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Outline

© Small systems in the Heavy lon world

o Remider: quarkonia as probes of QGP

o Nuclear matter effects in p-Pb

o Collectivity in p-Pb

@ Quarkonia vs multiplicity in pp and p-Pb
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What are small systems?

Traditional HI POV
pp and p-Pb where we do not expect QGP to form. [ ) [ .
« “Small” qualifies the size of the colliding system.

« In other words “system a priori too small to show characteristics of
heavy ion physics” but which show them nevertheless. P-p < p-Pb < Pb-Pb

Alternative POV pp p-Pb pp
« “Small” qualifies the size of the created medium.
« On average corresponds to size of the coliding system.

« But individual events may show a different story - charged particle
multiplicity Nep.

p-Pb PP

Pb-Pb g
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ALICE, PLB 766 (2017) 212

N
Reminder: quarkonia as probes of the QGP | PREN PG 34 1 ot

Original idea from Matsui & Satz: J/y (quarkonia) Debye screened by the free colour charges in QGP.
Higher ,/snn = warmer plasma = more suppression.

Nuclear modification factor quantifies the nuclear effects on < . . . . . . . .
quarkonium production. 4 Inelusive JAy i
® ALICE, Pb—-Pb \(?NN: 5.02TeV,25<y <4, P < 8 GeVic
12 [ 1‘ = ALICE, Pb-Pb \[sTN= 276TeV,25<y <4, P < 8 GeVic .
| ‘ O PHENIX, Au-Au 5= 0.2 TeV, 1.2 < y| <2.2,p >0 GeV/c
Yan Yield in AA scaled by yield in pp multiplied - *
Raa = W by the nuclear overlap. 08 il | 3
AA) " Opp e
06 H @@ m@@_
04 Hga E
Increase in HF production at LHC compared to RHIC 0.2 B8 g a @ E
i X 0 1 1 1 1 1 1 1 1
= possible regeneration of quarkonia form thermalised heavy quarks in 0 50 100 150 200 250 300 350 &00)
the plasma. part

Less relevant for bottomonium (b still way less abundant than c).
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ATLAS, EPJC 78 (2018) 784

Reminder: quarkonia as probes of the QGP Il

azimuthal distribution of charged particles

flpr,@.m) ~ 14 2v,cos [n(p —Wy)]

flow coefficients v, = (cos [n(¢@ —¥y)])

dN/do

« S
= 025 A1ias
« Non-zero elliptic flow v, measured for prompt (inclusive) J/y at [ @ ATLAS, Prompt J/p, 5.02 TeV, |y | < 2, 0 - 60%
the LHC whilst v, =~ 0 at RHIC. 0.2~ % ALICE, Inclusive J/y, 5.02 TeV, 2.5 <y < 4, 20 - 40%

[ A CMS, Prompt J/y, 2.76 TeV, 1.6 < |y| < 2.4, 10 - 60%

« Low-pr: consistent with the regeneration scenario. 0151 ¥ CMS. Prompt i, 276 TeV, 1 < 24, 10-60%

« High-pr: models underestimate the data. Additionnal 2
component from initial magnetic field? 0 1i $ $
Flow of charm quarks = creation of thermalised medium. g C $ $
Does beauty thermalise too? °-°5§$ * $
S R R |
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Cold nuclear matter effects

To study the cold nuclear matter effects, we measure J/y production in nuclear systems in absence of the QGP - such
conditions met in proton-nucleus collisions.
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|
Cold nuclear matter effects

To study the cold nuclear matter effects, we measure J/y production in nuclear systems in absence of the QGP - such

conditions met in proton-nucleus collisions.

Nuclear modification of PDFs

« Gluon shadowing/antishadowing: Parton distribution functions are modified by the nuclear environment = J/y
suppression or enhancement as a function of the parton momentum fraction x in the nucleon.

In 2 — 1 approximation 2
M =
x= 1w e:Ey. &
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Cold nuclear matter effects

To study the cold nuclear matter effects, we measure J/y production in nuclear systems in absence of the QGP - such
conditions met in proton-nucleus collisions.

Nuclear modification of PDFs

« Gluon shadowing/antishadowing: Parton distribution functions are modified by the nuclear environment = J/y
suppression or enhancement as a function of the parton momentum fraction x in the nucleon.

Gluon saturation
« Result of gluon recombination at small x at LHC = J/y suppression.
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Cold nuclear matter effects

To study the cold nuclear matter effects, we measure J/y production in nuclear systems in absence of the QGP - such
conditions met in proton-nucleus collisions.

Nuclear modification of PDFs

« Gluon shadowing/antishadowing: Parton distribution functions are modified by the nuclear environment = J/y
suppression or enhancement as a function of the parton momentum fraction x in the nucleon.

Gluon saturation
« Result of gluon recombination at small x at LHC = J/y suppression.

Coherent Energy loss
« The medium induced gluon radiation in initial and/or final state modifies the J/y yield.

Dissociation with comovers
« Interaction of J/y with the comoving matter breaks the bound state = J/y suppression.
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Nuclear modification of quarkonia in pA

ALIGE: JHEP 1807 (2018) 160
LHCb: JHEP 11 (2018) 194

o 1.4
< PP {5y =816 TeV J/w show stronger suppression at forward rapidity while ~ 1 at
1.2 C ® ALICE inclusive J/y backward rapldlty
B O LHCb prompt J/w (PLB 774 (2017) 159 )
M | » The pattern is consistent with initial- and final-state effect

models.
0.8

0.6 EPS09NLO + CEM (R. Vogt)
nCTEQ15 (J. Lansberg et al.)

|| EPPS16 (J. Lansberg et al.)

