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Quarkonium production at the LHC

4 LHC offers a unique opportunity to explore quarkonium

T 1 ) 3 4 production in a very wide kinematic range
. T T >
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> P‘\’P * Forward & mid rapidity coverage
O = Charmonia down to zero pt
75 175 = Bottomonia down to zero pt
5] 1s » Mid-rapidity coverage
\’\,\cb * Charmonia at high py
» Bottomonia down to zero py
2.5-| ALICE ALICE 125
b = Wide forward rapidity coverage
A - > % = Charmonia down to zero py
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4 rapidity, Via, Bottomonia down to zero pr

= Complementarity of all the experiments

@ » Mid-rapidity coverage
* Charmonia at high py
ocervenr @ Bottomonia down to zero py

1
Quarkonia as tools 2021 Overview Luca Micheletti O



Overview

In this presentation a selection of the latest LHC results in p—Pb collisions

4 Charmonia in p-Pb collisions (y/Syy = 5.02, 8.16 TeV)

= ]/ production as a function of pt, y and centrality JHEP 07 (2018) 160 "™ EPIC 77 (2017) 269

s PLB 774 (2017) JHEP 2009 (2020) 162

ALICE

= Y(2S) production as a function of pt, y and centrality &% JHEP 1603 (2016) 133 JHEP 02 (2021) 002

[HEP 07 (2020)237 £ EPJC78(2018) 171

ALICE -~ =T ExperiwenT

4 Bottomonia in p-Pb collisions (y/syy = 5.02,8.16 TeV)

* Y (nS) production as a function of pt, y and centrality PLB 806 (2020) 135486 (&4 JHEP 11(2018)194

ALICE

£7)EPIC 78 (2018) 171 "\ JHEP 04 (2014) 103
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Nuclear modification factor

PbPb 368/464 ub™" bo 28.0 b (5.02 TeV 4 Nuclear modification factor (Rap): quantifies the
RRRRRRRRARERRED e I"PP' T 'p| . ARER 'e| 4 modification induced by a medium on the

1.2 Py <30Gev CMS - quarkonium production
Z ly| < 2.4 I ]
i Cent. -
N + """""""" 68% CL  95% CL - 0-100% - R.. — OAA
i o Y(1S) [ Y(@2S) T Y(2S) T ] AA T Neoll * pp
. 0 8": ®Y2S) ]Y@S) yr@s) I 7
o o6l T N " gpp = cross section in AA collisions
" 1 T . " opp = reference” cross section in pp
0.4 0 T o _ » N, = number of collisions
i @ 1 i
0.2r # [+] $ . T - E In an ideal world...
0 _I 111 1111 ‘ 1 111 | 1111 | 1 111 | %I | | 1 111 | 1 1 % | I__ % i R - 1 % no medium effect
<Njo>
as tial ' fY(nS) stat
equential suppression of Y(nS) states ... but quarkonium production may be modified
& arxiv:1805.09215 without QGP formation = cold nuclear matter effects
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https://arxiv.org/abs/1805.09215

Quarkonia in pA collisions

4 Nuclear absorption

qq pair dissociation induced by the interaction with the
nucleons of the colliding nuclei

= negligible at LHC energies!
Important for the study of

Cold NUCIG&I'NI\I’{/BWGF effects 4 Energy loss in a cold nuclear matter
The energy lost by partons via small-angle gluon emission determines
& 1.6 e the modification of the charmonium pr spectrum in pA collisions
> 14
9 1.2 | 2aa i
]‘ (I).(; M- Y B 4 Parton shadowing
NO’ 0.6 - EpPS16illl The nuclear environment determines the PDF modification
o~ 0.4 — ______ EPS09 ' \ of nucleons inside nuclei w.r.t. free nucleons
S 02f e DSSZ -
e 00— vl il pPb _ PDF in bound Pb nucleus
4 -3 I g

10 10" 107 10 | PDF in free nucleon

[
. (4)
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Charmonia in p-Pb collisions




] /W in p-Pb collisions

d Ryppvsy

o 14
X p-Pb s, = 8.16 TeV -

Stronger ]/ suppression at forward rapidity

® ALICE inclusive J/y " Rppp compatible with unity at backward rapidity
o LHCb prompt J/y (PLB 774 (2017) 159)

