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Collectivity in heavy-ion collisions

ALICE

Heavy-ion collisions

*  study properties of quark-gluon plasma (QGP)
*  QGP evolution is described by hydrodynamics

* radial flow: characterised by collective average
transverse velocity <>
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*  QGP evolution is described by hydrodynamics
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Collectivity in heavy-ion collisions

ALICE

Heavy-ion collisions

Py

*  study properties of quark-gluon plasma (QGP) low-viscosity QGP

Px

*  QGP evolution is described by hydrodynamics

* radial flow: characterised by collective average

transverse velocity <B;> 3<p. <4GeVic 52.;5, 2.76 TeV
2< p:< 25GeVie =107

* anisotropic flow: characterised by final state

momentum anisotropy o
l,«n"*“%?
')" Y

2
AY [\'ad‘
ALICE Coll. PLB 708 (2012) 249
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Small systems: change of paradigm %

ALICE
Small systems (old picture)

. p-A and pp collisions

. medium-free reference to
disentangle cold nuclear
matter effects from QGP
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Small systems: change of paradigm

ALICE

2<p,, <4GeVic p-Pb | s = 5.02 TeV
1 <Py g <2GeVic (0-20%) - (60-100%)

. ALICE Preliminary, pp s =13 TeV
Small systems (old picture) 0.00-0.10% VOM
10<p <20 GeV/e

. p-A and pp collisions

Z 3 : Z%-é‘ 0.80
. cls ORI AL =5
+  medium-free reference to Jre S il 5075
i le cold nucl ISR = 2
disentangle cold nuclear ; mn%‘;‘\\\
matter effects from QGP N
-2
ALICE Coll. PLB 719 (2013) 29-41
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Small systems: change of paradigm
ALICE

ALICE Preliminary, pp Vs = 13 TeV 2<p;,, <4GeVie p-Pb |\ s, = 5.02 TeV

Small systems (old picture 1<ppe <2 GeVic (0-20%) - (60-100%)
0.00-0.10% VOM
10<p <20 GeV/e

. p-A and pp collisions

e g oss
ElN 0
Z 3 z% 2 0.80
. =k SR \ Z\5
. medium-free reference to It SOl 513075
z :‘\s‘»‘ VN ‘v“\\_, £
Peasisst W/ AL 2

disentangle cold nuclear Z5050
matter effects from QGP

Small systems (new picture)

ALICE Coll. PLB 719 (2013) 29-41

. are these observations a
manifestation of collectivity?
(“long-range multi-particle
correlations”)

. what is the origin of collectivity
in small systems?

. down to which multiplicity do
we see it?
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Small systems: change of paradigm
ALICE

ALICE Preliminary, pp s =13 TeV 2< Py < 4 Gevic
1< Prassoc < 2 GeV/ic

0.00-0.10% VOM !

10<p <20 GeV/e

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

Small systems (old picture)

. p-A and pp collisions

<
S
SRR

(rad™)

15 o R =, 0o
_ £z 5;3:33:§§::&‘,.‘-- Jgos
. medium-free reference to NE © %075
. = 2
disentangle cold nuclear
matter effects from QGP
. -2
Small systems (new picture)
ALICE Coll. PLB 719 (2013) 29-41
. are these observations a initial state (IS): initial momentum correlations
manifestation of collectivity? .
" . . y * at nucleonic level (Glauber model)
(“long-range multi-particle .

‘ at sub-nucleonic level (CGC-based IP-Glasma model)
correlations”)

final state (FS): final state correlations

. what is the origin of collectivity * at macroscopic level -> driven by pressure gradients (MUSIC, EPOS-LHC)
in small systems? * at microscopic level ->due to other mechanisms such as string recombination (color
reconnection in PYTHIAS8, rope hadronization in DIPSY, cluster hadronization in
HERWIG7)

. down to which multiplicity do

42 both: hybrid models (IP-Glasma+MUSIC+UrQMD, AMPT)
we see it*

provide more measurements to constrain models
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Results: long-range angular correlations in p-Pb and pp collisions using FMD

ALICE

TPC -09<n<09 ITS

Zhanna Khabanova Recent results on collectivity in small systems from ALICE | LHCP2020 28 May 2020 4



