Phenomena induced by vorticity and magnetic field
In heavy-ion collisions
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Strong fields in HIC: vorticity and electromagnetic field

B L Strong magnetic field S
(eB ~m2 (T ~ 0.2 fm))
D. Kharzeey, L. McLerran, and H. Warringa, Nucl. Phys. A803, 227 (2008) magnetar

L. McLerran and V. Skokov, Nucl. Phys. A929, 184 (2014)
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leading to chiral magnetic/vortical effects, global polarization... etc
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Chiral Magnetic Effect (CME)

D. Kharzeev, R. Pisarski, M. Tytgat, PRL81, 512 (1998)
D. Kharzeev, PPNP75(2014)133-151

 CME: Electric current along the initial B

5 1 » Massless quarks (chiral symmetry restoration)
Lor B /

»  Chirality imbalance (QCD topological fluctuations)
»  Spin alignment by B-field

e “y-correlator” often used to study charge separation
', STAR, PRL113.052302 (2014), ALICE, PRL110.021301 (2013)
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CME search with isobar collisions

STAR, PRC105.014901 (2022)

B Isobar STAR, SQM2022 for the updated baseline
collisions
Neutron | | | | | | | | | | | | | |
—7 Extra 1.02 + STAR /sobar, Vsyy =200 GeV, Ru+Ru/Zr+Zr, 20-50% o
o doroton [M. Abdallah et al. (STAR), Phys. Rev. C 105 (2022) 014901] 1 1.V0
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* No pre-defined signature of CME was observed in the blind analysis
- Slight difference in multiplicity due to nuclear deformation

» Estimate of non-flow BG using HIJING, consistent with the data
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EM-field effects in directed flow

U. Gursoy et al., PRC89, 054905 (2014)

U. Giirsoy et al., PRCO8, 055201 (2018) * B-field decreasing with time | |
X (Lenz’s law, Faraday’s law of induction)
$  Moving charges teel Lorentz force (Hall effect)
 — —
U e —> * Coulomb force from spectators
Eg'gslmab Total directed flow, v; < 0
t AbA
= Ezzeﬁ;ii‘i, Efaracay oz 111 All lead to charge difference of directed flow (v1)
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Charge-dependent directed flow

ALICE, PRL125.022301 (2020)
STAR preliminary, QM22

Pb+Pb 5.02 TeV Au+Au 200 Gev Isobar 200 GeV Au+Au 27 Gev
n L | | | | | I
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d) Au+Au, 200 GeV (f) Au+Au, 27 GeV, x 0.2
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* Avq (positive - negative) depends on collision energy and centrality
»  Competing: Faraday+spectator Coulomb vs. Hall effect in addition to the contribution from transported quarks
»  Negative Avi slope in peripheral collisions, consistent with Faraday+spectator Coulomb

» Larger signal in lower energy, could be explained by longer lifetime of B-tield(?)
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Heavy-flavor v1

ALICE, PRL125.022301 (2020)
STAR, PRL123.162301 (2019)
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—— Hydro+EM (Chatterjee et.al.)

— — AMPT

STAR
b)

e Better sensitivity to the initial B-field

» Formation time of heavy quarks ~0.1 fm/c,
close to the time when B-field becomes maximum

* [ooks opposite slopes at the LHC and RHIC but
not so signiticant

1

U. Glrsoy et al., PRC89, 054905 (2014)
L. Oliva, EPJA56, 255 (2020)
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v1 In asymmetric collisions

- - STAR, PRL118.012301 (2017)

- (a) 10-40% centrality
() spectator-proton Cu+Au b=6 fm M
~ ) spectator-neutron 0~
() participants | — ) Fde
. o I X
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DO @i S e 3 S. Pratt, WWND2014, —0.02}— w Cu+Au <
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~ (b) T
0.0051= ¢ Cu+Au . .
- - - . A A -
Charge-dependent vi due to the initial E-field M T
- . .. > - Il
-Sensitive to electric conductivity of QGP < o —®EReSym @ﬁ— _H"ED ----- G
Y. Hirono, M. Hongo, and T. Hirano, PRC90.021903(R) (2014) .
o . . - [ PHSD+EF & (x0.1)
-Sensitive to the quark production time 0.005 PHSD x I
V. Voronyuk et al, PRC90.064903 (2014) ' 612:',)4

P [GeV/c]

Only ~10% of (anti)quarks are created at the time when E-field is strong (t<0.25 fm/c)
*based on PHSD model + E-field (assume charge creation at t=0)
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Vorticity and “global” polarization

Longitudinal shear flow Is produced, where flow velocity v. depends on x.

