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Quarkonia production and elliptic flow in
small systems measured with ALICE
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% Outline

O Quarkonium production

o Multiplicity-dependent gquarkonium production

o Elliptic flow

O J/U pair production
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% Why quarkonia in small systems?
-

Constrain theoretical models:

& Shed light on Multiple Parton Interactions (MPI):
= Color Evapc?rz?tlon Model [11: O Multiplicity dependent measurements
0 pQCD Statistical approgch | — Quarkonia correlations with charged-particle multiplicity /
0O Describes well quarkonia production f
. . . oW
=S No distinction between color singlet or octet mechanisms
g etesams
ﬁ 0O Heavy quarks created in subsequent hard-scattering
=6 NRQOCD [2]: processes, in early stage of collision
0 NRQCD formalism
0 Predicts well ti . L
£ %, ECIEES WET HT055 SECHONS Investigate collectivity in small systems
B e O
0 Study of J/ elliptic flow at high collision energy and
© Beauty production via non-prompt charmonia: multiplicity
&
' Fixed Order Next-to-Leading- Logarithm [3]: Reference for measurements in p—Pb
0 pQCD for heavy quark production - and Pb—PDb collisions
0 Used for non-prompt J/P (P(2S)) production, predicts well data |
s E———

N

|: Phys. Lett. B, 67:217-221, 1977 |
2]: Phys. Rev. D51:1125-1171,1995 ;{"
3]: JHEP 9805:007,1998 |
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% A Large lon Collider Experiment

Time Projection Chamber:
Charged particle tracking
Particle identification

Inner Tracking System:
Particle tracking
Vertex reconstruction

VO:

Trigger detector
Event characterization
Background rejection

Inclusive quarkonia measurements down to p; = 0 GeV/c:
J/I — eTe”

(prompt/non-prompt separation)

Midrapidity: |y,.| < 0.9

J/, B(2S), Y(nS) — putpu~

(inclusive quarkonium states)

Forward rapidity: 2.5 <y, <4

ut

Muon Spectrometer:
Muon tracking
# Muon trigger

Rita Sadek Finot | 14/06/2022




arX1v:2109.15240v1

: :I I 1 | 1 I I I 1 I 1 | 1 I 1 I 1 I | I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1
S 3 ALICE, pp, Inclusive Jiy, 25 <y <4 &
5 - = \s =13 TeV (x 100), global syst. 3.5% -
] ) .. = - -5 1s =8TeV (x 20), global syst. 5.0% 3
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Muonlc decay Channel J/L') — M+ﬂ_ % _ -o-15=5.02 TeV, glObal SYSt. 1.9% E;
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© -
Down to pr = 0 GeV/c 6 -
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. o = NRQCD (M. Butenschdn et al)) + FONLL ——
Xk Cross section measurements vs P = [113 TeV (x 100) @7 TeV (x 5) E
-5
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J/P production at forward rapidity
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3 ALICE, pp, Inclusive J/y, 25 < y < 4
L = \s =13 TeV (x 100), global syst. 3.5%
- = \s =8 TeV (x 20), global syst. 5.0%

A J/w production measurement in pp collisions: & \s=7TeV (x5), global syst. 5.2%
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. — —f=- e — o
Muonic decay channel: J/Lp — ,l/t+//l E_@._-E-E-'E"_E._ -o-1s=5.02 TeV, globabsyst. 1.9%
T —S- . Syst. unc.
: - = guncor. sys
Forward rapidity: 2.5 <y <4 ey o
Down to pr = 0 GeV/c e ey T o o
- —E— —=—

\/_ =5.02, 7,8, and 13 TeV -, g . T

. ———— e
o —fli— — ===

+
$,

e

NRQCD (M. Butenschon et al.) + FONLL

13 TeV (x 100) @7 TeV (x 5)
8 TeV (x 20) []5.02 TeV

*Cross section measurements vs pr:
Agreement between data and NRQCD + FONLL model
Cross section increases with increasing collision energy

=8 TeV /13 TeV, global syst. 6.0%

AT TITTTTTI |||||[l| ||||||Il| |||||I11| ||||||[I| T T

0-9% ] =7 TeV /13 TeV, global syst. 6.2% —
XRatio vs Dt 0.8f ©5.02 TeV/ 13 TeV, global syst. 3.9% -
Agreement for 8-to-13 TeV and 5-to-13 TeV ratios 0.7 -
/-to-13 TeV ratio slightly overestimated by model 0.6F % E
0.5F TR | E

