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Small and large collision systems
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§ small collision

pp collisions

e Medium-free baseline for studies In
heavy-ion collisions

p-Pb collisions

e Access to Cold Nuclear Matter
effects (CNM)
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e QCD predicts a phase transition from a hadron gas to a

strongly interacting deconfined medium (

)

e High energy heavy-ion collisions (large systems) allow to
produce this phase of matter

e Study its properties (shear viscosity over entropy density, transport
coefficients, ...)

Initial state

Energy Stopping
Hard Collisions

\ \

Hydrodynamic
Evolution
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Heavy-ion collisions: what we want to measure?

credits: Boris Hippolyte (ALICE) yI Pb s
X
y4

Pb B

e |nitial overlap geometry and its fluctuations is transferred into final
momentum anisotropy via collective interactions in the QGP
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. e Fourier expansion of the azimuthal
‘/, distribution of emitted particles
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ALICE, PRL 116, 132302 (2016)
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e How do we measure flow?

Bilandzic et al., PRC 83, 044913 (2011)
Un = <COS n (90 — \Ifn)> Bilandzic et al., PRC 89, 064904 (2014)

e The symmetry plane V,, is not known -> we use multi-particle correlations:

M)y,

Average over

m-tuplets ((2))n.—n = ((cos (np1 — np2))) ~ <v,,%>

and events

() = ({c08 (nip1 + nis — nips — nipa))) ~ (vh)
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e How do we measure flow?

Bilandzic et al., PRC 83, 044913 (2011)
Un = <COS n (90 — \Ifn)> Bilandzic et al., PRC 89, 064904 (2014)

e The symmetry plane V,, is not known -> we use multi-particle correlations:

M) )i — Cnim}
Average over
-tupl
masvents (2. - cn{2} = ((2)n, -

N D) eald} = (oo — 2 ()2,

((2))n,—n = ((cos (N1 — np2))) =
((4))n,n,—n,—n = ({cos (N1 + N2 — nws —nwy))) ~ (v,)
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e How do we measure flow?

Bilandzic et al., PRC 83, 044913 (2011)
Un = <COS n (90 — \Ifn)> Bilandzic et al., PRC 89, 064904 (2014)

e The symmetry plane V,, is not known -> we use multi-particle correlations:

obtained from m-particle cumulant

(M) ng e . Cn{m} EE—— Up{m}

Average over

adavents  (Z)nn {2} = ((2))n,n o2} = Vea(2)
Y M— caldh = (Dnnnn =2 (@ () = V)

((2))n,—n = ((cos (N1 — np2))) =
((4))n,n,—n,—n = ({cos (N1 + N2 — nws —nwy))) ~ (v,)

Collectivity in small systems | 15.05.2019 Katarina Krizkova Gajdosova



e How do we measure flow?

Bilandzic et al., PRC 83, 044913 (2011)
Un = <COS n (90 — \Ifn)> Bilandzic et al., PRC 89, 064904 (2014)

e The symmetry plane V,, is not known -> we use multi-particle correlations:

obtained from m-particle cumulant

(M) ng e . Cn{m} EE—— Up{m}

Average over

adavents  (Z)nn {2} = ((2))n,n o2} = Vea(2)
Y M— caldh = (Dnnnn =2 (@ () = V)

((2))n,—n = {{cos (nw1 — ni2))) = (v;))
(4))n,n,—n,—n = ((cO8 (N1 + NYs — NP3 — NYy))) ~ <U;4;,>

2 2

SC(m,n) = (02 -02) = (2)- (02)
((4))n,m,—n,—m = ({{cos (N1 + mp2 — nws — mps))) = (v, - v;,)
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How do we measure flow?

(0300>_<'1(')3"I""I""I""I""I""_
A) Two-particle differential cumulants S [ ALICE Preliminary ¢ — K" +K -
S e[ P-Pb\ Sy =5.02TeV _-
dn{2}(pT) _ (Un(PT) - Un) L _ ~ 0-20% (VOA) :
B —&— data m
i combined fit :
B) Invariant maSS methOd 150:_ ¢ signal (Breit-Wigner) ;
e Obtain the particle pair flow 1003_ ------ background (po2)
12 PT, Minvy _ et U
0, {2 (pr, Miny) = 112} ) (K2, A(A) , ¢) 50
Ven{2}
e Extract the vn from invariant mass method S 018
S 0.16
. b Ci 0.14 =
Sl S«
fUtOt(m. >_ N g(minv) . Usig | N g(minV) . Ubg(m. ) s 0;21
mv,;, — v :
n N miny) N miny) " 008 ~oa T ros T Tos

M, (GeV/c?)
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arge on ollider xperiment

THE ALICE DETECTOR

a. ITS SPD (Pixel)
b. ITS SDD (Drift)

R T ST e SR A% c. ITS SSD (Strip) ALICE, JINST 5 PO3003 (2010)
d. VOand TO -
e. FMD e Inner Tracking System (ITS)

e trigger, tracking

o —
y -“_‘--

- =
o E— v aw— -~
- ¢

ALICE, Nucl.Instrum.Meth. A622, 316 (2010)
e Time Projection Chamber (TPC)

e tracking, particle identification

i®

@ :

ITS

FMD, TO, VO
TPC

TRD

TOF

HMPID
EMCal
DCal

. PHOS, CPV
10. L3 Magnet
11. Absorber
12. Muon Tracker

ALICE, Eur.Phys.J.Plus 128, 44 (2013)