1 Owv,

1
wy:§(V><v)y%

2 Ox

impact parameter Particles “globally" polarized along L
Z.-T. Liang and X.-N. Wang, PRL94, 102301 (2005)
S. Voloshin, nucl-th/0410089 (2004)
F. Becattini, F. Piccinini, and J. Rizzo, PRC77, 024906 (2008)

" » beam direction N :__Q .

P = 5

) aN -1
dQ)* A4

o UrQMD /

Parity-violating weak decay of hyperons can be used!
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A global polarization

STAR, Nature 548, 62 (2017), PRC90, 014910 (2018)
PRC104, LO61901 (2021)

ALICE, PRC101, 044611 (2020)

HADES, PLB835, 137506 (2022)

¢ PRC101 044611 (2020)

STAR 20-50% p_€[0.7,2.0] GeV/c ye[-0.2,1]
+ PRC104 6, L061901 (2021)

32 = PRC103 (2021) 3, L031903, HADES p_€[0.2,1.5] GeV/c ye[-0.5,0.3]
|_I< B AurrAU; B=BIm; [y)<0:2 Au+Au: Ag+Ag:
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s 1PT E0S
- o PRC104 LO41902 (2021), STAR 20-50% p_€[0.5,6.0] GeV/c n|<1
65— E Au+Au, b=5fm, yl<1, p_e[0.4,2.0] A PRC76024915(2007)
s AMPT model X Nature548 62 (2017)
u Y PRC98 014910 (2018)
- ALICE 15-50% p_€[0.5,5.0] GeV/c |y|<0.5
4 —

_Illlllll ] IIIIIII| ] lIIIIIIl ] IIIIllII ] 1 1 11

1 10 107 10°
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|. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+VvHLLE
H. Li et al., PRC96, 054908 (2017), AMPT

Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE

Y. Xie et al., PRC95, 031901(R) (2017), PICR

Y. B. Ivanov, PRC103, L031903 (2021), 3FD model

Y. Guo et al., PRC104, L041902 (2021) AMPT
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e Continuously increasing down to v/snn~2.5 GeV

>

>

Baryon stopping at mid-rapidity, system lifetime

Various models describe the trend

10



A global polarization

Py [%]

STAR, Nature 548, 62 (2017), PRC90, 014910 (2018)

PRC104, LO61901 (2021)

ALICE, PRC101, 044611 (2020)

HADES, PLB835, 137506 (2022)
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= Crossover EoS
w1 PT EOS

[]E PRC104 L041902 (2021),

s AMPT model
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HADES p_€[0.2,1.5] GeV/c ye[-0.5,0.3]
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X Nature548 62 (2017)
Y PRC98 014910 (2018)
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¢ PRC101 044611 (2020)

STAR 20-50% p_€[0.7,2.0] GeV/c ye[-0.2,1]
+ PRC104 6, L061901 (2021)
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|. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+VvHLLE
H. Li et al., PRC96, 054908 (2017), AMPT
Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE

Y. Xie et al., PRC95, 031901(R) (2017), PICR

Y. B. Ivanov, PRC103, L0O31903 (2021), 3FD model

Y. Guo et al., PRC104, L041902 (2021) AMPT
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e Continuously increasing down to v/snn~2.5 GeV

>

>

4

Baryon stopping at mid-rapidity, system lifetime

Various models describe the trend

Models predict a maximum polarization around +/snn = 3 GeV

X.-G. Deng et al., PRC101.064908 (2020)

T T T T T T
c=0.0025 <b>=873

R, = 6.554 fm, a = 0.523 fn
—%— P, - BES data

L

| lllllll | | lllllll
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A

10 10°

sy (GeV)

