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High-temperature regime of QCD

e At high temperatures and densities, quarks and gluons are no longer confined 1nto hadrons

but behave quasi-freely
 (Quark-Gluon Plasma (QGP)

[PRD 90 094503 (2014)]
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Geometry of a heavy-1on collision

)

] |

e Central (head-on) collision £ | ALICEPEPo\Sy=502TeV .
— smaller impact parameter =2 SR
1 ~ o, 1”{1":41-;’\}01"7 o
— larger overlap region ® e
. QC)‘IO4 108 S L — |
— more particles produced & I L -
e Peripheral (glancing) collision 10° E
— larger impact parameter 8| 8| & ¢ (21883 :
— smaller overlap region 0500070000 1500020000 25000 30000 35000

. VOM litud D. unit
— fewer particles produced ampliiuce (aro. units

e (Centrality 1s usually quoted as a
percentage of the cross-section

70-90%, “peripheral”  0-5%, “central”

e (Centrality determination by counting number of final-state particles (“multiplicity”) or
energy deposition 1n a region of phase space independent from the measurement, to avoid
biases/autocorrelations 1n the results
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[sotropic expansion of the fireball
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Anisotropic expansion

anisotropic pressure
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Anisotropic flow coetticients

e Particle distribution described by a Fourier cosine series
dN/de ~ 1 + 2v,cos(2(p-Y>))

STAR, PRL 90 (2003) 032301, arXiv:nucl-ex/0206006

—
N

.. [ » Y
e vy — “elliptic flow” e s, .+ 3177 % e
o T\ > 10-31 % X

2 ioh 3R ¢ 0-10 % Vo ad
I Ve S
y = "Wﬁ' V2
X g 1,. . "‘:g {t‘ -
Z o ! *iﬁu,' ‘.@":f; *
< 08 l»*ﬁp e b V** )
| y ,‘3; Sactelits e J
0.6 "*---y# o il
K/ 4

T .4 It 2 2

L >—> *% 0.5 1 1.5 2 2.5 3
‘\\ // ¢’lab-wplano (rad)

‘/’ <€+—symmetry plane Wgp = ¥,

A. Ohlson (Lund U.) Collectivity in small and large systems



Two-particle correlations

3< p‘T <4 GeV/c :l-)l-(l;b 2.76 TeV |
2<p:<25GeVlc ' /o0 o Long-.rang.e correlations |
11- (localized in Ag, extended in An)
05 — collectivity

C(A¢, An)

e Two-particle (A) distribution described
by Fourier series with coefficients v,?

dN/de ~ 1 + 2vy2cos(2A@)

ALICE, PLB 708 (2012) 249, arXiv:1109.2501 [nucl-ex]
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Anisotropic flow coetticients

e Particle distribution described by a Fourier cosine series

dN/de ~ 1 + 2v,cos(2(p-F>))

e vy — “elliptic flow™

« Measurements of v, are described very well by

hydrodynamic models — QGP behaves as a liquid!

* Viscosity (n/s) 1s near quantum lower bound
— QGP 1s the “perfect iquid”
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0.3

~ 0.01F

3 0

-0.01}

ALICE, JHEP 09 (2016) 164,
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What 1s flowing?

e The RHIC story: when scaled by the number of quarks (NCQ), the flow of different particle
species converges on a common curve — flow at the parton level

e The LHC story: NCQ scaling broken on the level of 10-20%, 1t’s mostly a mass effect
— 1nteresting case 1s the ¢ meson (2 quarks, but mass similar to the proton), follows the
proton at low pr and follows the mesons at higher pr

_I L l | L I | L I L l--l 1 I L | I I |
0.3.(@ o w4 (PHENIX) - p+p (PHENIX) (b)_
= K*+K" (PHENIX) O A+A (STAR)

K2 (STAR) 1 E°+Z (STAR)

R ey

0_1; N __ O _

p; (GeV/c) KE; (GeV)

PHENIX, Phys. Rev. Lett 98 (2007)
162301, arXiv: nucl-ex/0608033
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What 1s flowing?