0.4 CGC + NRQCD (R. Venugopalan et al.)
CGC + CEM (B. Ducloue et al.)
0.2 Energy loss (F. Arleo et al.)
: —— Transport (P. Zhuang et al.)
=== Comovers (E. Ferreiro)
0 IS NS N ST SR ST FEES N S
-5 4 -3 -2 -1 0 1 2 3 4 5
Yoms
GpPh
Ry_pp = ——
P=Pb = A orp
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Nuclear modification of quarkonia in pA

2
«

o 18

1.6
1.4
1.2
1
0.8
0.6
0.4
0.2

0

-5

[ ALICE, inclusive J/y, y(2S) — u'w

- p-Pb (s, = 8.16 TeV

:, ® Jly (arXiv:1805.04381) Comovers (E. Ferreiro, PLB 749 (2015) 98)

[ @ w(2S) (Preliminary) Tedv = e e

= CGC+ICEM (Y.Ma et al, PRC 97 (2018) 014909)

E E Iy w(2s)

:\\nw‘ww\w‘\nw\‘w\ww‘ww\n\\wn\‘wwww‘\l\w|wwww‘w\\l
-4 -3 -2 -1 0 1 2 3 4 5

ycms
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ALICE: JHEP 1807 (2018) 160

J/w show stronger suppression at forward rapidity while ~ 1 at
backward rapidity.

« The pattern is consistent with initial- and final-state effect
models.

y(2S) shows similar suppression in both intervals.
« Cannot be described by only initial state effects.
« Final-state effects give a good description for both states.
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Nuclear modification of quarkonia in pA
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ALICE: JHEP 1807 (2018) 160

J/w show stronger suppression at forward rapidity while ~ 1 at
backward rapidity.

« The pattern is consistent with initial- and final-state effect
models.

y(2S) shows similar suppression in both intervals.
« Cannot be described by only initial state effects.
« Final-state effects give a good description for both states.
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ALIGE: JHEP 1807 (2018) 160
LHCb: JHEP 11 (2018) 194

Nuclear modification of quarkonia in pA

o 18
o r 0 i TS . L .
I o J/y show stronger suppression at forward rapidity while ~ 1 at
F backward rapidity.
14 — iv: ! Comovers (E. Ferreiro, PLB 749 (2015) 98) . . . Lo .
e v iy e e « The pattern is consistent with initial- and final-state effect
1.2 :_ CGC+ICEM (Y.Ma et al, PRC 97 (2018) 014309) models.
r Iy w(28)
B L e 8 I
08F w(2S) shows similar suppression in both intervals.
o6 _m T HEB% « Cannot be described by only initial state effects.
04l T « Final-state effects give a good description for both states.
02f
O:H.mmm.ulmmH.lu.wmm.ul‘m\m. E§1§ ' ' ‘+U_[‘Cb ' §§§ ' ‘ ‘+L]—[‘Cb '
5 4 3 =2 1 0 1 2 3 4 b5 =azSFLHC 75 38 LHCD ]
Y s -;'_%1 OF | |comovers 2 %15? | |comovers
oms = S14f 4 = 314F 4
& 1.2} 18 1.2F El
. . 1F
Higher Y states also show hints of stronger 8E - 0.8k
suppression than Y(1S) which can be explained by 6fF 0.6F
higher break-up rate with comovers. 04F P,<25GeVic ] o.4»jF P,<25 GeVic 7
0.2F [a=8l6Tevy]  02F [F=8.16 TeV
0 —4 -2 0 2 4 0 —4 -2 0 2 4
y* Y*
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CNM effects in AA?

ALICE, JHEP 06 (2015) 55

[ ALICE inclusive Jiy—pu”

With certain assumptions*, one can estimate the CNM effects in T4, RO (203ey,, <3.59) x RS (4.46<y__<-2.96), (Sgy = 5.02 TeV
AA as 1.0 W Reypy (25<y,,, <4), (S = 276 TeV, 0-90% =

Rppb X Rppp

1 (Phys. Lett. B734 (2014) 314) <H> . \ 1

S
4Bi

B I

e e
0 1 2 3 4 5 6 7 8
pT(GeV/c)

forw backw
Rgpe X Roe™, Repes

At low-pr, Rppy X Rpop < Rpppp Which could be in hand with the
expected contribution from recombination in Pb-Pb.

At higher-pt, Rppy < Rpop > Rpopy favours the scenario when the
quarkonia are suppressed due to hot nuclear matter effects. 0.2

o

* the assumptions are:
e shadowing is the dominant CNM effect
o the effect can be factorised on the 2 nuclei

® one neglects the xgjon., shift between p-Pb and Pb-Pb
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CNM effects in AA?

High-pt prompt and non-prompt quarkonia give Rys ~ 1.

« Similar rapidity coverage as for Raa, there is only weak rapidity
dependence at midrapidity

jana.crkovska@cern.ch Aussois 2019

Nuclear modification factor

1.8
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1.4
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p—y

0.8
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0.2

1/y: ATLAS, EPJC 78 (2018) 762
Y: ATLAS, EPJC 78 (2018) 171

L L L
[ Prompt JAp Pb+Pb, |[s,,, =5.02 TeV, 0.42 nb"
C Rypo, 20 <lyl <1.5 p+Pb, Sy =502 TeV, 28 nb™
[ #Ru <20 pp, V5 =5.02 TeV, 25 pb™!

C &= Correlated systematic uncer.
n —

[ g

ol b bv v b b Lo baas

10 15 20 25 30 35
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CNM effects in AA?

High-pt prompt and non-prompt quarkonia give Rys ~ 1.