A. Ayala et al., PRC105.034907 (2022)



A global polarization

STAR, Nature 548, 62 (2017), PRC90, 014910 (2018)
PRC104, LO61901 (2021)

ALICE, PRC101, 044611 (2020)

HADES, PLB835, 137506 (2022)
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s AMPT model ¥ Nature548 62 (2017)
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- ALICE 15-50% p_€[0.5,5.0] GeV/c |y|<0.5
41— ¢ PRC101 044611 (2020)
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|. Karpenko and F. Becattini, EPJC(2017)77:213, UrQMD+VvHLLE
H. Li et al., PRC96, 054908 (2017), AMPT

Y. Sun and C.-M. Ko, PRC96, 024906 (2017), CKE

Y. Xie et al., PRC95, 031901(R) (2017), PICR

Y. B. Ivanov, PRC103, L031903 (2021), 3FD model

Y. Guo et al., PRC104, L041902 (2021) AMPT
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e Continuously increasing down to v/snn~2.5 GeV

>

Baryon stopping at mid-rapidity, system lifetime

Various models describe the trend

Models predict a maximum polarization around +/snn = 3 GeV

Possible slope change around +/snn~8 GeV, related to change
iINn medium property? i.e. from partonic to hadronic matter

- More data will come from STAR BES-II

II]

14;_ " ¢c=0.0025 <b>=873
12 R, = 6.554 fm, a = 0.523 fin
—w— P, - BES data

llll
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X.-G. Deng et al., PRC101.064908 (2020) sy (GeV)

A. Ayala et al., PRC105.034907 (2022)



Possible splitting due to B-

STAR, Nature 548, 62 (2017)
STAR, PRC90, 014910 (2018)

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA
PRC98.014910 (2018)
mEA OA

UrQMD-IC+vHLLE, A
AMPT, A

- = = = Chiral kinetic, A+A

— YangMills-IC+PICR, A
...... 3FD model, A

L]
L]
L]
L]
L]
~y
..
..

A~ O
0 L
p
T | a, = 0.732 = 0.014
0 6 o =-0.758 = 0.012
41—
2_
O_ __________________________________________
B | | | |1 | | | | |
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field?

e Possible difference between A and anti-/\

» S-quarks polarized at early times, then coalesce to A

» A\ at the time of hadronization polarized due to late-time B-field

lw uab
P A(A) = 5% - T F. Becattini et al., PRC95, 054902 (2017)

ua: /A magnetic moment.
Note that pa = -paoar and pa = -0.613pun

T. Temperature at thermal equilibrium

e Constraint on the upper limit of later-time B-field

13



Possible splitting due to B-field?

STAR, Nature 548, 62 (2017)

STAR, PRCSD, 014910 (2018)  Possible difference between A and anti-A

o
N STAR Au+Au 20%-50% ] . .
o I Nature548.62 (2017) » S-quarks polarized at early times, then coalesce to A
T o, = 0.732 + 0.014 oA OA . L . . .
O 5 o =-0.758 = 0.012 PRC76.024915 (2007) » A\ at the time of hadronization polarized due to late-time B-field
- AN AA
B PRC98.014910 (2018) P~ lw —uaB
mA OA A(A) — o F. Becattini et al., PRC95, 054902 (2017)
4—"'. UrQMD-IC+VHLLE, A Ua: A magnetic moment.
B! AMPT. A Note that pa = -pabar and pa = -0.613uN
R - = = = Chiral kinetic, A+A T: Temperature at thermal equilibrium
- YangMills-IC+PICR, A
2‘ ------ 3FD model, A e Constraint on the upper limit of later-time B-field
| L. McLerran and V. Skokov, NPA929.184 (2014)
NEI': 10 IIIIIIII\I IIIIIIII [Trrrrrrri [T T T H
i 2 L LT
I T,|AP| o "
R R - _Is 11 \ N
B I | | | I | | | A 0.001 \\\ from APH N
2 B. Muller and A. Schéafer, PRD98, 071902(R) (2018) 0001 [ DY _
10 10 ‘e (Gevy T T e i
SNN (GeV) 10° = — orqep T~
I 102 SLQCD
TR 10° 6Lqcp h
1077 Lo a1y I I |40