e The RHIC story: when scaled by the number of quarks (NCQ), the flow of different particle
species converges on a common curve — flow at the parton level

e The LHC story: NCQ scaling broken on the level of 10-20%, 1t’s mostly a mass effect
— 1nteresting case 1s the ¢ meson (2 quarks, but mass similar to the proton), follows the
proton at low pr and follows the mesons at higher pr
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Higher-order flow coetticients

Due to event-by-event fluctuations of the positions of
nucleons, overlap region 1s not pertectly symmetric

— development of triangular flow v, quadrangular flow vy,...

with respect to higher-order symmetry planes W5, Wy,...
v, coefficients sensitive to geometry and fluctuations

Hydrodynamic response suggests that
V, X g,

A. Ohlson (Lund U.) Collectivity in small and large systems




- -y -

(@ (@) o
N w H
| | |

dN,,/dy, dNIdy, dE; /dn (GeV)

—
<,
|

Yields

VAk}

Ratio

Ratio

(pr) (GeV)

opt/{p+)

Ratio

Ratio

I

20

I

40

Centrality (%)

Bernhard, J. S. Moreland, S. A.

0.10

0.05 -

Flow cumulants

— ¢ Pb-Pb 2.76 TeV
--- ¢ Pb-Pb5.02 TeV _--- o

- ————

Extracting QGP properties with flow

ayesian analysis of particle yields, mean pr, v2, v3, v4 measured by ALICE

1.1 -
1.0 -

09 -

+10%

0.04 -

0.02 -

0

1.1 -
1.0

0.9

+10%

0

Centrality (%)

Bass, Nature Physics 15 (2019) 1113
Moreland, J. E. Bernhard, S. A. Bass, Phys. Rev. C 101 (2020) 024911, arXiv:1808.02106 [nucl-th]

A. Ohlson (Lund U.)

80

Collectivity in small and large systems



Extracting QGP properties with flow

e Bayesian analysis of par
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Extracting QGP properties with flow

° Bayesmn analysis of partlcle yields, mean pr, v, v3, v4 measured by ALICE
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Extracting QGP properties with flow

e Bayesian analysis o
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Higher-order flow observables and measurements

e Differential flow with respect to momentum, particle species, collision energy,

pseudorapidity (decorrelation)

e Event-by-event fluctuations of flow

A. Ohlson (Lund U.)
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Higher-order flow observables and measurements

e Differential flow with respect to momentum, particle species, collision energy,

pseudorapidity (decorrelation)

£ 12F Po-Pb502TeV  Po-Pb276Tev ALICE —
e Event-by-event fluctuations of flow = o aMHC(Zv2) o] nMHC(V3 V) * E
| - = AMHC(v3,v2) 0 nMHC(v3,v3) I -
 Linear and non-linear flow components P8 E % nMHC(v, v2) XInMHC(v3vE) E
bey()nd vV, X g, 0.6 — ¢ NnMHC(v3,v5,v9) E
0.4 - | - =
e (Correlations between flow harmonics 0.2 - - -
) %i* ;;* ’* : 0.2 <’,oT <5.0 GeV/c, n| < 0.8 :
02F TOSE er o W
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0 10 20 30 40 50 60

Centrality percentile

ALICE, PLB 818 (2021) 136354,
arXiv:2102.12180 [nucl-ex]
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Higher-order flow observables and measurements

e Differential flow with respect to momentum, particle species, collision energy,

pseudorapidity (decorrelation) A ATLAS-CONF-2021-001
Z'— 0.4— Combined-subevent method |
. o~ | ATLAS Preliminary ]
e Event-by-event fluctuations of flow S T os<o <200ev :
0.2 __ nl <2.5
 Linear and non-linear flow components ‘ 2 e
- =
ol B _
B .
: : O ~@- Pb+Pb N_ -based i
e (Correlations between flow harmonics I dﬁ M o Yoo based -
including radial flow ool + o e e
2 ' ' Pb+Pb Trento+Hydro f=0
0 (V,%, ( pT>) — cov (Vn i <pT>) : $¢ Xe+Xe Trento+Hydro $=0.18 :
\/Var (V,%) ‘\/var (<pT>) I | | | | | | | I | | ] | | ] | I
80 60 40 20 0

