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Heavy ions: Quarkonia P21
Highlights from ALICE, ATLAS, CMS, LHCb

Robin Caron, Institut de Physique des Deux Infinis (CNRS-IN2P3)

The 10th Annual
Large Hadron Collider Physics Conference
May 16-21, 2022 Taipei, Taiwan
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Evolution of a heavy ion collision

t ~0fm/c ~ 10 fm/c Figure-fromMADAI collaboration
Hard partonic collisions chemical freeze out
Initial stages fireball expansion kineticfreeze. Ot
~ 1 fm/c

Quarkonia: a powerful tool to study medium properties and initial conditions

Signature of deconfinement:

0 suppression of quarkonia inside
the quark-gluon plasma (QGP) 4

[1] T. Matsui, H. Satz, Phys.Lett.B 178 (1986) 416-422 LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 3



Why quarkonia?

Sequential suppression:

e color screening and medium-induced
- ; ; dissociation

: e sensitive to medium temperature

o eXxcited states more suppressed w.r.t.

P’ ground states
e static vs dynamic dissociation [2]
central Pb—Pb
collisions at _ _ .
the LHC cc: O(100) and few bb pairs produced close to 7 ~ 0 fm/c

Regeneration: strongly supported scenario at
the LHC because of large number of cc pairs 3 4

[2] A. Rothkopf, Phys. Rep. 858(2020) 1-117
[3] Braun-Munzinger, Stachel, Nature 448 (2007) 302

[4] R.L. Thews et al., Phys. Rev. C 63 (Apr. 2001) 054905 LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 4



Why quarkonia?... Across systems size

probe the initial stages of the
collisions (photoproduction +
polarization vs. EP measurements)

Pb

Access medium properties
measuring suppression and

collectivity (via K5, and v )

Pb

heavy quark energy loss in the medium |

(

cold nuclear matter effects

reference system
test of QCD

Pb

Shed light on
multiparton interactions (via multiplicity dependent studies)

+ collectivity in small system (1)

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch S
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T | ALGEPreliminary - o Measuring production in AA relative
[Spee = 5- e | . . o
21" A ooy <09 2S<ped ] to production in pp collisions:
® Data 0-10% @ Data 0-20% |
E TAMU TAVU : o > 1: Enhancement
SHM SHM |
A =) .
ﬁtﬂﬁ | O < 1: Suppression
g -
‘E‘ﬁ .. 1 (dN/dy)
| i R e Ry = AA
1 1 1 L 1 1 1 1 I | I 1 { { 7 1 1 1 1 . N dN/d
o0 - . - - < Coll> ( y)pp
p. (GeV/ce)

o Models implementing regeneration, either at the freeze-out (SHM) or during the
medium evolution (TAMU), are in agreement with data at low pq,

© J/yw R\ A: more suppressed at high pr, showing a rising trend towards lower p

o pmid—y twd—y T - mid—y twd—y
R Ve R AA (low pr) as expected by recombination scenario (NCé > NCé )
SHM: Andronic A. et al., Phys. Lett. B797 (2019) 134836,

_ . . . 6
TAMU: Du X. and Rapp R., Nucl.Phys.A 943 (2015) 147-158 LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch



Observable: elliptic flow v,

N B L

n : : : : 0.2 ALICE 20-40% Pb-Pb |5, = 5.02 TeV —

o Initial spatial anisotropy Is converted into e e B o, R Raon farkivat 11 135261 :
a momentum space ar“SOtropy B Transport coupling for open- and hidden-charm =
0.15 B Inclusive J/y: regenerated + left-over primordial + b-feeddown |

' - with ¢ quark space-momentum correlations (SMCs) -

dN i w/o SMCs )
d—o<1+2 v, cosn(p —Y,) 0.1f- -

@ n=1 i _

0.05 |- i -

0 B _

- o Inclusive J/p, 2.5 < y <4, (SP, |An| > 1.1), JHEP 10(2020)141 -

o oy ey ey

0 2 4 6 38 10 12 14 16

GeV/c

n=2 n=32a Py | )

© Low pr (< 5 GeV/c): transport model implementing regeneration can describe measured
Iy V5, the latter inherited from collective flow of ¢ quarks during recombination

© High pt v,: path-length dependence mechanism + ¢ quark space-momentum correlations

He, Wu, Rapp, arXiv:2111.13528 LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch /



New results on charmonia

W(2S)

J Iy



Prompt v,i/ ¥’ measurements in Pb-Pb collisions

CMS-PAS-HIN-21-008 PbPb 1.6 nb™'(5.02 T 0 1gI\/IS—P|AS—I-|IIN—2‘|I—008| | PbIT’b 1.€|3 nb™ |(5.02| TeV

DL L R . R R R R R R

0.14— CMS Preliminar - CMS Preliminary
- Prompt J/y ATLAS prompt J/y i Prompt J/yp, Cent. 10-60% Prompt D° \
0.121 Cent. 10-60%  # lyl <2, Cent.0-60% 0.1-  © 16<lyl<24 W lyl <1, Cent. 10-30% —
- % & 1.6<lyl <2.4 ALICE Inclusive JAy ’ i ¢ lyl<24 ATLAS ¢ — u ]
0.1~ T e lyl<24 + 2.5<lyl <4, Cent. 10-30%- . vV <2 Cent 10-20%
B 0 _ B i ALICE Inclusive J/y -
N 0'08:_ I - - 0-05__ | ‘ + Iyl <1, Cent. 10-30% _
~ 0.06F % I - > T i el 7 -
- | o i i _
0.04}$ B T = O#-# T =7 - + —————————————— —
- 7 i O[] N :
0.02\+ + — i _
$ | = -
O ‘: —0-05__ l
_0_02:""|""|""|""| """""""""""" - _|||||||||||||||||||||||||||||| |||||||||||||||| .

