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Beginnings of collectivity in small systems

Large systems -> hydrodynamic flow

/ - — == _— e = =

! e Near-side rldge at Ad ~ 0 L f

- Long range correlations in Y] e

Small systems -> no flow ... just a baseline

e No near-side ridge
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Beginnings of collectivity in small systems

ATLAS, EPJC, 78:997 (2018)

2<p1a_'b<3 GeV

60-70%
pb%*ipb

ATLAS

Large systems -> hydrodynamic flow A ooy, 22 1

Pb+Pb

! e Nearside rlge atAd ~0 L |
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High multiplicity

Small systems -> re—-Hew———justa-baseline— !
o Ne-meear-stete-rielge -> ridge observed in both p-Pb and pp collisions

ATLAS p+Pb o.5<pj'b<5 GeV ATLAS pp o.5<pjb<5 GeV P O—><«0p
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Investigation of collectivity: what to search for?

e Heavy-ion collisions are collective

e Correlation of many particles w.r.t. a common symmetry plane spanning long range in n
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Collectivity down to pp collisions

CMS CMS, PLB 765, 193-220 (2017)
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e Analogous observations to large collision systems

* Flow coefficients vo> measured in small systems with multi-particle correlations
are similar (vo{4} = vo{6} = v»{8})
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[dentified particle v,
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* Mass ordering at low pr

e Hydrodynamic flow

e Baryon-meson grouping at intermediate pr

e Partonic collectivity, coalescence

Vgub{z}

* Results from pPb and pp collisions similar to

large systems
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CMS pp Vs = 13 TeV CMS, PLB 765, 193-220 (2017)
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What is the origin of collectivity ?

Final State (FS)

* Initial spatial anisotropy + interactions

Initial State (IS)

e |nitial momentum correlations

MSISIS

Not correlated to |

initial geometry |
2 IR ). 0.1 fmic

in the final state
e Hydrodynamics

e Parton transport / escape

Miniworkshop of UPC, Décin | 26.09.2019
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What is the origin of collectivity ?

Initial State (IS)

Final State (FS)
* |nitial momentum correlations
e CGC

* Initial spatial anisotropy + interactions
Not correlated to |

in the final state

o
e Hydrodynamics

Correlated to |

‘initial geometry |

- initial geometry

e Parton transport / escape

Central
| — AuAu/PbPb >
> He3Au, OO,ArAr? >

LM
>i

HM
pp, PA? >

Courtesy of Wei Li

|

Need to investigate with experimental data an

—
ﬂ( comparison to models. ‘
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"One fluid to rule them all”

Weller, Romatschke, PLB 774 (2017) 351

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%
' V2 — *data f;r Vs=13 TeV ' V2 — ' 2V2' — ' '
0.12 Y3 N **v,, subtracted T v B : P b R
Va/2 Va/2

0.1F ATLAS, Nch=60+ —@— - ALICE, 0-5% —@—
ATLAS*, Nch=60+ +—4—

0.08 F CMS**, N¢x=110-150 ——

Va
@ L ATLAS, Nch=110-140 —@—
| CMS, Ngk=120-150 —85—

o
> 0.06 F

0.04 | 1
oo / ¢ 8 e ¢
. i e — B s o /me_— . . 6 o
—4——— ¢ -~ ¥ e @

e Continuous description of collision systems of different sizes by one model
with the same parametrization
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Geometry driven anisotropy

b

¢ PHENIX, Nature Phys. 15, 214-220 (2019)
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0.06 = T e o
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p o> <« % Au
e Within a hydrodynamic picture: v, ~ kn€y dsg %A“

e PHENIX: data consistent with hydrodynamics
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What is the origin of collectivity ?

