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Abstract: The polarization measurements of particles produced in heavy-ion collisions alow us to study amazing phenomena such as, the collective
rotation of the nuclear medium, quark spin-alignment with the global angular momenta, local vs global polarization effects and their evolution when
there are drastic changes in the properties of the hot, dense and whirly medium. Recently, measurements by the STAR collaboration at RHIC and
the HADES collaboration at GSI, show the rising of Lambda and anti-Lambda global polarization with decreasing collision energy and what seems
to be a differentiated peak with a sharp decrease at alower bound in collision energy. In thistalk | will report on our recent work where we predict
this differentiated peak behavior using a core-corona model, so that measuring the polarization of hyperons becomes a tool to learn about
strangeness availability in the medium created in heavy-ion collisions for different initial conditions. | will also present afew new developments we
have made to probe the strong magnetic field produced early after the collision with primordia photons and mention other relevant signals that we
are working on in order to learn about the critical end-point in the QCD phase diagram.
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"Signals from the hot
and whirly matter
produced in heavy-
ion collisions"

HIC&QGP
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C. Shen, U. Heinz, Nuclear Physics News Vol. 25, issue 2, 2015. arXiv:1507.01558 [nucl-th]
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Outline

Why do As and As have such different polarization?

What's up with those extra “early” photons?

Where is that critical end-point?

Final remarks
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Hot, dense, whirly QCD matter in HIC

STAR Collaboration, Nature 548 (2017)

Quark-gluon
4 plasma
/\ hyperon
Nuclear fragment {
. ¥
e
: Gluon p
Ce
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Collision plane ¢
L Quark

Non-central collisions have large angular , , , , ,
Spin-orbit coupling: spin alignment, or

momentum L ~ 10°A. o o

i e polarization, along the direction of the
Shear forces in initial condition introduce
vorticity to the QGP.
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vorticity - on average - parallel to J.
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Good whirly-ness probe in HICs: A hyperon

u
e Particle Data Group: T
P W- d
e mp = 1115.683 4+ 0.006 MeV
e 7=2632+0.020 x 107 s (~ 7.9 cm
at ¢)
S = B u
o (A— pn7)=(63.9+0.5)% A U B uip
e M(A— nr°) = (35.8£0.5)% d > d
e Advantages:
e lightest hyperon with s content
e long lifetime: good for fiducial p f)’A
track/reco
e parity-violating weak decay - sort of 0
self-analyzing &
e decay dist not-isotropic: p going off in 1|"
the direction of A spin i
|
|
\
T
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Vorticity and A global polarization

Spin-orbit coupling: spin alignment, or polarization, along the direction of the

vorticity - on average - parallel to J=bx Pbasn:
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10 10°
Vs (GeV)

STAR Collaboration, Nature 548 (2017); Phys.Rev.C 98 (2018) 014910
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Vorticity and A global polarization

Meassurement of angular momentum retained at mid-rapidity. In most central

collisions: no initial angular momentum, no polarization.
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STAR Collaboration, Nature 548 (2017); Phys.Rev.C 98 (2018) 014910
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Thermal and kinematic vorticity

F. Becattini et. al. Eur.Phys.J.C 75 (2015), C 78 (2018)
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Thermal and kinematic vorticity
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Core meets corona, it rises and it falls.

T L
Au+Au 20-50% | .
8 # bty 1 v centrality dependent model for Spetinbes

@ A this study

Py (%)

Corona

# A PRC76 024915 (2007)
6 O A PRC76 024915 (2007) |

A and A production in

) heavy-ion collisions

| 1
gt PR

ol ﬁ_ v’ relaxation time for quark

L spin-alignment and thermal
1 0 - -
Vs (GeV) vorticity in the hot/dense QGP

10

Core meets corona: A two-component source to explain A and A global
polarization in semi-central heavy-ion collisions. A. Ayala, M. Ayala, E.
Cuautle, I. Dominguez, M. Fontaine, |. Maldonado, E. Moreno, P. Nieto, M.
Rodriguez, J. Salinas, METY, L. Valenzuela. Phys.Lett.B 810 (2020);
2003.13757 [hep-ph]

The rise and fall of A and A global polarization in semi-central heavy-ion
collisions at HADES, NICA and RHIC energies from the core-corona model. A.
Ayala, |I. Dominguez, |. Maldonado and METY. Phys.Rev.C 105 (2022);
2106.14379 [hep-ph]
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Results: A y A global polarization in Au+Au at RHIC-BES

