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‘ Quarkonium production vs multiplicity

v pp collisions: several models that are able to describe qualitatively observed features as a
function of multiplicity are based on Multiple Parton Interactions (MPI)

o
(1) Initial hard scattering process: relevant for HF quarks production :’i‘_ii_; )
..
(2) Underlying event (UE):
— semi-hard MPI interactions - still relevant for &
hard processes at LHC energies ! >f & ’
— soft hadronic processes — important for “bulk” 05 .
particle production (including multiplicity) $.
1




Quarkonium production vs multiplicity

v pp collisions: several models that are able to describe qualitatively observed features as a
function of multiplicity are based on Multiple Parton Interactions (MPI)

®:
(1) Initial hard scattering process: relevant for HF quarks production :’:‘j'_ii_; )
o,
(2) Underlying event (UE):
— semi-hard MPI interactions - still relevant for P
hard processes at LHC energies ! ’
— soft hadronic processes — important for “bulk” jtf.i: ) 2
particle production (including multiplicity) &

— multiplicity dependent measurements of quarkonia in pp allow to
/ study interplay between hard scattering and underlying event

/ shed light on MPI

v p-Pb collisions: similar considerations as in pp hold, but additional complications
- p-N geometry + Cold-Nuclear Matter effects
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Quarkonium production vs multiplicity

v pp collisions: several models that are able to describe qualitatively observed features as a
function of multiplicity are based on Multiple Parton Interactions (MPI)

(1) Initial hard scattering process: relevant for HF quarks production el
(2) Underlying event (UE):
— semi-hard MPI interactions - still relevant for
hard processes at LHC energies !

— soft hadronic processes — important for “bulk” %
particle production (including multiplicity) \&

— multiplicity dependent measurements of quarkonia in pp allow to

/ study interplay between hard scattering and underlying event

/ shed light on MPI

v p-Pb collisions: similar considerations as in pp hold, but additional complications
- p-N geometry + Cold-Nuclear Matter effects

v Intriguing observation: multiplicity-dependent studies in small systems show remarkable
similarities with AA collisions (e.g. strong hints for collectivity, strangeness enhancement,...)

/ phenomena considered signatures of deconfinement in heavy-ions observed
in high-multiplicity pp !
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Where everything started... ALICE Run-1

v JIY vs multiplicity [Phys. Lett. B 712, 165 (2012)]

> |= 10— —
— approximately (faster than) linear increase of J/{ Q} ° ALICGE pp s =7 TeV
yield at (mid-y) forward-y 2 2 7 _
Z | Z B Jy-uu (25<y<4) o
B _ [
— measurements extended up to 4 times AR/ ® Jy—ewe(y<0.9
the minimum-bias multiplicity i
— PYTHIAG (Perugia 2011 tune) predicts opposite i Normalization uncert.: 1.5%
trend vs multiplicity S [+j
v Several questions triggered: i 0 @
— dependence on flavour content ? I L1
- ~
— dependence on \s ? s R .
N
> (> .
— dependence on the hardness of hard probe ? Q% Q3 2+ O Pythia 6.4 (jy| < 0.9)
Z% Z% '% [0 Pythia6.4 (2.5<y <4)
i -gap ?
importance of n-gap ~ T |T : =
Signif : in the | _ . 5 q o
v Significant improvement in the last years: - O cpBHg qe -
= — combination of Run-1 and Run-2 statistics 0 5 4
=» — Improvement / development of models chh/dT]

(dN_Jdm
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Dependence on flavour content

