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Quarkonium states

and their production mechanism ALICE

Quarkonium =

charmonium: charm + anticharm
bound state of a heavy quark antiquark pair {

bottomonium: bottom + antibottom
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Quarkonium states
and their production mechanism ALICE

. charmonium: charm + anticharm
Quarkonium =

bound state of a heavy quark antiquark pair
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e Hard scattering to produce high-mass quark pair — small o, — perturbative QCD calculation possible
e Binding into quarkonium states — larger o, — non-perturbative QCD process
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e Hard scattering to produce high-mass quark pair — small o, — perturbative QCD calculation possible
e Binding into quarkonium states — larger o, — non-perturbative QCD process

The interplay between perturbative and non-perturbative QCD is described by phenomenological models
— need experimental measurements to constrain the models

pp measurements are also a baseline for studying quark-gluon plasma properties from heavy-ion collisions (see next talk) 7
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Phenomenological models

for quarkonium production in pp ALICE
Color Singlet Model (CSM) [ e L RN L L R R
The quarkonium is directly produced in a color-singlet state. % - ALICE pp \s=13TeV -

C e . Q | S + Prompt J/y, |y|<0.9 |
Non-Relativistic QCD (NRQCD) L] [ 8 1= i et | —aoonb4ien 3
The quarkonium can be produced in a singlet or octet state, with le_ - o S T ]
soft gluon emission to reach the final state. Ng T i

© 10_1 é_ ioisiose oo vvmmm—] _E
) - ]
Improvement in the agreement with data at low p.. taking into 102 MFEIED. [ sl : ;

account the gluon saturation regime. NRQCD + CGC, Ma et al.

[ZZ]1CEM, Cheung et al.
EE 1073 NRQCD CS + CO, Butenschoen et al.
NRQCD k; factorisation, Lipatov et al.
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The quark-antiquark pair evolves into a quarkonium state with a
constant probability factor (energy-, momentum- and process-
independent).

ALICE. JHEP 03 (2022) 190  _|

model / data
N
[

n
|
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It also takes into account the transverse momentum of gluons.
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A Large Ion Collider Experiment %

ALICE
/"~ Inner Tracking System and
Time Projection Chamber
— particle tracking and

Central Barrel
Coverage: |5 < 0.9

. .
SATELL DI TS < 1dentification
Dﬂ . K+7t'
Time Of Flight
\_ — particle identification
-

https://alice.cern/experiment
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A Large Ion Collider Experiment %

https://alice.cern/experiment

n =-In(tan(6/2) ) ,
6 = polar angle

Central Barrel
Coverage: |7/ <0.9
Quarkonium — e'e
D’ - K'n

ALICE

—®»—| + Muon Forward Tracker (MFT)
new in Run 3 for prompt/non-prompt
separation (see dedicated talk)

MCH+MID = inclusive
charmonium measurements
(presented in the next slides)

Forward Muon
Spectrometer
Coverage: 2.5 <5y <4.0
Quarkonium — u"

Muon CHambers
— u* tracking

Muon IDentifier
— 1" identification 10



Inclusive quarkonium production: %

from hardware to software trigger
Run 3 Run 2 for quarkonium
A I ALICE Performance, Run 3, pp, Vs = 13.6 TeV 2 L ALICE Performance - Run2 - pp Vs = 13 TeV |_—> measurements at
£ 60p = T Min. bias: 0.059 pb™' (3200 M full-B, 730 M low-B evts) = | dranidit
Z | Recorded 2 50[ High Mutt. (SPD): 1.1 pb™ (530 M evts) midrapidity
é 5ol 2022: 19.3 pb™ 2 [ High Mult. (VO): 13 pb" (1700 M evts)
2023: 9.7 pb™ £ [ Di-,single phigh-p :36pb"—u_ | .
?3, 2024: 53.1 gb" € 40 Single ulow-p 25" — for quarkonium
- N = [ TRD:2.0pb"
§ 402025 19.4 pb B [ enCalig: 16 p” measurements at
CH ®  30[- E/DCallow: 1.5 pb” forward rapidity
30l > - PHOS: 14 pb
B = r Double Gap: 10 pb
I - 20
20 B
= 10F /;/
10— B
g ot J = i = |
0 Jan16 Dec16 Dec17 Jan19
Mar May Jul Sep Nov Dec