How it started
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How it is going (2022)

14f |
12
10

P %
T L,J.,‘ I

T

c=0.0025 <b>=873
R
—¥— P, - BES data

Au

—— P

[ A

= 6.554 fm, a = 0.523 fm]

o N B~ O

Fr T

Malena Tejeda-Yeomans

0
YSnn (GeV)

mate jedaucol.mx

12

Page 13/34



Current experimental status
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J. Adams (STAR), QM 2022; J. Adam et al. (STAR), Phys. Rev. Lett. 126, 162301 (2021)
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A/A global polarization from a two-component source

Measurement of A pol in inclusive h+N, e DeGrand-Miettinen model: Thomas
N-N and N-+A (late 70s): A spin is that precession effect in the quark

of s-quark (ud-diquark in spin-isospin recombination process, s-quark Vv is not
singlet) parallel to the change of momentum

s I urd madelt sericlaceical invadtcl induced by the combination. Spin-orbit

color dipole field between the interaction term s - W where wr «x F X Vv

diquark of incoming proton e Gluon bremsstrahlung mechanism:
stretches and ss pair produced in polarized gluon transfers polarization to s5
this field. pair. A.D. Panagiotou, Int. J. Mod. Phys. A 5 (1990)
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A/A global polarization from a two-component source

,“'// \\\
il ~<\
,’/ / S \
e / \
i § 5
N i \‘
l\ \ : CORE |
)
. 1 \ I
= \ /
- e \ i
= 3 - /
C /
~ Y /
- a

Abundance of gs over g in HICs
leads to a suppression of 7 and d
and relative enhancement of 5 (not
present in the colliding nuclei). So
some of the numerous § may enter
into (qqs) or (gss) anti-baryons.
Rafelski and Hagedorn, CERN-TH-2969 (1980); Rafelski, Phys.
Rept. 88, 331 (1982); Rafelski, South Afr. J. Phys. 6, 37-43

(1983)
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Strangeness reaches chemical
equilibrium during the short lifetime
of a QGP: LO gqg — s5, gg — s5,
crucial to include gluon fusion

J. Rafelski and B. Miiller, Phys. Rev. Lett. 48, 1066 (1982)

[erratum: Phys. Rev. Lett. 56, 2334 (1986)].
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A/A global polarization from a two-component source

Non-central heavy-ion collision of a

symmetric system: i
/\//_\s from via QGP processes NA = N qee + Na rec

A/As from via p-+p reactions Choose reference direction:
baryon mom — || pol
Spectators
Corona / perp production plane — L pol
\ Polarization asymmetry -spin alignment
asymmetry- of any baryon species
produced in high-energy reactions
‘\ \
NT — N
P=—"
NT + N+
Core
WA NT and N+ baryons with spin aligned
and opposite to a given direction.
Particle Physics Seminar at Pl, Nov. 1 (2022) Malena Tejeda-Yeomans mate jedaQucol.mx 17
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A/A global polarization from a two-component source

Assuming,
——
NA = Naqce + Narec

e ey
Nx = Niggp + Nigec

The contribution to the total global polarization is

NT — NV
=
NT + N+
F ] T N;l‘
A A A
Phec + a5 _tasr
REC

where contribution to the polarization from As (As) produced in the corona is

T A
A Arec Arec
Prec = -
5 il
N/\ REC S N/\ REC

Particle Physics Seminar at Pl, Nov. 1 (2022)
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NI — NE
PQEC _ Ngec ARec
NI+ NE
AREC ArEC
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A/A global polarization from a two-component source

How do we model polarization in the Reactions in cold nuclear matter are
corona? less efficient to couple spin with
angular momentum. So, the average

) global polarization for As and As
2L O, o, S : .
REC REC from the corona, is negligible.

They are being produced in the corona in abundance, but cannot couple

with total angular momentum of system.

19
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A/A global polarization from a two-component source

How do we model polarization in the Core reactions are more efficient to
core? align particle spin to global angular
momentum. |dentify global
A and A polarizations.
NI N = 2N, :
QGP QGP QGP
T —  N-
Nl_\ocp N/_\ocp o ZN/\QGP

At intermediate to large impact parameters, an amplification effect for
the A polarization can occur in spite of , and this amplification is

more prominent for lower collision energies.