[JH EP (2015) 148

/\|_ 25_I T I L I T 17T I T I'IiI I T 17T I T 177 'l T 177 T 1T | T T T ? 14 T T T T | T T T T | T T T T T T T T T T T T T T T T | T
Q r ALICE. pp \s =7 TeV . : L ALCE Prefiminar .
9 — ¢ Average D°, D*, D** meson |y|<0.5, 2<p_<4 GeV/c & Y 7
> L T . o_ 12
O 20j 4+ Prompt J/y — e'e’, |y|<0.9, p>0 - %* - PP Vs=13TeV.[n_|<1 5
% - . & 1w —e—cb—e(05< p_<4.5GeVic, ly|<08) * ]
< - ] A , ’
~ {5 (\,'\' T = [ —=— mclusivedy e’ (<09 m 7
+ Lo ] % °C B .
Q s F -
© B ] = » :L E m
> 10__ ] = T 0(\ ]
o 100 N A ¥ .
% - E% : L g : -
i Illﬂ.:I IBDB/o,I -3% norm?jl}\ziﬂlon!ugiﬁgot shct)wE i N , + 5 % uncertainty on multiplicity not shown N
. :I# I I I I I I I I I I I I I I I I I I I LI"-IIC IOIrII( I I IIII) I<I I I.rlI> InIO ISIOIVIIIII-| I_ OO L L L I] L L L L é L L L L :I3 L L L L 4I. L L L L é L L L L 6I L N
§ 04; B fraction hypothesis: x 1/2 (2) at low (high) multiplicity E (AN, /dn) / <dN 4 /dn> e
s T E
o = =
o) - = . . .
8 E v Very similar (faster than linear) trend
om = L T .
I T S S~ S SR N observed for open and hidden HF
(dN/dn) / (AN _ /dn) measurements observed also in Run-2
(but significantly higher multiplicity
. reached for J/p compared to Run-1
v Similar trend for prompt J/{) and open v P )
charm in Run-1
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Dependence on flavour content

3 [ T 3 : T
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= 04 o Y(3S)/Y(19) B Y(3S)/Y(1S) = o
0.35F E v Similar results found for Y(2S)/Y(1S) and
0_3;_ Jf ¥, < 1-93 _; Y(3S)/Y(1S) by CMS
025F $ % ' . E v m-gap present for both ALICE and CMS
0.2F + = measurements
o.15§EF % =
01 b4 L - suggests that the multiplicity trend does
005 * E not depend significantly on heavy-quark
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Dependence on center-of-mass energy
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- ] , ,
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Dependence on center-of-mass energy
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> . ,b ALICE Preliminary ; vy P plicity €
2 S " Inclusive Jiy - pru, 25< y <4 : not dependent on Vs at LHC energies
™ E’— 1.3F Mult. classes: |n|<1 -
T f ees=i8Tev + ] v Jhy spectra systematically harder at higher s
1 ‘= @ pp,\s=5.02TeV " .
> 11k o E . o
| @ : 4 $ : v Self-normalized (p_) vs multiplicity show
N 1 Ty ] a similar increasing trend
3 0.9F ¢ :
[ ©
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L1 | | | ra g | | |
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5.02 TeV - 13 TeV

0.2 TeV- 7 TeV

INEL>0

dNW,f dy

Dependence on center-of-mass energy
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= 8E Mult. classes: In|<1 3 = E %
- = ""‘ - 16—~ ° Vs= eV, Preliminar —
> 7E = pp. 15 = 13 TeV o - - 13 TeV, Preliminary ] -
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< sp - : 12 $ ER
: i : 10 =
F v E - mﬁ. i - %
i n.- ] 81— g
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2F = = - g ] N~
: > ] 4 -
‘I;_ _"—" _; 2:_ [@ él:*a _:
O:'f‘.l—llllIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII: Eeq|°+| [ [ ] ] ] | i
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STAR, arXiv:1805.03745 _ _ By o
A, 25 STAR Jy ' ' v Jhyyields in a specific multiplicity event class
Z ® p >0 Gevic not dependent on Vs at LHC energies
\%’ 20 [ ] p, > 1.5 GeV/c !
= A p.>4 GeVlc v Jhy spectra systematically harder at higher s
.
15 ALICE Jhy
O p, >0GeV/c + v Self-normalized (pT) vs multiplicity show
10 L .
i + a similar increasing trend
5 = v Independence of yields vs multiplicity
a = extended down to RHIC energies
— 1 a a a 1
° 0 2 MB 4 MB !
(dN/an)/<dN™/ain>
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5.02 TeV - 13 TeV

0.2 TeV- 7 TeV

Dependence on center-of-mass energy
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is not significantly affected by Vs
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Hardness of the probe