New data-taking mode using continuous readout + software trigger (vs Run 2: hardware triggers)

—>  Possibility of measuring y(2S) at midrapidity down to p_= 0
—=> Larger data samples — increased statistical precision of the measurements at mid and forward rapidity
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Charmonium production at midrapidity %
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Jhy and y(2S) signal extraction performed in differential p. ranges
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ALICE, Jy — e*e, |y| < 0.9
+ Vs = 13.6 TeV (Preliminary)
Lumi. uncert.: 10%

+ Vs =13 TeV (Eur. Phys. J. C 81 (2021) 1121)
Lumi. uncert.: 1.6% (0 < p, < 15 GeV/c)
2.0% (p, > 15 GeVic)
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ALICE

Jhy Run 3 preliminary cross section at Vs = 13.6 TeV at midrapidity

is compatible with Run 2 publication at \s = 13 TeV
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Entries per 40 MeV/c?

Charmonium production at midrapidity %
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[ cGC+NRQCD (Y-Q. Ma et al) + FONLL
I NRQCD (Y-Q. Ma et al) + FONLL
[ FONLL (J/y from b) (Cacciari

] ICEM (V. Cheung et al) + FONLL
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computation of non-prompt J/y production
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Jhy and y(2S) signal extraction performed in differential p. ranges
Jhy Run 3 preliminary cross-section at Vs = 13.6 TeV at midrapidity
is compatible with Run 2 publication at Vs = 13 TeV

Good agreement with NRQCD at high p.. and with
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Charmonium production ratio at midrapidity %
ALICE

Cyies)! Tuy

0.8

— T

ALICE preliminary
I— Inclusive J/y, y(2S), e*e channel, | y| < 0.9
[ -¢-pp, Vs =13.6 TeV (minimum bias data)
-  4-pp, Vs =13 TeV (TRD-triggered data)

[ Inclusive J/y, y(2S), w'n channel, 25 <y <4
- 4-pp, Vs =13 TeV (EPJC 77 (2017) 392)

BR uncert.:

e*e channel: 2.2 %
w'u channel: 11 %

IIIIIJIIIIIIIII
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Interesting to look at the y(2S)-to-J/y cross-section
ratio

- It provides access to the fraction of y(2S) from J/y
decay (feed-down factor)

- Systematic uncertainties are partially cancelled in
the ratio

Midrapidity ratios vs p.at \s = 13.6 TeV and Vs = 13
TeV — both in agreement with forward-rapidity
publication at Vs = 13 TeV

f¢(25) _ T9(29)

’ BR@/)(QS)—)J/’I/)
O J /4
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Charmonium production ratio at forward rapidity %
ALICE
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% L ALICE Prehmmary, pp, Vs =13.6 TeV 1 9 F ALICE preliminary ] b_" 0.4 © ALICE preliminary pp, e'e channel, p.>0GeV/c,|y| <09 -
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. E 3 g Ve . ) . 35F a pp, wu channel, p_> 0 GeVic, 2.5 < y < =
5 i P, < 20 GeV/c . Data ] b} . 4+J/y,y(2S)— e'e, | y| < 0.9, global syst.: 2.2 % ] 9‘5 E ' LHCb pp, i channel, p:) DiEE O P E
% — Fit . 04 [ 4Jhy, y(2S) - u'w, 2.5 <y < 4, global syst.: 9.0 % ] ©  0.3F a PHENIX pp, e'e channel, p,>0GeV/c, ly| <0.35 —
€ 51 — _ T F B E o [E705p+Li, p*u channel, p_> 0 GeV/c, -0.1 < x. < 0.45 E
3 10° Jhy E C ] E T F 3
3 B —y(2S) E C m a1 0.25— & ISR pp, "¢ channel, p,>0GeVic, ly| <05 3
i --- Background 1 031~ — M [I 7 0.2 F_ BRuncert. not included E
i ] L 4 % 3 TE 3
10° = 02 4 = 0 15}% {* E
g E L - ] g ]
r . % b 0.1 -
[ b 0.1H — E 3
10°E /\ = F ] 0.05F =
£ \ PRI W 3 C ] E 7
P B B BN B M M E ol o 3
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® Preliminary y(2S)-to-J/y cross-section ratio extraction vs p. at forward rapidity at Vs = 13.6 TeV is
consistent with the corresponding measurement at midrapidity

