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Presence of collectivity in “smaller” systems: pA ?

Non-zero v, in p+Pb collisions “Ridge structure” in pp and pPb collisions
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ALICE: JHEP 2403 (2024) 092
CMS Collaboration, Phys.Lett. B718, 795 (2013)

CMS Collaboration, Phys. Rev. Lett. 116, 172302 (2016)
CMS Collaboration, Eur. Phys. J. C72, 2012 (2012)
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Motivation

Presence of collectivity in “smaller” systems: pA ?

v2 IN p+p, p+Pb, Pb+Pb COLLISIONS

SEE ALSO:

O pPb |sy, =5.02 TeV CMS Preliminary
O PbPb |/s,, =2.76 TeV

® pp Vs=7TeV o oooB8n O

ALICE COLLABORATION
PHYS. LETT. B719 (2013) 29-41;
PHYS. REV. C 90, 054901

Hydrodynamic flow in small systems

or: “How the heck is it possible that a system emitting only
a dozen particles can be described by fluid dynamics?”

ATLAS COLLABORATION

PHYS. REV. LETT. 110, 182302
(2013); PHYS. REV. C 90.044906
(2014)

Ulrich Heinz!?, in collaboration with J. Scott Moreland”
“Department of Physics, The Ohio State University, Columbus, OH 43210-1117, USA
chpart.mcnt. of Physics, Duke University, Durham, NC 27708-0305, USA

CMS COLLABORATION
PHYS.REV.LETT. 115, 012301 (2015)

E-mail: heinz.90o0su.edu
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[OP Cont. Series: Journal of Physics: Conft. Series 1271 (2019) 012018

CMS PAS HIN-15-009

12 Bjorn Schenke, BNL
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Another way to probe a fluid:

Vorticity

o Vorticity represents local mechanical rotation of fluid

Liquid flow

®-=rotv 1_)
2

Takahashi: Nature Physics 12, 52-56 (2016)
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Another way to probe a fluid:

Vorticity

o Vorticity represents local mechanical rotation of fluid

Liquid flow

_, = .

o Vorticity 1s a spin-current
source.

200S 1 ) 462
Vi’ = —p° — —cw

Takahashi: Nature Physics 12, 52-56 (2016) /1 00 h

U’ - spin voltage

A - spin-diffusion lenght

0y - clectric conductivity

&- related to fluid viscosity caused by angular-momentum tranfser

M. Stefaniak: INT Workshop July 2024: Heavy lon Physics in the EIC Era




Vorticity

Fig by Mike Lisa

Possible to measure via polarization!
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Vorticity

Fig by Mike Lisa
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Vorticity

Polarization via self-analyzing decay of A = p 4+ n~

& (1+ay| Py cos 0% )
= — a COS
dcos(f) * 2 g

> If Py = 0 then @ * of proton momentum in A frame
distribution uniform
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Polarization via self-analyzing decay of A = p 4+ n~

Vorticity

dN | —

GLOBAL des@= 2

scaled using ap = 0.732

STAR 20-50% Au+Au, 2( _

STAR PRC104 (2021) L0O61901 ] 15

M. Stefaniak: INT Workshop July 2024; Heavy lon Physics in the EIC Era



Polarization via self-analyzing decay of A = p 4+ n~

Vorticity

1.1
m,, .- (GeV c?

dN | _

GLOBAL eSO 2

LOCAL

Effect of elliptic flow

STAR Au+Au SNN =200 GeV
20%-60%

| N + it p +2p sin(2o-2% )
STAR 20-50% AutAu, 2024 _ *A  p,=0.01620.003 [%]
%A P,=0.015x0.003 [%]

0

P, oc (cos 0))
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Photo: Andreas Wilkens, Institute of Flow Sciences, Herrischried, Germany

Figures from book: Subtle Agroecologies

Vorticity:

Present (In physics) for ages

On Integrals

of the Hydrodynamic FEquations
That Correspond to Vortex Motions

oW

Persistent vortical toroids (smoke rings) are
quintessential fluid behavior

. & Helmpors,

Helmholtz (1858)

Since the first Minuteman launches from Cape Canaveral in 1961, nearly every missile has generated a
perfect ring of smoke.