©CoOoNOOA~WNE

e particle identification
13. Muon Wall

14, Muon Trigger
15. Dipole Magnet t t
16, PMD
17. AD
18.ZDC e VO ALICE, JINST 8 P10016 (2013)
19. ACORDE
ALICE, JINST 3 S08002 (2008) ALICE, Int.J.Mod.Phys. A29, 1430044 (2014) ° trigger

e Pb-Pb @ 5.02 TeV e p-Pb @ 5.02 TeV e event multiplicity estimation
e Xe-Xe @ 5.44 TeV e pp @ 13 TeV

e Data sets:
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Collectivity in heavy-ion collisions

Experimental working definition:

- ]

vo{m} ~ vo{m}sub
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Collectivity in heavy-ion collisions

0.1 |
ALICE Preliminary
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Experimental working definition:
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Collectivity in heavy-ion collisions

ALICE, JHEP 09 (2018) 006

&; 0.3 _ ALICE PB-Pb \/ Syy = 2.02 TeV lﬂi
: 5 - |y| < 0.5,}10-20% = K
e Mass ordering (at low pT) =N # p+P
e QOriginates from and % 02 el B8g & ﬂ)(O
hadron re-scattering in the hadronic phase - 1 } o 5 AiK
: { }r*. .4,% & 0 %)
0.1~ .
- " 4
0 |__ N L L
0 4 6 8 10
P (GeV/c)
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Collectivity in heavy-ion collisions

E, JHEP 09 (2018) 006

&; 0.3 _ ALICE Pb-Pb \/ Syy = 2.09 TeV lﬂi
: 5 - |ly| < 0.5410-20% = K*
e Mass ordering (at low pT) = # p+P
e Originates from and % 0.2 ﬂzo
hadron re-scattering in the hadronic phase i ) Aix
- o g ¥
- o O ) °4
_ 0.1+ "-*Dij - B %’
e Baryon-meson grouping (at B -
intermediate pr) - ¥ {-
e QOriginates from recombination or U R R I
B} 0 2 8 10
coalescence -> . (GeV/c)
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Collectivity in small systems ?

+ Original understanding:

- Large collision systems -> QGP

| |
(C) PbPb s, =276 TeV, 220 < Ngj™ < 260

—.é %«— // | CMS, PLB 724 (2013) 213
Flow: 5[5 e

Zle

ng 2.

‘_zg 4 Pb: ., — Pb

N . » ‘.-2
| <p,<3GeVic 7 NS An

-+ Small collision systems -> no QGP -> baseline & Cold
Nuclear Matter (CNM)

CMS pp \E =13 TeV, N:f:i"e <35 (a)
1< p_< 3 GeV/c

CMS, PRL 116, 172302 (2016)

Katarina Krizkova Gajdosova

Collectivity in small systems | 15.05.2019



Collectivity in small systems ?

. Origina| understanding: - Need for new understanding:
(C) PbPb sy =276 TeV, 220 < N2 < 260 | - Small collision systems at high multiplicity -> ?
—'é %._ // ) CMS, PLB 724 (2013) 213 (D) £ sy =502 eV 220 <N 260
Flow: | CMS, PLB 724 (2013) 213
: i[d 2
%g 2

N . » ‘.-2
| <p,<3GeVic 7 NS An

-+ Small collision systems -> no QGP -> baseline & Cold
Nuclear Matter (CNM)

CMS pp \s =13 TeV, N
1< p_< 3 GeV/c

offline
<
trk

35 (@)

CMS, PRL 116, 172302 (2016)
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Non-flow effects - challenge in small collision systems

_ _ _ - resonance
* Non-flow: correlations not associated with the common symmetry plane ’ decay
e Jets, resonance decays, ...
o . suppresses non-flow effects in ° : subtracts minimum-bias
m-particle correlations :  pp collisions (which are expected to be
e Tested with PYTHIA calculations dominated by non-flow effects)

J. Jia et al. PRC 96, 034906 (2017), P. Huo et al. PLB 777 (2018) 201

m2—subevent method :

E - O > < O
® H 5 ST
< > E

0 n

S _Pb high-multiplicit minimum bias
NC%—suloevent method 5 P ° e PP

<

0 n

\/
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Charged particles| Flow coefficients vn{2}

ALICE, arXiv:1903.01790 [nucl-ex] (2019)
O— «— Q O —> «— % — *% — «—
E’\T B I I I I I L | I I I I I L | I I H
F0.16-PYTHIAS Hydro ALICE - e Strong Nch dependence of vo
— pp pp p-PbXe-XePb-Pb pp p-PbXe-XePb-Pb - |
014 13  5.025.02 5445.02 13 5.025.44 5.02\s, (TeV) _— o Reflecting the overlap geometry and strength of
- — {1 =] De e Rk e vo{2, IAnl > 1.4} interactions
012 — FE] FTAT e ®m x ¢ V{2 IAnl>1.0} _ _
e — T e e Tk e V{2, IAnl > 1.0¥  Ordering vz > v3 > v4, except for very high Nch
0.1 Wﬁﬁﬁ-;':}rzw‘:wwiﬁwzz — (fluctuation dominant region)
- I Y, * 0 .
0.08 Y vex o “ %‘3& T
0.06 =
0.04 —
0.02}= -
0