e Integrated result over p..and y compared to previous measurements— no energy dependence
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WP(2S)-to-J/p ratio:
comparison with phenomenological models

SIS DU BN L B S B L e nu s I S L L DL E
1.2/~ ALICE Preliminary, pp, Vs = 13.6 TeV J e 0.8 = ALICE preliminary =
- Uiy, w(2S) o u, 25 < y < 4 1% [ ppis=136TeV 3
1; V. w(2S) HH y ] @} 0.7 = Inclusive JAy, y(2S), e'e channel, |y| < 0.9 —

[ [¢]Data 10 06 E BRuncert:22% E
0.8 [-/NRQCD (M. Butenschdn et al) + FONLL = TE -ﬁﬁgg’ﬁ?ﬁfi};ﬁ; Z";; f’:cg’N*LLFONLL E
[ [ ]ICEM (V. Cheung et al) + FONLL ] 0.5 £/ NRQGD (M. Butenschion et al) + FONLL E
0.6~ [71CGC + NRQCD (Y-Q. Ma et al) + FONLL 7 04aE []ICEM (V. Cheung et al)) + FONLL E
0 4:, .E 0.3 E— f
L ~ E 3

5 t 0.2F I =
02k ERTT - g T ii -
S====C| Global unc. = 9.03 % 01¢ E
Lol b b b b b b b b = | Cl L [P B BT B
0 2 4 6 8 10 12 14 16 18 20 % 2 4 6 8 10 12 14 16
p, (GeV/c) p.. (GeVrc)

Preliminary ratios vs p.. are compared to phenomenological models

e Both NRQCD and can describe the ratio at
forward rapidity

e At midrapidty, NRQCD overestimates the measurements

Increasing the sample size will allow for better investigation

ALICE

16



Oyes) Oury

WP(2S)-to-J/p ratio:
comparison with phenomenological models aiice

SIS DU BN L B S B L e nu s I S L L DL E
1.2/~ ALICE Preliminary, pp, Vs = 13.6 TeV J e 0.8 = ALICE preliminary =
C Jiy, w(2S) —» n'w, 25 <y < 4 1% F ppVs=136TeV ;
i v, ¥(28) - y h 8} 0.7 &= Inclusive Jiy, y(2S), e'e” channel, |y| < 0.9 =

[ [¢]Data 10 065 BR uncert.: 2.2 % 3

L " - OE CGC+NRQCD (Y-Q. Ma et al) + FONLL =
0.8 L‘NRQCD (M. Butenschon et al.) + FONLL - © EENRQCD (Y-O. Ma et al) + FONLL E
[ [ ]ICEM (V. Cheung et al)) + FONLL ] 0.5 7| NRQCD (M. Butenschon et al) + FONLL =
0.6 [FICGC + NRQCD (Y-Q. Ma et al) + FONLL . 4 [T 1CEM (V. Gheung of af) + FONLL E
5 4i - 03F =
L ~ E 3

B + 0.2 ‘ Py =
0.2 ] E_:&tﬁ‘-@*—fﬂ— A4 E
- Global unc. = 9.03 % 01 E
Lol b b b b b b b b = N R [P B BT B
0 2 4 6 8 10 12 14 16 18 20 % 2 4 6 8 10 12 14 1
P, (GeV/c) P, (GeVlic)

Preliminary ratios vs p.. are compared to phenomenological models
e Both NRQCD and ICEM can describe the ratio at forward
rapidity
e At midrapidty, NRQCD overestimates the measurements