Hardening of pr spectra at 13 TeV compared to lower energies: 04F o o I — -
Predicted increase of prompt J/p mean p with energy 0.3E a1 T e
ncrease of non-prompt J/ contribution at high pr (FONLL predictions) 0ok e ==L
U R RS R (VRN - R VR [N TR

P, (GeV/c)
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s 10 E
> : ALICEpp Vs=13TeV -
% 1"_ o « Prompt JAp, lyl<0.9 1t
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olg” | —
Qb% 10_15_ .
A J/w production measurement in pp collisions: : < B
Electron decay channel: J/P — ete™ 102 [ 1NRQCD, Ma et al. — -—
. . - - NRQCD + CGC, Ma et al. P
Midrapidity: |y| < 0.9 - (CEM, Cheung etal ;
-3 NRQCD CS + CO, But h tal. L
Down to pr = 1 GeV/c tor 10™E NRQCD K, factorsation, Lipatov ot al.
u o oy o by e b s by s by e s b s by s s T
Down to pp =2 GeV/ctor4/s = 5.02 TeV s —
s | ]
2 oef L -
*kCross section measurements vs pr: L
Prompt J/U: 1 p_ (GeV/c)
. . o~ SR B RS BRI BRI LN BB BLRLELE LN
ICEM + NRQCD based models: in agreement with data § - ALICE, pp s = 13 TeV .
NRQCD Lipatov calculations: slightly overestimate data at low p; o N Al oy :
N~ - |
3 o]
0
N t J/Y: S g0t} =N e
on-prompt J/: N -~
In agreement with FONLL mode| MY % :
o .
Fr.a.Zuc\)/r] c?; :crh\? non-prompt J/: 102 =y -
[ oV (pr > 1GeVe, |y < 0.9) = 0.185 £ 0.015(stat.) £ 0.014(syst.) - FONLL, M. Cacciari et al :
| | | | - T TR T N T T T
o —
§ of :
~ 1.5 : I 7
2 IS
O o.g | -
0 2 4 6 8 10 12 L
________________________________________________________________________________________________________ (GeVie) .
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> ) . ALICE, lyl<0.9, L, =19.4nb" = 2% _
S 4L > ATLAS, lyl<0.75 | L
B: - o CMS, lyl<0.9, L, =28.0pb" 2% -
b%'- 1: e Prompt J/ N
%% 10 E_ e " p ‘P
° ° o o [ _’i_ )
A J/w production measurement in pp collisions: ; . SN s
Electron decay channel: J/Pp — eTe™ 105" - NRQCD, Ma etal ., T
: _— - NRQCD + CGC, Ma et al. BRasiai -
Mldrapldlty: |y| < 0.9 _ " ICEM, Cheung et al. sENusaie
-3 NRQCD CS + CO, Butenschoen et al. ]
Down to Pr = 1 GeV/ctor \/E =13 TeV 10 - NRQCD k, factorisation, Lipatov et al. E
N P U NSNS NS ST S NS S S SN S SN SRS R i
Down to pp = 2 GeV/c tor s 4
2 3r .
3 2F i
o
E 1_ - - - *5 —

*kCross section measurements vs pr: R S S S T R R PR

Prompt J/: e .?.(G.e\.//C)

ICEM + NRQCD based models: in agreement with data ’g 0 (E=S02TOY e

NRQCD Lipatov calculations: slightly overestimate data at low py 3 Z O RIS <075t -

s 107 =7

= ) ) n-prom

Non—prompt J/LIL VQ'_ : * Non-prompt Jhp ="

In agreement with FONLL model @g | e ;tg ] :

© 107 F o2 E

1 ol N

Fraction of the non-prompt J/: 5%“&@@

f;l””le’\ﬁ:“)z TVipr > 2GeV/e, |y| < 0.9) = 0.157 + 0.023(stat.) £ 0.016(syst.) 103} " FONLL,M. Cacsar ot .
« L f L f L | L i ) | | |

§ of :

~ 1.5 1

: : . . , . g 1 O -
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% Excited charmonia: P(2S) production