N, (ml <0.8)
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Charged particles| Flow coefficients vn{2}

ALICE, arXiv:1903.01790 [nucl-ex] (2019)
O— «— Q O — «— % — *% —> «—
E’\T B I I I I I L | I I I I I L | I I i
F0.16-PYTHIAS Hydro ALICE . e Strong Nch dependence of vo
— pp pp p-PbXe-XePb-Pb pp p-PbXe-XePb-Pb N |
014 13  5.025.02 5445.02 13 5.025.44 5.02\s, (TeV) _— o Reflecting the overlap geometry and strength of
- — {1 =] De e Rk e vo{2, IAnl > 1.4} interactions
012 — FE] ! e m k¢ V2 |Anl>1.0} _ _
e — T e e Tk e V{2, IAnl > 1.0¥  Ordering vz > v3 > v4, except for very high Nch
0.1 rmmw””ﬁ*',":}iw‘:www%z — (fluctuation dominant region)
- e o * i 5
0.08 Y box o “ %‘3& T
0.06 — e At low Nch vn are compatible with large
00 e E collision systems
0 0oE n e \WWeak vn dependence on Nch in pp and p-Pb
| collisions
0

 Ordering va2 > v3 > va

N, (Il <0.8)
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Charged particles Flow coefficients vn{2} model comparison

ALICE, arXiv:1903.01790 [nucl-ex] (2019)
O— «— QO O —» <« % — *% —>

’CJ\T B I I I I I b | I I I I I b | I I H
H"«:’O 16__PYTHIA8 Hydro ALICE T
=Y"""L pp  pp p-PbXe-XePb-Pb pp p-PbXe-XePb-Pb -
014 13 502502544502 13 5.025.44 5.02\s,, (TeV) -
L — CE] Dl Dl [k e V{2, IAnl > 1.4}
010 — FE] FTHT e ®m x ¢ V{2 IAnl>1.0}
T — = o m x e v{2 |Anl > 1.0}
__ | —H '*!ﬂJﬁlHHMI—HN?\TM‘ e ‘ _—
0.1: ‘-u'ﬂ_ﬂﬁf—i—'—m " N ": ¢ ‘* ":;;3' 4\ 5
B e ¢ ¢ ”* oo &’3& ~
0.08— | “H.ﬂ'ﬁ PR L ’FQ-aL —

0.06/— — e Cannot be explained solely by non-flow

0 04F - (PYTHIA 8 model)
0.02)= -
0

N, (ml <0.8)
PYTHIA 8.210 Monash 2013: Sjéstrand et al., Comput.Phys.Commun. 191, 159 (2015)
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Charged particles Flow coefficients vn{2} model comparison

ALICE, arXiv:1903.01790 [nucl-ex] (2019)
O— «— O — < % — ‘_% —>
E’\T B I I I I I II_II dI | I I I'ALIICIE L | I I H
0. 16-PYTHIA 8 ydro —  Hydrodynamic calculations:
= 0'16: pp pp p-PbXe-XePb-Pb pp p-PbXe-XePb-Pb - y y
014 13 502502544502 13 5.025.44 5.02\s, (TeV) _- e Almost quantitative agreement with both Pb-Pb
- — /| FE]  [en mED e e vi{2, IAnl > 1.4F and Xe-Xe collisions
010 — FET FTHT e m k¢ V2 |Anl>1.0} |
- — = e e x Te v, {2, IAnl > 1.0} e [argely overestimate v2 at low Nch
__ |Iﬁ4"H '!‘”!‘“Hl-‘-ii—‘-ll—'—ll—l—Ha—lH-Tl—\‘ T _—
0-1F P R & f LT -
B e ¢ ¢ ”* oo &’3& ~
0.08— 4 1.14"**”[4 ¢ ¢ L ’FQ.L_L —
0.06/— — e Cannot be explained solely by non-flow
0.04F - (PYTHIA 8 model)
0 02:— . * Hydrodynamic calculations:
0 e Almost quantitative agreement in p-Pb collisions

e Model fails to describe pp collisions

N, (ml <0.8)
PYTHIA 8.210 Monash 2013: Sjéstrand et al., Comput.Phys.Commun. 191, 159 (2015)

IP-Glasma+MUSIC+UrQMD: Schenke et al. PRC89, 024901 (2014), Mantysaari et al. PLB772, 681 (2017)
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Flow coefficients vnh{2}

? 0_25 _I | I I | I 1 11 I 1 11 I 111 I 1 11 I | I B I | I I | I-
P, . ALICE Preliminary 0-20% (VOA) _
A - p-Pb \s, =5.02 TeV + -
< 0.2 <08 ]
< - [ b { + 7 . : :
5 - JE ) e Similar observations as in Pb-Pb measurements
—— L [A] K* ’ - c
S$.,0-15 - @ K . F i + q*l 0, °*4+ —  (Clear mass ordering at low pr
> =] p(p) _ L . . .
L = ¢ i.i I‘l ' _ * |ndication of baryon/meson grouping at intermediate pr
- [o ] A(A) % ®m ¢ -
0.1 i ' ", + + —_
A e .+ {
- l{;‘:' n _
- \ v N ¢ -
0.05 n % _
- ¢ O — «—— -
:"'i ' * : & 0.3 ALICE Pb-Pb ys, =5.02TeV  E7
: I-+ _ = © ly|<0.5,10-20% o K*
0 L1 11 I L1 11 I L1 11 I L1 11 | L1 11 I L1 11 I L1 11 ﬁn : ® p+§
0 1 2 3 4 S 6 / %02:— :ﬂi%
pT (GeV/c) : e { B
e
[ b =
0 2 4 6 8 10
ALICE, JHEP09, 006 (2018) p. (GeV/c)
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Description by (some) other models two-particie correlations