Increasing the sample size will allow for better investigation
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- ALICE Preliminary, pp, Vs = 13.6 TeV
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Preliminary ratios vs rapidity at forward
rapidity are well reproduced by ICEM
— no significant y dependence

An improved measurement using the
whole data sample will reduce the
uncertainties on the experimental points

and allow for a better constraint 17



Polarization of quarkonium states

(®)

ALICE
Polarization — alignment of particle spin with respect to a quantization axis quarkonium 5
rest frame
Two-body decay — the angular distribution of the decay products reflects ot
the polarization of the quarkonium state production J
plane \ [y
Observable angular distribution:
Z 5 " . X ‘K¥’% y
W (cosh, p) T (1 + Xgcos®8 + Aysin~Ocos2p + Ag,sin26cosy) ¢
0
(4y /1(/), A H(p) (+1, 0, 0) = Pure transverse polarization
(’19’ j*(p: j“,g(p) ( > 0 O) = Pure longltudlnal polanzatlon Figures from P. Faccioli et al.
(4y /1(/), /19(/)) (0,0, 0) = Zero polarization EPJ C69 (2010) 657-673
vi
e . Polarization parameters depend on the reference frame (choice of polarization
I axis)

// quarkonium the other beam in the quarkonium rest frame
rest
/ frame

e Helicity frame: quarkonium direction in the collision center-of-mass frame
e Collins-Soper frame: bisector of the angle of one beam and the opposite of



Charmonium polarization %

ALICE
D> 1 CT 17 LI LI T T LI T T ] [« T T LI LI T T T

< 3 | N | 1 < 9 - ALICE Preliminary 7
0.8 = ALICE Preliminary = - pp, ¥5=13.6 TeV, Inclusive Jay—s e'e” .
0.6 Fpp, Vs=136TeV - L. Collins-Soper frame ]
0.4 E Inclusive Jiy— e*e”, [y| < 0.8 B 0.5 - 7
02 é_CoIIins-Soper frame _; E E
C 1 ] - + + 1 *
s = == _ = O g L =
-0.2 =~ * Data, |y| <08 3 i Z
—04F [ icem, 1 < 08 4 _os5k o Data,ly|<0.8 ]
E 3 ~E [ CSM, |y] < 0.9 .
06 - B [ NRQCD (Butenschoen et al), [y <0.9
0.8 E = 1 o [_1 NRQGD (Brambilla et al.), y| < 0.9 B
_1: A T B B B I I EE B RN N B

2 4 6 8 10 12 14 2 4 6 8 10 12 14
P, (GeV/c) P, (GeV/c)

Huge discrepancy among the models (different models can even predict opposite polarizations)

= experimental measurements bring essential constraints to their predictions

Sizeable J/y longitudinal polarization (negative 1)) in the Collins-Soper frame at low p_ in the
dielectron channel at Vs = 13.6 TeV — EE]
Brambilla’s NRQCD L_J — does not reproduce the measured polarization at low p._

Butenschoen’s NRQCD L] — only reproduces the lowest measured p.. range

CSM || — fails to reproduce polarization in the whole momentum range
19
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Associated production of charm mesons
ALICE

e New insight on the production mechanisms and the role of
Multiple Parton Interactions (MPI) in pp collisions

e Investigate relative contributions of single parton scattering
(SPS) and double parton scattering (DPS)

e Inputs to tune MC generators

obps — M0A%B  m=1if A=B
4B 2 Ocfy m=2 otherwise

Single Parton Scattering Double Parton Scattering

o .= scaling factor — physical observable
eff .. . .
— Independent on process and collision energy in the simplest model

20



Associated production of charm mesons
ALICE

e New insight on the production mechanisms and the role of
Multiple Parton Interactions (MPI) in pp collisions
e Investigate relative contributions of single parton scattering
(SPS) and double parton scattering (DPS)
e Inputs to tune MC generators
pps _ MoA0B  m=1if A=B
4B = D) _ :
Octf m=2 otherwise

Single Parton Scattering Double Parton Scattering

o .= scaling factor — physical observable
eff .. . .
— Independent on process and collision energy in the simplest model

J/y-D’ associated production: contribution from both Single and Double Parton Scattering (SPS and DPYS)