O 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
p_ (GeVi/c) p_ (GeVic)

© Prompt J/y : significant v, up to high p+ (~30 GeV/c), while v, is smaller

O |Largest vg/ 7 at low pr (~5 GeV/c, expected from recombination) and also hint for v

© High pr v,: path-length dependence effect at play for all particles

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 9
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0.025'||||IIII|IIII|||||||||

in Pb-Pb collisi o A
- o | ALICE Preliminary, 2.5 < Y s < 4,03 < p. < 12 Ge
W(2S) Ry 4 in collisions ;| recrommson.
~_ 2 |-
2 0.0 £ NA50, 0 <y, < 1 (EPJ C49(2007) 559)
> o a
b B,
Pb—-Pb, =17 GeV
i 1 | | l | 1 | 1 I 1 | 1 1 I 1 1 1 I 1 1 | 1 I 1 1 1 % 0 015 ___ . ﬁ e b
- Pb—Pb, {sy,=5.02 TeV '
1.4 CMS, |y__|<1.6,0-100% |
- ALICE,25<y__<4,0-90% (EPJC78(2018)509) : [k |4
1.2 e J/y (JHEP 2002 (2020) 041) ® Jy - 001 M\ b—— o L
L e y(2S) (preliminary) w(2S) s EIDL
i R e R R S AR R SR AR A A SRS SRR - - - [ T SO T
1 3 TAMU i 0.005 - B + + . JL_._EI el e
0.8k Iy ] [ === SHMCc, |\, = 5.02 TeV +
- | - - — TAMU, |s, = 5.02 TeV
EE W¥(25) " o _!!!!!!!!!!TN!!!!!!!!!!!!!!!!!!!!!!!!!!!!__
0.6 - _ }? 12__ ® ALICE (pp ref: ¥s = 5.02 TeV, arXiv:2109.15240) E
E P - o 1'25 ® NA5Q (pp ref: s = 27 GeV, from EPJC48 329(2006)) _
ol h | o TSRS N
. s = : 2 08 E
0.2 % = '_\énf 0.4 ;—+ + 4= ﬂ - -+ -
L = o 02F %= + =
(j S—— L AN S ' ¢ 05~"50 {00 150 200 250 800 350 40
0 5 10 15 20 25 30 5 -
p_ (GeV/c)

Suppression hierarchy between J/y and yw(2S$) over p and for all centralities

Hint of a larger w(2S) / J/y ratio in central collisions at the LHC w.r.t SPS (ratio

described by TAMU model, while it is underestimated by SHMc in central events)

TAMU: Du X. and Rapp R., Nucl.Phys.A 943 (2015) 147-158
SHMc: Andronic A. et al., Nature 561, 321-330 (2018)

LHCP2022 - Heavy ions: Quarkonia

robin.caron@cern.ch
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J/w photoproduction In peripheral Pb-Pb

Centrality 70-90% 0 6X10—3 Phys.Rev.C 105 (2022) 3, L032201
’>\ 7 : . I . . . . I . . . : I : : % - | | | | I LHCb | | I |
8 - ALICE Preliminary Pb-Pb, \[STN =5.02 TeV \5_ B PbPb M — 5 TeV
B 6 Centrality 70-90% — 0.5 - Phot duced J/
= C Global syst. uncertainty: 8.6% - >"‘ B Oto-produce Y — Ul -
=5 5:— - E o) 0.4:_ <N ,>=19.719.2 _:
o 'g - - Jyp —e'e, |y|<0.9 : B D -
N‘O © 4 - TUpper limit 95% C.L. - N E ata _
C —T_1 W. Zha ef al . 0.3- No overlap effects 5
o — .Zha et al. o N ~
3 Phys. Rev. C99 (2019) 061901 ] - + o  Overlap effects -
- - 0.2 —
°F B - 5 4 Z
- i u 6 4 ' |
_ - B o T -
0 - P T T TR TR SR T 1 S S e— + I H O B | l ! | ° ® -
0 0.05 0.1 0.15 0.2 o) 3 4
p. (GeV/c) y
Jhy

© J/y photoproduction observed in peripheral Pb-Pb and not only in UPC

o Theoretical models (for UPC) including modification of the photon flux and sometimes
also the effect of the overlap between the nuclei (small impact) describe the data

W. Zha et al., PRC 99 (2019) 6, 061901 LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 11



J/y polarisation vs event plane in Pb-Pb collisions

s 0677771 71 o 0.9 RN RN IR R
< : < §
o5t ALICE, Pb-Pb S\ = 5.02 TeV . ALICE, Pb-Pb \/* 502 TeV
0 45_ Inclusive JAp — utu-,2.5< y <4 0.4 _ Inclusive J/p — utu~
0.3 - 1 arxiv:2204.10171 0.3 2<P <6GeVic,25<y <4
0.2F H E 0.2 4*7
0.15 $ - 0.1F Ei :
0L $ 3.50 deviation from 0
- ] O
-0.1F - - )
oop ¥ 0-20% E -0.1f ¢ Stat. uncert. E
T F 4 30-50% Event plane - |:|Syst uncert Event plane
g I ) S S R R SRS E 0o, AT T Ll
0 2 4 6 38 10 12 0 10 20 30 40 50 60 70 80 90 100
P (GeVic) Centrality (%)

O

O

O

Vanishing polarisation at larger momenta

First evidence of J/y polarisation w.r.t. EP at low p (possibly larger in semi-central events)

Sensitivity to vorticity and B field?

