ | | | | | ] -0.05E -
L1 1| L1 1| L1 1| L1 1| L1 11 L1 11 v bvvn b b b by b b b by g g o |
0 5 10 15 20 25 30 0 1 2 3 4 5 6 7 8 9 10
o (GeV/c) p. (GeV/c)
* 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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» 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 | mY(1S) (CMS) pPb 8.16 TeV 69 < N < 300 lyl < 2.4
0.1

- ¢ Inclusive J/p (ALICE) pp 13 TeV 0-5% 2.5 < lyl <4 L

01 | + e PbPb |
- - —o—

S' 0.05 |- i

O - S S S 0 FfF-oL--

L AR . ik .
-0.05 | _+_ PP I

: 0.05 -
-0.1 '—_ | | 1 | I | T 1 1 I | 1 | | I 1 | | | i | | | | I | | | | I | | | | l 1 | | |

0 5 10 15 20 0 10 20 30 40

pr (GeVic) pr (GeV/c)
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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e Significant contributions from feed-down! — Crucial on data interpretation

e Caveat for Y(2S) and Y(3S) : Still large! Decreasing towards low-p?
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Questions / Discussion

[ What can we learn from bottomonium production in heavy ion collisions?
= Binding energy dependent suppression & medium temperature profiling still valid?

M When are Y(nS) states formed in AA collisions?
= QGP too hot at the beginning? Production time delayed towards late stages?
= Does this even matter?

[ What is the mechanism of recombination for quarkonia in QGP?
= Uncorrelated recombination purely statistical?
= Correlated (diagonal) recombination happening until chemical freeze out?

[ How should we interpret quarkonium measurements in pA?

= Sequential suppression for both charmonia & bottomonia!
— How can we distinguish final state CNM vs HNM effects?

= No collective behavior for Y(1S) in contrast to J/i
— why J/i v2 similar for pPb & PbPb? and also why comparable with DO vz in pPb?

[ How can we disentangle feed-down contributions?
= Very strong dependence on pr...
= Challenge for (higher) P-states measurements towards lower pr region
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Azimuthal correlation

[JHEP 11 (2020) 001]

CMS 4.8 b (7 TeV)

0.5 T Y (nNS)momentum direction
"~ Forward: 9 Y(2S) / Y(1S) —¢ Y(3S) / Y(1S) 3 (nS)momentu eetio
Transverse g
. Transverse: —+— Y(2S)/ Y(1S) 4 Y(3S)/ Y(1S)
0-4;_{ Backward: —¥- Y(2S) / Y(1S) —¥ Y(3S) / Y(1S) 2 Forward
3
SI_) __ég , x ‘ i Intlc;r(;?rcltion T
~ i
- Backward Track momentum
(,C) 02§§ vy . 2_7T direction
= t ¥ 8 g 7 3
>~ | &% S O %;
0.1 . .
B e Y(nS) / Y(1S) suppressed for all azimuthal region
Il | |P$“ >7 GlueV, ly‘“"| <12 + Similar suppression for all N°7 itself implies
0.0 0 10 20 30 40 50 connection to UE
A¢
Ntrack
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https://arxiv.org/ct?url=https://dx.doi.org/10.1007/JHEP11(2020)001&v=dd2bf3d3

[JHEP 06 (2022) 015]

- ALICE, pp
[ Inclusive J/y — p*u,25<y <4

Mult. classes: | | < 1 -
* {s=5.02TeV (INEL > 0)

| A Vs=7TeV (INEL) mld-y Nch & mld-y J/II)
B ® Vs=13TeV (INEL>0) i

- Inclusive J/y — e*e’, |y | < 0.9

¢ Vs=13TeV (INEL > 0, SPD) i i
B Vs =13 TeV (INEL > 0, V0) P 7

d llllllllllllllIlllllllllllllllllll

O 1 2 3 4 5 6 7 8
dN.. / dn
@N_7dn)

¢ Inl<1

[PHENIX Prelim. SQM 22]

New preliminary!

18 —
- PH ENIX
16~ preliminary  Same y for J/i) & Ncn

L e 1.2 <Y, <22 .

14:—+1.2<yw<2.2 :

- —0—-2.2<yJ/V<-1.2

12 _
~ pp Vs =200 GeV
10N :1.2<n<24

- N i1.2<n<24
8* + - .