« Similar rapidity coverage as for Raa, there is only weak rapidity
dependence at midrapidity

o 1.8 e
o< F ATLAS ALICE p+Pb, |5y =5.02 TeV ]
1.6 L=51ub", -1.37 <y* <043 ]
E -i-Inclusive JAp ]
14— -
1.2
C U
L. A T T O D
1 =y

ATLAS pp, Vs =5.02 TeV
0.8 L=25pb’|y| <2.0

ATLAS p+Pb, (5., = 502 TeV

0.6 L=28nb"-20<y" <15
r +Y(18)
04 E -4 Prompt Jiy ]
P I I T I NI I B
O'20 5 10 15 20 25 30 35 40

p, [GeV]
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1/y: ATLAS, EPJC 78 (2018) 762
Y: ATLAS, EPJC 78 (2018) 171

L L L
[ Prompt JAp Pb+Pb, |[s,,, =5.02 TeV, 0.42 nb"
F Rypp: 20 <lyl <1.5 P+Pb, 5, =5.02 TeV, 28 nb"

F 4R, <20 pp, (5 =5.02 TeV, 25 pb™*

C Correlated systematic uncer.
n —

[ g
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AR ew A i K
CNM effects in AA? s

« 1.8 e
. L L r ATLAS
High-pr prompt and non-prompt quarkonia give Ry ~ 1. e r :
P 8 1.6 promptuny Pb+Pb, |55, = 5.02 TeV, 0.42 nb™*
« Similar rapidity coverage as for Raa, there is only weak rapidity 5 F bRy -20<lyi<15 P+Pb,[5,,=502TeV, 28nb"
. - S 1.4 4Ry <20 pp. /5 =5.02 TeV, 25 pb™!
dependence at midrapidity = F ax
;f_—) 12—— Correlated systematic uncer.
3k
g =
s 181117 5 [
& C ] o 0.8
'Y - ATLAS ALICE p+Pb, |5y =5.02 TeV ] Kl F
1.6 L=51ub",-1.37<y" <043 ] S 0.6
E -4 Inclusive Jhyp ] z > r —+7
14 - F e
120 1 O4F g
| E UM 02:_
1 2 % 2 O, A :
O'..I..ul.u.!.u.\.‘HI.H.I..HI..‘

10 15 20 25 30 35
p, [GeV]

ATLAS pp, Vs =5.02 TeV
0.8 L=25pb’|y| <2.0

ATLAS p+Pb, (5., = 502 TeV

0.6 L=28nb",-20<y* <1.5
0.4F +Y09) At high-pt suppression in AA mainly
E +PromptJhy from QGP.
Y N B B AN SRV AR W S )
% 5 10 15 20 25 30 35 40
p, [GeV]
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ALICE, PRL 107 (2011) 032301
Correlations in big and small systems @».@

azimuthal distribution of charged particles

f(pr,@.m) ~ 1+ Y 2v,co8 [n(@ —¥n)]

Space anisotropy = momentum anisotropy. 011~

Pb+Pb at 2.76 TeV
® v, (2 Iani> 1}
VA2, a0l > 1}

¥ V{2, 1anl> 1}

O vs{4}

® Vo,

0.05- ¢ 100x Vi,

geometry = elliptic flow  fluctuations = triangular flow ./_/./""—'
v = (cos2(¢ —¥2)])  v3={(cos[3(¢—¥3)]) I

TR o b b b b s L ]
0 10 20 30 40 50 60 70 80
centrality percentile
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ALICE, PRL 107 (2011) 032301
Correlations in big and small systems @».@

azimuthal distribution of charged particles

f(pr,@.m) ~ 1+ Y 2v,co8 [n(@ —¥n)]

Space anisotropy = momentum anisotropy. 011~

Pb+Pb at 2.76 TeV
® V{2 1anl>1}

m Ve{2 1Al > 1}

¥ V{2, 1anl> 1}

O vs{4}

® Vau,,

0.05- ¢ 100x V3,

geometry = elliptic flow  fluctuations = triangular flow ./_/./"‘_'_"
v = (cos2(¢ —¥2)])  v3={(cos[3(¢—¥3)]) I

Experiment: Difficult to determine symmetry plane 05050905050~ 50 50
=

centrality percentile
use multi-particle correlations.
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PbPb: CMS, JHEP 7 (2011) 76

pPb: CMS, PLBB 718 (2013) 795

Correlations in big and small systems (cont.) P oS, JHER 0 (2010 01

Pb-Pb show typical double ridge structure:

35-40%
Pb Pb

. Near-side
«_flow ridge

<
5 |
a_|o SO
Zl= 1. ,.“-‘,\‘ !
olg SR

> ““t“:\““““
~|F RO
PSS
4 “‘.‘“‘

Away-side jets, o> \
flow % o

2
Near-side jets,
resonances
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PbPb: CMS, JHEP 7 (2011) 76
Correlations in big and small systems (cont.)

pPb: CMS, PLBB 718 (2013) 795
pp: CMS, JHEP 09 (2010) 091

Pb-Pb show typical double ridge structure:

o
CMS pPb \[s,,, = 5.02 TeV, NJf"™* 2 110 “ ()
1<p, <3GeVic

S .‘\\;f
s |9 1. I
35-40% Lff 20 S
Pb Pb Bg L S
2 1.6
Near-side iz
—

~_flow ridge

=3 -4
% |2
alo
Z —~
B|g 55 s
ey

% A

- ‘Z— A,

Away-side jets, 2 N 2
flow Y > Near-side jets,
resonances
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Correlations in big and small systems (cont.)

Pb-Pb show typical double ridge structure:

35-40%
Pb Pb

Near-side
~_flow ridge

1

dzNU(iw
N, dAn dA¢

Away-side jets, gh‘\ N2
flow NS ~ 0« Near-side jets,

resonances

o
CMS pPb \[s,,, = 5.02 TeV, NJf"™* 2 110 “ ()
1<p, <3GeVic

o 0
g &S] 18 t““ I
Zl= A ““‘"\ Y
%lg 17 /L ‘:‘““q ! \“

RGN \
2 1.6/ 7RSI

£ L AR //I

z A “-““‘ ,/7&"‘ \

Aussois 2019

PbPb: CMS, JHEP 7 (2011) 76
pPb: CMS, PLBB 718 (2013) 795
pp: CMS, JHEP 09 (2010) 091

(d) CMS N> 110, 1.0GeV/c<p, <3.0GeV/c
-0

R(An,A¢)
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PbPb: CMS, JHEP 7 (2011) 76
Correlations in big and small systems (cont.) Ee e IR 28 010 b1
Pb-Pb show typical double ridge structure:

CMS pPb \[5,, = pe > ®- ‘.
PPb \[5,, = 5.02 TeV, N> 110 () (d) CMS N> 110, 1.0GeV/c<p, <3.0GeV/c
1<p, <3GeVic

35-40% I 3 o
P P Blg 1. > B8
b Pb . ,_.gg 16 N ‘?“““:3‘\\"“‘-‘-"‘0 i
Near-side =, [~ S
o N\ o 4 0
«_flow ridge
< SN -4
5 |2 S
2z
<
T, S
-F 12l
= s Signs of collectivity in high-multiplicity
. N e
A de i N collisions of small systems at the LHC and
way-side jets, 27\ 2 L RHIC
flow z > Near-side jets, i
resonances but is it of hydrodynamical origin?

