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Outline

Polarization/vorticity projections in A+A collisions:
* Global, Longitudinal, Circular, Jet

Toroidal vorticity in p+A collisions
* motivation
 calculations with 3D viscous hydro (with baryon currents)

Polarization observable
 effect of different vorticity definitions
 effect of shear terms
» effect of event-by-event fluctuations

Experimental considerations

Conclusion



Global and longitudinal vorticity
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Reminder: vortical flow patterns in heavy ion collisions
e to first approximation and in NR limit, vorticity is a curl
e probe collective hydro behavior at finest scales
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Global and longitudinal vorticity
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Reminder: vortical flow patterns in heavy ion collisions
e to first approximation and in NR limit, vorticity is a curl
e probe collective hydro behavior at finest scales
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Global and longitudinal vorticity observed via polarization

Transverse gradient of longitudinal flow — & || J

spectators

— 12 ~ T T I
S _
— é = 3FD
T 10 z AMPT i
[a® I T I R ITCCEE Chiral Kinetic ]
ol — - UrQMD+vHLLE
r m A /—\ ‘ scaled using apy = 0.732 ‘
6 STAR 20-50% Au+Au, 2021
% % STAR 20-50% Au+Au, 07-’18
B O ALICE 15-50% Pb+Pb
4 L
0 N %
oL — = Y E
10! 102 103
STAR PRC104 (2021) LO61901 Vann (GeV)
MA Lisa

x (y) gradient of transverse-y (x) flow — & || £2

20
3

., 0.001
>

P

o

@ 0.0005

0

Q

O

~~—

-0.0005

-0.001

STAR, PRL123.13201 (2019)

| STAR  Au+Au |5, = 200 GeV
20%-60%

fit: p0+2p1sin(2¢-2‘P2)

*A  p =0.01620.003 [%]
%A P, =0.015:0.003 [%]

| | 1 | L | | | | | | | ) ) ) ) | ) |
0 1 2 3

¢-1Pz [rad]



Circular polarization in central A+A

Transverse gradient of longitudinal flow — & || J
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Circular polarization in central A+A
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Circular polarization in central A+A _

these are vorticity vectors, not flow velocities
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PRC104 (2011) 011901

Development of toroidal vorticity in MUSIC

Au+Au at 200 GeV Bjorken flow profile
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Rings predicted at all energies— can they be observed?

* This is a unique predicted structure! Observation would represent a compelling demonstration of fluid
structure at the extremes of rapidity & energy
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VSNN = 39 GeV — Ubeam ~ 3.7

Ivanov & Soldatov PRC97, 044915 (2018)
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Focused forward

= in principle possible at STAR with
forward tracking upgrade
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forward tracking upgrade
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Seeing the rings

* This is a unique predicted structure! Observation would represent a compelling demonstration of fluid
structure at the extremes of rapidity & energy
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Polarization about a local disturbance
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Helmholtz (1867): Persistent vortical toroids
(smoke rings) are quintessential fluid behavior

Vortex rings about the jet direction:

» Betz/Gyulassy/Torrieri, PRC76 (2007) 044901
* Tachibana/Hirano, NPA904-905 (2013) 1023c
* W. Matioli et al, PLB820 (2021) 136500
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Jet-induced toroidal vorticity in MUSIC

ns =0, 7=030fm/c

/ (u*, u¥) = (0.7, 0.7)

. - e~

[ ¢ IR e————
. K K :
—2 —1 0 |

1.00

8 0.75

10.50

1-0.50

-0.75

-1.00

r = (.30 fm, 7 = 0.30 fm/c

T

|

14

/ (W, w ) = ':”T ”T|

0.80

0.40

0.00

13



Polarization about a local disturbance

Experimentally challenging, but potentially rich!

* early-stage fluid behaviour?
* nature of energy loss in fluid
e sensitivity to transport coefficients
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c.f. W. Matioli, Poster session 2 TO2

MUSIC hydro with embedded jet
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What about p+A collisions...?

LR o ”
* Do such collisions really form “the smallest droplet of QGP? Nagle & Zajc, Ann.Rev.Nucl.Part.Sci. 68 (2018)
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What about p+A collisions...”?

* Do such collisions really form “the smallest droplet of QGP?”
* if everything is hydro, are we confident that anything is hydro?
* much of the supporting evidence comes from v,... can we find a novel, hydro-characteristic test?

h * Urs Wiedemann
* “Every time you break a symmetry, you learn something”" (v2, v1, polarization!)