=~ 10° T —T— T 1 v " T " 7
S ALICE, pp, Inclusive ¢(2S), 2.5 < y < 4
o 10 = Vs =13 TeV (x 100), global syst. 12%
S = Vs =8 TeV (x 20), global syst. 12%
] 10° = (s =7 TeV (x 5), global syst. 13% -
= -e- \s =5.02 TeV, global syst. 7.7% S
) . .. > 102 [ Uncor. syst. unc. =
(ng(ZSl production measurement in pp collisions: o e 5
: + - 2 10 S =
Muonic decay channel: (2S) — u™u i e — .
Forward rapidity: 2.5 <y < 4 1 - —-—x —— e
Down to pr = 0 GeV/c 107" S -— ——==—
g _
\/_ =5.02,7,8,and 13 TeV 10°2 B VU T
1072 NRQCD (M. Butenschon et al.) + FONLL
13 TeV (x 100) 7 TeV (x 5)
10-* 8 TeV (x 20) 15.02 TeV
[ | | | I | | | | | | | I | | | | | | | I | | |
*Cross section measurements vs pr: 0 2 4 : : 10 12

p_(GeV/c)

S T arX1v:2109.15240v1

p
i

Agreement between data and NRQCD + FONLL mode|
Increase of P(2S) cross section with increasing collision energy
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% Excited charmonia: P(2S) production

] w(2S) production measurement in pp collisions:

Muonic decay channel: \(2S) —» " u~
-orward rapidity: 2.5 <y <4

Down to pr = 0 GeV/c

\/_ =5.02, 7,8, and 13 TeV

*Cross section measurements vs pr:

Agreement between data and NRQCD + FONLL mode|

p 4
i

Increase of P(2S) cross section with increasing collision energy

*kCross section ratio of W(2S)-to-J/y vs pr:
Ratio increases with increasing py, no energy dependence

| I | | | | I | I | | | I | I | I | | |

ALICE, pp, Inclusive ¢(2S),2.5<y <4
= Vs =13 TeV (x 100), global syst. 12%
< Vs =8 TeV (x 20), global syst. 12%
= \s =7 TeV (x 5), global syst. 13%

-e- \s =5.02 TeV, global syst. 7.7%
[JUncor. syst. unc.

d’c/dp_dy (ub/(GeV/c))

llllll lllllllll lllllllll L

+
)

f

4
+

NRQCD (M. Butenschon et al.) + FONLL

13 TeV (x 100) 7 TeV (x 5)
8 TeV (x 20) [15.02 TeV

0 2 4 6 8 10 12
p_(GeV/c)

-
arXiv:2109.15240v1

2— 0.7 i I I I | I I I | I I I | I I I | I I I | I I I
D_J - ALICE, pp, Inclusive Jp, ¢(2S),2.5<y <4 -
~

&

107°

—=— Vs =13 TeV, global syst. 11%

- —— Vs =8TeV, global syst. 11%

o) [ —=— Vs =7TeV, global syst. 12%
0.5 . ys-502 TeV, global syst. 7.5%

Uncor. syst. unc.

o.4f— [ —

0.3F T s

T I
| el & |
o_%%%f

O: l l | l l | l l | l l | l l | l l _
0 2 4 6 8 10 12

——————————————————————————————————————————————————————————————————————————————————————————————————————— p.(GeVic) -------
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% Excited charmonia: P(2S) production

A w(2S) production measurement in pp collisions:

Muonic decay channel: \(2S) —» " u~
-orward rapidity: 2.5 <y <4

Down to pr = 0 GeV/c

\/_ =5.02, 7,8, and 13 TeV

*Cross section measurements vs pr:

Agreement between data and NRQCD + FONLL mode|
Increase of P(2S) cross section with increasing collision energy

*kCross section ratio of W(2S)-to-J/y vs pr:

Ratio increases with increasing py, no energy dependence

P(2S) production, as J/Y, increases with collision energy - what about multiplicity-dependent production?

p
i

: 105 I 1 I I 1 I I I I I 1 I | 1 I I I | I
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> 102 [JUncor. syst. unc. —
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1072 T e -
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% Multiplicity-dependent quarkonium production

Normalized yield

N

20-I 1 1 I r 1 1 1 I | I I | I | I I | I | I I | I rm 1 1 1 I 1 11 I | I | I—-

‘ INEL>0

_ No Underlying-Event dependence _
15 -

dN,,, /dy
dN,, /dy)

10| =

;l 1 I- ] I [ ] [ | [ | I ] ] ] [ | I | | [ | [ | | | I ] [ | [ | | | I ] [ | ] | | I 1 [ | ] ] I 1 [ | | | ] ]
Op 1 2 3 4 5 6 7 INEL>8