. PHENIX, Nature Phys. 15, 214 (2019) Mantysaari et al., PLB 772, 681 (2017)
::IIIIIIIIIIIIIIIIIIIIIIIIIIIIII: 01 I | I I I I I I 018 T T T
p+Au {s,\ =200 GeV 0-5% d+Au {s,\ = 200 GeV 0-5% *He+Au Syn = 200 GeV 0-5% - Vo{2} T9=0.2 fm B V3{2} 15=0.4 fm 0 0.16 | ALICE Tt (0-20%)-(60-100%) HEH |
: 52 BZ:: PHENIX I - 0.08 L v3{2} 1p=0.2 fm O Vo{2} CMS per. sub. —@- | 014 ALICE p + p (0-20%)-(60-100%) +@-+
e Vi SONIC R Nl ‘ vo{2} T9=0.4 fm @ V3{2} CMS per. sub. —a— U0 (r/]/s)_p') — i
== v, [EBE-VISHNU ;: | : 006 | (nis)(T) W : g8 T 0.12 | p (n/s)(T) p_Pb
< N ° ® O ® N 0.1F i
. g Lo X o8| PHPP502TeV el
0.04 | il .08 |- emelis
o’ p'Pb 0.06 |- - |
0.02 |- e - - 0.04 - i
N A 0.02 |- -
O | * ] ] ] ] ] | | O A
TR ya—— 0 20 40 60 800ff|i n1eoo 120 140 160 180 0 05 (; 15 5
p-(GeV ¢ Nirk pr [GeV]
| . . .
e Hydrodynamics reproduces measurements Some hydrodynamic models describe even
of pA, dA, 3HeA collisions measurements in pp collisions
superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, Vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, Vs=5.02 TeV, 0-5% .
N 'pp\S‘13TeV03<p ' <3.0 GeV |EBE-VISHN U:
V2 l:'] *data f;r vs=13 TeV ) vV, . ) e ZV; —— ) >C : ATI—AS, \" 2 TF (HIJlNG) -
0.12 V3 *xy,, subtracted T V3 [I]“ V3 * *' 0.08 __EATLAS, vi{2 SU -Eg:g h i
0.1F ATLAS, Ncn= 6\518/3 —— '- ATLAS, N,=110- 121,3 —— . 1 ALICE, o\.lgloz —— é _ - @mCMS, V 2 SUb pp m Para-lll A
' A;I;LAS* Nen=60+ +—— CMS, Ney=120-150 5~ [ . “ 0.06 - & CMS: V 2 SUb Para-1V 1
C 0.08 [ CMS™" Ner=110-150 "E“ - ‘ Q K .. T e g - L e e ; o {2
oot (55 g “ T t Y oost et -
Nl @ pH 0 ¢ { | EIJ. om © il | o o ° ’ - 0.02 ; +* {2} :
0.02 + ® = / ® @ - . N s e V3 ]
~ : . . /mO o o :—e ¢ /O e o o ° o * BUR ¢ o ; .
0 - - - - - e . - . —
. . . , : : . . . ok V,{2}x0.2
0 0.5 1 1.5 0 0.5 1 1.5 0 05 1 1.5 2 IS PP P PP BRI SRR EPEPErE PR ST S
pT (GeV) pT (GeV) pT (GeV) 20 40 60 80 100120 140 160 180 200
Weller, Romatschke, PLB 774, 351 (2017) Zhao et al., PLB 780, 495 (2018) N
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Description by (some) other models two-particie correlations

10 15 20 25
p-(GeV ¢

. PHENIX, Nature Phys. 15, 214 (2019) Mantysaari et al., PLB 772, 681 (2017)
EEI;IIIIIIIIIIIIIIIIIIIIIIIIIIIIE 0.1 | | | I I I I I 0.18 : : -
p+Au \syy = 200 GeV 0-5% d+Au | sy, = 200 GeV 0-5% I He+Au \|sy, = 200 GeV 0-5% . Vo{2} Tp=0.2 fm B V3{2} 15=0.4 fm o 0.16 | ALICE mt*+1t (0-20%)-(60-100%) HilH i
: 52 BZ:: PHENIX I “o- 0.08 L va{2} 19=0.2 fm O Vo{2} CMS per. sub. -e-_ 0.14 ALICE p + p (0-20%)-(60-100%) +@~
— \ SONIC R z ‘ N Vo{2} T9=0.4 fm _ ® V5{2} CMS per. sub. —a— 0‘12 ] n+( (r)/?()g) — |
== v IEBE-VISHNU i | ‘ : 1 e PAVS
i g - ‘ : 0061 (s)(T) "B o W g Bog o " p-Pb
& ® o o -~ 01| |
< < o ° S p+Pb 5.02 TeV
> 0.04 L . ® 1 S 0.08 | A
o p'Pb 0.06 |- - ;
o ‘
0.02 |- e - - 0.04 - i
N A 0.02 |- i
O | * ] ] ] ] ] | | O |
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of pA, dA, 3HeA collisions measurements in pp Collsions
superSONIC for p+p, Vs=5.02 TeV, 0-1% superSONIC for p+Pb, Vs=5.02 TeV, 0-5% superSONIC for Pb+Pb, Vs=5.02 TeV, 0-5% .