Centrality [%]
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Higher-order flow observables and measurements

Differential flow with respect to momentum, particle species, collision energy,

pseudorapidity (decorrelation)
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These higher-order observables are very sensitive to properties of the QGP!
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J.E. Parkkila, A. Onnerstad, S. F. Taghavi, C. Mordasini, A. Bilandzic, D.J. Kim,

arXiv: 2111.08145 [hep-ph]
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Collective behavior in small systems

e Flow-like (v») signals observed in high-multiplicity p+p and p+Pb collisions as well!

(d) CMS N > 110, 1.0GeV/c<pT<3.OGeV/c
2< Priig < 4 GeVie . p-Pb\s,, =5.02TeV

LHCD Pb+p m =5TeV 48800 " e g N\ {0-20%) - (60-100%)
20<p <3.0GeV/c g N

Eventglass 0-3%

CMS, JHEP 09 (2010) 091, LHCDb, PLB 762 (2016) 473,
arXiv: 1009.4122 [hep-ex] arXiv:1512.00439 [nucl-exX]

Surprise!

ALICE, PLB 719 (2013) 29,
arXiv: 1212.2001 [nucl-ex]
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But 1s 1t collective...?

e (Collectivity: momentum correlations among many particles which are widely separated
(e.g. in pseudorapidity)

e Multi-particle cumulants used to measure non-zero v,

CMS
I 1 I 1 1 | 1 1 1 1 l I 1 1 I I 1 1 I I | | | 1 | 1 | | | I | | | | I | | | | | | | I | | | | I | | | | I | |
0.10F PP Vs=13TeV o vsi2 |AnI>2}+ PPD {sy=5TeV 1 PDbPb ys,, =276 TeV ——l
m v,{4} 1 | . © e
+ V,{6} - L 1] '
289
o VA8 | | ° g |
_ O vALYZ} { o 0 @ 00004, | 54
o . o?
0.05F ! - 1 )
i ° l*"‘" . | e *‘ ‘% *’;* y |
®* = ®
O ® +
© 1 I
O3<p <3.0 GeV/c O3<p <3.0 GeV/c O3<p <3OGeV/c
| h]l<24 | -| | h]l<2|4 | -| j Inl<2|4 |
0 50 100 150 0 100 200 300 O 100 200 300 CMS, PLB 765 (2017) 193,
Neffline Nofﬂine Noffline arXiv: 1606.06198 [nucl-ex]
trk trk trk

e Remember! Collectivity (an observation) does not imply hydrodynamics (an interpretation)
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[sotropic tlow

.A 1 M 1 11 II 1 1 | P 1 11 II
= - ALICE Preliminary pp Vs =7 TeV
+ 1'_ ~—] VOM Class I, (dN_/dn) = 21.3
b - [—=—] VOM Class X, (dN_/dn) = 2.3
g : (VOM Multiplicity Classes)
ia 0.8
+ i
& _

0.6

0.4

T ALICE p-Pb ﬂ =5.02 TeV

0-5%, <ch /dn) = 45.1

m||e

60-80%, (dN_ /dn) =

(VOA Mult. Classes - Pb side)

O

o]

| B | | 1 i

ALICE Pb-Pb ﬁ =2.76 TeV

©

| S-S

- |

et

0-5%, <ch /dn) = 1601.0
60-80%, (dN_/dn) = 55.5

e Increase 1in baryon-to-meson ratio indicates presence of radial boost in p+p, p+Pb, Pb+Pb