Particle Physics Seminar at Pl, Nov. 1 (2022) Malena Tejeda-Yeomans mate jedaQucol.mx 20
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A/A global polarization from a two-component source

How likely it is to create As both in In the corona, production is through
the core and in the corona? N+N collisions, so use p+p data to
extract w.
In the core, for QGP created at high
Nigee = WNAgec Vs, efficient processes might
NRoer = W’NAQGP make it equally as easy to produce

As as As, given that in this region gs
and gs are freely available and
(i, d, ) might find each other as
easily as (u,d,s)?

At HADES, NICA and RHIC energies, i+ and T of the system, matters.

So, in the core, w’ will be calculated along the freezeout trajectory, using
equilibrium distributions.

Particle Physics Seminar at Pl, Nov. 1 (2022) Malena Tejeda-Yeomans mate jedaQucol.mx 21
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A/A global polarization from a two-component source

s

A and A global polarization

A _ phN
7DREC — 7DREC =0 [ 3
Na
T 7 hgep
N/\QGP N/\QGP - ZNAQGP PA . Nagec
NI —NY = zZN; Nngep
Aqcp Aqer Aqcp 1+ NrL
AREC
? (%) T
_ — X N
Ni... = WNagec - W AREC
'\ Na
Ni.. = wN 14 (L) 2
A Aqep
Qep w /' Nagee
. . / = : NAQGP
So, global polarization depends on w, w’, z, Z and the ratio ==,
REC
which can be either calculated or extracted from data.
Particle Physics Seminar at Pl, Nov. 1 (2022) Malena Tejeda-Yeomans mate jedaQucol.mx 22
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The ratio w' = N5 /N, from equilibrium distributions

At finite © = pg/3, bias in the
production of As vs As.

r y

B e(ms—n)/T +1
 elms+u)/T +1

!
w

where ms = 100 MeV and

T(ug) = 166 — 1392 — 53u}
1308

1000 + 0.273/snn
Randrup and Cleymans, PRC 74

(2006) and EPJ 52 (2016)

1B (v/Snn)
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Quark-spin alignment

QCD plasma in thermal equilibrium: temperature T, quark chemical

potential piq.
The interaction rate [ of a quark with

four-momentum P = (po, p) can be expressed in

terms of the quark self-energy ¥ as

M(po) = F(po — pg)Tr {’yo ImZ} :

with F(pg — 11q) being the Fermi-Dirac distribution.
The interaction between the thermal vorticity and the quark spin is modeled by
means of an effective vertex
a3

1
M = g7 Tas"ts where @, = 2 (98 — 9uB.)

and %P = é[n,*”‘., ﬂ,’”] is the quark spin operator, t, are the color matrices in the
fundamental representation and 3, = u,(x)/ T(x) with u,(x) the local fluid

four-velocity and T(x) the local temperature.
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The ratio w' = N5 /N, from equilibrium distributions

At finite © = pg/3, bias in the
production of As vs As.

r y

B e(ms—n)/T +1
 elms+u)/T +1

!
w

where ms = 100 MeV and

T(ug) = 166 — 1392 — 53u}
1308

1000 + 0.273/snn
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A production: core vs corona, Na,.,/Nage,

Side view Beam-line view
- —onnTe(s—b)
np(s,b) = Ta(s)[1 — e ]
s—b ._/“\_‘ ~ R
- 7 s-b, N
@ & p— A —a T (5)
b2 |z 3 / . |3 \ o . NN TA
; 4 [ 8N g i TB(S b) [1 € ]
[ \ /
I"-‘_\J-‘: b .__7__7_7__7’,“/‘/ » OO
Al S li— pa(z,s)dz
Michael L. Miller et. al. Ann.Rev.Nucl.Part.Sci.57 (2007) A
10F S S )= £0
i Wﬁ 1 4 e(r—Ra)/a
1k ; -|
107 |
<D§: F —Fit -> (A IP(¥S) + B In(¥5) + C)TanH(D(0.7 /5)%) i
102 Fit -> 47.97(¥s - |/s,) + 292.6(/s - |/s,))° -45.36(ys - fs,,:)’:
¥2 / ndf 18.38/7
A 0.2655 £ 0.0355 .
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1074 —— 3 A | A TR A NPB164, 1 (1980); Erhan et al PLB 85, 447 (1979); Fickinger et al
10 Phys. Rev.125 (1962); Adamczewski-Muschet (HADES), PRC95,
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ZPC12, 217 (1982).
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A production:

.t
-

..........................