I;Deripheral

Final State (FS)

* Initial spatial anisotropy + mteractlons
in the final state

o
¢ Hydrodynamics

* Parton transport / escape

Central
| y AuAu/PbPb >
> He3Au, OO,ArAr? >
LM HM
2 pp, PA? >

e —— =

Obwous( ) Data seem to favour flnal state descrl
Miniworkshop of UPC, Décin | 26.09.2019
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Beware of gaps in the FS description

Reminder: Collectivity = long-range

correlations

* Just one hydrodynamic description of multi-particle cumulants in pp collisions

e Fails to describe the cy{4} -> Further understanding of initial conditions is necessary

pO-"-O p

x10®
& op (s=13TeV  IEBE-VISHNU 1
S 15 ATLAS. ¢ {4 (HIJING) —
_ ! ’ C2{ }3-sub .Para'l -
- [EICMS, c,{4} Para-I| -
10 | W Para-lll —
: I 0.3<p_<3.0GeVic =20 :
5 __ ’/4
0+4—- ot . T —
il /vl‘ + IV _
- + | +I 'll + I+ 4 + -
2l P AP B B BN -
40 60 80 100 120 140 160
Zhao et al., PLB 780, 495-500 (2018) N,

vpid}t = (L/_Cn{ll}
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Important to investigate IS

B. Schenke, SQM 2016

T T T T T T T T T T T T T Initial energy density
_ pPb \'s,=5.02 TeV - (IP-glasma)

02— ® CMSv,data, 185 = N/ <220 —

Eccéniricé r
- IP-glasma, b=0, n/s=0.18 (Very preliminary)

4
3
-—2 I
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* Proton substructure becomes crucial to achieve correct data description

 All the successful descriptions of measurements in small systems include proton

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%
V2 = *data f;)r Vs=13 TeV ' V2 e ' - J 2V2' — '
0.12f el **y,, subtracted T V3; 8 . i V3 — é * 7
va/2 Va e val2
0.1} ATLAS, Nch=60+ —@— -+ ATLAS, Ncp=110-140 —@— ) 4 ALICE, 0-5% —@— @ r e
ATLAS*, Nch=60+ —— CMS, Nir=120-150 —B— | )
0.08 | CMS**, Nene=110-150 —H— 4 /. 4 ') ]
. . )
>‘: 0.06 > [ -+ V ~ " % ; -
- J/ — . ®
B < ok p 41 ) [ ] o
0.04 o*n } , S ® e
{ I o . e M ] ®
0.02 | P e | 2" o ® e ¢ T B Sy ° d ]
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How to experimentally constrain initial state

ALICE, PRL 117, 182301 (2016)

Pb » <« Pb EIIIIIIIE
1= —_

0.8 |~ —

) (= 0.6F —
Symmetric Cumulants: < - =
E — —_

SC(m,n) = (W2 02) — (W2)(02) & oF E

Y m-n m n ’\E 0.2 —

E oF -

Q - -

@ -0.2 [ Hydrodynamics =

- SC(4,2)/(v2)(v2), 1/s=0.20 -]

Normalised SC: Scz(mj ;/L) —0.4 :_ """ 24 2;/<v2><v2> :/z( T) param1,2,3,4 AMPT: String :Azeltir:g _:

v v acbE SC(, 2)/<v2><v§>,n/s=o.2o O SCE2)/vY,)

< m>< n> 0.6 m—— sc<3 2)/<v2><v§>,n/s(T) param1,234 [ SC(4.2/(V’)}(v2) 7

= sl s " I NI B AT A AR

0 10 20 30 40 50 60 70

Centrality percentile

e Correlations between different order harmonics put constraints on
initial state and n/s(T) of the created system in heavy-ion collisions

e SC(3,2): sensitive to initial conditions

* |In small systems SC(m,n) can probe proton substructure

e Albacete, Petersen, Soto-Otoso, PLB 778, 128-136 (2018)
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Symmetric Cumulants in small systems