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 12


https://arxiv.org/abs/2204.10171

g Non-prompt J/y

Prompt J/y, w(2S)

22222222 - Heavy ions: Quarkonia robin.caron@cern.ch 13



J /1// production in Pb-Pb collisions

n 0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

ALICE Prellmlnary

Pb-Pb, |5, = 5.02 TeV, 0-10%
o ATLAS, Jip — u*w, ly| < 2.0 (EPJC 78 (2018) 762)

é— s ALICE, J/y — e*e, |y| <0.9 _;
E_ vertical bars: stat + syst unc. _+__+ + _E
- N z
= 4, E
g _ -
= . :
- l | ! | -
1 10
p_(GeV/c)

| | | | | | | | | | | | | | | | |

- ALICE Prellmlnary

- Pb-Pb, \/ 502TeV,1.5<pT<1O GeV/c b
_J/xp — ete, |y| <0.9 E
= —- Prompt J/y E
= -o- Non-prompt JAp =
B n
2 o : E
3 s

“50° 100 150 200 250 300 350

< Npart >

O ALICE extends non-prompt J/y fraction (fz) measurements down to very low py

© Non-prompt J/y R, » more suppressed towards more central collisions

O Recombination can explain the raising trend of

AA

RPrompt Iy 4 o\wards more central collisions

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 14



Measuring beauty from non-prompt J/y in Pb-Pb

< 22 — L L L L L e prrr L < 22 L AL L L L L BN LN
Q:< > ALICE Preliminary < LE ALICE Preliminary
= Non-prompt J/y, Po—Pb, s, = 5.02 TeV, 0-10% C = | Non-prompt J/y, Pb-Pb, \s = 5.02 TeV

1.8 4 ALICE, Jiy — e'e, |y| < 0.9 - 1.8 = ALICE, 30-50%, J/y — e'e’, |y| < 0.9 =
1.6F x CMS, Jiy — u*u, ly| < 2.4 (EPJC 78 (2018) 509) — 1.6 * OMS,30-100%, Jiy — p'w, ly| <2.4 (EPJC 76 (2018) 509) =
14 — || e ATLAS,J/y — u*u, ly| <2.0 (EPJC 78 (2018) 762) = - e ATLAS, 40-80%, J/y — pu*u, |y| <2.0 (EPJC 78 (2018) 762) S
TE %  ALICE Non-prompt D°, 0-10%, D° — K 'r*, |y | < 0.5 (arXiv:2202.00815) 1.4 : X ALICE Non-prompt D°, 30-50%, D° — K =*, |y | < 0.5 (arXiv:2202.00815)
1.2F — 1.2 —
g T T Diordievio M etal — 1:—'%""777 """"""" e SUEEE
0.8 CUJET (Shuzhe Shi et al) = 0.8F ¥ et : ¢ : =
- & — mllE & Hrh S | —
OO L H. ai E 0.6F- 2SS nE — =
0.4 ;— . x =2 + = 0.4 ; ‘%‘ Djordjevic M. et al. ;
0.2 = ] 0.2 CUJET (Shuzhe Shi et al.) _—
O : | | | | I | | | | I | | | | I | | | | | | | | 1 I | | | | | | | | | I | | | | : O : | | | | | l | | | I | | | 1 I | 1 1 | I | | | | I | | | | | | | | | I | | 1 :

0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
pT(G eV/c) pT(GeV/ C)

© Unprecedented access to the low py region for beauty hadron R, , through the
measurements of non-prompt J/y and non prompt D" meson

© Models including collisional and radiative energy loss consistent with data (high p)

CUJET: Shuzhe S. et al. Chin.Phys.C 43 (2019) 4, 044101, Chin.Phys.C 42 (2018) 10, 104104

_ - - - 15
Diordjevic M. et al. arXiv:2110.01544 LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch



Prompt w(29), prompt and non-prompt J/y/ v, in Pb-Pb

||||| | L | L | L | L | L L | L | L | [ . _—
0.5 " Scalar Product CMS Preliminary | 255 Scalar Product CMS Preliminary
- Cent. 10-60 % . = Cent. 10-60 %
0.4~ Prompt J/y Nonprompt JAy Prompt (2S) - 0.2 - Prompt J/y Nonprompt J/y  Prompt (2S)
a O 16<lyl<24 O 16<lyl<24 [ 1.6<lyl<2.4 T F Q 16<lyl<24 ¢ 16<lyl<24 0 1.6<lyl<2.4]
0.3 ® lyl<24 ¢ lyl<24 W olyl<24  — 0.15F ® lyl<24 ¢ lyl<2.4 " yi<24 -
- i E [} .
~ 020 ] : GRS E
> T N N ]
1 2 T
0.1 L ] - A =
- e . o & ;
O :+: """"""""""""" - _0.05 =
- Prompt J/yy - - -
-0.1F Non-prompt J/y - o E
||||| Lo v b bvva b bvva b Lo baa o T b b b b b b b b b ™
O 5 10 15 20 25 30 35 40 45 50 O 5 10 15 20 25 30 35 40 45 50
p_ (GeV/c) p_ (GeV/c)

O Hint of prompt vé”(zs) > 0 (pr >5 GeV/c): larger than v, of prompt and non-prompt J/y