Results: long-range angular correlations in p-Pb and pp collisions using FMD

ALICE

FMD3 FMD1,2

SA4<n<-17 17<n<51 * ALICE Forward Multiplicity Detector (FMD)

* allows measurement up to Anp ~ 8

* unique measurement at the LHC
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Results: long-range angular correlations in p-Pb and pp collisions using FMD

ALICE

FMD3 FMD1,2
34 <n<-17 1.7<n<51

ALICE Forward Multiplicity Detector (FMD)

allows measurement up to An ~ 8

* unique measurement at the LHC
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Results: v,(n) in p-Pb collisions for charged particles using FMID

* datain p-Pb compared with predictions
from AMPT with string melting

* v,(n)* is asymmetric similar to the
trend of charged particle multiplicity

*  AMPT successfully reproduces
asymmetry of v,(n), but not the
multiplicity dependence

*n in the laboratory system

Zhanna Khabanova
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Results: v,(n) in pp collisions for charged particles using FMD

* new result of v,(n) in high-multiplicity pp

collisions

* three curves correspond to the results
with different non-flow subtraction

methods

Zhanna Khabanova
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Results: multiplicity and system size dependence of v.{m} for charged particles

ALICE
ALICE Coll. Phys. Rev. Lett. 123, 142301
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Results: multiplicity and system size dependence of v.{m} for charged particles

ALICE
ALICE Coll. Phys. Rev. Lett. 123, 142301
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Results: multiplicity and system size dependence of v.{m} for charged particles

ALICE
ALICE Coll. Phys. Rev. Lett. 123, 142301
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Results: multiplicity and system size dependence of v.{m} for charged particles

ALICE
ALICE Coll. Phys. Rev. Lett. 123, 142301
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Results: multiplicity and system size dependence of v.{m} for charged particles %

ALICE
collectivity: “long-range multi-particle correlations”
ALICE Coll. Phys. Rev. Lett. 123, 142301
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Results: balance function of identified particles in pp collisions at Vs = 5.02 TeV %

ALICE
1 d°N S
; C(An,Ap) = N —dAn;Z;p = 7
B(An,A¢)=—[C,_+C_,-C,,-C__]
2 _1d N e some —a d’N, assoc mived
N, dAndAg dAndAg

* balance function reflects the charge-dependent part of
angular correlations -> anisotropic flow effects are
removed
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Results: balance function of identified particles in pp collisions at Vs = 5.02 TeV %
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Results: balance function of identified particles in pp collisions at Vs = 5.02 TeV %

ALICE
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Results: balance function of identified particles in pp collisions at Vs = 5.02 TeV %

ALICE
1 d°N N
1 A = ianddg ™ f
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Results: balance function of identified particles in pp collisions at Vs = 5.02 TeV %

N,

-

B(An,A¢) = %[ch_ +C_,-C,,-C__]

aaaaaaaaaaaaaa

* balance function reflects the charge-dependent part of
angular correlations -> anisotropic flow effects are
removed

* balance function width narrowing with increasing
multiplicity attributed to the radial flow effect in heavy-ion

collisions

* similar trend observed in smaller systems for charged
particles
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Results: balance function of identified particles in pp collisions at Vs = 5.02 TeV %

ALICE
1 d°N N
i Clan, ag) = e =
B(An,A¢)=~[C, +C_,-C,.-C_] mig dANdAQ  f ALICE Coll. Eur. Phys. J. C 76 (2016) 86
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 similar trend observed in smaller systems for charged B aa PYTHIA 8
particles W un CR on
— CR off
* PYTHIA8 with color reconnection qualitatively describes 0.651 | | | |
pp data 0 20 40 60 80

Multiplicity class (%)
* identified hadrons: narrowing should be more
pronounced for heavier particles if driven by collective

phenomena in small systems PYTHIA8 Monash: Eur.Phys.).C 74 (2014) 8, 3024
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Results: balance function of identified particles in pp collisions at Vs = 5.02 TeV %

1 d’N S
; C(An,A¢)=N——dAn;”A";p ~ pp
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oo L N — oI N wsociva PYTHIA 8 pp (s =5TeV ALICE pp Vs=5TeV
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* protons show almost flat dependence, but narrowing
can not be excluded within the current uncertainties

* balance function width results for identified hadrons
in pp collisions disfavor color reconnection
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Results: p; spectra of light-flavor hadrons in p-Pb collisions at Vs = 8.16 TeV