- Wy = 7 sublracteg Same y for Y/ & Ncn
61— + removing|J/i tracks
4 e

- =" Opposite y for J/ih & Ncn
2 0P y Y & Nc
ol"1||||||||1111111||11

0 2 4 N N8 10

NL/<NN >, N /<N, >

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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Quarkonium feed-down

[EPJC 72 (2012) 2100]

[EPJC 76 (2016) 283] J/ 1) 0,,S
[JHEP 07 (2014) 154] amS __ m
[PLB 718 (2012) 431] M JFLS p— %(mS —> nS)_
[PRL 114 (2015) 191802]
Ous
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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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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)
0 8.- QTraj: pr< 30 GeV and y=0 O ATLAS - Y(2S) 0 8.- I\ QTraj: pr< 30 GeV and y=0 O ATLAS - Y(25)
| A CMS -Y(2S) | A CMS -Y(2S)

¢ CMS - Y(3S) <& CMS - Y(3S)

QTraj - Y(1S) QTraj - Y(1S)

D? 0'6. QTraj - Y(2S) f 0'6. QTraj - Y(2S)

0.4

QTraj - Y(3S)

0.4
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0-0 — " N N 1 N . 1 N 1 . 1] O-O o ! N 1 . 1
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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] [PLB 790 (2019) 509]

_ PPb34.6nb", pp 28.0 pb” (5.02TeV) 4¢Pt o 2027V pPodtontpo2eopn’ il
o o vas
1.4 = yes) E 121 ___________ ==iP
1.2 ¢ YOS ~ o8l Y . o [TLL

] oof] U]

I 4 [EPJC 77, 269 (2017) \ o W) [EPJC 77, 269 (2017)
020 ws5<p <65aevi 1 me5<p_<10Gevic
O_ 1111 | | | | | | I | 1111 | 111 ] - 111 | | | | | | | | I | |11
-3 2 1 0 1 2 33 2 1 0 1 2

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

e Similarity between charmonia and bottomonia?
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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

M Inclusive Y(2S) (PHENIX) pAu 200 GeV pt >0 GeV

1.5

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

e Similar ‘amount’ of initial/final effects?

» PLB 774 (2017) 159 (O

» JHEP 07 (2018) 160 (D

b arXiv:2202.03863 (O

» JHEP 03 (2016) 133 (D

» PRC 102 (2020) 014902 (O
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[JHEP 07 (2018) 160] [EPJC 77 (2017) 269]

pPb 34.6 nb™', pp 28.0 pb™ (5.02 TeV)

io) 1 -4 I 'TTT T T T T T TT T T T T T TT T T T T
& | p-Pb Sy, = 8.16 TeV R L A R e A AN R
1oL ® ALICE inclusive JAp 1.4:— 6.5< P < 10 GeVic CMS —:
I o LHCb prompt Jiy (PLB 774 (2017) 159 ) - Prompt JAp 1
1 I e I 1.2~ ]
N o | © ]
0.8 ~ | o N o I s s s X xy\»;%;\x& i
- T%r 508 — W__
0.6 o L -
.0~ [ 1 EPSO09NLO + CEM (R. Vogt) + - _
.| | 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) ]
0oL 0 Energy |OS(SP (FZ-hArleo et all-)) 0oL L EPS09 NLO (Lansberg-Shao) 7
- = Transport (P. Zhuang et al. el I ]
"~ = Comovers (E.IFerreirol) | | | | | ~ [/ nCTEQ15 NLO (Lansberg-Shao) _
O||||I||||I||||||||| I L1 1| T I L 111 - L 111 b b b b b b bvvns b by o I
's 4 3 2 41 0 1 2 3 4 5 055 2 15 1050 05 1 15 2

ycms yCM

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]

2.5 I 1 I | I I I | I 1 I | I I I | I I I | I I I I I I I

| ALICE, p—PDb \s, = 8.16 TeV, Inclusive J/y, y(2S) — u'u-

[ 446<y,  <-2.96,p_ <20GeV/c ]

21 Transport Model (Du and Rapp) . J/y  \\wy(2S) -

| Comovers + EPS09LO (Ferreiro)  Jiy  w(29) 1

1.5~ EPS09sNLO + CEM (Vogtetal.) = J/y y(2S) N

1| > |
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- .J/\V -
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coll

1.5

[PRC 105 (2022) 064912]

| | |
-22 <y <-1.2,Inclusive PHENIX (a)

B Y(2S), pAu |5, =200 GeV
® I/, p+Au |5 =200 GeV —

[ ] yw(2S) Transport Model (Du & Rapp)
55 J/p Transport Model (Du & Rapp)
—— CNM Effects Estimate (Du & Rapp)