* broken forward/backward symmetry = potentially interesting initial state

MA Lisa - Quark Matter - April 2022 - Krakow 16



What about p+A collisions...”?

* Do such collisions really form “the smallest droplet of QGP?”
* if everything is hydro, are we confident that anything is hydro?
* much of the supporting evidence comes from v,... can we find a novel, hydro-characteristic test?

h * Urs Wiedemann
* “Every time you break a symmetry, you learn something”” (v2, v1, polarization!)

* broken forward/backward symmetry = potentially interesting initial state

proton

(a) Bjorken flow profile: u, = n;
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What about p+A collisions...”?

* Do such collisions really form “the smallest droplet of QGP?”
* if everything is hydro, are we confident that anything is hydro?
* much of the supporting evidence comes from v,... can we find a novel, hydro-characteristic test?

h * Urs Wiedemann
* “Every time you break a symmetry, you learn something”” (v2, v1, polarization!)

* broken forward/backward symmetry = potentially interesting initial state

See also S. Voloshin,
Hirschegg 2017

(a) Bjorken flow profile: u, = n; (b) Radial-gradient flow profile
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What about p+A collisions...”? piAu ANy =200 GV piPb /5NN = 5.02 TeV
c 'I"'l"'l'"I"'I'_'I"'I"'I"'I"‘I'
c « PHENIX (2018) * ALICE (2014)

* Basic observables are ~identical in these scenarios

See also S. Voloshin,
Hirschegg 2017

a) Bjorken flow profile: u, = n; (b) Radial-gradient flow profile
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What about p+A collisions...?

e Basic observables are ~identical in these scenarios
* Vorticity is very different

a) B

jorken flow profile: u, =
MA Lisa - Quark Matter -'lpril 2022 - Krakow p ? 778

p+Au V/SNN = 200 GeV

p+Pb /snn = 5.02 TeV

« PHENIX (2018) }

LI L L L L L

—

L L L L L L

* ALICE (2014)

See also S. Voloshin,
Hirschegg 2017

(b) Radial-gradient flow profile
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Fluid = particles (vorticity = polarization)

/
fluid cell
« chemical potentials
» temperature
« collective velocity
* vorticity

Cooper-Frye

Becattini et al, Annal. Phys. 338 (2013) 32

for spin St(p) = —

MA Lisa - Quark Matter - April 2022 - Krakow

hadrons

 flavors

* yield

* momentum
 polarization
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Fluid = particles (vorticity = polarization)

hadrons

» flavors

* yield

* momentum

fluid cell * polarization
« chemical potentials

» temperature

« collective velocity

« vorticity
Cooper-Frye S (p) 1 LpoT de/\pAnF(l — nF)wpg
0 = ———€
for spin = gm T [dspinn

Becattini et al, Annal. Phys. 338 (2013) 32

alternative vorticities... non-vortical - 1 [(9“ (u”) 5 (uuﬂ
. vV=_ — |+ 07| —
w/(fy{) _ _% ((%u,/ B (9,,uu) symmetric shear 2 T T
W@ = -1, (Tu,) — 8, (Twy)] Su = Sp + (Ay)
h o ..
wl(fy) — —% 0, (uy/T) — Oy (u,/T)] e lSWTapTﬁo—A y { tppi<_ Becattini et al (2021)
) UpP | +— Liu & Yin (2001)
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Observing the "smoke tubes”

Ring vorticity observable

YN CITN,
A T |2,XﬁA,

¢

With radial gradients

Bjorken flow profile

* similar effect for all vorticity “flavors”
* hyperon and anti-hyperon are similar
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fluctuating initial conditions

Chinellato, MAL, Serenone, Shen, Takahashi, Torrieri in preparation

Schenke, Shen, Tribedy, PRC102 (2020) 044905
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Interpolating between the scenarios

Reality may lie between the extremes...

Dialing in the non-Bjorken flow. Schematically....