—1 0 1 2 1 EB
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Global polarization of multistrangeness

magnetic :

STAR, PRL126, 162301 (2021) nyperon decaymode a4 oo SpIn
__ N\—pT1T- _ 4
X T PZ_IU 1127 3423.02 (% STAR Au+Au 20%-50% A (uds) (BR: 63.9%) 0.732 0.613 /2
'D?:' 3_ A — Ta{t\ure5g8.x62 (2017) E_ (dSS) (B;‘gé\g'%) _0401 —06507 .4/2

B PRC76. -— A\K-

. RN S () (8SS) o orks,y 0.0157 202  3/2

i PRC98.014910 (2018)

A OA
21— Q - ' ' ' ' 1]

- ALICE PhaPb 155000 » Likely hierarchy in Py, though not significant yet

- PRC101.044611 (2020)

- L A +A @A (Pp) = 0.24 £+ 0.03 (stat) £+ 0.03 (syst) %

= an @ I T STAR Au+Au 20%-80% (P=) = 0.47 £0.10 (stat) £0.23 (syst) %

i b i | ’: ; I:+ (Via daughter A Py) (Po) = 1.11 4+ 0.87 (stat) 4+ 1.97 (syst) %

- M W71+ @+ @ (via daughter A P (20-80% centrality)

- | a, = 0.732 = 0.014

i AM/F;LFRC% 014905 (2019) a; PO

i o = X an = -0 = -0.401= 0.010

| . Y, —1 -

_1 L 1 11 I I I I I I II I I I I | | | II
2
10 10 10° S [G eV]

* published results are rescaled by Qoid/Anew~0.87
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Global polarization of multistrangeness

P, [%]

STAR, PRL126, 162301 (2021)

T

—o

P_(7.7)=7.3423.02 [%]

STAR Au+Au 20%-50%
Nature548.62 (2017)
eA OA
PRC76.024915 (2007)
AA AA

PRC98.014910 (2018)
A 0A

ALICE Pb+Pb 15-50%
PRC101.044611 (2020)
+A A

O A
bl T STAR Au+Au 20%-80%
* = K *x Z + E (via daughter A P,,)
| ¢ = +n_
M = 4 Q +Q (via daughter A P,)
.
I S |$”¢‘
¢ 4
~ AMPT PRC99, 014905 (2019) o) = 0.732=0.014
- AR ~0 o = 0.758 = 0.012
i o - o = -a_ = -0.401+ 0.010
| . Y, =1°"
I . II I I I I I II I I I I | | | II
10 10°

10 \/7 [GeV]

* published results are rescaled by Qoid/Anew~0.87
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hyperon decaymode — an 9% spin
A(uds) hofn. . 0732  -0.613  1/2
= (dSS)  go aoee 0401 -0.6507  1/2
() (8SS) g ey 0.0157  -2.02  3/2

» Likely hierarchy in Py, though not significant yet

(
(
(

(20-80% centrality)

F. Becattini et al., PRC95.054902 (2017)

Ppr) =0.24 +0.03 (stat) £ 0.03 (syst) %
P=) =0.47 £ 0.10 (stat) £ 0.23 (syst) %
Po) = 1.11 £ 0.87 (stat) &= 1.97 (syst) %
» Thermal model: PA=P==3/5"Pq
p_ (s) N (s+1)w
S 3 1

» Model calculations capture the trenad

D.-X. Wei, W.-T. Deng, and X.-G. Huang, PRC99.014905 (2019)
B. Fu et al., PRC103.024903 (2021)
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Rapidity dependence

W.T.Feng and X.G.Huang, PRC93.064907 (2016)

0.10,

0.08/

W.T.Feng and X.G.Huang, PRC93.064907 (2016)

D.X.Wel, W.T.Deng and X.G.Huang, PRC99.014905 (2019)

H.Z.Wu et al, PRResearch1.033058 (2019)