© Prompt y(2S) v, found compatible with 0 and with J/y v,

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 16



Going towards small
collision systems

Pb

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.c
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J/y production in p-Pb collisions

o 18— 11— o 13T 71—
Q:Q” | 65— LHCh —4— Prompt J/ v Q=°* 1 6 t LHCb —4— Nonprompt J/y
1aE PPb, s\y=5TeV  p_<14GeV/c {4kt pPbysyy=5TeV  p <14 GeV/c
B pp, \s=5TeV - pp, Vs =5 TeV
1_ :_gi\ SN AN - | ] *
0.6F m = 0.6
: EPS09 LO N
0.4 F EPS09 NLO : 0.4 50010
02F —  nDSglO E 0.2
“F # FCEL  JHEP11(2021)181 nDSgLO-— GHER 11 (2021) 181
O | _4 — _2 — O — 2 — 4 | —4 —2 () 2 4

y Y
O Updated Rpr for (non-)prompt J/y thanks to new differential cross sections in p

O Stronger suppression at forward-y w.r.t. backward-y for (non-)prompt J/y

© Prompt J/y: tension between data and EPS09 NLO nPDF parametrisation

EPS09 LO & nDSg LO: Phys. Rev. C 88 (2013) 047901, EPS09 NLO: Int. J. Mod. Phys. E.22 (2013)

- ' . . . 18
1330007 FCEL: Phys. Rev. Lett. 109 (2012) 122301, and JHEP 03 (2013) 122 LHCP2022 - Heavy ions: Quarkonia  robin.caron@cern.ch



VJ/l//

y measurement In pp collisions

0.01—

I L4 L4 L4 L4 I L L4 L4 L4 I L LA L4 L4 ' LA L A A

i — e e e
§ : ALICE Preliminary VoM (0-5%)-(40-100° 2. 03 'L LR DL R LU L N D LN L DL RN INNLUNNL N B N NN LN DN INLUNLINL B R LN BB |
r] = —@—— Data PP, ¥S,,,, = 13TeV = | = T
s F Deia YL 3 ALICE Preliminary
g . IC == Background 15<|4n <5.0 = L] Pb-Pb, VSNN =502 TeV, (30-50%) (JHEP 10 (2020) 141) =
S E V, , {J/y-trackiet} = 0.0002 + 0.0005 3<p_ <4 GaVic S E 25<y <40 -
= —" —— * - + = 0 2 —— cms _ ——1]
£ 0}— ® - = o p-Pb, szN =5.02,8.16 TeV, (0-20%)-(40-100 %) (PLB 780 (20 18) 7-20) =
= C = = 1.5<|4n|<50,203<y <3.53 =l
% = ~ 015} = s —
> E 5 - ® PP, VSm =13 TeV, (0-5%)-(40-100%) -
-0.005 [— - - 15< 49| <50,26<y__ <40 - Pbe
% 10° E -_— e e E 0.1 E_' = =) i % I l '_E
- — - I -
o F - 0.05 - | — pr
= = = = == g 4 5 m
- 10°E = 0 = % ¢ l — =
a -  ——Data - = 9 | ¢ | - pp
@ Is — Total fit - - ' -
2 -0.05 { —
= 10°k = — Background / \ — = =
L — — = -
= PR— J/w =t I= " " =
= —wes) / \ / \\ - -1 All are inclusive J/ys .
- - = =1
1 5‘ — 21 Ao ‘2/5‘ A é Al \3'2‘ a—— ‘41 ‘45‘ S _0.15-1 [ .| l [ | l 1 1 1 1 l 1 1 1 1 l [ S O | l [ | l P 1 11 l [ . | 1.1'
- - : s (GeV/c?) 0 1 2 3 4 5 6 z)s

7
o (GeV/ce
o (Collective effects observed for light flavours... open question for heavy flavours

o No significant p dependence and vg/ ¥in pp compatible with 0 (v,* < V§Pb < v, °Fh)

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 19



New results on bottomonia

Y (39)

Y (25)

O |

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch



Y (35) observation and R, , in Pb-Pb collisions

PbPb 1.6 nb™", pp 300 pb™ (5.02 TeV)

CMS-PAS-HIN-21-007  PpbPb 1.6 nb™ (5.02 T

9000

Qo
-
-
o

70001
6000
5000-
4000;
3000k
2000F
1000}

Events / ( 0.075 GeV/c?)

R

pf“‘ <30 GeV/c
vyt <24
pi > 3.5 GeV/c

n'| < 2.4
Centrality 0-90%

CMS

Preliminary —

+ Data
— Total fit

---- Signal

........ Background —

A (GeV/c)

O Observation of Y(39) in

IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
27 p_ <30 GeVic CMS T
lyl<24 Preliminary 1 ]
ent.
------------------------------------------------------- ==
1 090% -
—=— Y(1S) (2015 PbPb/pp) T
—a— Y(2S)
H = Y(3S) 1 i
ﬁ T
| ¢ X | :
0.2/ ;
<L s T i
: L T
IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|I
0
0 50 100 150 (?\(I)O ;50 300 350 400 o oho i o4 007
part

Pb-Pb collisions (using BDT based on decay topology)

o Sequential suppression: excited states suppressed in all centralities much more than

Y(1S)

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 2]



Y (nS) R, 5 in Pb-Pb collisions

CMS-PAS-HIN-21-007  PbPb 1.6 nb™, pp 300 pb™' (5.02 TeV)