R T I = ALICE (inclusive) and LHCb (prompt) results are in
fair agreement within a similar kinematic domain

0.8 |
06 [ "i’%\ » Good agreement with models including
gt % EE?EE%?] i‘i':‘bf;é ‘;’g?) T shadowing(!23], CGC[*°], energy loss!®], transport
04 EEIEPPSISQ. Lansberg et al.) models!”! and interaction with comovers!(®!
"L CGC + NRQCD (R. Venugopalan et al.)
I CGC + CEM (B. Ducloue et al,) & [1]arxiv:1707.09973 & [5]arxiv:1605.05680
02| " | Energy loss (F. Arleo et al)) =
[ — Transport (P. Zhuang et al.) S [2] arxiv:1712.07024 & [6] arxiv:1407.5054
| === Comovers (E. IFerrelrol) I I I I I
0IIII|IIII|IIII|IIIIIIIIIIIIIIIIIIIIIIIIIIII N T
‘5 4 3 2 1 0 1 5 3 4 5 & [3]arxiv:1712.07024 & [7]arxiv:1607.07927
Y oms S [4] arxiv:1707.07266 & [8] arxiv:1411.0549

& |HEP 07 (2018) 160 & PLB 774 (2017)
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) J/W in p-Pb collisions

~7_~
_O 2 0 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 J Rpr VS y
g = ] [ FONLL with EPSOONLO 1 || = Stronger J/y suppression at forward rapidity
x i # LHCb (5TeV) 7
i <4 LHCD (8.16TeV) ] " R,pp compatible with unity at backward rapidity
1.5 n _ _ |
- . = ALICE (inclusive) and LHCb (prompt) results are in
I ] fair agreement within a similar kinematic domain
1.0 Aar e ettt 1 = * (Good agreement with models including
i _._—+— - shadowing!!23], CGCI*>], energy loss!®], transport
I ad 1 N models!”) and interaction with comovers!®!
0.5 J/y -from-b-hadrons |
- Y ' . 4 ]/V from bhadrons
- 0< pr < 14GeV/c .
| & PLB774(2017) LHCb ] 5 = No strong dependence of R,py, vs rapidity
1 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0'95.() ~25 0.0 75 50F = well described by FONLL + EPS09NLO
y* & HEP 9805:007,1998
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] /W in p-Pb collisions

P pr346nb pp280pb (593T?y2 P pr346nb pp280pb (502TeV} J Rpr VS P
185 Prompt J/w E 180 Prompt J/w E _ _
- CMS ] - CMS : » Low pr (ALICE): clear evolution with pt
16 = 16— g EPJC 77 (2017) 269 = .
3 ER E at forward and backward rapidity
12+ DD+ 3 ! | - 120 ] ; | 7 = High pp (CMS): Rppy, does not show a
£ - 7 2 u o] ]
~ o E ol e . strong dependence on the py
0.8 — 085 e -
0.6 - 0.6E 3
04+ & -24<y  <-1.87 —f 04 e 15<y <193 é
F - ALICE: -4.46 < You < -2.96 j i -85 ALICE: 2.03 < You < 3.53 j
0'2; inclusive J/y ] O'2i inclusive J/ys ]
07 | ‘ | | I ‘ | ‘ | | I | L] 07 I ‘ I | I | ‘ I ‘ | ‘ | ‘ 1]
0 5 10 15 20 25 30 0 5 10 15 20 25 30
p. (GeVic) p. (GeVic)
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] /W in p-Pb collisions