N :pp\S‘13TeV03<p ' <3.0 GeV |EBE-VISHN U:
v m— *data for Vs=13 TeV T i v, m— ' = - @ ATLAS, v.{2,TF (HIJING)
0.12 V3 **y,, subtracted T V3 d] 1 V3 * § ¥ 0.08 _EATLAS, VL2 SU mPara-l -
ATLAS N oo+ —— 2 L ariss, Nev=110240 —o— . RLiEE0 o —— - mCMS, v, 2.Sub pp -ES{S ”I .
Hadlr ATLAS¥, Nz:—60: —— T cMs, N =120-150 . T T ‘ g 0.06 - & CMS, V 2.Sub Para-IV 1
0.08 | EM5**, Nek=110-150 —5— ‘ § Q + .. T _/_‘__..j::::—;'j‘jﬁ)_.!-~---"""‘ __ - B R N '.' et ++: + + '}_’4V2{2} :
> 0.06 | pp "_/’_,";_’f’ &1 T /?__,p--'i'?' 1 .ﬂ;::iff"‘ ®* 4 ) 0'04:— M —:
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002} P 4 4 / «® e 6 T ~ o o ¢ 0.02- : oA V2 ]
L= ¢ . e | g e e o ® o _ & a kv h ;
. . . . : : . . : ok T—— - — v, {2}x0.2
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Weller, Romatschke, PLB 774, 351 (2017) Zhao et al., PLB 780, 495 (2018) e
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Charged particles

Flow coefficients vn{m}

O— «— 0 O—»«%

=

g O 18__I | | | | | L |Hydro | | AL'CE | L | | I__
S Xe-Xe Pb-Pb pp p-PbXe-XePb-Pb N
0.16F 5.44 502 13 5.02 5.44 5.02\s (TeV) =
- e 5 5 o0 v{4} .
0.14 i <0.8 ol [mn [k e v{4) -
L 0.2<p_<3.0GeV/c o B % O Vvib} —
012 - ' ¢ V2{6}2-sub -
0.1 W10 v8) B
T Yy ¢’ V2{8}2-sub -
0.08— , ,Hqg&@&@gﬂhﬂf’i s | —
- ﬁqmmj*”-@ﬁh@‘ X * o .
0.06— Lot —
et e % iﬁi* f ¥ -
RRAERK il -]
0.02= ) —
O_ I I I I I I | 1 | I I I I I I 1 | I 7:¥I B

10° 10°
N, (nl <0.8)

ALICE, arXiv:1903.01790 [nucl-ex] (2019)

e vo{m} ~ vo{m}sub (long-range correlations)
e vo{4} ~ vo{6} ~ v2{8} (multi-particle correlations)

Collectivity in small systems | 15.05.2019

Katarina Krizkova Gajdosova



Charged particles

Flow coefficients vn{m}
-4 i

O— «— 0 O—»«%

g O 18__I | | | | | L |Hydro | | AL'CE | L | | I__
S Xe-Xe Pb-Pb pp p-PbXe-XePb-Pb N
0.16— 5.44 5,02 13 5.02 5.44 5.02\s (TeV) =
- i a8 155 100 v{4} n
0.14 <08 o [ml [kl [ev,{4) -
L 0.2<p_<3.0GeV/c o B % O Vvib} -
0.12— T ¢ V{6 —
0 1:_ &0 v,{8} B
T QQQQ ¢’ V2{8}2-sub -
0.08 —_ Lg@@gmm‘i' 30000, =
- ﬁqmmﬁﬂ'@ﬁh | @ X % * ]
0.06— L.t —
C et fe % iﬁi* f ¥ n
RRAERK il -]
0.021= ) —
- | | e

O I I I I I I | 1 I I I I I I 1 I I

10° 10°

N, (Inl <0.8)

ALICE, arXiv:1903.01790 [nucl-ex] (2019)

e vo{m} ~ vo{m}sub (long-range correlations)
e vo{4} ~ vo{6} ~ v2{8} (multi-particle correlations)

p-Pb collisions

o vo{4} < vo{4}s.sub after non-flow suppression

* Real values of v2{4}3-sub Obtained at lower Nch
e Multi-particle correlations: vo{4}3-supb ~ v2{6}
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Charged particles| Flow coefficients va{m}
SRR B B

ALICE, arXiv:1903.01790 [nucl-ex] (2019)

<018 " "THydo © 7 ALICE™ 4 e vo{m} ~ vo{m}sub (lONg-range correlations)
N Xe-Xe Pb-Pb pp p-PbXe-XePb-Pb _ . : :
0160 544 502 13 5.02 5.44 5.02\s (TeV) = o vo{4} ~ v2{6} ~ v2{8} (multi-particle correlations)
= ammsi o [k [0 vi4} -
014__ nl < 0.8 e - LS ¢ V2{4}3-sub —
- 0.2<p_<3.0GeV/c °© o & O V46 : ..
0.121 T o vi6y 1 p-Pb collisions
N [0 v {8} : .
0.1 s onseg vi8, o Vafd} < vo{4}s.su after non-flow suppression
0.08— 1 ﬂﬂgwygr&@gﬁhﬁg“ *# - Real values of v2{4}s-su» Obtained at lower Ncn
__ _Llaj'_l_T. ' * __ . . .
0.065= ﬁf?* %iﬁi . E:] #* 1 e Multi-particle correlations: v2{4}3-sub ~ v2{6}
PO J 1l F
0.041="" § AR = 1  pp collisions
0.02F ) —
- | | *" 3 e« Real values of v2{4}s-sub
0 102 10° e Only possible with non-flow suppression!