1T T | L | L | T | T | L | T | T T | [ m:E | IAI7I-|LIAISI | | o | o | o | o | o o I_
1.21- - — —
- p,<30GeVic CMS T l.2r pp, Vs =5.02 TeV, L =0.26 fb™ 1 Cent.
- _lyl<24 Prel/mlnary L cent - " Pb+Pb, \s,,,=5.02 TeV,L=1.82nb" 1 0-80 %%
e g R
P —*— Y(15) (2015 PbPb/pp) T 7 I pi* < 30 GeV - Y(15) ]
0 8:*% ;ii —8— Y(2S) Coupled Boltzmann Eq. | ] 0 8_— + |yW~|<1 5 -2 Y'(25) N
h —=— Y(39) .- Y(19) L -4 Y (25+3S) i
DCZE P ¥(28) T _ i Y(2S)95% CL |
O6f"‘§ f_*‘w == Y(3S) T ] 0-6__ ¢ [ Correlated uncer. |
1 - T 1 - -
0.4 & . TR N 0.4+ —
— e 1 § L © .
B l:+ji+] ) B8 i i " ® ° O i °
e e T : 0.2F ; -
_\‘ [*]E*g' """" - . . - T B ' * * 1 -
O_I\I\\I"Tl-l—-I—Jf-I_J_J._L_I_l_l__l_l_LIJLIJLIJE-L]IJ[IJLIJLIJ.I|I—_ ] O_IIIIlIlllllIIIlIIIIlIIIIlIH*IlHH&All_
0 S0 100150 ﬁ\fl)o §5° 300350 400 0 50 100 150 200 250 300 350 400  CERN-EP-2022-045
part

<Npart>

O Stronger suppression of Y (35) w.r.t. Y(25) as a function of centrality expected from
theory and not observed in the data

O RXX‘S) measurements from ALICE (not shown), ATLAS and CMS show similar trend

Coupled Boltzmann equations [JHEP 01 (2021) 046] LHCP2022 - Heavy ions: Quarkonia  robin.caron@cern.ch 22



Y (35)/Y (2S) ratio in Pb-Pb over pp collisions

PbPb 1.6 nb™, pp 300 pb™ (5.02 TeV,
IIII|IIII|IIII|IIII|IIII

—

yl <2.4 CMS
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© Y (35) more suppressed than Y (25) over all py intervals (double yield ratio)

o Models are not able to explain the data

Coupled Boltzmann equations [JHEP 01 (2021) 046],
Open-quantum system [PRD 104 (2021) 094049] LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch 23



Going towards small
collision systems

Pb
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R py, of Y (n5) states

arXiv:2202.11807 PbPb 368 ub', pPb 34.6 nb™!, pp 28.0 pb™' (5.02 TeV)

3 2:_ ® Ry [V <193 CMS _

T mR,,, |y‘éM| <2.4 p; <30 GeV/c 1

L1 o —

208 [ .

0C R i

o I ’ -

ol §

0.2 -

i ] 95% CL |

i A
Y(1S) Y (2S) Y (3S)

© Y (nS) states in p-Pb are found to be less suppressed than in Pb-Pb collisions
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Y(1S) v, in p-Pb and comparison to Pb-Pb collisions

CMS Preliminary pPb 186 nb™' (8.16 TeV CMS prreliminary PbPb 1.6 nb™” (5.02 TeV)
0.15 - L L _l Ty 0.25 | Charged hadrons | Prompt JAp, Cent. 10-60%  __
CMS-PAS-HIN-21-001 1 ¢ v (15), pPb 8.16 TeV (70 < N°™™ < 300) U B <1, Cent. 10:80% O 1.6<lyl<2.4 -
i r _ Y(1S) ® lyl<24 ~
PLB 819 (2021) 136385 | + Y (1 S), PbPb 5.02 TeV (Cent. 10-90 ‘Vo) O 2 - + lyl <24, Cent. 10-30% Nonprompt J/p, Cent. 10-60%__
0.1— B O 16<lyl<2.4 .
] | i ¢ lyl<24 i
B - Prompt D’ ]
I & : 0.15 - N ® lyl <1, Cent. 10-30% -
0.05— i _| B = "y Nonprompt D°, PAS-HIN-21-003 _
3 - __ . SRR . " * lyl<1,Cent. 10-80% -
T | ! i TR R . :
O_ T : 005:_ ERAE !_‘);‘ | | % -f:F' -} | _:
I % -- * : - i + o+ 4+ | .
- . o] e e i I _
_ _ | 3 :
-0.05}- - - b -
I | | | | | ] -0.05p | -

0 5 10 15 20 25 30 T 10

p_ (GeV/c) pT (GeV/c) CMS-PAS-HIN-21-008
: Y(1S5) - . . . .
O First v, (15) in p-Pb collisions, compatible with 0 (as observed for Pb-Pb)

o Low pr: vy < vi¥ < vP < v, while at high p;: common mechanism?
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Y(1S) v, in p-Pb and comparison to Pb-Pb collisions

CMS Preliminary pPb 186 nb™ (8.16 TeV .
0-1 5 i [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ >
CMS-PAS-HIN-21-001 - $Y (1S), pPb 8.16 TeV (70 < N < 300)
PLB 819 (2021) 1363851 " #Y (1S), PbPb 5.02 TeV (Cent. 10-90 %)
o 0.05- ! -
U)>C\I : & l
ot --
—-0.05- _
| | | | | | | | | | | | | | | | | | | | | | | | | | | | | ]
0 5 10 15 20 25 30
p_ (GeV/c)
: Y(1S
O First v (15)