: : h : SAl | : IT- - ' ' -missile-bl : ke-1i -180958003
M. Stefaniak: INT Workshop July 2024: Heavy Ion Physics TTPEHHE T Egianmag com/arspace-magazine/mmnutemdn-missie-plows-SmokeTings /
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Photo: Andreas Wilkens, Institute of Flow Sciences, Herrischried, Germany

Figures from book: Subtle Agroecologies

Vorticity:

Present (In physics) for ages

Expanding smoke ring can be

quantified by:
non-relativistic
—> ~ —
ji = ( @nr (X Veen)
N TXV ]
cell
¢
Curl of flow velocity v :
. 1 A,
W Ap = — V
NR =

f - thrust vector

18

[1] M Lisa, et al: Phys. Rev. C 104, 011901 (2021)



Vorticity:

o Surface friction with “wall” decreases
velocity of the fluid

animation: M. Stefaniak

° Higher v in the center of the “tube”

° Differences of v induce an azimuthally
oriented vorticity structure

o The strength and sense of created
vortex toroid structures:

ULVPO z
R eF oL nt u,;
fll/tid_ ‘eﬂypgn i} 1
v pYto

Q , - proxy for vorticity

c*'P? - Levi-Civvita tensor, fully asymetric in four dimentions

n - normal vector of the fluid cell
19
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Vorticity:

o Spin-orbit coupling produces polarization proportional to the local fluid
vorticity

o In relativistic treatment vorticity (thermal):

U 1 U U
cot’;1 — 5[6 (wh/T) — o*(u”/T)]

o Measured hadrons are not part of evolving fluid, but they are created in process of hadronization

o The hyperon polarization is dictated by the fluid vorticity distribution on “freeze-out” hyper-
surface 2.:

Y ph _ ny -Fermi-Dirac distribution

s | ot J dx,p'ng(1 nF)a)pg - . |

SH(p) = € > more details: F. Becattini, et al: Annals Phys. 338, 32 (2013)
f dX,p*ng

8m

T
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Vorticity:

o In [1] authors use the Cooper-Fry procedure to switch from hydro |
paradigm to hadrons S, -\ spin four-vector

HYpo 7 ULPO A
o € Qﬂnytpug € S,,,I”l,,tpp(,

P, - A momentum four-vector

R?_
— A= S emron |
v pPo

A

[1] M Lisa, et al: Phys. Rev. C 104, 011901 (2021)



Vorticity:

o In [1] authors use the Cooper-Fry procedure to switch from hydro |
paradigm to hadrons S, -\ spin four-vector

A - A momentum four-vector
cHVPo ULUPO Ps
o Qﬂny pzn € Sﬂnytppg

. THvr© Rt =
fluid ‘ CHLp f’n é | S‘ ‘ gﬂvﬂanytp Pa‘
. (t X vcell)

‘ t X Vcell‘

22

(") - three-vectors in NN frame
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Vorticity:

o In [1] authors use the Cooper-Fry procedure to switch from hydro |
paradigm to hadrons S, -\ spin four-vector

A - A momentum four-vector
cHVPo ULUPO Ps
o Qﬂny pzn € Sﬂnytppg

: t —
uid = oo | — NS e, i
v pPo
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(") - three-vectors in NN frame
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(") - three-vectors in NN frame
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Vorticity:

Proton drilling a nuclei:

b) The edges of the cylinder flow more in the nuclei-going
direction than fluid cells at the center of the cylinder.

25
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Vorticity:

Simulations with MUSIC [1] :

o O [ SRRy AN e 00V | | P e S | 3 With TV

—(a)A -(a) 5 \ R — ] .
—-(b)A w(b) A | A Accordmg to [1]

@ Dependent of 4 /Syy

@ No need to measure Event Plane!
o Signal present also for Lambdas!

As opposed to the known hadronic high-x

production-plane polarization effect

26
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Questions

1. Whatis “asmall system” ?
2. If we see non-zero R, is it definitely fluid or can be described by sth else?
3. How we can encourage “hydro” people to look on vorticity ?

4. Can any fluid behavior be observed at EIC collisions?
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