_[JHEP 09 (2015) 148]
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v Slope increases with the transverse momentum
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v Similar behaviour for open charm
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Hardness of the probe
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Q'— - ALICE pp \s 7 Tev ]
Q25 Average D°,D*, D* meson, |y|<0.5
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1.5 2 2.5 3 3.5 4
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<TofViults v Similar behaviour for open charm
v Observed also for J/y at RHIC energies
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Hardness of the probe

_[JHEP 09 (2015) 148]

Q'— - ALICE pp \s 7 Tev ]
Q25 Average D°,D*, D* meson, |y|<0.5
o T - 1<p_< 2GeVic i
T
= - = 2< p, < 4 GeV/e .
N 20__ . 4<p < 8GeV/c ]
~ - - 8<pT< 12 GeV/c .
~ C +12<p < 20 GeV/c 7]
g I E
> r .
P 45_IIII|IIII|IIII|III'7I|IIII|IIII|IIIIIIIIIIIIIIII_ E 10? E i
= [ ALICE preliminary, pp \s = 13 TeV ] ~ B ]
o 40 —_ Mid- pseudorap|d|ty mult classes (|n| < 0.8) . S B [+:| 7
S E/h+h | <0.8 | . Sl @ -
C\IZ 35 L m2< pT <10 GeV/c \‘ ] : § +6%/-3% normalization unc. not shown :
o K 4<p_<10GeV/c : — B + 6% unc. on (dN/dn) / (dN/dn) not shown
- 6<pT<1OGeV/c/ ] oo e b b b b e e
: 30 I IR e g 04F B fraction hypothesis: x 1/2 (2) at low (high) multiplicity =
= - INEL>0 . g 2 - _f
o o5 (AN fdn ), o _— % o e T R A S L R e e
5 - '53% Monash 692019 . s <
Z o0E ® (Honash) - 6.67 I 3 S R R S-S S A R
O - L ] (dN/dn) / (chh/dn)
15F i = . .
55 .’ 3 v Slope increases with the transverse momentum
10 i = of Jhy
I - R=_=f Uncertanties = . .
5 s — Stat, — v Similar behaviour for open charm
= _ [ Syst. Uncorr. -
- Y e - .
OO_J__.I-IJ1|I 11 I2|I 11 I3|I 11 I4|-I 11 I5|I 11 I6|I 11 I7|I 11 I8|I 11 I9|I 11 I10 V Observed aISO for J/\I’ at RHIC energles
dN_/dn /(N _/dn yINEL>O v Similar trend for other hard-processes
c ch In|<0.5
regardless the flavour content
6
MPI@LHC 2019 — F. Fionda




Hardness of the probe

_[JHEP 09 (2015) 148]

Q'— - ALICE pp \s 7 Tev ]
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— steepness of the multiplicity dependent trends
increases with the hardness of the probe 5
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Impact of n-gap

CMS, JHEP 04 (2014) 103 CMS, JHEP 04 (2014) 103
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Impact of n-gap
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Impact of n-gap - other hard processes

[JHEP 09 (2015) 148
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other hard processes

[arXiv:1908.01861]
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Impact of n-gap — other hard processes

[arXiv:1908.01861]
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Comparison with models
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Comparison with models
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Comparison with models
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Comparison with models
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Comparison with models

v Quarkonia production in association with jets could provide further constraints for tuning models
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From pp to pPb




Ve e — RE— —
Jhy vs multiplicity in p-Pb
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Jhy vs multiplicity in p-Pb
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Quarkonia vs multiplicity in p-P
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Quarkonia vs multiplicity in p-P

ALICE, PLB 776 (2018) o1

~ T | L LI L L L ]
B 9 -ALICE p-Pb {5, = 5.02 Tev = _ o
% 8 E_’ Inclusive J/y, p_> 0 GeV/c,-1.37 <y <0.43 _E v At mld_rapldlty
g - @ PromptD, p_e[2,4] GeV/c, 0.96 <y, _<0.04 : quarkonia and open-
%“ 7 E common normalisation uncert. of 3.1 % \ B heavy ﬂa.VOlJr VS
% 6 f— and B feed-down unc. not shown —f mU|t|pl|C|ty ShOW
5 3 E similar trend vs
: w/o n-aa ] multiplicity:
o n-gap e plicity
3F =
E E.:'E*] 3
2F f,?" =
3 e E T .
1; ’Q'P{/ ] multiplicities with n-gap
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dN/dn / (N _/dn)
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ALICE wlo n-gap
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# D meson ]

B feed-down and normalisation .
uncertainties not shown —

oo _

"-,/’—'7';!':‘.,, _
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T
(dNgy/dn) / (dN_ /dn)

(d?N/d ydp.) / (PN/d ydp.)