2

O Lopr:sz < vgh”< vf

iIn p-Pb collisions, compatible with 0 (as observed for Pb-PDb)

+

0.3
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0.1

— ALICE Pb—Pb |5, =5.02 TeV —
- 30-50% & 78, |y| < 0.5
e Prompt D, |y| < 0.8
f{ﬁ}%‘%} e Inclusive J/y,2.5<y <4
o $ ® q} e Inclusive J/y, |y| < 0.9
o . b—e,ly|<0.8
B % mY(1S)560%,25<y <4
P
rliPREL %?*% é—
g @ _
1 o
#] @ [.:I |
- ALICE measurement
| | | | | | | | | | | | | | | | | | |
2 4 o6 8 10 12 14 16 18
P, (GeV/ce)
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Correlations of Y (1Y) production with the underlying event in pp

T ATLAS Preliminary |

5 HLT pT“” “2 S (6, 4) GeV |

- 10 < pT““< 12 GeV

3 ly*“l<1.6 |

S > data ATLAS-CONF-2022-023
107}

o
e aases s -
N 1

o Significant difference is observed in the particle
multiplicity (n.,) for events containing Y (nS)

© PYTHIA 8 can not reproduce the data for p+ < 30
GeV/c (even including color reconnection)

40

W
O

difference
N

|

u PYTHIA data
"o — x )’(153)

\ \ ‘ \ \ \
ATLAS Preliminary
pp, 13TeV, 139 fb’ ; *

|

= Y(2S)

— e Y(3S)
R B |

2
b

 Y(19) - Y(3S)

| -
Y(1S) -Y(2S) -

S data 0 7
# — PYTHIA with Y(nS) = Y(mS) — .
-~ PYTHIAw/o Y(nS) = Y(mS) —

O

"=, Difference: (ngyy 4= (n
%Egﬂgm . ‘ %

)

PYTHIA 8: arXiv:0710.3820 LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch
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http://arxiv.org/abs/0710.3820

Summary

o Plenty of new LHC results on quarkonia:

o0 Sequential suppression: clearly observed for bottomonia

© Regeneration: most consistent scenario for the production of charmonia at low-pr...

negligible effect for bottomonia (while 5_: very large R, 5 at low pr and larger than
quarkonia, hint of coalescence; X(3872) results; see backup)

O Significant J/y polarisation in Pb-Pb w.r.t. EP: looking forward to theory calculations

O Collective flow: non zero vzj/‘/’ for Pb-Pb and p-Pb but v;/‘/’~ O for pp collisions...

Hint of non zero v, for prompt y/(2S) in Pb-Pb... Y(1S) not affected

© Very challenging for theorists to describe both R, , and v, ... in general, models
can reproduce the data qualitatively well; tensions are visible in some cases

H B B
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Thank you for your attention!
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Integrated and p-differential R, ,

PbPb 1.6 nb™", pp 300 pb™ (5.02 TeV)

1 1 | 1 1 | T 1 | T 1 | T 1 | T 1 | T i L | L | L | L | L | L }
1.2~ PbPb |'Syy = 5-02 TeV CMS - 127 yi<24 CMS -
I Preliminary _ Cent. 0-90 % Preliminary -
T - A -
— ¥(28) 0-20%, 1.6 <lyl <2.4,3 <p_<30 GeVic - B —
- - i —e— Y(1S) (2015 PbPb/pp) 7
= — - Y(35)0-30%, lyl <2.4,p_<30 GeVic | B -
0.8— — 0.8— _ |
: — A Y(29)0-5%,lyl <2.4,p_<30 GeV/c : - : Y(ZS) :
S B — W Uy 0%, lyl<2.4,65<p <30 GeV/c _ < = |
T 0.6 _ T 0.6 ]
L — ¥ Y(1S)0-5%, lyl <2.4, p_<30 GeV/c | | T Y(SS) _
i - = L } _
I x | - ¢ -
| Jip a — —
0.2 v _ 0.2 _
i Y(3S) Y(2s) 1 =W e — N | : _
B L F Lo I L *1 I L1 I Lo I L | | N O i ] T ] ; | I*I ] ; | ] T | 1 i | I I | | | I I | | | I I | |
% 02 04 06 08 1 1.2 0 5 10 15 20 25 30
Binding Energy (GeV) pT (GeV/C)

o Sequential suppression for conventional charmonia and bottomonia states

© Larger R, o when the binding energy is increasing
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X(3872) measurement in Pb-Pb collisions

[LHCb-CONF-2022-001] y
1.7 nb™" (PbPb 5.02 TeV)

_ 1 | | 1.8
. CMS :
kT | - CMS
RS p.>15GeV/c- 1.6F
.| I Yt Prompt
S | R . - B PbPb (5.02 TeV)
N> $ 5 g 141 lyl < 1.6, 0-90%
0 S 1 F LHCDb ~ S 2 - o
T - L : S L 50
~ L [ Preliminary Lol 1.2
A S B =
;-t > p.> S GeV/e < ‘:;;Z [
N -
A v ! Z” 0.8 B pp (7 TeV)

_ @ =
P e ,qF lyl < 1.2 (CMS)
;t bs h?“ B pp (8 TeV)
S = 0.4F lyl <0.75 (ATLAS)