* qualitatively similar behavior as in Pb-Pb driven by
radial flow

* hardening of p; spectra at higher multiplicity

 flattening at low p;: stronger for heavier particles
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Results: system size dependence of light-flavor particle yield ratios

ALICE Coll. Phys. Rev. C99, 024906 (2019)

* enhancement at intermediate p;

* consistent with radial flow, but also with quark
coalescence at hadronization

* striking similarity in the trend across all systems
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Results: system size dependence of light-flavor particle yield ratios

ALICE Coll. Phys. Rev. C99, 024906 (2019) pp

* enhancement at intermediate p;

* consistent with radial flow, but also with quark
coalescence at hadronization

* striking similarity in the trend across all systems
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Results: system size dependence of light-flavor particle yield ratios

ALICE Coll. Phys. Rev. C99, 024906 (2019)

* enhancement at intermediate p;

* consistent with radial flow, but also with quark
coalescence at hadronization

* striking similarity in the trend across all systems
* smooth multiplicity evolution from pp to Pb-Pb ->
common mechanism driving multiplicity

dependence

* further support for collective effects in small
systems
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Results: system size dependence of light-flavor particle yield ratios

» PYTHIAS8 is successful in describing the
qualitative features only if CR is enabled

« HERWIG7 is not able to reproduce the
trend

* DIPSY is able to get the qualitative trend
but not the absolute values

e EPOS-LHC is successful in reproducing data

at low p;, but overestimates the
intermediate p;

Zhanna Khabanova

ALICE Coll. Phys. Rev. C99, 024906 (2019)
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Results: system size dependence of light-flavor particle yield ratios

» PYTHIAS8 is successful in describing the
qualitative features only if CR is enabled

« HERWIG7 is not able to reproduce the
trend

* DIPSY is able to get the qualitative trend
but not the absolute values

e EPOS-LHC is successful in reproducing data
at low p;, but overestimates the
intermediate p;

L. Bianchi: Soft probes (May 27, 14:00)

Zhanna Khabanova

ALICE Coll. Phys. Rev. C99, 024906 (2019)

pp

®

ALICE

0.50<p, <0.55 GeV/e

10 15 20 25 300 5

T 240< p, <260 GeVic y

1 C= ALICE pp Vs=7 TeV, |y| < 0.5

VOM Multiplicity Classes

— Pythia8 Monash (No CR)
== =" Pythia8 Monash

"""" DIPSY Color Ropes
='='EPOS-LHC

== HERWIG7

10 15 20 25 30

5

(dN_/dn)

ch |n|<0.

PYTHIA8 Monash: Eur.Phys.J.C 74 (2014) 8, 3024
DIPSY: JHEP 0701:012,2007, JHEP 08 (2011) 103
EPOS-LHC: Phys. Rev. C 92, 034906 (2015)
HERWIG7: Eur.Phys.).C 76 (2016) 4, 196

Recent results on collectivity in small systems from ALICE | LHCP2020

5

28 May 2020 15



Results: heavy-flavor particle yield ratios

Zhanna Khabanova

Baryon-over-meson ratio
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Results: heavy-flavor particle yield ratios

Baryon-over-meson ratio
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G.M. Innocenti: Heavy flavor and quarkonia (May 27, 13:30)

V. Zaccolo: Soft QCD (May 26, 18:00)

A. Harlenderova: Recent results on hard and rare probes from ALICE (May 25, 15:36)
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Conclusions %

ALICE

* similar behavior attributed to collectivity in heavy-ion collisions is seen in many observables in small
systems down to very low multiplicities

* most of the times existing models do not fully reproduce the data in small systems

* understanding the origin of collectivity in small collision systems remains a challenging task
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Back up

ALICE
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Angular correlations: per-trigger yield extraction

* trigger particle: pry;g

1 d°N S
C(AU,A(;O) — assoc  _ . . .
N, dAndAg  f * assossiated particle: py s
R - f—ad2N“W’"’f“d * the associated per-trigger yield as a function of A, An
N,, dAndAg = " dAndAg

¢ A(p = (ptrig ~ QPassocs Aﬂ = ntrig ~ Nassoc

. ALICE, Pb-Pb 3<p <4 GeV/c
s:gna/ background | S = 2.76 TeV 2< pTT:sjoc <3 GeV/c

-
(=3
[=]
o

mixed event pairs (a.u.)

same event pairs (a.u.)