° L. o —
- 1 L —
| | |
2 4 6 8
<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/)
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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
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"+ [ | Energy loss (F. Arleo et al.) - 04 N
| [ | EPPS16 reweighted (J. Lansberg et al.) ] " .
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* 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)
N 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 et al) —
—a— ALICE J/W¥¢ '4.46<y<‘2.96 - m KO [ ) Prompt DO - - - Prompt DO :
—e— éldg%j/{pw 208<y<3.53 I AS m D fro?n b hadrons  --- Promgt Jhyp .
Com . i — D° from B mesons
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0 |- 101 - - | -
O _______________________________________________________________________ |
i i + 185 < NOI'"™ < 250 ]
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priGeV] 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 (LO only)
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[PRD 102 (2020) 034010]

T — 1 1 T T T 1 T T T 1

® CMS J/y
H—J/Y & g, m. = 1.2 GeV
L --- T/ & q, me = 1.2 GeV
| — Y & g, mp = 4.5 GeV
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_ -2
= 0.10} Bp =6 GeV
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0.05 | |

0.15

[CMS-PAS-HIN-21-001]

CMS Preliminary

pPb 186 nb™ (8.16 TeV)

T | T T | T | |
¢Y (1S),0 < ly_|<24
70 < N2 < 300 (N;’:""e <50 sub.)
*Prompt Jhp, 1.4 < Iylabl <24
180 < Np,'™ < 250 (N < 35 sub.)

CMS Preliminary pPb 186 nb™' (8.16 TeV)
0.15_||||||||||||||||||||||||||||||_
Y (1S),0< Iylabl <24
70 = N9 < 300 (N < 50 sub.) -
trk _

0.1—
SHINCHON_MC

0 5 10 15 20
P, (GeVlc)

25

30

0-30

 Similar vz predicted by CGC for J/y 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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[P. Gossiaux SQM 2022]
Quantum coherence

uarkonium
Q only resolved at the

? end of the evolution
Open mesons

1/N dN/dz
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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

18 October 2022
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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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[CMS-PAS-HIN-21-007]

PbPb 1.6 nb™ (5.02 TeV)
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e Y(3S) observed with discrete likelihood profile > 5 sigma in PbPb collisions
e MVA BDT technique applied to reduce the background level in PbPb
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[arXiv:2210.08980]

A
&> *"°[ ALICE, p-Pb, {5, =8.16 TeV
& 0-165— p-going,2.03<y_ <3.53 [0]vi42PC)
AN 0.141- VOM: (0-20%)-(60-90%)  AmPT string-melting
0.12 - b, c, K*, n*
0.4 uw<K,n*
0 08: i
- :_ lllllll I“l' «— C
oo TR,
- - —— v,
0.04/ ofgv s‘a_s i,
- I e oy — fray
0.02:_ 0 “‘n --------- :.T..
3 I
_00:||||| Illl | I l IIIIIIAIIAIII L1
) 20 1 3 4 5 6 7 8 9 10
p_ (GeV/c)

vi{2PC}

_0.02D \|1|| |21|||311|14||15|||16|1||7|1

© o ©
- b b
oA o

0.08
0.06
0.04
0.02

- ALICE, p-Pb, {5y, = 8.16 TeV
— p-going, 2.03<y__ <3.53

~ VOM: (0-20%)-(60-90%)

[o]vi{2PC}
CGC (Zhang et al.)
— u < b’ C
—=pn<b

_IllIllllllllllllllllllllll

vi{2PC}

0.14 i
- ALICE, p-Pb, s, = 8.16 TeV Vi{2PC)
0.12F- P-going, 2.03 <y  <3.53
- VOM: (0-20%)-(60-90%) ~ CCC (#hang etal)
o B — < b’c
e 2\ AMPT string-melting
S 40 M
0.06— So e
= b o2 T e
0.04 — \.“‘ _¢_ .".,,k
N \j lm”.ﬂm
0.02 l'\\.\*' ﬁ T
o ﬁ
o b by s by s by by by o by s by a s b a g
e VS TR e Ey VPR S Y T W BREE |
p.. (GeV/c)

e AMPT qualitatively in agreement with data including light & heavy quark v:

e CGC agreement with data using contributions from charm & beauty quark

: do not include light quarks —> overestimation at low-pr

e Comparable results at high-pt for AMPT & CGC & data
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