* For Au+Au at 200 GeV (11 GeV), global

polarization calls for f=15% (50%)
*  Ryu, Jupic, Shen: 2106.08125

* unclear whether this translates to p+A

* Even with low f, substantial signal

Chinellato, MAL, Serenone, Shen, Takahashi, Torrieri in preparation
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------- 0-5% C+Au
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e 0-5% Au+Au _

| L
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Effect of shear terms

— Thermal vorticity
————— Thermal vorticity + SIP [1]
———- Thermal vorticity + SIP [2]

[1] F. Becattini, M. Buzzegoli, and A. Palermo
Phys. Lett. B 820, 136519 (2021); arXiv:2103.10917

[2] Shuai Y. F. Liu and Yi Yin
JHEP 07, 188 (2021), arXiv:2103.09200

(c.f talks by Buzzegoli and Fu in session T02 Tuesday)

* Large difference in effects predicted by the two prescriptions
* Effect at midrapidity remains

MA Lisa - Quark Matter - April 2022 - Krakow

Chinellato, MAL, Serenone, Shen, Takahashi, Torrieri in preparation
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c/o Joey Adams

Experimental issues

x1074 STAR PRC104 (2021) L061901
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Challenge: large topological dependence of efficiency :
e artifacts complicated and ~10% (or more) 11
» will affect any tracking detector
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Experimental issues
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Challenge: large topological dependence of efficiency
artifacts complicated and ~10% (or more)

Advantage:

will affect any tracking detector

must flip B-field to cancel artifact

no event plane needed!
- measuring ~1% toroidal polarization is much easier than 1% global polarization (for same stats)
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summary

A+A / p+A collisions generate complex flow structures; probed by vorticity at small scale

Circular vorticity pattern predicted for b=0 collisions at all energies
e LHCb — take a look!

A hydro system with p+A initial conditions could naturally generate a vortical toroid configuration
* similar to jet “blasting through”
* Helmholtz (1867): Persistent vortical toroids (smoke rings) are quintessential fluid behavior
* would be a compelling evidence for hydro nature of the smallest system

* Experimentally observable (R)
 distinct from hadronic processes by particle/antiparticle similarity, eta dependence
* challenging to observe few % effect, but not daunting - flip B-field

 We should explore this unique structure @ RHIC, LHC (while we can...)

Joao Prado Barbon, David Chinellato, Willian Serenone, Jun Takahashi, Giorgio Torrieri

University of Campinas (Unicamp) < < W
A /‘ ;
Chun Shen I‘W\I}I\;ﬁﬂ

Wayne State University
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Two extreme cases

RE — o Sa(2/xPK)
A |12/ %P,/
K 1
wﬁv)::'"ﬁ(auuV'"ébuu)
1
2
1
2

* similar effect for all vorticities
* hyperon and anti-hyperon are similar
e sign change at LHC energy

MA Lisa - Quark Matter - April 2022 - Krakow

PRC104 (2021

) 011901; arxiv: 2101.10872

Using O uc

— | Au+Au s, =200GeV |+ | p+Au s, =200GeV | A

- ' | p+Pb s, =5.02TeV | '-

S Y

USiNg e

~@A ()& :
—b)A - (b)A -




Reminder from 1970’s (through 2010’s)

. . . . . . N<
production-plane polarization in p+A collisions. o2 HERA-B PLB638 (2006) 415
* Same observable as ours! - L
* high-x signal .§O°l % x Ref. [2]
* ~independent of target (p, Be, C, Cu, W) 3 ! + Ref. [1,1;
* ~independent of energy (only measured to ~40 GeV) ‘=2 0 _
av N
e odd in rapidity for p+p, but also p+A =
* no signal for anti-Lambdas O-‘()l E
-0.2
N
+ NA48 p+N(?) sqgrt(sNN) =29 GeV 0.3 » 3
X E799 p+Be sgrt(sNN) = 39 GeV
O HERA-B p+W,C sqrt(sNN) = 41.6 GeV 3
() J 1 S P SN PR B ——
-04 -0.2 0 0.2 04 0.6

MA Lisa - Quark Matter - April 2022 - Krakow



f parameter and global polarization

Ryu, Jupic, Shen: 2106.08125

20-30% Au+Au @ 19.6 GeV

FIG. 1. Color contours show the initial energy density dis-
tributions in the x — s plane for 20-30% Au+Au collisions
at 19.6 GeV with the longitudinal rapidity fraction f = 0 (a)
and f =1 (b). The grey arrows in panel (b) indicate the non-
zero initial longitudinal flow «"” with y;, = ycm in Egs. (13)
and (14). u” = 0 in panel (a).
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It is unclear to me that f will be the same in p+A