Aussois 2019 16/01/2019 10/28



-
Correlations in big and small systems (cont.)

Substract short-range correlations from long-range = VZUb.

0-20% 60-100%

2<p,,, <4GeVic P-Pb |5, =5.02 TeV 2<p,,, <4 GeVic p-Pb |5, =5.02 TeV

1<p,,,. <2GeVic e 0-20% 1<p,,,. <2GeVic

- °b;? (‘ad\

high multiplicity low multiplicity

Aussois 2019

ALICE, PLB 719 (2013) 29

p-Pb s, =5.02 TeV
(0-20%) - (60-100%)

ALICE, PLB719 (2013) 29
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J/y elliptic flow in p-Pb

ALICE: forward J/y correlated with mid-y A+

« consistent v/ ¥ *** between 5.02 and 8.16 TeV

« p-Pb results compatible with Pb-Pb v/ ¥

Jhy

0.2

0.1

p-Pb, (0-20%)-(40-100%), {$,=5.02,8.16 TeV ALICE
——e—— 2.03¢y”"<3.53
——=—— -4.46¢y""<-2.96

Pb-Pb, 2.5¢y""¥<4, 5,,=5.02 TeV
5-20%

—_——
= 20-40% $ d:l

LA R S B

T

Transport model, Pb-Pb, 20-40%, 2.5¢y"7<4, 5,,,=5.02 TeV
Inclusive J/y

Primordial J/y

e b b b b b b e

o 1 2 383 4 5 6 7 8

pJ/“’ (GeV/c)

ALICE, PLB 780 (2018) 7
CMS, arXiv:1810.01473

cms pr 8.16TeV

T
0
Fm Promth/w 0 Kg

185 < N"ﬂ"“* <250
[ ® Prompt D’ O A

0.2

o
o)

DB

o ¢+". -
- Egr

oo™ . —

sub
Va
o

L B |

CMS: flow of prompt J/y compared with D and light
hadrons

« charm develops weaker collectivity than light quarks in
small system

Similar underlying mechanism in p-Pb and Pb-Pb?
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Charged particle multiplicity studies

The charged particle multiplicity N, describes the final state and carries information on the production mechanisms

In a pp event N, is correlated with the number of parton-parton scatterings aka Multi-Parton Interactions (MPI).

In a p-Pb event N, is correlated with the number of binary-binary scatterings: MPI, NN interacions, and CNM.

Correlating HF with multiplicity allows us to study the interplay between
the hard scattering and the underlying event.

Questions:

? Different correlation for charm and beauty?
? Auto-correlations between HF and multiplicity estimator (n gap)?

? How does the collision energy play in all this? Hardness of the
probe?

? Possible signs of QGP-like effects in high multiplicity events.

Aussois 2019

Ji
6=0

Transverse Transverse
Region Region
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Probing collectivity with multiplicity

Charged hadron (pt) behaves differently in pp, p-Pb, and Pb-Pb.

« in pp: increase of (pr) with multiplicity favours MPI

« Pb-Pb: (pr) saturates due to rescattering of the constituents in the
medium

« p-Pb: flow at high multiplicity?

What can we see when we take quarkonia instead of charged particles?
Some predict suppression of J/y in high-multiplicity pp akin to A-A.

Can multiplicity studies help us study collectivity in small
systems?

jana.crkovska@cern.ch
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ALICE, PLB 727 (2013) 371

—~ T T T
§ 09¢ ALICE, charged particles
[ 1 [71<0.3, 0.15< p_<10.0 GeV/c
@ 085 g Bl
/o\_" 0.8F
>
0.75
07F
0.65
06
0.5 opps=7TeV
os5F up-Pbys=502TeV |
: 4 Pb-Pb s =276 TeV
\ | | | \
0455 20 40 60 80 100
N

ch
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Observables

Relative multiplicity:

Nch

<Nch> « Denominator is averaged over the full datasample.

Charged particle multiplicity, number of tracks, transverse energy, . ..

« Numerator characterises each event.

( )

Relative yields:
i defines the multiplicity interval

i
Iy « Numerator quantifies the number of quarkonia in bin i.

<NJ/V/> « Denominator gives the average number of quarkonia in the datasample.
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J/y: ALICE, PLB 712 (2012) 165-17

-
Multiplicity dependence of quarkonia in LHC Run 1 data T Hl. P 04 Gy 163

or
29

T T T T T
ALICE, pp Vs =7 TeV

Average D°, D*, D** meson |y|<0.5, 2<p <4 GeVic

Iy - 7€, [y|<0.9, p.>0

Iy - W, 25<y<4.0, p >0 m

ALICE measured J/y and D mesons versus midrapidity N
20,

- o o

« Forward J/y ~ linear, mid stronger-than-linear increase.

« At midrapidity, open charm, hidden charm and beauty all show
quantitatively identical behaviour.

(EN/dydp. ) / (o*Nidydp,)
o

(B B B B B I
Lo b b by

S - B ]

L [ I 1
L [ +6%-3% normaization unc. not shown |
|- - + 6% unc. on (dN/dn) / (dN/dn) not shown _|
e | | | | | | | |

6 F

g 04F B fraction hypothesis: x 1/2 (2) at low (high) multiplicity

; 02?