Pb 34.6 nb™, pp 28.0 pb™ (5.02 TeV Pb 34.6 nb”, pp 28.0 pb” (5.02 TeV
2:|\\\‘I\p\\|\\\r]\‘Ip\p\\‘l\p\\l(\\\\le\:) 2:\I\\‘I\p\\|\\\r|l‘\p\p\\‘\\p\\‘(\\\\‘e\:) J Rpr VSpT
187 Prompt Jiy CMS - 18 PromptJy CMS - = Low pr (ALICE): clear evolution with p
16 - 16~ & EPIC77(2017)269 - T . T
3 ER E at forward and backward rapidity
g S R E . Hi -
. 1'2:DDD+ ; | . 12 o [F + E High pt (CMS): Ry,p}, does not show a
~ B SR e Y ; strong dependence on the pt
2 O e, nclusive Jiy — ] 2O ETaeE, Inclusive Jiy — 'y &
O 44F ~446<y_ <-296,p_ <20 GeVic 1 © 14F 203<y_ <353p_<20GeVic ] ‘ Rpr VS Centra]ity
L e p-Pb s, =8.16 TeV ] L e p-Pb s, =8.16 TeV B
12F wp-Pb s, =502Tev ElEEEI E| ] 12F wp-Pb s, =502TeV e . .
o T | N I S — : = Opposite trend at backward (increase)
osf  m EHE T 1 osf R mmm— 1 and forward rapidity(decrease)
: ] ; MEE E g e
0.6F . 06F = . 1- . .
| N : - = Backward rapidity: some tension with
ar EPS09s NLO + CEM (Vogt et al.) 7 “*L [ ] EPS09s NLO + CEM (Vogt et al.) .
0.2 _ Energysloss (Arleo and F?Sigié? h 02k Energysloss (Arleo and Iggigié? data and theoretlcal mOdelS
“t Transport Model (Du and Rapp) ' [ ] Transport Model (Du and Rapp)
e R PR S S S T R T R
<Nco\l> <Nco|l>
& |HEP 2009 (2020) 162
| . (8)
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] /W in p-Pb collisions

Pb 34.6 nb”, pp 28.0 pb™ (5.02 TeV Pb 34.6 nb™, pp 28.0 pb™' (5.02 TeV
2:|\\\‘I\p\\|\\\r]\‘Ip\p\\‘l\p\\l(\\\\le\? 2:\I\\‘I\p\\l\\\rll‘\p\p\\‘\\p\\‘(\\\\‘e\:) J Rpr VS pT
1.8 Prompt Jhy - 1.8 Prompt J/y 7 . )
ol CMS 1 e & EPIC77 (2017) 26%MS : » Low pr (ALICE): clear evolution with pt
3 R 3 E at forward and backward rapidity
F [ o ‘ . F 1 . ]
. 1.2,—DDD+ ; 1. 12 4 7] + ¥ = High pp (CMS): Rppy, does not show a
~ B SR e Y ; strong dependence on the pt
51ﬁi'ﬂ-\].li:lz'l' jusive iy o ww 31'61'A'|_1'0E'|'n$|u'siv'el/'"*"”"”'”'"” —E
G qafF —4.46;ycms<—2.9wé,p:<'20 GeVie C 14F 2.o3<'ycms<3.53,“;T<;d GeVic ] J R Pb VS Centra]ity
) 2:_ e p-Pb ys,, =8.16 TeV E[EI E| : 2:_ e p-Pb s\, =8.16 TeV o p
<[ mp-Pbys, =502TeV L mp-Pbys,, =5.02TeV a . ]
e EEL“' ____________________ e Fol— a = Opposite trend at backward (increase)
I 1 [0 C N S M = and forward rapidity(decrease)
A I SARARARA LA V. <-296.2-10% ] e e TS A Eie Y. <353, 2-10% u = Backward rapidity: some tension with
O 16f 1 O 16f e p-Pb s, = 8.16 TeV B

ik ﬂﬁ " E I et ey E data and theoretical models
s i C— i

» Rppp pr shape for different centrality
classes not really described by models

e p-Pb |5, = 8.16 TeV ]

0.6 — #p-Pb |5, = 5.02 TeV 3 i :@__E_ﬂ-

04f PPbVsw=816Tev 3 04k p-Pb |5y =816TeV E
F EPSO-%] NLOA+ CEM (VFc:gt etéal-) ] 2 [] EPS09s NLO + CEM (Vogt et al.) ]
2F nergy loss (Arleo and Peigné) ] = Energy loss (Arleo and Peigné) < 1 1 1
0.2 [ [ ] Transport Model (Du and Rapp) ] b [ [ Transport Model (Du and Rapp) ] ComprehenSlve descrlptlon Of pT and
0"...I...I...I...I...I...I..-I---' I TR TN TN TN TN TN NN UNNT TON TNN NN SN ST SN (NN ST THY SN NN SNNY TN SN (MY TN ST SN N SN W M M . .
0 2 4 6 8 10 12 14 16 0 2 4 6 8 10 12 14 16 centrality is for the moment missing