1L —
10 i § 0.2
. i N T | | |
- 2<‘4.5 ].5.‘,4 _5<._._2.5 0.9 = L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1 L1 1 1
<45 ) Looed ) Seoveds ) IS 070 20 30 40 50 60 70

o pPb Pbp PbPb
p_ (GeVic) Phys. Rev. Lett. 128, 032001

© First evidence of X(3872) in Pb-Pb is reported: 4.20 standard deviation

O Prompt X(3872) to w(2S) yield ratio: unique experimental input for theory

O Indication for medium-induced coalescence
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B. measurement in Pb-Pb collisions

PbPb (1.61 nb™) + pp (302 pb™), 5.02 TeV PbPb (1.61 nb™) + pp (302 pb), 5.02 TeV
- < [ .
u:g 3~ CMS Be = (Jy—ppurvy | o~ 3 CMS B: = (Jy—pputy,
i Centrality 0-90% i 6 < pf““ <11 GeV&13<ly'™ <23
2.5 ¢ 13<lyM<23 2.5F or 11 < pH* < 35 GeV & Iy < 2.3
- o y"M<23 i
2~ 21 H
: . )
1.5 p =043 1.5 ¢
: A i
i 0 L Cent. 20-90% Cent. 0-20%
0.5( 0.5( o =057
- - : arXiv:2201.02659
C llllllllllllllllllllllllllllllllll -lllllllllllllllllllllllllllllllllllllllll
% 5 10 15 20 25 30 35 % 50 100 150 200 250 300 350 400
pf““ [GeV] Npart

© Evidence of very large R, 5 in Pb-Pb is measured w.r.t. quarkonia
© Further indication for coalescence mechanism
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Fragmentation of jets with prompt J/y in Pb-Pb and pp

PbPb 1.6 nb™, pp 302 pb™ (5.02 TeV)

- CMS

pp 302 pb™ (5.02 TeV)

N
N -
Z i CMS
© 5
— - Prompt J/y
- " p,,, >65GeV
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- Injetl <2
- —=&— Prompt data
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"
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et

Cent. 0-90%

OIII

O Hint of a z-dependence of the J/y suppression (7 = pT,J/z///pT,jet)

© Indication that the J/y - medium interaction depends on the fragmentation

LHCP2022 - Heavy ions: Quarkonia
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J Iy productlon 1p pp collisions

—_ = l 7 P & ——— T T f
§ - /y/@/ _+_ D ata - § —4— Data .
S 10°F \YNLONRQCD 8 107 FONLL -
N - /Z CGC + NRQCD . ~ - __ | PDF uncer. :
< i - — i ) g
E 102 & _ E _ wi] PDF & m, uncer. -
Q[_.: E : &‘ 10 E Total uncer. -
2 - o - % -
® 10F 1\\\\\\ ~ S F LHCb 2 .
o E (s =5TeV,9.1 pb A \\\ : o i (s =5TeV, 9.1 pb—l N -
| B Prompt J/y \\\\\\\\\\\\\\\\\\ - 1 3 Nonprompt J/y/ &N‘ma E
= 20<y<45 Y : © 20<y<45 :
- T B B .\\\\.\\\\\\\\\\\\\j - T T \\'I

0 5 10 15 20 0 5 10 15 20
pr [GeV/c] pr [GeV/c]

JHEP 11 (2021) 181

O New measurements for prompt and non-prompt J/y : updated Rppb results

© pr-differential cross sections well described by models
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J/y polarisation in Pb-Pb collisions

O Related to spin alignment of a particle w.r.t a given axis

© For a vector meson (V), the total angular momentum (J, J.) is:

v;J, ). >=b,|1,+1>+by|1,0>+b_|1,-1>

R

o

quarkonium

rest frame , | . “ L aph
e .
V) 3 _

production vo DB TS e 5
plane \. N =" \{ —t
- ’ ‘. &
}-Wf; E
\_/% y A VENT-PLANE

|
W(cos @, @) 34 - (1 + 4 cos” O + Ay sin” 0 cos 2 + A sin 26 cos 2¢)
0

(Ags Ao A9p) = (+1,00) ———»  Pure longitudinal
(4> 45 49,,) = (0,0,0)  No polarisation

(lé’a /Igm l@qp) — (_ 19090) Pure transverse LHCP2022 - Heavy ions: Quarkonia  robin.caron@cern.ch 30




v, coefficients in Pb-Pb collisions

______ L=7 ¢~ 10 fm/c
-
Py

X Py

O Related to initial geometry of the overlap region and high pressure gradients

O Spatial anisotropy is transferred into a momentum space anisotropy

€I’l
dN v
—x1+2 ) v cosn(p—"Y) .

de

v, =<cosn(p—"Y,) >
n=1
n=>2 n=3a
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Y (1S) v, extraction in p-Pb collisions

CMS Preliminary
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— Background
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LHCP2022 - Heavy ions: Quarkonia

CMS Preliminary ~ pPb 186 nb™ (8.16 TeV) 015 CMS Preliminary ~ pPb 186 nb™ (8.16 TeV)
: I | T T 1 | T T 1 | I | T T 1 | T T 1 | I |: . I I 1T T 1 | T T 1 | I 1T T 1 | T T 1 | I 1T T 1 | T T 1 ]
745 70< NoH"™ < 300 —Total - . $Y (15),0<ly_|<24 -
- p;23.5GeV/c - V1 - i 70 <N°™"e _ 300 (N°M"® _ 50 sub.) |
7.3F 6<p?<10GeVic o 0.1 < N o ) -
- 0.3 < p?_ssoc <3 GeV/c v3 i - m ; WPromptJ/y,1.4< ly, | <24 -
72c a>10 | Al \ E L | [l 180 <NZ™™e < 250 (N < 35 sub) -
= - 9.45<m,,, <950GeV/cc  ATTTTNT S " , * -
37 = AN ., 0.05- _
C\-'o O B ',/' _ (?)C\l : & B :
| @7 e /e = = . |
Z b T e Tl - . ' -
6.9 + - 00— ;
e - } ; E
6.7 E —0.05[ 7
B I I T T T T 1: i oo v v b v v b b by |_
1 0 1 2 3 4 0 5 10 15 20 25 30
A P, (GeV/c)
© Fourier decomposition of azimuthal distribution using v,
o Simultaneous fit on dimuon invariant mass
: T . Y J/
© High multiplicity p-Pb collisions: v, < v, /
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Y(1S) v, in Pb-Pb collisions