Y.Xie, D.Wang, and L.P.Csernai, RPJ (2020) 80:39

/. T.Liang et al., Chin.Phys.C45, 014102 (2021)
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BUR2020, STAR Note SNO755

wimim @, AMPT

_ STAR Au+Au|'s, = 200 GeV Projection (run2023) g

| 20-60% (40-80% for 2.5<n<4) o A+A, >

a + =42, <
L mimimm e | K Q+Q |

B A, geometric model

- A, PICR hydro Data _

. -- 2, AMPT *x A KA

STAR, PRC104, L061901 (2021)

4 9

- | == AMPT

i STAR Au+Au, /snn = 3 GeV
- 0-50% centrality, pr > 0.7 GeV/c
N — 0.732

T 02 0 0.2 04 06 08

Models predict the rapidity dependence differently

* S0 far no strong dependence withir
In lower energies, the measuremen

acceptance.
' close to the beam rapidity

(Ybeam ~1 at Ysnnv = 3 GeV) didn'’t sk
but with large uncertainty

ow strong dependence
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Local vorticity

Vortex induced by |et

: flow velocity e (GeV/fm?)

Y. Tachibana and T. Hirano, NPA904-905 (2013) 1023
B. Betz, M. Gyulassy, and G. Torrieri, PRC76.044901 (2007)

1. Niida, 2nd Forward Workshop

Local vorticity induced by collective flow

Sy

-
N\

/
f
A
4
%

L.-G. Pang, H. Peterson, Q. Wang, and X.-N. Wang, PRL117, 192301 (2016)

F. Becattini and |. Karpenko, PRL120.012302 (2018)
S. Voloshin, EPJ Web Conf.171, 07002 (2018)
X.-L. Xia et al., PRC98.024905 (2018)
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“z-component” of polarization: P-

P, o< (cos )
STAR, PRL123.13201 (2019)

3 0.001
f\\o_ : STAR  Au+Au\s . =200 GeV
8 _ 20%-60%
@ 0.0005- . 4
8 [ ¥ E
~ I ' \
/\:E i $ }
3 O 7 i
- I
(@) I
w i
-0.00051 fit: p +2p Sin(29-2 )
- Polarization along the beam direction expected from “elliptic flow” T kA p. =8.016¢0.003 %
- The data indeed show such a longitudinal polarization P; ~0.001~ A P, =0.015+0.003 [%
depending on azimuthal angle (sine function) ' (I) SR 1| SR 2| SRR ?I’ -
q)-‘PZ [rad]

Flow-driven polarization!

1. Niida, 2nd Forward Workshop



v3-driven polarization

TN (STAR), QM2022 *Not accounted for EP resolution and decay parameter

S 0.001— 5 0.001—
2 L Ru+Ru&Zr+Zr \/SNN =200 GeV 2 UL Ru+Ru&Zr+Zr VSNN =200 GeV
X - * -
Q;Q - STAR preliminary  Centrality: 20%-60% QQ - STAR preliminary  Centrality: 20%-60%
n - i
Q 0.0005 * u
O } i
~— i |
S g
B * B
c O—"[ ....................... \\ ............................ _ |
o i | i
N ] \ié? ]
N\
I *@ I
—0.0005 : —0.0005
] fit: p0+2p1sin(2¢-2‘112) v ] fit: p0+2p1sin(3¢-3‘P3)
- *A p =0.020+0.002 [%] I *A p =0.006=0.002 [%]
-0.001— %A p, =0.021:0.002 [%] -0.0011 %A p =0.010+0.002 [%]
| | | | | | L |
0 2 4 6 0 2 4 6

2(p-w ™) [rad] 3(¢-W™) [rad]
* Further study for the 3rd-order with high statistics data of isobar collisions

* First measurement relative to the 3rd-order event plane Waj!
» Similar pattern to the 2nd-order, indicating va-driven polarization