— OSSlblllt tO eth'aCt O- § C reliminar R 1 > 22001 C reliminar " 7
p M eff = 000 Q;I v§P13|6Tevy Ly=397pb" | 2= 2032— :: vipwl,eTevy L, =39.7pb" 3
< E Iy, <06 p,, >05Gevic & 1800F Iy, /<06, p, >05Gevic
A 1 . t t . %125007 25< ym<4.o. Py, >0 g 16002
na YSIS stra egy 3 20000 8 1400
+ - .« qe © F 1 12005
- Jlw — uu at fwd. rapidity 10< Ap<4.6 - oo
- D’ — K'7" at mid rapidity ' Y= To00; o
. . . L] . . . . :‘-..-- 400i
Yield extraction using a bidimentional invariant-mass fit i ; R
e T B VI VR Y- TR 05 s e i é 205

m,., (GeV/c) 1 (GeV/cd) 21




J/p-D’associated production

Integrated cross section in the Ay range vs predictions from
different MC generators:

PYTHIA 8
T . Syostrand et al.. Comput. Phys. Commun. 191 (2015). 159-177

(Monash Tune + Charmonium Shower:All)

- both SPS and DPS cross sections computed from the
simulation

- overestimates J/y-D° cross section

Helac-Onia
H.-S. Shao. Comput. Phys. Commun. 184 (2013) 2562-2570
- SPS cross section computed from the simulation

- DPS component is based on o, i value which is extracted

from a fit to the data — ¢ =31 mb
eff

do/dAy (ub)

ALICE

O.67I T T | T 1T | l. T 1. T I LI | T T | T T T T \7
- ALICE Preliminary .

- pp,Vs=13.6 TeV, L, =39.7 pb™ ]
0.5—Prompt D°, |y| < 0.6, p,>0.5 GeVic —
| Inclusive J/¥, 2.5 < y < 4.0, p, > 0 ]

L PYTHIA 8 Monash HELAC-Onia i
0.4— CharmoniumShower:all SPSLO + PYTHIAS —
[ —SPS —DPs TIDPS G,,=31mb -

i Total Total i
03 g
02f .
0.1 ! + ! .
0 B | | | jx7%22X | 27X782 ] Y x5 | 4222202X | Q%2 ‘ 1 11 1 1
5 2 25 3 35 4 45 5

Ay
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https://inspirehep.net/authors/988491
https://www.sciencedirect.com/science/article/pii/S0010465513001938

Currently working on bottomonium

Outlook: Run 3 analyses in progress

measurements at \s = 13.6 TeV

Signal

discriminate Y'(1S), Y'(2S), and Y'(3S)
states both in the integrated spectrum
(left) and in the p_-differential (right)
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Conclusions

Several preliminary results in pp collisions at Vs =13.6 TeV in the charmonium sector
e J/y cross section — compatible with the measurement at Vs = 13 TeV and phenomenological predictions
e y(2S)-to-J/y cross-section ratio — compatible with measurements at \s = 13 TeV and phenomenological
models, little to no energy or rapidity dependence
e J/y polarization — sizable longitudinal polarization measured at low p.. : qualitative agreement with the
ICEM prediction, disagreement with CSM and NRQCD

e J/y-D cross section — overestimated by PYTHIA, compatible with Helac-Onia if 0,5 31 mb

Other analyses in progress in pp collisions at s = 13.6 TeV:
e Bottomonium cross-section
e (Charmonium yield as a function of multiplicity
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Conclusions %

Several preliminary results in pp collisions at Vs =13.6 TeV in the charmonium sector
e J/y cross section — compatible with the measurement at Vs = 13 TeV and phenomenological predictions
e y(2S)-to-J/y cross-section ratio — compatible with measurements at \s = 13 TeV and phenomenological
models, little to no energy or rapidity dependence
e J/y polarization — sizable longitudinal polarization measured at low p.. : qualitative agreement with the
ICEM prediction, disagreement with CSM and NRQCD

e J/y-D cross section — overestimated by PYTHIA, compatible with Helac-Onia if 0,5 31 mb