A. Ohlson (Lund U.)
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Anisotropic tlow v,

. § E 1 ' ' L L
e Non-zero v, coefficients measured across all S, E @ v
. c e e . T o e O O* w O
multiplicities in p+p, p+Pb, Xe+Xe, and Pb+Pb  ,sF- .~ 0¢% M,
— ) .
systems 0065 0 & ahnBatad
"\ _—" pp  p-PbXe-Xe Pb-Pb
0.04— o 5.02 13 5.02 5.44 5.02 sy, (TeV)
L. — ) m % O ALICE 25
* No clear “turn-off” or “turn-on” of collectivity 0021~ NN 7} B P-GlasmasMUSICHUGMD.
0 — PYTHIAS.
- - %0.04__ (b)
* [s this hydrodynamic tlow? - T S O O
. « . B M‘&go o O ) g R SRR S~
18 there a geometry in small systems? Or 1s 1t 002k * b ot ¢¢€59,¢F9+
just fluctuations?
Are there enough parton-parton interactions to
produce this collective effect (e.g. translate the
initial anisotropy to the final state)?

ALICE, PRL 123 (2019) 142301, arXiv: 1903.01790 [nucl-ex]
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The role of mnitial geometry

e v, measured in spherical (p+Au), ellipsoidal (d+Au), and
triangular (*‘He+Au) systems
e Hydrodynamics predicts translation from initial state eccentricity =
to final state anisotropy v, x g, g (g, (&,
i (a)
e Measurements consistent with 03¢ :
hydro expectation 0.4
3 !
Vp+Au < Vd+Au ~ vV He+Au 0.3:
2 2 2 h
N : 0.2f .
Vp+ u vd+Au <V He+Au
3 3 3 0.1}
0.0:
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The role of mmitial geometry

e v, measured in spherical (p+Au), ellipsoidal (d+Au), and 018" HENIX (=200 GoV O-6% -
: 016 = o 5. a, 1E
triangular ("He+Au) systems i e . " |l ! !_
- -8 p+Au -
0.12 p I I 2 L -
 Hydrodynamics predicts translation from 1nitial state eccentricity = °*f " 1 .| : E
» 0.08 = @ g ‘)}f‘f.“_f » g
to final state anisotropy v, x g, RN (e, b W v
e Measurements consistent with 0.1.8 p+Au |sy = 200 GeV 0-5% d+Au |, = 200 GeV 0-5% *He+Au |'s,, = 200 GeV 0-5%  (c)
hydro expectation 0.16F v oo + PHENIX ; “f
; 0.14 —— v, SONIC
p+Au d+Au ~ ., ’He+Au 0.12F = = v, iEBE-VISHNU
+A d+A ‘He+A o
v g pg AN <y e 0.06
0.04
0.02
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Digging deeper into small-system v,

e Identified-particle v, shows similar mass e Measurements of higher-order correlations

ordering and baryon-meson splitting in p+Pb  and fluctuations are ongoing

as in Pb+Pb e (Can be extremely sensitive to kinematic

selections and non-flow removal!

S ALICE Preliminary Template fit method
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navta pel: Everything flows, or does 1t?
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https://indico.cern.ch/event/1043736/contributions/5441955/

Open questions

How does 1nitial state energy deposition (geometry) transfer into final-state anisotropic
particle distribution? Is hydrodynamics the explanation 1n large systems? Can we develop a
microscopic description?

What 1s the origin of anisotropic flow 1n small systems? Is hydrodynamics the answer?
How many scatterings or interactions does it take to generate flow, equilibrate, thermalize?
[s there a medium produced 1n small systems? What are 1ts properties?

What 1s the interplay between momentum scales (hard and soft probes)? Is there jet
quenching 1n small systems?
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Transverse size vs multiplicity
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https://indico.cern.ch/event/1043736/contributions/5441955/

Multi-particle correlations in small systems

e Are these correlations a true “collective” (many-particle) effect, or just between few (~2)
particles?

e Measure multi-particle cumulants
Example: four—particle cumulants

62{4} — ({cos2 (P1+ P2 = 3= 1)) — four-particle correlation

— ({cos2 (P1=¥3))) ({(cos 2 (P2=¥1))) «——gubtract two-particle correlations

— ({cos 2 (P1=P4)))}(cos 2 (v2=¥3))) /
vn{d} = V‘Cn{ll}

e Similarly for six-particle, eight-particle cumulants
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