A E

B-02F e

2 E E|

o -04F 3

12

5 6 7 8
(dN/d) / (@N_/dm)
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J/y: ALICE, PLB 712 (2012) 165-17

-
Multiplicity dependence of quarkonia in LHC Run 1 data T Hl. P 04 Gy 163

or
29

T T T T T
ALICE, pp Vs =7 TeV

Average D°, D*, D** meson |y|<0.5, 2<p <4 GeVic

Iy - 7€, [y|<0.9, p.>0

Iy - W, 25<y<4.0, p >0 m

ALICE measured J/y and D mesons versus midrapidity N
20,

- o o

« Forward J/y ~ linear, mid stronger-than-linear increase.

« At midrapidity, open charm, hidden charm and beauty all show
quantitatively identical behaviour.
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g 04F B fraction hypothesis: x 1/2 (2) at low (high) multiplicity
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J/y: ALICE, PLB 712 (2012) 165-17

Multiplicity dependence of quarkonia in LHC Run 1 data TGS, HEP o4 o1 103

R & T F TALICE, pp s~ 7 Tev ]
ALICE measured J/y and D mesons versus midrapidity N < ¢ Average D, D', D" meson [y}<0.5, 2<p <4 GeVic |
D 20F ¢ Jy>e'elyl<0.9,p >0 1
« Forward J/y ~ linear, mid stronger-than-linear increase. ‘“i + J/Lwé&ydo, p,>0 m 1
« At midrapidity, open charm, hidden charm and beauty all show & T T T Ty
quantitatively identical behaviour. = TFoee s =276 TeV 5 ERE
& o 1
CMS measured midrapidity Y versus event activity = 57 7 :
« Y(1S), J/y, and D data without n-gap show the same trend. B
« But Y(2S) and Y(3S) without n-gap show linear increase. 4 ¥(:§) E b
3;( (1sy . E

2 E
F e cMS SE
1? |YCM| <193 ?Dh/dm

el T T I P T T

-

‘ 0.5
N|q\ (2.4/<Nm|<2.4>

tracks "\ “tracks ‘total
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Multiplicity dependence of quarkonia in LHC Run 1

ALICE measured J/y and D mesons versus midrapidity N

« Forward J/y ~ linear, mid stronger-than-linear increase.

« At midrapidity, open charm, hidden charm and beauty all show
quantitatively identical behaviour.

CMS measured midrapidity Y versus event activity
« Y(1S), J/y, and D data without n-gap show the same trend.
« But Y(2S) and Y(3S) without n-gap show linear increase.
« Y(1S) and J/y data with n-gap show the same trend.

jana.crkovska@cern.ch Aussois 2019
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J/y: ALICE, PLB 712 (2012) 165-17

CE,
data Y. GHS. JHEP 04 001 108
~ 25 T T T T T 1
o ALICE, pp Vs = 7 TeV ]
E‘ ¢ Average D, D, D** meson |y|<0.5, 2<p <4 GeVic |
B 20F ¢ Jy>e'elyl<0.9,p >0 -
NZ ¢ Iy > WK, 25<y<4.0, p >0 m ]
s ]
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Multiplicity dependence of quarkonia in LHC Run 1

ALICE measured J/y and D mesons versus midrapidity N

« Forward J/y ~ linear, mid stronger-than-linear increase.

« At midrapidity, open charm, hidden charm and beauty all show
quantitatively identical behaviour.

CMS measured midrapidity Y versus event activity
« Y(1S), J/y, and D data without n-gap show the same trend.
« But Y(2S) and Y(3S) without n-gap show linear increase.
« Y(1S) and J/y data with n-gap show the same trend.

= Independent of hadronisation and energy?
= Importance of n-gap?
= Does hardness of the probe play a role?

jana.crkovska@cern.ch Aussois 2019
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J/y: ALICE, PLB 712 (2012) 165-17
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data Y. GHS. JHEP 04 001 108
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E‘ ¢ Average D, D, D** meson |y|<0.5, 2<p <4 GeVic |
B 20F ¢ Jy>e'elyl<0.9,p >0 -
NZ ¢ Iy > WK, 25<y<4.0, p >0 m ]
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Multiplicity dependence of quarkonia in LHC Run 1

ALICE measured J/y and D mesons versus midrapidity N

« Forward J/y ~ linear, mid stronger-than-linear increase.

« At midrapidity, open charm, hidden charm and beauty all show
quantitatively identical behaviour.

CMS measured midrapidity Y versus event activity
« Y(1S), J/y, and D data without n-gap show the same trend.
« But Y(2S) and Y(3S) without n-gap show linear increase.
« Y(1S) and J/y data with n-gap show the same trend.

= Independent of hadronisation and energy?
= Importance of n-gap?
= Does hardness of the probe play a role?
Large uncertainties and low reach in multiplicity - to confirm
these suspissions we need larger statistics and new
measurements.
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Multiplicity dependence of quarkonia in LHC Run 2 data

Several new results from ALICE for forward quarkonia versus midrapidity multiplicity.

b £ rprrrryrrrTyrrTTyrTTTyrTTT T T T TT T

. o 2 20F ALICE Preliminary E

Reach in multiplicity nearly doubled wrt Run 1= = 18F pp, 15 = 13 TeV 3

« confirmed linear increase for J/y with n-gap B |2 16F Mult. classes: [n]<1 e

« confirmed stronger-than-linear increase for J/y w/o 2§ Zi 14E  inclusive J/y —ee, |y [ < 0.9 E

-gap e 12p o Jy - pu,25<y<4 + _

10F E

Correlation of yields and multiplicity does not depend sk ¥ o ]
on hadronisation process - instead related to 00 E " o e

production. 6F N g E

4 _ * ..o.....’ """" —

Rapidity gap is important - possible autocorrelations 2F e® e E

between HF and UE. Ozmi‘.'f. Ll | | | | |

chh / d’7 INEL>0
@, 73 |y
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EPOS3: Phys. Rept. 350 (2001) 93-289

|
Multiplicity dependence of J/y in models s Comman. 191 (2019 158477

Kopeliovich: PRD 88 (11) (2013) 116002

SIS 2T T T T T
| lR 20iALICrE Preliminary ; =

; ; _ di 5|5 “°E pp, (s =13 TeV E

+ data compared with available models - different MPI 58 | usve iy e (v1<09) E
implementation E 10% normalization uncertainty 1