A s b=0fm

r e e R R

b=4fm
b=7fm
,b=0fm
“b=4fm
b=7fm

10
/Sy (GeV)

Nagee and Npg. for impact parameters

b=40.4.7 fm.

10°

Particle Physics Seminar at Pl, Nov. 1 (2022)

core vs corona, N,/ Nascc

e Small b, A production is dominated by

Core.

e Large b, A production is dominated by the
corona.
— relevant for vorticity and polarization

studies

Recall core-corona model has a critical
density of participalks n. above which you
can produce the QGP in the core. For
peripheral collisions - even for larger
energies - n. is hard to reach.
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Results: ratio of global to intrinsic polarization
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PHENIX@BNL ~-yield

T I T I | I T T T | T T T T |

v _|
107 Direct photon data in Au+Au 0-20% at ﬁ = 200 GeV -
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I m PRC 91, 064904 ]
e PRL 104, 132301
10' £ I — 1 ] — ¢ PRL 109, 152302 —
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10(] ;! o PRL 104, 132301 ] . 10,1_ ‘ |
F % PRL 98, 012002 T - L Direct photon data in p+p at |/s,, = 200 GeV -
I PRD 86, 072008 O
10—1 -_ ‘ - pp ﬁt | S‘ — ] [ PRC 87, 054907 T
i s @ B - PRL 104, 132301
L\ 1 9} - N PRC 87, 054907 .
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O 0 5 10 15
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PRC 91 (2015) arXiv:2203.12354 [nucl-ex] (2022)
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Azimuthal asymmetries as large as those of hadrons

C (a) pion v, (20-40 %) PHENIX

- 2 0.2 Au+Au 200 GeV
[ (a) 0-20% [ (b) 20-40%

03f Direct photon v L PHENIX 2007 and 2010 o 015
[« Conversion method [ Au+Au 200 GeV 01 -

0 2:_ m Calorimeter method o

J
i E&@ E 0.05
£l |

° v, : PRC88,064910(2013)
A m v, : PRC93,051902(2016)
* v, : PRC85,064914(2012)

Va

© eI IT QA RRRLI EEERERRRES|

0'1:— @ m El@ _ if EN 11% (b) Ratio of v,
L HHi ! E [ o ‘1 W VAT AVAVA SN L‘.. e r——
Ly L | 1 1 Ly 1 1 1 "-_-“- 0.9 -
0 1 2 3 4 0 1 2 3 4 r 08 e S
P, (GeV/c) P, (GeV/c)

For “high” pr: wv» ~ 0 consistent

with hard scattering source

an

Ewl+22\,‘mw(@—‘l’”) For “low" p1: v ~0.15 — 0.2
) ) similar to hadrons
PHENIX@BNL, PRC 94 (2016), 1509.07758 [nucl-ex]
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Direct photons: prompt + thermal 4+ non-cocktail

g ¥ -—
TRE, Phys. Rev. C B, 014303 (2004).

Prompt Photons R. Rapp and J. Wambach, Eur. Phys. J. A B. 415 (1939)
L: AMY JHEP D112, 003, (2001). e |

“a VW
/==-< XN — A — YN i NN — '«\H\\
a (xp—a, —yx)
K p < - ’.
atte o’

]

- Xy

W. Liu and R. Rapp, Nucl. Phys. A 798, 101 (Z007).

-EEEED N EEEE /{; \

NLD: J. Ghiglieri et al., JHEP 1308, DID (2013).

e Hah AT () Non-Cocktail: Early hadronic
o @
Thermal Photons: Produced in decay.
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Signals from the hot and whirly matter in HIC

e As and As have such different -global- polarization and huge values
for lower collision energies.

e photon excess in the low pr spectra with v as large as that of
hadrons.

e large fluctuations in the net-proton charge at low collision energies.

QCD, effective models, magnetic fields, vorticity, viscosity, etc.
NOW:

How can | learn from connections between thermal QFT amplitudes and
classical amplitudes? — scattering amplitudes approach to HTL /kinetic

theory

How can | bootstrap info for critical studies or polarization studies in
HIC?
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