Felts

o
o

g-b*%Pb pofﬁ%Pb po® <o p

<;4%pb Xe%}#*%Xe pm»ﬁ%Pb po®» «op

. . _ = — O O 0 . 0 = mfm = - ] - = me mew - - - L - =
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QVaV - — i i 1
> 3k ALICE Hydro, SCB.2/(VAX VD) (b)) - & | +|¥ + _
~ YL . c
e [ e pp13TeV | | Xe-Xe 5.44 TeV - i - -
Z L ) | ) ] o)
X o [ ® p-Pb5.02TeV i Pb-Pb 5.02 TeV i 2 ATLAS -
2 *  Xe-Xe 5.44 TeV 7 . [ ] -
o | -o-pp 13 TeV
&\co B + + ¢ Pb-Pb5.02TeV | | -0~ p+Pb 5.02 TeV i
o 1= | $+ i ? -8- Pb+Pb 2.76 TeV -
O \ -
n : \\\ * : -4 —
0:"""":t.t.:.:.:.:.::}.2&;:1::;i:::&ii:;;;wu-m- - -
B \ il < 0.8 B 0.3<pT<3 GeV 7
_q "\\ \\\ 02<p <30GeVic ] Three-subevent method -
— L L 9 \ L L [ R R R R L L 7] - ! | I T T T T T T T T T T T N T
4 100 200 300 400

B 189, 444-471 (2019) (N
CMS, arXiv: 1905.09935

| Caveat: results at low multiplicities are different when using different n acceptance

.

e Similar pattern as in large systems

* No model comparison with small systems available yet
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Collisions of ete
ALEPH, arXiv: 1906.00489 [hep-ex] (2019)
e*e — hadrons, ¥s = 91 GeV

10_] LI | | | LI I LU I LI I LI I_ LI L LI Frri IIIIIIIII I ';‘ ThrUStAXiS ﬁ
: i’ ALEPH Archived Data -
°[ —- Data T16<An <32 :
= [ [l Archived PYTHIA 6.1 : > 30 ;- .- v _
& °F mPYTHIA 8.230 T Nrm 2 ] © _ ©
| 4'_-HERW|G 7.1.5 1 b |
s | 4
=3 :-SHERPA 2.2.6 Y-J. Les. QM18
o2 + -
"|Z“ l I ]
of Cypy = 3.59 1 Cypy=1.28 1
L | Lab coordlnates I Thrust coordlnates|(20x)
_2 =l 1 1 1| 1111 11 11 111 111 1 111 1 =1 1 1 | 111 1 | I | 1111 1 1 11 1111
0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5 2 25 3
A¢ A

e Advantage: well-defined initial state

* No observation of near-side ridge

e Data consistent with models that do not contain
any final state interactions
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Collisions of e*e-

ALEPH, arXiv: 1906.00489 [hep-ex] (2019)

ete — hadrons, ¥s = 91 GeV
10_""I""I""I""I""I""'_""""""""""I""I
: - ALEPH Archived Data -
8[ —e- Data 1T 16<An <3.2 '—
= [ [ Archived PYTHIA 6.1 I ;-
N 1 > -
& °F EPYTHIA 8.230 I Nrg 2 30 :
.|, EMHERWIG7.15 1 ]
8% § - [l SHERPA 2.2.6
o2l I ]
"|Z“ l I ]
of Czyam = 3-997 1 Coyam=1.28 1
2: | | Lab colordlrllatesl I Thrust coordlnates (20x)
0 05 1 1.5 2 25 30 0.5 1 1.5 2 25 3
A¢ A

e Advantage: well-defined initial state

* No observation of near-side ridge

e Data consistent with models that do not contain

any final state interactions
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¢ photo-nuclear
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he origin of collectivity ?
Initial State (IS) >

o . i < ???

7 4 Final State (FS)
* Initial momentum co relations |&2. e Initial spatial anisotropy + interactions
e CGC / in the final state e Crrlted
[Not correlate to | ® Hydrodynamics initial geometry |
|n|t|a| eyt i e Parton transport / escape
\_ 7 _9 7 f  4! ~ 0.1 fm/c . .
Va1 g
j I;Deripheral Central
| } " AuAu/PbPb >
B 37’ > He3Au, OO,ArAr? >
| / HM
2. pp, pA? >

‘ L5
Courtesy of WeiLi
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Backup
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Non-flow effects - challenge in small collision systems

K. Gajdosova, M. Zhou, QM17 (2017)

* Non-flow: correlations not associated with the Lo . dia, ot al. Phys.Rav. C9¢, 034306 (2017)
comimon symmetry plane A