P, (GeVic) P, (GeVic)
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P (2S) in p-Pb collisions

d Ryppvsy

= Prompt Y(2S) shows a similar suppression at
forward and backward rapidity

I n n | I n L L I n | n I L L n I
18 —@— LHCb, prompt y(25)
: LHCDb —HH— LHCb, prompt J/

k W EPSOILO * Prompt Y(2S) more suppressed at backward
1.4 ZZ Egzsz}g)LO rapidity with respect to J/{s
—— E. loss

= Models including shadowing!23], energy
loss[*5! does not describe this larger s(2S)
suppression at backward rapidity

- E. loss + EPS09 NLO

g
-y
Y~y
hhhhh
lllll
------
uuuuuu
------

& [3] arxiv:1301.3395

S [2] arxiv:1402.1747 S [4] arxiv:1212.0434
S [5] arxiv:1212.0434

<14 GeV/c € [HEP 1603 (2016) 133

?Tl ' N
4 2 0 2 4
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) P(2S) in p-Pb collisions

~Z_
d Ryppvsy
< 2|E L L LU = Prompt y(2S) shows a similar suppression at
e " 48 —@= THOD nromnt w0 | forward and backward rapidity
o - ALICE, Inclusive w(2S), JAy — 1

1.6F p-Po (S =8.16 TeV, p_<12 GeV/c * Prompt y(2S) more suppressed at backward
rapidity with respect to J/{s

14 - CGC+ICEM (Y.Ma et al, PRC 97 (2018) 014909)
T v(29S) Jy _ _ _
10oF Comovers (E. Ferreiro, PLB 749 (2015) 98) = Models including shadowing!%3l, energy
- =y(2S) =iy loss!**! do not describe this larger {(2S)
1 4 7 suppression at backward rapidity
0.8 - & [3] arxiv:1301.3395
0.6 _ : S [2] arxiv:1402.1747 S [4] arxiv:1212.0434
0 43_ """" S [5] arxiv:1212.0434
- ® y(2S)
0.2 - ¢ Jy (JOHEI?ZOOTZ(SOE? 160) = Y(295) is better described by models including
0 _l 11 I% l]IiIE:HTHI L1 1 1 I | | I | | I L1 1 1 I L1 1 1 final State eff.ect aS COmOVerS[l] and CGC-I_ICEM[Z]
-5 4 -3 -2 -1 0 i 2 3 4 5

Y ems € [1] arxiv:1411.0549 & [2] arxiv:1707.07266
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P (2S) in p-Pb collisions

4 R,pp vs y and py

< 2|E L L LU = Prompt y(2S) shows a similar suppression at
o il T H(h nramnt ur(2.8) T
¢ 18, . forward and backward rapidity
o 1.8¢
Q:% - ALICE, Inclusive y(2S), Jiy — piu- = Prompt §(2S) more suppressed at backward
160 p-Pb sy =816TeV,203<y_ <353 rapidity with respect to ]/
141 CGC+ICEM, Y. Ma et al (PRC 97,014909(2018)) |

Models including shadowing!23], energy
1.2F vi@s) By loss[*5! does not describe this larger s(2S)
[ suppression at backward rapidity

) S——
08k ‘HB =T S [3] arxiv:1301.3395

E El I S [2] arxiv:1402.1747 S [4] arxiv:1212.0434
0.6 :E’_H_EI_ ﬁ S [5] arxiv:1212.0434
0.4

o V(2S) = P(295) is better described by models including
0.2 - & [HEP 07 (2020)237 ¢ J/w (JHEP 07 (2018) 160) final state effect interactions as Comoves!'! and

0 [ I B PR I S N S N S [ [ IR P CGC-I—ICEM[Z]
0 2 4 6 8 10 12
p. (GeV/c) & [1]arxiv:1411.0549 & [2] arxiv:1707.07266
.
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P (2S) in p-Pb collisions

4 Double ratio vs centrality

% 2 2 [T T T | T T T I T T T | T T T l T T T T T T T T T \?__ 2 | | l
~% =4[ ALICE, Inclusive JAy, y(2S) — w'u- > - ]
© 2F -446<y__<-2.96 p_<20GeVic g, [ ATLAS p+Pb, Sy = 5.02 TeV, L = 28 nb |
=~ B | 8<p_<40GeV pp, Vs = 5.02 TeV, L = 25 pb’
é% 18; Data Comovers (Ferreiro < 15"‘-20;y*<15 , '
= 1.6:— p—Pb m=8_16 TeV o = g EPJC 78 (2018) 171
0 - -
s 14p p-Pb s, =5.02TeV = -