Nen (Ml <0.8) ¢ Multi-particle correlations: vo{4}s-sub ~ Vo{6)
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Charged particles| Flow coefficients va{m}
SRR B B

ALICE, arXiv:1903.01790 [nucl-ex] (2019)

<018 " "THydo © 7 ALICE™ 4 e vo{m} ~ vo{m}sub (lONg-range correlations)
N Xe-Xe Pb-Pb pp p-PbXe-XePb-Pb ~ . : :
0160 544 502 13 502 544 502\s, (Tev) ¢ V2{4} ~ v2{6} ~ v2{8} (multi-particle correlations)
= ammsi o [k [0 v,{4} -
014__ nl < 0.8 e - LS ¢ V2{4}3-sub —
- 0.2<p_<3.0GeV/c o 8 K 0 Vvi6} . . .
0.12 "= =Pr v v48 1 p-Pb collisions
— 10 v{8} . .
0.1 s onseg vi8, o Vafd} < vo{4}s.su after non-flow suppression
0.081 . E;qgﬁ&@g@m&” *# -1 * Real values of v2{4}s-sur obtained at lower Ncn
__ _Llaj'_l_T. ' * __ . . .
0.06¢ 48 ﬁi %iﬁi . E:] ¥* 1 e Multi-particle correlations: vo{4}s-sup ~ v2{6}
R i o
004" ) b7 4 pp collisions
0.02F ) —
- | | *" 3 e« Real values of v2{4}s-sub
0 102 10° e Only possible with non-flow suppression!

Nen (Ml <0.8) ¢ Multi-particle correlations: vo{4}s-sub ~ Vo{6)

Long-range multi-particle correlations
observed in small collision systems!
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Charged particles Flow coefficients vi{m}  model comparison

ALICE, arXiv:1903.01790 [nucl-ex] (2019)

s

g O 18__I | | | | L |Hydro | | AL'CE L | | I__
S Xe-Xe Pb-Pb pp p-PbXe-XePb-Pb N L _
0.16- 544 502 13 5.02 544 5.02|s, (TeV) = e Quantitative agreement with Pb-Pb data
014 S o % 9 Vzgg - over the entire multiplicity range!
14 Inl<0.8 o [mm [E NN Vats _ _
- 02<p_<3.0GeV/c 6 @ & ¢ vz{es}3 b E  Note: v2{2} was overestimated by the model at
012:_ ¢ V2{6}2-sub n |OW Nch
T YW CORZ ) - e Underestimation of Xe-Xe data
0.081 L %E%”@F%@@gﬁh%” " N e » Model is not tuned to different coll. system yet
0.06 P * —
- ﬁ#%iﬁi*m%} X =
Q04 ) b7 5 * No hydrodynamic curves for small collision
0.021 b — systems...
O_ | | | | | | I | | | | | | | I | | :gl B
10° 10°
N, (Il <0.8)

IP-Glasma+MUSIC+UrQMD:
Schenke et al. PRC89, 024901 (2014), Mantysaari et al. PLB772, 681 (2017)
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hydo does not show negative c2{4} in pp (yet?)

* There are not many model calculations of multi-particle cumulants
on the market

e The c2{4} is not described by iEBE-VISHNU
 Further investigation of initial conditions is necessary

-._\
=
»

ppis=13TeV 'i(égﬁ'l-&'/lGé;HNU' |
ATLAS, 02{4}3-sub .Para-|

[£ICMS, c {4} Para-I|
ﬂ 0.3<p, <3.0Gev/c MPara-l

pp collisions

Para-1V

§ pp\s 13 TeV 0.3 < [ <30GeV|EBEVISHNU
> - EATLAS, v, 2,TFY (HUING)
08-EATLAS; v32,Su mPara-

[ mCMS, v %2,Sub ]

L @CMS, v22Sub Ay

—++.|.++++++++++V2{2}

= +*
L
.
- *
.
= P TN
0.0 '.0‘0 L)
Ll OO )

e L b L L 20 40 60 80 100 120 140 160 180 200
60 80 100 120 140 160 N,
Zhao et al., PLB 780, 495 (2018)
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Charged particles

Symmetric cumulants

ALICE, arXiv:1903.01790 [nucl-ex] (2019)

2 | x10® Hydro, SC(4,2) PYTHIA8  ALICE (a) —
N Xe-Xe 544 TeV [ ]pp 13 TeV [&N pp 13 TeV B
N 4 Pb-Pb 5.02 TeV 0 p-Pb5.02 TeV
8 I R, A Xe-Xe5.44TeV