« Jets, resonance decays, ... - + “@\_‘O Nolor03p BGeV et
* Subevent method: suppresses non-flow effects in OO'g & S S S - +—
multi-particle correlations o_{+ i¢?¢ _____ — é____.;;_..;._.._.. *_
 Tested with PYTHIA simulations i i N SRS
PRC 96, 034906 (2017), NPA 967, 437 (2017), NPA 967, 472 (2017) injected 4% flow signal reproduced || . ... {
only with 3-subevent method -

i2-.s,l_.1.b.event method F S [ E— d

(Nch(pT>O.4 GeV))

.L3-subevent method

((2))2—sub = ((COS:L(cpl—(pQ)» " M_

(@)

0 n

((4))2—sub = ({cosn(p1+p2—p3—pa))) ((4))3-sub = {(cos n(p1+p2—p3—p4)))

* Suppresses resonance decays, correlations within ~ * Suppresses resonance decays, correlations
a jet cone within a jet cone, correlations between jet cones
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Subevent method in measurements muiti-particie correlation

vn{d} = V/—cn{4}

«10® _4-particle cumulant © — —©

—=0.03 T ' T —
%, i ALICE Preliminary [l (4} o .
b op 1 = 13 TeV v o), * Significant decrease of c2{4} with subevent method
0.021- 02<p <30Gevic [Wic{4),, | | e Onlywith the 3-subevent method we are able to
7 I mi <I 0.8 : obtain a negative c2{4}in pp collisions
0.0 . W ¥ * First such observation in ALICE *
} '
0,., * ............................. * ............. + ...................... -
_0.0{_ + ¢ . t _ 1 PRC 97, 024904 (2018)
N —— 15 T T T T T T T T T T T
20 — 410 — 610 — 810 ‘ %" R ATLAls 0 Sltandard method | ]
N, (| < 0.8) s pp 13 TeV [ 0 ] 2-subevent method
10__ Q 0.9 pb™ 9] 3-subevent method —
* Negative cz{4} also observed: i 0.3<p_<3 GeV n
CMS: PLB 765, 193 (2017) B 5 N ]
ATLAS: PRC 97, 024904 (2018) sl : + N;, for 0.3<p <3 GeV
i + o 4 E
[ = o ¢ n
0] PR A ETﬁ ..... % ............. '-1,1 ..................................... O e ]
i i
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Heavy flavor flow in small systems

IS model: Ch. Zhang, et al., PRL 122, 172302 (2019)

CMS

CMS, PLB 791, 172-194 (2019)

pPb 8.16TeV

0.10fF T
- W PromptJiy [ Kg

I —1

185 <NJ'"™ <250 ]

X. Du, R. Rapp, JHEP03, 015 (2019)

- ® PromptD° O A i 02 — pPb @ 8.16 TeV mid-rapidity high-multiplicity
‘ ‘ o MG s |
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I & © % ] G I}y T po+><« 1 Pb
| | =1 |
EO' 0.05 I (;l ++ ‘ +‘ . l:l¢ | ol == ¥(2S)
o) ] :
2 0
0n AN — N
>

oL R

0.00
- po+<—%Pb

0 1 2||I|3I 0 2 4 6 8 I10

KE./n, (GeV) PriGeV]
ATLAS-CONF-2019-023
. Al 015_ [ [ 1T Tt ]
* Large vy of D and J/¥ meson in p-Pb 7 UL arLas preliminary :
.. i pp (s=13 TeV, 150 pb’ i
collisions 0.1—  4<p_<6 GeV * ]
L T _
: . [ . oo | §
= Cannot be explained only by final state 005l 0 b \ * \ -
interactions i * :
o A TR

. : charm still flows in pp collisions, . pos<op Jf + | :
but bottom doesn’t (v consisent with O ) 005 -

o
N
o
I
o
(@)
o
(0 0]
o
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Collectivity down to pp collisions

CMS, PLB 765, 193-220 (2017)

CMS
I “C I I I I 1 I I 1 1 1 1 1 | | | I || || 1 1 I 1 II | || || 1 I 1 || || 1 I 1 1 1 1 I | 1
0,10_ pp Vs —13 TeV b Vo2 |An>2}+ PPD \(sN 5 TeV 1 PbPb s, =2.76 TeV s o
L. po><«op m v,{4)
+ v,{6}
O Vvo{8}
0 VALYZ)
>N
0.05F ° [
s 080
e W,
o "

o ;" 1 .
03<p <3OGeV/c O3<p <30GeV/c O3<p <3.0 GeV/c
h1|<2-4 h1|<24 i m|<24 '
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Onset of collectivity ?