. . 16— -

« EPOS3 - MPI via Pomeron exchange + hydrodynamic S :
expansion 14? == EPOS3(D,2<p, <4 GeVic) E

« PYTHIAS - several processes: MPI, hard scattering, ee PYTHIA 8 (Monash 2013) E

« Kopeliovich - higher Fock states in the protons leading 1o~ ] Kopotoien o =
to higher gluon densities in collision 8- -

« Ferreiro - percolation of colour strings resulting in 6 4
stronger suppression of soft processes (N,) than of G =
hard processes (N /) of 3

« consistent within uncertainties with all models GUZ \2\3\‘\‘5\‘\5\\;
dN,/dn

(@N_Jdn)
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Multiplicity dependence of quarkonia versus energy TR e

5[5 BT T T o 10 prrrr T
S5 pof ALICE P E g[l gf ALICE Preliminary E %
SR o sy oeeyas E = 8 Inclusive Jp — Py, 2.5<y <4 + =
1610 Uiy — 0, 11<09 3 i Mult. classes: [7]<1 E c‘:,
14; {5=7 TeV, PLB 712 (2012) 165 E \;3 \2 43 = pp, Vs =13 TeV - _g T
o R e 4 BIg Of e lseoozTev i 3
E E E P
F j ] 4f - E =]
8 — n-¥ E 0

oE B 3F E

c E | 2 ,-.- E

r | E L =

‘e b E A E

2 = - 1 E

oFiem 1Tl e 0-r""""""""'H""""""""""':

0 T2 3 4 5 6 N 0 1 2 3 4 5 6 7|NEL§

o >

N jan) dN,,/dn

N, 7 dni

« LHC data show the same trends at all energies.
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Multiplicity dependence of quarkonia versus energy

J/y 7TeV: ALICE, PLB 712 (2012) 165-175

D 7 TeV: ALICE, JHEP 1509 (2015) 148
J/y 200 GeV: STAR, arXiv:1805.03745

5.02 TeV — 13 TeV

0.2TeV — 7 TeV

%gzzim“mwm_mHHm”m‘m”mi ° 10 pr—r e e e
5[ o AHICE.PP = m O oF ALICE Preliminary
SR ot h 4 D g nclusivedw - W 25<y <4 ¢
16;0?/%“,’ oo E B3 ] Mult. classes: |n|<1
c s=7 TeV, PLB 712 (2012) 165 1 = .
14?- D, ly|<0.5, 2<p_<4 GeVic E Zg Z2 6F " PP ‘{‘FE_ Slz;—:ervv =
126 {5=7 TeV, JHEP 1509 (2015) 148 = T |8 ® PP, ¥S= 5. € 7
0 E ..
o % ; E 4 -y
o E st -
i = § E 2F g
N 3 oA - —
L E - 2 STARJIy
it e e b ber s ben i b bensn L B < i) E
% - 4 ; 3‘ Jz 5‘) 6 8 00 § ¢ pT>0 GeVic 3
e z ¥ p,>15GeVic -
ol z
4 p.>4 GeVie 3
ALICE Jhy
H (e} > 0 GeVic
« LHC data show the same trends at all energies. Pr E
« This extends down to RHIC energies - one order of magnitude lower. ]
L] -]
=
a L A
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Multiplicity dependence of quarkonia versus energy

J/y 7TeV: ALICE, PLB 712 (2012) 165-175

D 7 TeV: ALICE, JHEP 1509 (2015) 148
J/y 200 GeV: STAR, arXiv:1805.03745

5.02 TeV — 13 TeV

0.2TeV — 7 TeV

%gzzim“mwm_mHHm”m‘m”mi ° 10 pr—r e e e
5[5 pof AHCE PP = m oF ALICE Preliminary
B o, G TR G ooy - w25y <a }
16;0?/%“,’ Yoo é g3 Sk Mult. classes: |7|<1
c s=7 TeV, PLB 712 (2012) 165 — — .
14?- D, ly|<0.5, 2<p_<4 GeV/c 7; Zg Z2 6F " PP, E_—SJ%ZT:CFVV =
126 {5=7 TeV, JHEP 1509 (2015) 148 = T |8 ® PP, ¥S= 5. € S
£ $ B 5F mL
10~ - -
o % j E N -y
o E st -
«F ol 8 3 2F -
c [@ |
E = 1F A T T E==m
2E - i B = 2 STAR Jiy
it e e b ber s ben i b bensn L B = 4
B IR S S o % § ® p >0 GeVic 3
/AN p
Cawen Zé # p >1.5GeVic
4 p.>4 GeVie ]
ALICE Jiy E
i (e} > 0 GeVic
« LHC data show the same trends at all energies. Pr E
« This extends down to RHIC energies - one order of magnitude lower. ]
Correlating relative quantities removes o™=
energy dependence. N N
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I
Suppression of higher bottomonia states in small systems

2.76TeV: CMS, JHEP 04 (2014) 103

7TeV: CMS-PAS-BPH-14-009

—~ 0.5¢
« In pp 2.76 TeV midrapidity Y(2S) and Y(3S) seam to be more suppressed O
. . . . . g RTI) @ ; O Y(28)/Y(1S) ® Y(25)/Y(1S)
with increasing midrapidity multiplicity. £ 04F © vagpvun - voorie
«» The data show weak dependence observed when Y correlated with 035% bkeiss
forward multiplicity. o3 + "
0.25F
E % L]
ozt lwion-gap #
0.15F Eg
o b o ' \
005 M
] 2‘0 A‘O 6‘0 ‘"‘8(‘94 lt‘JD 12‘0 lA‘O .
Niacks
@ OSETTTTTTTI T T T I T T T T
;1045; CMSpp Vs=276TeV  CMSpPb |/5,,=5.02Tev ]
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0.35F
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I
Suppression of higher bottomonia states in small systems