* akey feature related to collectivity in A-A: the “near-side ridge” - an
enhanced structure on the near side
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Anisotropic flow coefficients

y
| s
X "lp4
aN 1
E_ —(1+2v,cos(p —-y,)+2V, cos(2(p -y, ) + 2V, cos(3( —,)) + 2V, cos(4(@ -y, ) +....

= <cos[n(q) —wn)]>

|

azimuthal correlations
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Multiplicity dependence of pseudorapidity density distributions in p-Pb and pp collisions
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Long-range angular correlations in peripheral p-Pb and MB pp collisions using FMD

* no significant ridge structure is observed in peripheral events in p-Pb (MB
in pp) where non-flow is assumed to be the dominant effect

TPC-FMD1,2 TPC-FMD3
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ALICE Preliminary
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p:> 0 GeV/c

0.2<pt7<3 GeV/c
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Zhanna Khabanova

VOA: 60-100%

S
&
0 ‘}Q\x

FMD1,2-FMD3

VOA: 60-100%
t.a
P> 0GeV/c p_Pb
o
g
qo 342
A
=z
w8 341
1
<1,, .
TPC-FMD1,2 TPC-FMD3

VOM: 0.1-100.0%

02< p‘T <3GeV/c
pi >0GeV/c

Recent results on collectivity in small systems from ALICE | LHCP2020

ALICE

pp

FMD1,2-FMD3

p‘T'a >0 GeVic

22

28 May 2020



v,(n) in Pb-Pb, p-Pb and pp collisions for charged particles using FMD

* values of v,(n) are comparable
between p-Pb and Pb-Pb at the same
multiplicity at forward n

pp p-Pb
>(\1 T T T T T T
0.15 — ALICE Preliminary ]
~ pp Vs=13TeV p-Pb \[sy= 5.02 TeV 7
+ v, Template fit 0-0.1% VOM + V,{2PC,sub} 0-5% VOA
® Vv, ZYAM with MB sub. 0-0.1% VOM a
+ Vv, ZYAM template fit 0-0.1% VOM
= Pb-Pb \s,= 2.76 TeV (PLB 762 (2016) 376) .
0.1 4 vso2) 60-70% VoM —
- = v3"{2} 70-80% VOM .
LTI
I g ]
[ ] iy
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L e,
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v,(n) extraction in p-Pb collisions for charged particles using FMD

ALICE
 [F Tt 1 1 PR | T T T 1 3 F— 1+ T 1 T T T 73
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v,(n) extraction in pp collisions for charged particles using FMID

*  Template fit method (ATLAS)
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v,(n) extraction in pp collisions for charged particles using FMID %
ALICE

*  ZYAM with low multiplicity (MB) subtraction

—’_; o = i T . . d T " . . T b —’_; 5 i - i T . * W T " . . T —’_; T . . * T . . . T
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*  Alternative template fit (template ZYAM)

Yperiph ( A ¢) = yperiph (A P) — yPperiph (0)
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Contribution of initial state effects in models
ALICE

Phys.Lett.B 803 (2020) 135322

ey AutAu

0.12 T T 1.0 e o g
www ey ptAu @ STAR ptAn 0.8
| eee ey diAs ® STARd+Au Br ]
i | A
O10F ., . *HerAu ¥ STAR AutAu ~ 0.6} ptAu |

............ .\ ﬂ"f“,‘\‘ﬂ““"

~&— p+Pb

¥~ Pb+Pb |

”‘“%" 10! 102 10°
ANy, /dn

10° 10! 102 10%

dNa,/dn
* Initial momentum anisotropy (gluon momentum flow) dominant in small systems
* Initial spatial anisotropy (sub-nucleon fluctuations) dominant in large systems
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p; spectra and mean p; in Pb-Pb, p-Pb and pp collisions
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Light-flavor particle yield ratios

ALICE Collaboration, Phys. Rev. Lett. 111 (2013) 222301
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*  Feature of the bulk (not arising from jets)
*  EPOS reproduces the data reasonably well
*  Recombination model describes the data at intermediate p; but overestimates it at low p;
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