ALICE, JHEP 8 (2016) 1

IIII|IIII|IIII|IIII|\III|IIII|IIII|\III|IIII_
= +EPOS without hydro

==EPOS with hydro B
with n-gap 1

ALICE
p-Pb |5, = 5.02 TeV
# D meson

B feed-down and normalisation P - -
uncertainties not shown n

N

-

-

-

K
e 2<p <4GeV/c

P

T“-;’—IllllII|IIII|IIII|\III|IIII|IIII|\III|IIII_

(dNg/dn) / AN _ /dw
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o

Mid-rapidity

— ALICE: faster than linear trend w/o n-gap

— ATLAS (+CMS): suppression towards higher

Similar behaviour
observed for D-mesons
when multiplicity with

and w/o n-gap

Comparison with
models suggest that a
hydro could provide a
possible explanation
- collectivity ?
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(p.) of Iy vs multiplicity in p-Pb

m T T T T | T T T T | T T T T | T T T T I T T T T T ] o T T T T | T T T T I T T T T | T T T T | T T T T T ]
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/\\'_ r Mult. classes: |n|<1 ] /\\'_ - Mult. classes: [n|<1 1 v Self-normalized
SRR 4 & 1k —
B ] B ] <pT> VS
- 1 - 1 multiplicity
U _ L = e N ~ increases
C ] C ] similarly for
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(p.) of Iy vs multiplicity in p-Pb
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>~ - ALICE 1 > - ALICE Preliminary .
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/\\'_ r Mult. classes: |n|<1 ] /\\'_ - Mult. classes: [n|<1 1 v Self-normalized
SRR 4 & 1k —
C ] - ] Py vs
- 1 - 1 multiplicity
L i L - o s B increases
C ] C ] similarly for
0.9 4 = |syy =8.16TeV (preliminary) ] 0.9 e p-going 2.03 <y _ <3.53) ] different \/SNN
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X {of INEL>0 (pp), NSD (p-Pb) + ] v continuous increase for pp  ALICE, PLB 727 (2013) 371
Q'_ : Mult. classes: |n|<1 ] ALl
(Al 1 - similar behaviour observed for
I F charged particles (saturation in
L4 Pb-Pb is interpreted in terms of
09 - *; ° pp, \s = 5.02 TeV (preliminary) . CO||eCtIVIty) ]
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Jhy elliptic flow in p-Pb

[CMS, arX|v 1810 01473]

_PPb8.16TeV

T T T 'I T
- W Promptdmf ] K

I
185 < anf:'i"e < 250

v Prompt Jiy v, measured by CMS at 02| ® PromptD’ O A
high-multiplicity (estimated in |n|<2.4) i O = B o
— compatible with D-meson and KOs at %N 0.4l Dg 80 L ~
high-pT S ¢+D ol

11 ‘ L1 1 1 | | | L1 |

[PLB 780 (2018) 7]

ALICE

Jhy

Q | p-Pb, (0-20%)-(40-100%), |'5,,=5.02,8.16 TeV
——e— 2.03<y"¥<3.53

—=—— -4.46<y"Y<-2.96

v Inclusive J/y v, measured looking at long-range angular

02 — correlations between backward / forward rapidity J/y and

L P, 2.5y et (BonB.02TeV charged hadrons produced at mid-rapidity (rapidity gap ~ 1.5)
- —oe—— 5-20%
i — 66— 20-40%

v Non-zero v, observed for p_> 3 GeV/c (~50 significance)
v Similar v, compared to Pb-Pb measurements - very

intriguing result: common underlying mechanism
(besides what's included in current calculations) at the

origin of Jhy v,?

K Transport model, Pb-Pb, 20-40%, 2.5<y"¥<4, |s,,=5.02 TeV
] Inclusive J/y

v Initial conditions ?