0
dN, /dn

(chh [ dn)

Inl<1

N

Normalized charged particle multiplicity
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% Multiplicity-dependent quarkonium production

20-I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I |—-
i Scale with mean multiplicity (MPI)

15F _
: ® :

5 -
.-‘l 1 | L1 1 1 | L1 11 | L1 1 1 | L1 1 1 | L1 11 | 1 1 11

0o 2 3 4 5 6 7 8

INEL>0

dN, /dn
<chh/d77> |7]|<1
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% Multiplicity-dependent quarkonium production

20-I 1 1 I r 1 1 1 I | I I | I | I I | I | I I | I rm 1 1 1 I 1 11 I | I | I—-

‘ INEL>0

dN,,, /dy
dN,, /dy)

10| o

Op 1 2 3 4 5 6 7 8
dNCh / d?] INEL>0

<chh/d77> |7]|<1
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% Multiplicity-dependent quarkonium production

A/A\ llllllllllllllIllllllllllllll
O| O - ALICE, pp 1
5-\ 5-\ [ Inclusive J/y — u*u,25<y <4 ]
. . S P 20 F Mult. classes: || < 1 -
[ J/@ production measurement: 2127 Y woscerevimeso :
Electron decay channel: J/p — eTe™ [ A {5=7TeV (INEL)
Midrapidity: |y| < 0.9 15F @ Vs-13TeV(NEL>0) H ]
. . 4+ — - Inclusive J/y — e'e, |y | < 0.9
Muonic decz.ay.channel. JIO - u*u e (e 13 7oV (NELs 0. SPD) |$| ]
Forward rapidity: 2.5 <y <4 10 + V5-13TeV (NEL>0, VO) i 5
With \/E = 5.02 TeV, and 13 TeV ' "
5 -— m ?;'—_! —————— %’_’ -
L S
: w‘%n
OE‘_LM—‘I—#IIIIIIIIIllllIlllllllllllllllllll
0 1 2 3 4 3) 6 / 8
dN.. / dny
(AN, Tdn)
n|<1

*kProduction measurement vs charged particle multiplicity:
Midrapidity region: stronger than linear increase of the yield with the multiplicity
Forward rapidity region: trend compatible with linear dependence on multiplicity, independent of the center-of-mass energy
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% Multiplicity-dependent quarkonium production

T| O - ALICE, pp 1 AT i
Al " Inclusive J/y — utw,2.5<y <4 I z g ALICE pp s =13 TeV o7
. . S B 20 F Mult. classes: || < 1 — S (X "~ Inclusive J/p, |y| < 0.9, [ integrated & .
1] J/w production measurement: = 1 | ZIZ. 16f SPD event setoction i
Electron decay channel: J/p — eTe™ " A Vs=7TeV (INEL) 2z ., *Dbat & 19,7
I\/idrapidity: |)/| <09 15 @ Vs=13TeV(INEL>0) H - ~ - — PYTHIA 8.2 // VE
) 4+ - - Inclusive J/y — e*e’, |y | < 0.9 . 121= Prompt JAyp 77 2
. — ! ] - F . .
Muonic decz.ayochannel. JI = u"u e (e 13 7oV (NELs 0. SPD) |$| _ o E/// / :
Forward rapidity: 2.5 <y <4 10+ vs=13Tev (INEL>0, VO) i o - «-:EPOS3 (nohydro)  dg” A -
With 4/s = 5.02 TeV, and 13 TeV g~ — 3-Pomeron CGC -
0 % ________ - i..:Percolation .
5 L @ ¢|. ------ - 6— — CGC \157( ]
g% ] 4 P L -
- oa® . - o -
- - L 4 - //‘3_\_',‘—" _
OL,_L‘*I'—I#IIIIIIIIIllllIlllllllllllllllllll 2__ ";,;“’v 7
o 1 2 3 4 5 8 7 8 - A :
R —I‘ [ 11 1 | [ 11 1 | L 11 1 | [ 11 1 | [ 11 1 | [ 11 1 | | 11 I_
ch =7 1 2 3 4 5 6 7 8
<chh/d’7>| y dN_/dy <!
n|<
dN /d
PY ° ) ) ) < Ch 77>|NE|_>O
*kProduction measurement vs charged particle multiplicity:

Midrapidity region: stronger than linear increase of the yield with the multiplicity
Forward rapidity region: trend compatible with linear dependence on multiplicity, independent of the center-of-mass energy

kComparison with models:
CPP, CGC, and 3-Pomeron models in agreement with the inclusive midrapidity data