2.76TeV: CMS, JHEP 04 (2014) 103
7TeV: CMS-PAS-BPH-14-009

— 0sp
« In pp 2.76 TeV midrapidity Y(2S) and Y(3S) seam to be more suppressed O
with increasing midrapidity multiplicity. o0if : :ﬁz:ﬁ: ':g:::ﬁz
« The data show weak dependence observed when Y correlated with 035 % -
forward multiplicity. o3 + " “
0.25F
« Higher statistics in pp 7 TeV - preliminary CMS results suggest 02t + %w/o‘n-gap i
suppression is there in pp independent of the n-gap. oxsf # +
b T 04
T Y directi CMS Preliminary 481" (7 TeV) oosE * .
direction ) [ —e— Y(2S)/Y(1S) Forward - Y(3S)/Y (1S) £ | | | | | | e
Transverse 50.5:— V(@S (1S) Transverse < YESIV(1S) 20 40 60 N‘ﬁ% 100 120 140
27|_ a [ ~—a— Y(28)/Y (1S) Backward - Y(3S)/Y (18) o
@ OSETTTITTI I T I T T T T T T T
3 Forward 50'4 Fs $ o5k CMSPP 5=276Tev  CMS pPb s =5.02Tev ]
& > r i L' s @ E o veesyvas) ® Y(28)1Y(1S)
Interaction 0.3F L % Pv ; > 04E o visyvas) " Y@ES)Y(S)
Point ~h 035F
2 2884 g = $ 025t $ %+ .
Backward F 02? +
|27r Transverse 0.1 ot | .
3 P ) 7 GeV, Iy(uoic12 il d with n-gap
b P P R B I 005t Pa "
0 10 20 30 40 2540 E ‘ E
,“;ds o s 1‘0 1‘5 2‘0 2‘5 3‘0 3‘5 4‘0
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Suppression of higher bottomonia states in small systems (cont.)

CMS-PAS-BPH-14-009

CMS Preliminary 4.8 10" (7 TeV) < 3 e
D [ e vesyvus)Foward < y(@ESYY(1S) g ALICE Preliminary
‘E_/O.S; Y(25)/Y(1S) Transverse < Y (38)Y(1S) _=.25F Y(1S)r(28) > pwu,25<y<4 1
(75 [, —a— Y(2S)/Y(1S) Backward - Y (3S)/Y(1S) § ‘g Mult. classes: [5|<1
04t 2R 2f ]
L Yes, < |=< ® pp, \s=13TeV
L LT T i gl @
0.3F f4g o o 8| 25k ]
,é Z |2 L +
o3 Hronng . —
L e g v
o1 05F 1
F P> 7 GeV, Iy (up)i<1-2 . | . | .
O’l..‘.l.l,.|.‘..|H..|‘... 00 1 2 3 4 5|NEL06
0 10 20 30 40 50 dN,, /dn
acks AN, 7 dm) e

« Preliminary CMS results suggest stronger multiplicity-dependent suppression of Y(2S) and Y(3S) w. r. t. Y(1S).

« ALICE measured ratio of relative Y(1S) and Y(2S) at forward versus midrapidity N., — double ratio is flat in
multiplicity.
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Multiplicity dependence of quarkonia versus probe’s mass

< T e T e o T
2 20F ALIGE Preliminary iz ALIGE Preliminary
?;‘18‘pp,\s=13TeV E Aa—/\g_s_ Y(1S),Jly »>pu'w,25<y<4 ]
D12 16F Mult. classes: |5]|<1 E 2525 Mult. classes: [r7|<1
2|2 Foxi i g 1< 2r ]
_c_\glz * inclusive Jiy —e*e’, |y | < 0.9 K o pp, 15 =13 TeV
W, 25<y <4 + 2 =1.5F 5
10F e inclusive J/y + 1 =2
8f +1(19) | = B S ST SR S, S i
ob =Y(9) * r 3 ¢ ¢ *
af £ A -
S : 05F ]
2F bk E
0,n".'!....1....|....|....|....|....|.... o) SR I I S R S
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6
dN,, / dy |"NES dN,, /dn |NEO
AN, 7dm e AN, 7 dm) e

« We saw hints of the same increase for J/y and Y but no direct comparison (different axes, rapidity ranges etc.).
« Ratio of J/y and Y(1S) at forward versus midrapidity N, — double ratio is flat in multiplicity.
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D 7 TeV: ALICE, JHEP 1509 (2015) 148

Multiplicity dependence of quarkonia versus pr

AR AR AR RS = A Data for midrapidity J/y versus midrapidity N, were split into 4 bins
2 30— preliminary 4
38 T ey o (4] <09) 1 « Hints of dependence on probe’s pr reported by ALIE and STAR are
S|z’ 25— .
3R E data Pythia8.2 (Monash 2013) E Supported by PYTHIA.
sl © % o<p<sceve B « But yields in all bins are consistent within uncertainty!
C = HiHH 4<p <scevic J
£ v S s<p<iicevic J
1B . — 11<p, <30 GeVic B
of- =
5 =
L s ]
L. ot IV AR PR ER R IR
1 2 3 4 5 6

dN,/dn

(AN, /d) e
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D 7 TeV: ALICE, JHEP 1509 (2015) 148

Multiplicity dependence of quarkonia versus pr

AR AR AR AR AR aE Data for midrapidity J/y versus midrapidity N, were split into 4 bins
2 30— preliminary 4
3B f ey o (4] <09) 1 « Hints of dependence on probe’s pr reported by ALIE and STAR are
Slz 25 B r PYTHIA.
sle E data Pythia8.2 (Monash 2013) E suppo ted by
sl % o< <aceuc E « But yields in all bins are consistent within uncertainty!
C = HiHH 4<p <scevic | o .
Fov SO aep e aove ] « Similar conclusion to the latter was drawn from average D mesons.
1B . = 11<p, <30GeVic B
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D 7 TeV: ALICE, JHEP 1509 (2015) 148