Primordial J/y

IIIIJIIIIIIIII|IIII|I|IIIIIII|IIII|IIII

0 1 2 3 4 5 6 7 8
Py (GeVic)
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Conclusions

v pp collisions:

not significantly affected by Vs and quarkonium specie

- impact of n-gap still not clear, more measurements needed

steepness of the multiplicity dependence increases with the p_ of the particles

several models can describe qualitatively the observed trends

v p-Pb collisions:
~ no significant dependence on \/SNN observed for both yields and (p.)

- suppression observed at forward rapidity, in line with CNM effects
- faster than linear increase observed at mid-y — collectivity ?

- v, comparable with Pb-Pb values -~ common underlying mechanism? Initial conditions ?

v Outlook:

I - “new” observables (e.g. quarkonia-h correlations, quarkonia production in jets, spherocity
dependence) could help to disantangle / further constrain models

- The usage of more “common” ways of plotting results among different collaborations would help
to compare / discuss together experimental results (e.g. impact of n-gap)
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Conclusions

v pp collisions:

not significantly affected by Vs and quarkonium specie

- impact of n-gap still not clear, more measurements needed

steepness of the multiplicity dependence increases with the p_ of the particles

several models can describe qualitatively the observed trends

v p-Pb collisions:
~ no significant dependence on \/SNN observed for both yields and {p_)

- suppression observed at forward rapidity, in line with CNM effects
- faster than linear increase observed at mid-y — collectivity ?

- v, comparable with Pb-Pb values — common underlying mechanism? Initial conditions ?

v Outlook:

I - “new” observables (e.g. quarkonia-h correlations, quarkonia production in jets, spherocity
dependence) could help to disantangle / further constrain models

- The usage of more “common” ways of plotting results among different collaborations would help
to compare / discuss together experimental results (e.g. impact of n-gap)

Thank you for your attention !
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Nuclear modification factor Rpr

g 1 -8 ALlCE inclusive J/ (2S) % - - & 1 .4 -l LI} I LB I LI} I LRI ) I LB I LI I LI} I LI ) I LI ) I LILEL l-
D:Q 1.6F p-Pb V,S_ =8.16 T:‘\’/\V HE Q:Q- ALICE, inclusive J/y, Y(1S) — p'w
ad e 1.2F p-Pb|s,=8.16 TeV .
14F o Il (arXiv:1805.04381) Comovers (E. Ferreiro, PLB 749 (2015) 98) i ]
® y(29) (Preliminary) "oy mm e ] e .
1 2 — CGC+ICEM (Y.Ma et al, PRC 97 (2018) 014909) H

C L w(s) L i
e B e l 08f i# ]
08! %HHE 06l ' %H% —f

oo T B

0.4
C ® Y(1S) (preliminary) .
0.2F 02fF . ]
C i ® J/y (arXiv:1805.04381) i
I A 5 4 3 2 -1 0 1 2 3 4 5
ycms ycms
v Similar suppression observed for J/y and v Similar suppression observed for J/y and
y(2S) at forward rapidity Y(1S) at both backward and forward rapidity
I v y(2S) suppressed significantly more than

Jhy at backward rapidity

v Final state effects needed to explain
Y(2S) modification




Azimuthal anisotropy (v)

v In a strongly interacting medium, pressure gradients
convert any initial geometrical anisotropy into an
anisotropy in the momentum space

[Figure: Raimond Snellings New J. Phys. 13 (2011)]

v anisotropy is quantified by the 2" order
coefficient v of the Fourier expansion of the

particle azimuthal angle distribution *
Zz :
dN N VZ‘

do ~ 2m |: +Z os (n (¢ — ¥r))

vy =< c0S2(Ppart — YEP) >

x,b

v In heavy-ion collisions non-zero v, indicates the participation in the collective expansion of the system

PLB 780 (2018) 7]

Jhy

v Jhy v, measured looking at long-range angular correlations o[ ppb (020%-a0100%, (s.502016 7y ALICE
. g JA
between backward / forward rapidity J/w and charged hadrons 0.2 —e— 203y '3

T —=—— -4.46<y"V<-2.96
produced at mid-rapidity (rapidity gap ~ 1.5) - g

" Pb-Pb, 2.5<y”"<d, \5,=5.02 TeV
r ——o—— 5-20%

v Non-zero v observed for p_> 3 GeV/c (~50o significance) L ——— 20-40% I}ZI

v Similar v, compared to Pb-Pb measurements - very

intriguing result: common underlying mechanism
(besides what's included in current calculations) at the
origin of Jhy v,?