Other analyses in progress in pp collisions at s = 13.6 TeV:
e Bottomonium cross-section
e (Charmonium yield as a function of multiplicity

Other important results by ALICE Run 3 in quarkonia discussed at this conference:
> Separation of prompt and non-prompt charmonia at forward rapidity in pp collisions
— Beauty production in proton-proton collisions at \'s = 13.6 TeV by E. Barreau (previous talk)
> Quarkonium measurements in Pb-Pb collisions
— Quarkonium collectivity in Pb-Pb collisions at \s Ay —9-36 TeV with ALICE by R. Cerri (next talk)
Comprehensive overview on quarkonium and heavy-flavor production:

— Heavy-flavor and quarkonium measurements from pp to AA collisions by S. Trogolo
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Production of Quarkonia

scatterings: QCD predictions can be computed

» Charm and bottom quarks are produced in the first instants of the partonic collision, i.e. in large energy

» Their binding into quarkonia is instead characterized by smaller energy scale and cannot be described by
perturbative QCD but rather by phenomenological models (non perturbative)

Color Evaporation Model (CEM or ICEM):

Mass of the lightest
corresponding open heavy-
flavor meson (D or B)

. L

qq production
Production cross-section

cross-section of

quarkonium H ’f

2Mmeson da-qa
o(H) = const X f dmg; pr—
2my Myg
Proportionality factor
which does not depend

ony orpr

Non-Relativistic QCD

Production o(H) = Un (A) (OH (A))
cross-section of
: M
quarkonium H
qq production
cross-section Non-perturbative
describing.
hadronization

In the case of charmonia:

Contribution of charmonia from b quark decay (non prompt) in the
FONLL (Fixed Order + Next to Leading Logarithm) formalism




Entries per 40 MeV/c?

Charmonium production at midrapidity %

ALICE
>’<‘1(')3‘\"‘I‘"\"'I"'\"'I‘"\"‘I"' A
180 ; ALIGE performance -4- same event unlike-sign é
160 = ppVs=136 Tey -¢- mix event unlike-sign ]
140 Jy, y(2S)—> e'e ;
E 00<p, <16.0GeVe,|y|<09 3
120 - » =
100 [ .. =
80 [ . 3 | SIGNAL EXTRACTION STRATEGY
3 I . 4| 1. Combine opposite-sign electrons in the same event.
o . — o o .
‘2‘2 e et T 2. Subtract opposite-sign electrons taken from mixed-events
s | i | f .}:.‘:}:::}:::}:::}:‘:t :>removepartOfthebaCkground
(), - 46242 +§:2°°“”t?d ] 3. Fit the residual distribution with two gaussian functions with
* e + residual bkg . . .
B N v-UIRELLAL —residualblg asymmetric tails (J/y and wy(2S)), and a phenomenological
| | ] function for the residual background.
10* g E
TN SR T PO ST D .
22 24 26 28 3 32 3 36 38 4
mee (GeV/c?)
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Charmonium production ratio at forward rapidity %

=3

10
- Data
—Fit
—Jhy
—y(2S)

10°E

Counts per 20 MeV/c?

10* =

10°

L L L B L B B
T ALICE Preliminary, pp, Vs = 13.6 TeV

L Inclusive Jy, y(2S) —» u'w,25<y <4
E p, <20 GeV/c

--- Background

ALICE

SIGNAL EXTRACTION STRATEGY

1. The dimuon invariant-mass spectrum is built by combining
opposite-sign muons in the same event

2. No subtraction of mixed-event distribution (different strategy from
midrapidity)

3. The signal 1s fitted with two gaussian functions with asymmetric
tails ( and y(25)), and a phenomenological function for the
residual background
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Rapidity and Pseudorapidity

Rapidity: measurement of velocity in special relativity, defined as

_1l <E+pLC)
Y =2™E—pc

Transformation law:
Yy =y-¥,Y8= % In (%) and p is the relative velocity of R’ wrt R