ATLAS PRC 96 024908 2017

N

a I A LA BELENLANLE RELENL AL BELENLEL B AL BELENLEL | T T ]
0.08/— ; gprl\-(éjs TeV, 64 nb” ifgiglf’is GeV ppVs=13TeV,64nb" P O> €0 P ]
[ Tg i
oos. 8§ 89w 98 EEE . ag888dgeg g Howlow in multiplicity
- O o o ©* ¢ .
: oo o0 : can we observe
0.04|- Do o - -
; 0 0SN"SP ° : correlations?
0.02 :— f im ie:c penph<;g _:
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e Two-particle correlation down to 15x10° ATLAS, PRC 97, 024904 (2018)
. . T S T ]
Neh (Inl<2.4) < 10 in pp collisions s i ATLAS [0 Standard method -
B pp 13 TeV [ 0 | 2-subevent method -
e Four-particle cumulant positive at 10~ i o9op"  [EElG-subevent method —
low multiplicity (N¢, (Inl<2.4) < 40) B 0-3<p,<3 GeV i
s + 0 Ni for 0.3<p <3 GeV -
e |s that the onset of collectivity, or is it just - . Do+ +op .
non-flow? [ % ; 0 3 _
O_ .................... | it 7 —
* Transition from positive to negative sign i {F 4 - i E ; bﬁ i
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What else?

e Scan of different collision systems? o Z. Citron et al., arXiv:1812.06772 [hep-ph] (2018)
2L —0-0, |5y, = 6.5 TeV
* CuCuvs. AuAu @ RHIC 5 —o-Pb, |5, = 5.02 TeV
e XeXe vs. PbPb @ LHC S
O 10?

e Comparisons bring more information on
the initial state

= Planned OO run @ LHC 103

e Similar multiplicities to p-Pb, but with well
defined geometry

T II|I|I||

0 %»«%o

e Possible energy loss 10'42_ P> %Pb
= Need more such collisions to bridge f R 0-20% 7
3 — -5 I E I : [ V- I I I I | 11—
the gap between.s.mall p(d)(3He)-A 10°) Lo e L UL
and large AA collisions forward multiplicity (a.u.)
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ATLAS, PRC 90, 044906 (2014) hlgh_mumwy

« High-pr flow ~ 02fa) R E
. _ > - O =& Pb+Pb Centrality 55-60% 1
* Jet quenching not observed in pA 0.15F © oo O 5 3
collisions while it is seen in peripheral C O 9@ [ ] O o .
L 0.0 @ ° =
AA collisions C O O -
. : ik J -~
e Caveat: selection bias 0.05c®" po»« % Pb ® .-
. " : ATLAS . :
- FIOW a.t hlgh pT nOt SenSItlve _to OO_ ..... e eamaaes e seeees é ...... R & — Ty 1[0._
such biases p, [GeV]
ATLAS, PRC 96, 024908 (2017)
< [ IPb-Pb, \/SITN=5.02 'II'eV, chargcled paniclesl,lnl<0.8| - 6;1— 0.0— (')5<'pb'<5 IGeIV o IA'II'L/-IIS| |
1.2:— ®  ALICE data, 8<pT<2O GeV/c —: ;&1 B - A Tn_mpln’rp_ Fite i
- HG-PYTHIA, PLB 773 (2017) 408 ] : N::eCZ60 |OW€F multl ||C|t :
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ALICE, arXiv:1805.05212 [nucl-ex] (2018)
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From large to low multiplicities & systems

Pb%—»«%Pb-’Xe %—»4—% Xe —-’ po+<—%pb ——’ po><«op

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

o
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* Smooth transition from large to small multiplicity (large to small systems)
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