B IR 5" Pb-Pb 5.02 TeV

g [ | . . ———— ' ]
? 4—x10 Hydro, SC(3,2) ALICE (b) —
S L Xe-Xe 544 TeV | ® pp13TeV -
N r + Pb-Pb5.02TeV ~ ® p-Pb5.02 TeV T
O 2r + b4 PYTHIAS 5 XeXe544TeV
- S ++ + | pp 13 TeV ¢ Pb-Pb5.02 TeV }
O—'%"'#* """"""""""""""""""""""" —]
i "L R i
—2I7 <08 | N
- 0.2< p. < 3.0 GeV/c —

_4 S |

Lo
10°

e Positive SC(4,2)s-sub 0bserved in all collision systems

e Negative SC(3,2)s3-sub in Pb-Pb and Xe-Xe collisions at

large multiplicities

 Crossing to a positive correlation in Pb-Pb collisions

e Followed by small collision systems, too

e |ndication of a similar origin of the collectivity, or remaining

non-flow ?
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Charged particles Symmetric cumulants model comparison

ALICE, arXiv:1903.01790 [nucl-ex] (2019)

-g ' ' L ' ' ' L ' '
2 | x10® Hydro, SC(4,2) PYTHIA 8 ALICE (@) _
N 4 Xe-Xe 5.44TeV [ |pp13TeV [6" pp 13 TeV B
NS Pb-Pb 5.02 TeV 0 p-Pb5.02 TeV
8 i ,., A Xe-Xe5.44TeV
i g, IO Pb-Pb 5.02 TeV
2 _— $ iah 000 <> —— e PYTHIA
O A,
— RS -
i | * 1 Oocts, e Does not reproduce the pp data, although the
NN | C
§ * o, s, SC(3,2)3-sub reveals similar trend
AN
‘ kg ok .
g [ e
D x10° Hydro, SC(3,2) ALICE (b) _
& XoXe b.44Tev B op 13 Tev e IP-Glasma+MUSIC+UrQMD
2, + Pb-Pb5.02TeV “m p-Fb5.02TeV e Qualitatively describes both Pb-Pb and Xe-Xe
8 | + 4 + PYTHIA 8 * Xe-Xe 5.44 TeV . . . .
T T collisions, although the SC(3,2)3-sub remains negative

1111111111

- + + . pp 13 TeV ¢ Pb-Pb5.02 TeV ]
of_ o f-ﬂ, ....................................... - at low Ncn

! ‘ ‘L ‘
2 o8 |
0.2<p_<3.0 GeV/c
4 Il

Lo ! ! ' N R
10° 10°
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Summary

CoqaE  THydro  ALIGE R
= - Xe-Xe Pb-Pb pp p-PbXe-XePb-Pb .
0.16 5.44 502 13 5.02 5.44 5.02\s, (TeV)
- B B B 3 00 v,{4} .
014 mi<o0s8 o Wl [k fenvii4y .
. 0.1oF 0-2<p <3.0GeV/c Bl I ES f tzg =
o even in the £ o v
. u . N ¢ V2{8}2-sub ]
smallest collision system 0.081- _@ﬁ%ﬁ@m@mm . E
: : : 0.06/- ﬁﬁﬁ%§§§ o * & =
* vh{mj}: long-range multi-particle correlations I wﬁ;ﬁﬁﬁ BT H-:+ + =
. . o b P
o vo{2}(pT1): mass ordering & baryon/meson grouping 0.025 =
" " " | | | | L I| | | | | T | | Ty ]
in p-Pb collisions 0 e e
N, (ml <0.8)
g 020 L am - 3 | «10° Hydo,SC(42)  PYTHIAS  ALICE ()
. s\) : gl;gli;rehrrgrgazr)_/rev O20/o(VOA) - §:°° 4 T |Xe-Xe544TeV []pp13TeV WeNpp13TeV |
. in small systems ¢ o2f p<os” TE I A PR’ R, -
. ﬂ, s g ++ + T - + 7 Pb-Pb5.02TeV |
IS yet to be understood 8 B J | : , -
5,015 ks Bl ooy oy Q*H - ~
.y . . ey . 2 D Q -
e |nitial state / final state / both initial and final state Tk %Ejz 1k e ; : Wy
effects ? 011 gif:}’ + | - E S S — e
e SC(m,n): the new ALICE data provide further 0.05F fie f 1 & %“;jgfjjﬂev N
. . _|‘.i ¢ - ™ Pb-Pb 5.02 TeV ® p-Pb5.02 TeV 7
constraints for model comparison ok 13 PYTHIAS e saTer
00;21545!(137 ] pp 13 TeV ¢ Pb-Pb5.02 TeV i
p (GeVic) [ e | ++ """" l """" . *H.W -
oL _ ¢ [ ¢ Sk K B
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N, (ml <0.8)
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Backup
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Charged particles Normalised ratio model comparison

ALICE, arXiv:1903.01790 [nucl-ex] (2019)