L = :

C P t w(2S) to J/w Double Rati
02 & HEP 02 (2021) 002 rompt y(28) to J/y Double Ratio
A SR T AN TN WO T AT SO N AN ST RN |

GWS)/G
o
o N
[ |
+o1
—fot—
=]
=
=
| | | | | | | | | i | | | | | |

T T 1 I T T 1

N 6 T R T 0O—Z5s0 2040 5.2 0-5
(N ||> :
co Centrality [%]
d pr < 20 GeV/c (inclusive) d 8 < pr <40 GeV/c (prompt)
= No evident energy dependence = Slight decrease with increasing centrality
= Results in agreement with the Comovers model = Similar trend between low pt (backward

rapidity) and high pt (mid-rapidity)
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Bottomonia in p-Pb collisions




Y(1S) in p-Pb collisions

d Ryppvsy
& 14 AL L L L L L L LB BB L L LR ™ Hlnt for Smaller Y(lS) SuppreSSlOH at baCkwaI'd
Q:Q - p—Pb \s,, = 8.16 TeV, Y(1S) - rapidity
12+ e ALICE, p_<15 GeV/c —
B o LHCb, p_ <25 GeV/c (JHEP 11 (2018) 194]
1k %ﬁ __________________________________________________________________ F = ALICE and LHCb results are in fair agreement
— within a similar kinematic domain
0.8 y -
i + : * (Good agreement with models including
0.6 = shadowing!!*°], energy loss!>3! and interaction
L [ | EPS09NLO + CEM (R. Vogt et al.) - with comovers!®!
04 N EPS09 + energy loss (F. Arleo et al.) 7]
"+ [ Energyloss (F. Arleoc et al.) = . .
~ | EPPS16 reweighted (J. Lansberg et al.) 1 S [1]arxiv:1707.09973 & [4]arxiv:1712.07024
0.2 [ InCTEQ15 reweighted (J. Lansberg et al.) . S [2]arxiv:1212.0434 & [5]arxiv:1712.07024
s nCTEQ15 + comovers (E. Ferreiro) - © [3] arxiv:1407.5054
O_IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII|IIII_ LJaerV. ]
-5 4 -3 -2 -1 0 1 2 3 4 5
y

cms

€ PLB 806 (2020) 135486 S |HEP 11(2018)194
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Y(1S) in p-Pb collisions

d Ryppvsy
g 14 |J T T 7T T T T T [ T T T T T TT71 |!;| N S B I D B |4 | ™ Hlnt for Smaller Y(lS) SuppreSSlOH at baCkwaI'd
rapidity
& 2 i T I T I T I T I T | T T T I T T I I i
ol . ATLAS $ ATLAS, p_<40 GeV i
" p+Pb, {5 = 5.02 TeV & LHCb, p_< 15 GeV - . AI..IC-E and. LHCb r_esults are in failr agreement
151(19) } ALICE, p_>0 GeV _ within a similar kinematic domain
- - - * (Good agreement with models including
o USROS . shadowing!'+>], energy loss[?3] and interaction
- * — $ : i with comovers!®!
- KK T ]
- - S [1]arxiv:1707.09973 & [4] arxiv:1712.07024
0'5__ ] S [2] arxiv:1212.0434 & [5]arxiv:1712.07024
| — Comover Interaction 1
n E. Ferreiro, Phys. Lett. B 731(2014)57 - & [3]arxiv:1407.5054 & [6] arxiv:1810.12874
0 B L I 1 1 1 I 1 L L I 1 1 1 I L 1 1 I ]
—4 -2 2 4 1
0 = No strong rapidity dependence observed by
€ EPJ C78(2018) 171 y ATLAS (pt < 40 GeV/c)
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Y(1S) in p-Pb collisions