PbPb 1.7 n|b'1 (5.02 TeV)

0.21 |
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°© Y(1S) v, measurements in PbPb collisions compatible with 0 and lower than J/y
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o All current theoretical models (including regeneration or not) can describe data
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Non-prompt J/y and y/(2S5) v, extraction in Pb-Pb

PbPb 1.6 nb™ (5.02 TeV
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PbPb 1.6 nb™" (5.02 TeV) PbPb 1.6 nb™ (5.02 TeV) 21000 1+ T =

IIII|IIII|IIIIIIII|IIII|IIII|IIII|IIII|IIII EIIIIIIII|IIIIIIIIIIII|IIII|IIII|IIII|IIII|IIIIE E CMS E

i CMS Preliminary _ 107 & CMS Preliminary — 20000 6.5 < p:_“ <10.0 GeV/c e —

3.0<p.’ <4.5GeV/c - 3.0<p. <4.5GeV/c E < 19000 = Iyl < 2.4 Preliminary E

— 1.6<ly"1<2.4 ¢ Data 10° = 16< ly"“'l <24 ¢ Data E L - Cent. 10-60% =

N<§ Cent. 10 - 60% __ Total fit ~.0° - Cent. 10 - 60% — Total fit - % 18000 = —

S = = - -

8105 B 0.0<v,<03 — Prompt J/y = o - 0.0<v,<03 — Prompt J/y E (85 17000 ;_ —O— I[:)i?ta +_E

To R | — 10 g hp = =

8 Nonprompt J/y | g 17 _. Nonprompt JAy = o 16000F ... Background | 2

S Background eI Background = = | K | =

< | R : £ 15000 ? b + | =

% - i ; ] = e AT L= -

s | 10°E # [ ,‘\ﬁ O 14000 + + _____ { e =

S u I 5 N ] L] — =

R YT Lt 10 J:0\ K E 13000 23— T+ —

b b 15 | \ - 12000~ | | | | | —=

_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|II||_ —1|II|IIII|IIII|I;III|IIII|\IIII|IIII|IIII|IIII|III" 0-24_— ——

10 = .

26 27 28 29 3 31 32 33 34 35 4 3 -2 1 0 1 2 3 4 5 6 5022 4 011 vS+B ]

m,.. (GeV/c?) Ly (M) 022 Vz=T.ee =0 . E

0.2 V2 =

: . . : . 0.18 i_—l— _;

O Simultaneous fit on dimuon invariant mass and 2 016 ] | + ! :H ‘ ——

N — ~-f-= -p--= _

> = =

pseudo-proper length for prompt/non-prompt N T =

. 0.12 —

extraction 01C E

0.08 =

: : : : : 0.06 —

_I | | I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I L1 1 1 I | | I_

© w(2S) v, extraction using the dimuon invariant Y By Ty S SR
mass fit M. (GeV)

40

LHCP2022 - Heavy ions: Quarkonia robin.caron@cern.ch



J/y and prompt 1//(2S) v in Pb-Pb collisions
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O Larger v, is observed for prompt J/y w.r.t. non-prompt while all ~0 for v,

O Hierarchy iIs observed:

Vb—>]/l//< VJ/I//<

2 2
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J/y pair production in Pb-Pb collisions

AlIP, 1523 (2013) 1

N% 10 ALICE Preliminary B pp, Vs = 13 TeV
0] \ pp, ¥s =13 TeV .
8 80 Jy - pp, 25<y <4.0 N o p
S 8o + . data : ALICE Preliminary L ~24 pb
E B m it SUM 7 : #
. 60-_+ | __.é/:ﬁ:ﬂ//wzz - Inclusive J/y, 2.5 < y < 4
- - =+ Brgl + Jly
i + vl e Bla ) LHCb JHEP 06 (2017) 047 L, _~279 pb”
or + TI+ " B Prompt J/y, 2 <y <4.5 —
i N + _
20— I i ‘ =
B 4e - | ) | N | | A U S U T PR T SR U S SR R
oo b [ 0 1 2 3 4 6 7 : 9
- S} 25 do(J/v J/y)/dy (nb)

O Constrains on J/y production (NRQCD) and double parton scattering

o Despite different acceptance and inclusive or prompt: good agreement w LHCb
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robin.caron@cern.ch 42



(ZS) productlon in pp and p -Pb collisions

P | o T T l T T T T T T I
e S - A _ i
E E _ALICE pp \/_ e TeV p—Pb \/ 8 16 TeV i W i ALICE pp, Vs = 13 TeV _
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I i#“ + 1% norm. unc. not shown E i ]
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O Linear increase of y(23) normalized yield vs. multiplicity while w(25)/]/y is flat

© Agreement with models at low pr

O pp and p-Pb data are compatible within the uncertainties
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High-p J/y and y/(2S) production pp collisions

Non-prompt fraction of J/
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