I Transport model, Pb-Pb, 20-40%, 2.5<y"'<4, |[s=5.02 TeV
] Inclusive J/y

L Primordial J/y
II1I|IIII|III!|II1I|Illllllllllllllllll

0 1 2 3 4 5 6 7 8
plY (GeVic)

v Initial conditions ?
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JI\|1 elllptlc flow in p-Pb

[CMS, arXiv:1810.01473]

PPb 8.16TeV

od T T rrr | LA B B | LI | 17T | I_ - T T T 'I T T T | T T T I T T l
> 0.15¢ ATLAS arXiv:1909.01650 - - W PromptJiy [] Ks 185 < NOne ¢ 250
L pp {s=13 TeV, 150 pb’ - 0.2 @ Prompt D° O A Co B
0_-1__ GOSN;C<120 ] s o o |
i 1.5</An|<5 ] - O s
: . C—lL : = © .
0.05 o b = S, L g2 0 o © N
- , ] Sy o - ** LS .
- ! ] [ Ho + o ® ]
S — it ol T
i i 0.0 71— + ——————————— —
—0.051¢ P B R R Lot i 1—
0 1 2 3 4 5 6 7 8 i N B L N
P [GeV] 0 2 4 6 8
p, (GeV)
[PLB 780 (2018) 7]
=0 " p-Pb, (0-20%)(40-100%), {Su=5.028.16 Tev  ALICE v Prompt J/y v, measured by CMS at high-multiplicity (estimated in

0.2

——e— 2.03<y"¥<3.53
—=—— -4.46<y"Y<-2.96

Pb-Pb, 2.5<y""V<4, \[5,;=5.02 TeV
—e— 5-20%
——4—— 20-40%

i Incluslve J/\y
Primordial J/y

|n|<2.4)

— similar flow measured by ATLAS by open charm at high-
multiplicity pp

v Inclusive J/y v, measured by ALICE
— Non-zero v, observed for p_> 3 GeV/c (~50 significance)

— Similar v, compared to Pb-Pb measurements - very intriguing

result: common underlying mechanism (besides what's included in
current calculations) at the origin of Jiy v, ?

IIIIJIIIIIIIII|IIII|IIIIIIIII|IIII|IIII

0 1 2 3 4 5 6 7 8
Py (GeVic)

- Initial conditions ?
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AN, /dy
@N, 7y}
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= N
CDO

Y -
[o)]
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Jhy production vs multiplicity in PYTHIAS

Jhy yields result from different contributions Eur. Phys. J. C (2019) 79

PYTHIA 8.230, pp Vs = 13 TeV, nondiffractive events PYTHIA 8.230, pp Vs = 13 TeV, nondiffractive events
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Jhy production vs multiplicity in PYTHIAS

v Jhy yields result from different contributions Eur. Phys. J. C (2019) 79

PYTHIA 8.230, pp Vs = 13 TeV, nondiffractive events

h"‘““zﬂ‘: T NLELELELEN BLELELELES B BLELELELES B T T T T
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W e T I—
Production in p -Pb collisions

v Cold Nuclear Matter (CNM) effects: [T T (EPJ C77 (2017) 163]
B 1./1 — —
v (anti-)shadowing modifications for <~ 19 [
nuclear PDFs O 10 I ‘
- .0
v gluon saturation, Colour Glass I 0.8
Condensate > 0.6 = :
| =04 7 —
v parton energy loss = i i
P & 202 - EPPS16 |
. . . . . m 0 0 | I\IHII‘ | II\IIII| | I\IHII‘ L L LI
v final state dissociation (absorption, e N B .
comovers) 10 107 107 10 1
xr

CMS pPb \[S,, = 5.02 TeV, NI > e

(b)
T<p, <3Gevic @\S\

v Open questions: QGP formation in small systems ? Collectivity ?

v Two beam configurations: p-Pb / Pb-p (two energies: \/SNN =5.02, 8.16 TeV)

Mid-rapidity

Forward rapidity
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