g 2 LI I LI L I T T 11 LI ‘ T TT I LN I T 1T I T 1T 71T I T 1T f 27I T 1 [ LI B S A A B 1 T 17T | L | L L ‘ Rpr VS pT
=3 : y : o _ ALICE, p-Pb VS_NN=8.16 TeV . . .
< i gg—)“s piPb, (S =502 TeV, Lu2amo’ | EA8E LT T = Similar behavior at forward (ALICE) and
L ,Vs=5.02TeV, L=25pb" - L o oms =7 . . q-
15-20<y' <15 o ) S :2 € PLB 806 (2020) 135486 at mid-rapidity (ATLAS)
i | 1 :
i [ ] 2 : - i
e 0 - e D —— I . Larger suppression at low pt
i [+ 1 osk @ J$L Il 1
ﬂn | I . . .
. 5j . 0.6 4:}3@_33_ » The trend as a function of pt is in
T i 0.4r j'EEgg?ELOﬂCEMd!E Y et qualitative agreement with models
[ reweighted (J. Lansberg et al. . . .
:g EP]C 78 (2018) 171 ] 0'2;_ nCTEQ15 reweighted (J. Lansberg et al.} lnCIUdlng ShadOVVll‘lg[l'z'3]
050 15 20 25 30 35 40 O 2 "2 6 8 10 12 12
p. (GeV/c)
p; [GeV] T & [1]arxiv:1707.09973 & [3]arxiv:1712.07024

S [2] arxiv:1712.07024
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Y(1S) in p-Pb collisions

d R, p, Vs
2 2 L B B L L B B B I F - L B s S B BN pPb pT
o : y : a L ALICE, p-Pb VS_NN =8.16 TeV . . .
T [ATLAS piPb, (S =502 TeV, Lu2amo’ | EA8E LT T = Similar behavior at forward (ALICE) and

L T(1S) pp, Vs =5.02 TeV, L =25 pb” i 1.6L PEOS < Yoms < - . .

15--20<y" <15 . ol at mid-rapidity (ATLAS)
—s 12 f = Largers ression at low

e S B —, - 1 e e sl supp Pr

- E i 0.8f 4$— $ l j
b - 0.6EB * The trend as a function of pt is in

§14, | BEREREEE T §14, L L B N LN BN B qualitativeagreementwithmodels

G - ALICE, p-Pb {5, = 8.16 TeV 1 O 1L ALICE, p-Pb sy, = 8.16 TeV including shadowing[1'2'3]

1 2'_ Y(1S), —4.46 <ycms<72.96,pT< 15 GeVie ] 1 2'_ Y(1S), 2.03 <Y oms < 3.53,pT< 15 GeV/e
e i e i &S [1]arxiv:1707.09973 & [3]arxiv:1712.07024

08 [ﬂ [ﬂ B] [H 1 osl [ﬂ [ﬂ ] S [2] arxiv:1712.07024

0.6F 4 06 [ﬂ m 1 '
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oal 1 oal ] ppb VS centrality

0.2) . 1 o0z2f . . » No visible centrality dependence at
. Backward rapidity ] - Forward rapidity y dep .
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Y(nS) in p-Pb collisions

%) 1.2 I D e L A L A B
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0.4r SoMs i S
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-1 *
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| ;ﬁ 3] 6 C —
0 T(2S)/T(1S) T(3S)/1r(1S) =S40 Dcomovers =
S s & [HEP 11 (2018) 194
1F -
4 Double ratio 08
0.6 .
» Indication of larger of Y(2S) and Y(3S) suppression w.r.t. Y(1S) 0.4 p.<25GeVic
_ _ 0.2F _ -
» Results are in agreement with the Comover model at obt iy Vo816 TeV
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CER) Summary

~Z_

d J/W and Y(2S) production as a function of pt, y and centrality

= Larger ]J/y suppression at backward rapidity in agreement with models including shadowing, energy
loss, transport models and comovers interaction

= Some tension between data and models for the results as a function of centrality and pt

» Final state effects necessary to explain the larger y(2S) suppression w.r.t. ] /s

d Y(nS) production as a function of pt, y and centrality

* Hint for smaller Y(1S) suppression at backward rapidity in agreement with shadowing, energy loss and
interaction with comovers

= Similar behavior as a function of pt at forward and mid rapidity
= No visible centrality dependence at backward and forward rapidity

= Hint of larger of Y(2S) and Y(3S) suppression w.r.t. Y(15)
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