—~ 10 | | T T T T ] | | | T T T T ] | |
L ALICE Hydro, SC(4,2)/( V2 V?) (a) -
e f | 4 61 pp 13TeV Xe-Xe 5.44 TeV _ SC(m7 n)S—sub
-~ L 0 p-Pb5.02 TeV Pb-Pb 5.02 TeV )
\g i 7 Xe-Xe 5.44 TeV PYTHIA ) <”U,'%><"U72n>
b O Pb-Pb5.02TeV [ pp 13 TeV
N 5— ]
<
S . Téds - e The vy, and vm are taken from vn{2, |An(}
i ] * Inthe absence of non-flow, the ratio directly reflects
i ) correlations between flow coefficients
0= - |
2 3 ALICE Hydro, SC32)( Vo) v,) (b) — e Indication of similar correlation between different
N o [ ® pp 13TeV Xe-Xe 5.44 TeV 7 _
> s B P 5.02 Tev PoPb502TeV - collision systems at the same Ncn
3 L + i Xe-Xe 5.44 TeV - e Large increase of magnitude at Nch<100
o T + ¢ Pb-Pb5.02 TeV ]
[Q\|
L $+ -
O - _
A + _____________________ S 1 ¢ IP-Glasma+MUSIC+UrQMD quantitatively describes
L _‘;0-_ P I X o L RICRAX o
- * nl <0.8 - large collision systems (except for low Nch)
1 02<p <30GeVic ]
b o . e -
2 3
10 10°N (il <0.8)
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0.2

Vs {2, |An| > 0.4

0.1

0.05

Flow coefficients vn{2}

~ ALICE Preliminary 0-20% (VOA)
- p-Pb \s=5.02 TeV
— Ml <0.8 + *

O —» «—
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[ | .'P
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e Similar observations as in Pb-Pb measurements

 Clear mass ordering at low pT

* |ndication of baryon/meson grouping at intermediate pr

e Approximate NCQ/KEr scaling: indication of partonic collectivity

ALICE, JHEPQ9, 006 (2018)
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Particle identification & reconstruction

= ! I ! I ! I ! ! ! ! ! ! ! !

e |dentification of 1T, K, p

e |dentification via energy loss dE/dx in TPC and time of
flight in TOF

ALICE

PERFORMANCE
05/03/2013
p-Pb {sn=5.02TeV

{4 A8 B L L L L L L L L

TPC dE/dx (arb. units)
@)
S

300
e Reconstruction of ¢, K0, A

200 -

oo N N e Short-lived and no charge -> cannot be measured
—— e directly

p (GeV/c) e Reconstruction via their decay products (which are
identified via particle identification)

0.8 Hadronic decays

gb — K+ + K™ pointing _
angle .-~
+

0 T
K — 7" 47 i
S - (\Q‘“ " DCA between

_ 4 \©
A — D+ /,68@‘! daughters

prima ry DCA of daughter ®
vertex  "a/ to primary vertex

0.6

] ] | | L | I .

.
%
g
i "
; q.l.. :< N “:‘ -
.a \'_'. )

ALICE . -

. PERFORMANCE "

o 7 p-P | sy = 5.02 TeV.

5/03/2013

0.2

R R T

o
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Trigger selection

x107°
 Minimum-bias trigger: | ALICE Preliminary  MB HM -
@)
e Suppression of non-flow with subevent 0.1= | | ppis=13TeV oyl i
Method I 02<p_<30GeVic o] * G4,
I N <0.8 S YT
* The sign of co{4} remains positive I )
|
 High multiplicity trigger selection: 0.05 |f _
u

VOM > 4 i 5 <:> kil _
(VOM) | 5 . - e =

L , B L GRRRRELLLEEED(ERRRY
» Additional event selection allows to i 2 |' « * o

obtain negative c2{4}3-sup o0 40 80 80
Nen (M| < 0.8)
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Testing the subevent method

107 Jia et al., PRC 96, 034906 (2017)
= . T | [ T T T T T T T T | T ]
ook L2 Pythia 8, pp 18 TeV o fraditional -

- x 0.3<p_<3 GeV

- \ T —&— 2-subevent ]

- [II] s Non for 0.3<p. <3 GeV SHRerEm 4

- —— 3-subevent _

001— o
e JUSRSREEE Q- P 5 _
{ T I ’
°CC I—-I-III~I"II~I

- R Ak SR Shb - % R

0.01— %
o e e e A
10.02{— _
— I I I -

50 100 150
(Nch(pT>O.4 GeV))

e Clear decrease of the signal with the subevent method

e PYTHIA = without flow -> c2{4} remains positive
e After injecting vo = 0.04

* Only the 3-subevent method could reliably reproduce the signal
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Subevent method in SC

%10 Huo et al., PLB 777, 201 (2018) %107 Huo et al., PLB 777, 201 (2018)

— 1 1 1 l- 1 1 1 1 1 1 1 l 1 — 1 1 1 l' 1 1 1 1 1 1 1 I 1
s | Pythia8, pp 13 TeV _s— standard | = Pythia8, pp 13 TeV _o— standard -
8 i —E8— Two-subevent i 8 B —E— Two-subevent -
5 — 101 —
i —&— Three-subevent _ i —&— Three-subevent _
i —&— Four-subevent _ B —&— Four-subevent :
i i 5H —
N I = = — ~ : - -
Z 1 ot ~
. i 0.3<pT<3 GeV i i 0.3<pT<3 GeV |
et ' n|<2.5 _ - ml<2.5 -
1 1 I 1 1 1 1 I 1 1 1 1 l 1 -5 B 1 1 1 l 1 1 1 1 I 1 1 1 1 I 1 B

50 100 150 50 100 150

<Nch> <Nch>

e Subevent method tested in PYTHIA 8 (pp collisions) and HIJING (p-Pb collisions)
e Significant effect on the SC(m,n) measurements
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