Faster-than-linear increase predicted by different models due to ditterent mechanisms:
Color string reconnection, gluon saturation, coherent particle production, 3-gluon fusion in gluon ladders/Pomerons
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% Multiplicity-dependent quarkonium production
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*kProduction measurement vs charged particle multiplicity:

Midrapidity region: stronger than linear increase of the yield with the multiplicity
Forward rapidity region: trend compatible with linear dependence on multiplicity, independent of the center-of-mass energy

kComparison with models:
CPP, CGC, and 3-Pomeron models in agreement with the inclusive midrapidity data

Faster-than-linear increase predicted by different models due to ditterent mechanisms:
Color string reconnection, gluon saturation, coherent particle production, 3-gluon fusion in gluon ladders/Pomerons

What about the excited charmonium states?

Q §|ta gaaeE Fmot H |z,58,!522



https://arxiv.org/pdf/2112.09433.pdf
https://arxiv.org/abs/2005.11123

vs multiplicity

% Relative (25)-to-J/P production
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XkW(2S) production measurement at forward y as a function of charged particle multiplicity (mid-y) in pp:
Linear correlation of P(2S) production with charged particle multiplicity, selt-normalized {(2S)/J/p compatible with unity

Conclusion: production at forward rapidity independent of the charmonium state + collision energy

P(2S) yield: PYTHIA, with/without color reconnections, in agreement with data at low multiplicity, tension at high multiplicity
P(2S)-to-J/P ratio: tension at low multiplicity between data and PYTHIA — different event activity bias to explain the discrepancy?
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% Relative P(2S)-to-J/ production vs multiplicity
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XkW(2S) production measurement at forward y as a function of charged particle multiplicity (mid-y) in pp:
Linear correlation of P(2S) production with charged particle multiplicity, selt-normalized {(2S)/J/p compatible with unity
Conclusion: production at forward rapidity independent of the charmonium state + collision energy

P(2S) yield: PYTHIA, with/without color reconnections, in agreement with data at low multiplicity, tension at high multiplicity

P(2S)-to-J/P ratio: tension at low multiplicity between data and PYTHIA — different event activitv hias to exnlain the discrenancy?
Collectivity at high multiplicity in small system?
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% J/P elliptic flow in pp collisions
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[4 The elliptic flow coefficient for small system: O S T PO P T TR P T
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*kJ/y elliptic flow measurement vs p:
First results in pp down to 0 GeV/c
No significant deviation of J/{ v, from zero
— No collective behavior observed in pp collisions at high multiplicity for the J/y)

Comparison between pp, p—Pb, and Pb—Pb collisions: for the latter, presence of collective behavior, with a clear
difference w.r.t pp data (PP, < vPEY <, PbPby

<
20w > VoS Vo
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%kJ/yp pair production measurements at 13 TeV: 0

Disentangle mechanisms for J/ production
Constraints on CS and COM models
Insights on double parton scattering
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%kJ/yp pair production measurements at 13 TeV:

Disentangle mechanisms for J/ production
Constraints on CS and COM models
Insights on double parton scattering

*kdi-J/yp production cross section:
Consistency with LHCb cross section measurement observead

Prompt J/P measured in LHCb, inclusive J/{ in ALICE
Slightly different rapidity ranges
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Conclusion

% Quarkonium production in pp collisions:
Well described by models
J/P and P(2S) cross section increases with energy

P(2S)-to-J/P ratio: increases with increasing pr + independent of energy

% Measurements of multiplicity dependent charmonium production in pp collisions:
Ditterent behavior versus charged particle multiplicity for the J/{ produced at mid and forward rapidity
Same trend versus multiplicity for the J/{ and {(2S) at forward rapidity

x First elliptic flow measurements for J/y in pp collisions at 13 TeV:
No evidence for positive J/ elliptic flow in high multiplicity events

% First J/g pair production measurements in pp collisions:
First results of double J/ cross section: in agreement with LHCb

Perspective for Run 3:

Larger multiplicity can be achieved with increased statistics

Better S/B for quarkonium measurements

Separation of the prompt and non-prompt J/{ at forward rapidity thanks to the Muon Forward Tracker
Improved spatial resolution at midrapidity thanks to the upgraded ITS

CERN Yellow Rep.Monogr. 7 (2019) 1159-1410
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