Rapidity is complex to measure: it requires particle identification or combined measurement of

energy and longitudinal momentum n=0

n=0.5

It is more convenient to use pseudorapidity, defined as

n=-—In (tan <€)> = 1ln (M)
2 2 \Ipl —po

For a relativistic particle, |p|c ~ E and therforen = y
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MCH, MID: 2.5 <n < 4

Absorber

Tracking

chambers Trigger

chambers

Magnet Filter

Run 2 (2015-2018)

1.Hadron Absorber
2.Muon (tracking) Chambers (MCH)

3.Muon Trigger
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2) ALICE Muon Spectrometer

MCH, MID: 2.5 <n < 4

MFT:2.5<n<3.6

Absorber

Tracking
chambers

Magnet Filter

Run 2 (2015-2018) Run 3 (2022-ongoing)
0. New Muon Forward Tracker (MFT) before absorber
1.Hadron Absorber 1. Hadron Absorber
2.Muon (tracking) Chambers (MCH) 2. Muon (tracking) Chambers (MCH):

3.Muon Trigger

N /
Major changes to provide: e

* Discrimination between primary and secondary vertices (through MFT)
* Continuous readout (no trigger) through upgrade of front-end and read-out electronics 33



Muon Tracking Chambers

Made of 5 stations of 2 planes of multi-wire proportional chambers

Both Cathode Pad Chamber (CPC) and Cathode Strip Chamber technologies are used in order
to provide 2D information

Muon Tracking Chambers

2 stations of 2 planes of Resistive Plate Chambers (RPC) each
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Multi-parton interactions

ALICE

Multiple parton interactions (MPI) in a single hadronic collision
e can explain QGP-like effects in small systems
e inputs to tune MC generators

Simplest case: double-parton-scattering (DPS)
pps _ M0oA0B  m=1ifA=B
OA,B — 5— . .
Ocff m=2 otherwise

o .= scaling factor — physical observable
eff .. . :
Independent on process and collision energy in the simplest model
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J /w-D! associated production

Fit to extract o, . using Helac-Onia predictions

Uncertainties on o, extraction are currently
dominated by theoretical prediction

— O.eﬁ= 31 mb
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Counts per 50 MeV/c?

Bottomonium production in Run 2 e
ALICE
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e As for bottomonia, the signal extraction allows for discrimination of Y(1S), Y'(2S), and Y(3S) states

e ICEM correctly predicts differential yields of Y'(1S) and Y'(2S) vs p_ and rapidity at 13 TeV at
forward rapidity
e Measurements at 13.6 TeV at forward rapidity are ongoing
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Bottomonium polarization in Run 2 e

T

Helicity

g

MLRARE RaSs Rans nans nass Rans Rans A8
Collins-Soper 4

[ ALICE Preliminary

1 pp. (s=13TeV
L Y(1S) - n'w, 2.5
0-_—_-_—

- ¢ Stat. uncertainty
'L [OJsyst. uncertainty

<y<4
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ALICE

All Y (1S) polarization coefficients
measured at 13 TeV are found to be
compatible with 0 within the statistical
and systematic uncertainties in both the
Helicity and the Collins-Soper frames

Ongoing measurement at 13.6 TeV with

the aim of increasing the sample size
and reducing the uncertainties
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Charmonium production vs multiplicity (Run 2)

Quarkonium production as a function of the total number of produced particles in a collision (multiplicity)
— understand the role of multi-parton interactions in quarkonium production in pp collisions
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— — l'\)
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Charmonia at 13 TeV:
e Linear dependence vs multiplicity at low multiplicities

e At high multiplicities:

@)

J/y at forward rapidity, multiplicity estimator
at midrapidity

— linear dependence

J/y at forward rapidity, multiplicity estimator
at forward rapidity

— steeper-than-linear dependence

Jhy at midrapidity with both multiplicity
estimators
— steeper-than-linear dependence 39


https://arxiv.org/abs/2504.00686

Bottomonium production vs multiplicity (Run 2)

Quarkonium production as a function of the total number of produced particles in a collision (multiplicity)
— understand the role of multi-parton interactions in quarkonium production in pp collisions

Bottomonia at 13 TeV:
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Linear dependence vs multiplicity at low multiplicities
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