Multiplicity dependence of quarkonia versus pr

3 wf SRR AR AR aE Data for midrapidity J/y versus midrapidity N, were split into 4 bins
2 30— preliminary 4
3B f ey o (4] <09) 1 « Hints of dependence on probe’s pr reported by ALIE and STAR are
Sz 25 . r PYTHIA.
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I
Charm versus multiplicity in p-Pb

1/ 5TeV: ALICE, PLB 776 (2018) 91

; ; i . a 10— :
Inclusive J/y versus midrapidity N, from ALICE: 2 T ALiGE Proliminary ]
« Backward J/w consistent with linear increase. o[ | Inlusive Jy—u'u, p-Pb sy = 816 TeV ]
o . oo 8- Mult. classes: |n|<1 _
« From ~ 2x the average multiplicity, forward yields are UTs [ pooing 203<y, <359) ]
suppressed. >|=° | = Pbgoing(-446<y_ <-296) (2] ]
TIT 6 PR
4 P T
p r mm == B
b, 2 ﬁ -
Pb > [ e ]
[ "n.' | 1% nor‘mahsanon unc. not shown‘ i
0 " 1 1 1 L L
0 2 4 6

dN,, /dn NP
AN, 7 dm) e

t
Pb-going d’rection
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Charm versus multiplicity in p-Pb

J/y 5TeV: ALICE, PLB 776 (2018) 91

; ; Fon . 10 —

Inclusive J/y versus midrapidity N, from ALICE: g,_ " alice Pre”mmawm \ ]
« Backward J/y consistent with linear increase. o[ | Inlusive Jy—u'u, p-Pb sy = 816 TeV 1
o . o | 8 Mult classes: n]<1 —
« From ~ 2x the average multiplicity, forward yields are 7> [+ pooing208<y,, <353) ]
suppressed. S|=° [ = Pogoing(446<y, <-296) L] ]
© \'(?/ 61— ) —
Consistent with CNM scenario - suppression at forward r = ) ]
rapidity increases with multiplicity. 4+ o l:{»: —
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Charm versus multiplicity in p-Pb

Inclusive J/y versus midrapidity N, from ALICE:
« Backward J/y consistent with linear increase.
« From ~ 2x the average multiplicity, forward yields are

suppressed.

Consistent with CNM scenario - suppression at forward

rapidity increases with multiplicity.

« The same behaviour at 8 and 5 TeV in both rapidity intervals.

Also in p-Pb, relative quantities remove energy dependence.

jana.crkovska@cern.ch
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J/y 5TeV: ALICE, PLB 776 (2018) 91
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Charm versus multiplicity in p-Pb (cont.)

D: ALICE, JHEP 8 (2016) 1
J/w: ALICE, PLB 776 (2018) 91
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Charm versus multiplicity in p-Pb (cont.)

Midrapidity D mesons:

« The increase dependends on whether we take

multiplicity at mid- or at forward y.

« One possible explanation could be hydro.

T
E-ALICE p-Pb Sy = 5.02 TeV
[ ¢ Inclusive Jiy, p. >0 GeV/c, 1.37 <y, <043

oo

Prompt D, p, [24] GeV/c, -0.96 <y, <0.04

common normalisation uncert. of 3.1 %
and B feed-down unc. not shown
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D: ALICE, JHEP 8 (2016) 1
J/w: ALICE, PLB 776 (2018) 91
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« At midrapidity, J/w show hints of stronger-than-linear increase
as in case of D.

May we expect some signs of collectivity?
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Beauty vs multiplicity in p-Pb
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« Bottomonia all show linear increase with multiplicity with and without n-gap - but lower reach in multiplicity!
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CMS, JHEP 04 (2014) 103
ATLAS: EPJC 78 (2018) 17
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Beauty vs multiplicity in p-Pb
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« Same behaviour for hidden charm, open and hidden beauty.
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CMS, JHEP 04 (2014) 103
ATLAS: EPJC 78 (2018) 17
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Bottomonia all show linear increase with multiplicity with and without n-gap - but lower reach in multiplicity!
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Beauty vs multiplicity in p-Pb

CMS, JHEP 04 (2014) 103
ATLAS: EPJC 78 (2018) 17
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« Bottomonia all show linear increase with multiplicity with and without n-gap - but lower reach in multiplicity!

« Same behaviour for hidden charm, open and hidden beauty.

Suggest that increase is independent of hadronisation.
Concerning multiplicity estimator dependence, need to measure higher multiplicities.
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What to take away

nuclear modification in p-Pb

« Different suppression for higher quarkonia states that suggest different final-state effects.

« At low-pr, difficult extrapolation of CNM effects from p-Pb into Pb-Pb. Expect non-negligible CNM effects in Pb-Pb at
the LHC.

« High-pr data suggest that there is little contribution of CNM into suppression in Pb-Pb.
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What to take away

nuclear modification in p-Pb

« Different suppression for higher quarkonia states that suggest different final-state effects.

« At low-pr, difficult extrapolation of CNM effects from p-Pb into Pb-Pb. Expect non-negligible CNM effects in Pb-Pb at
the LHC.

« High-pr data suggest that there is little contribution of CNM into suppression in Pb-Pb.

collectivity in small systems

« Long-range multi-particle correlations in LHC high-multiplicity pp and p-Pb events show collectivity. Yet to decide
whether it is or not of hydro origin?

« Charmed particle flow but develop weaker collectivity than light hadrons.
» Possibly the same underlying mechanism in p-Pb and Pb-Pb?
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What to take away

quarkonia versus multiplicity
« Correlating relative quantities removes energy dependence in pp and p-Pb.
« Nature of increase independent of hadronisation or mass of the probe.
« (Non-)Existence of n-gap between the probe and UE affects the correlation.
« There are hints of pr dependence, however not conclusive.

« Some model comparison of open HF in p-Pb suggest hydrodynamical behaviour = motivation to check the same
with charmonia or even beauty.

+« CMS measured relative suppression of higher Y states as is observed in p-Pb = motivation to check if the same will
hold for y(2S)?
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