T. Niida, 2nd Forward Workshop 18



Centrality dependence of P: sine modulation

TN (STAR), QM2022

—
>
~ . Ru+Ru&Zr+Zr, A+A
—c - % n=2
= I _
\l/_e_ ¢ N=3
.%. "~ Hydro(o, +SIP__.), nT/(e+P)=0.08 i
‘n 0.5 n=2 Ru+Ru - i
Q| - n=3 Ru+Ru o
~— %} Il
STAR preliminary % T ¢
i |
B -] $
= g 1 \
O_ _________________________________________________________________________
- STAR s, = 200 GeV !
- 0.5<p_<6GeV/c, ly I<1 a,=-0..=0.732=0.014
] ] ] | ] ] ] | ] ] ] | ] ] ] |
0 20 40 60 80

Centrality [9%]

S. Alzharani, S. Ryu, and C. Shen, PRC106, 014905 (2022)

0003 [ L L Y [ B B B B ]
o fle+P) =005
i T'/(e+ P)=0.08 1
I — p U ]
| T wy, + SIP(LY) esw = 0.5 GeV/fm3
i wh + SIP(LY) + uplP ]
~ 0.001 = -
éf
S i
= 0.000 P
~0.001 - n| <1 -
0.5 < pr <3 GeV 1
i 20-60% Au+Au @ 200 GeV |
_0002 oo e e e e e by e by
0.0 0.5 1.0 1.5 2.0 2.5 3.0
¢ — Vs
1

vorticity: wee = 5 (Osttp — 9ptic)

shear: =,, — %

(Ostp + 0,uy)

e Comparable 2nd and 3rd order sine coefficients of Pz, especially in most central events

e Hydrodynamic model with “shear term” reasonably describes the data for central but not for
peripheral collisions. Still need more investigation on how to implement the shear

1. Niida, 2nd Forward Workshop
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e Photonuclea
mesons In U

 [ransverse linearly polarized photons
due to Lorentz contracted EM-field

 production of vector

PC,e.g. "P = p’ »nhr

e Quantum interference with the

polarized photons leads to cos(2¢)

Rz MmModau
(7 +77) B
7T+ T
¢ f.
(7)) g A ol G0
=T P ST S [ A2
A;_—-‘"--DA—-_____]P’

ation of final state mm+m-
uble slit experiment

"=~ + Sensitive to nuclear mass (strong-

S

STAR, Sci.Adv.9 (2023)1, eabg3903
arXiv:2204.01625
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interaction) radius

Radius (fm)

_J'E —_—

stirk Tomography of nuclei with photon induced process

Signal sttt pairs

1 N

- ke = Au+Au |s,=200 GeV
I B prAu sy, =200 GeV
| % Ty U 5,=193 GeV
! |

‘:*%:._.i‘_ I
L R(9) = [R5+ 202 (1 + (1/2)cos(29))]

1/2

— % AU+AU:R=6.62+0.03, 0,=2.39x0.04 (fm)

I )f U+U: :R,=7.38+x0.07, Gb=1.9210.12 (fm)
| | |

0 i

i
2 2 ¢ 7



Probing EM-field difference in isobars via yy/yA reactions

S/

o(YA — J/YA) ~ Z7

STAR Preliminary ]
Isobar (Ru+Ru)/(Zr+Zr), (s, = 200 GeV -
v +A = Jhp + X |y|<1.0 '
Jhy —ee” (M_:3.0 - 3.2 GeV/c?)

SRR S b

e Data: 40-80%
44,2

" 4o

)* scaling .

0

0.5 1

1.5

Isobar
B collisions B
3 ton—i)":::: %;;‘é’%:;"; " ‘:E{’g?‘é:;’: d §° g
9.§Zr40+ : 962r40+ 96le : QGBU
o 2' L L L DL L L | | =
3 i STAR Preliminary ] 3 2:
T 18} Isobar (Ru+Ru)/(Zr+Zr), Sy = 200 GeV . _DC_E 1.8
© ! _ . 2 i © !
0 o vy+y —ere (M :04-2.6 GeV/cr) ]
1_31.6_ ce :(44>4 51.6_
.q_) 14!.. A I B EEEEEEEEEEEEEEEEEEEEEEEEEENEENEEEEEEENEEEEEN) - .q_)
>_ — —
~ 147 % 1\40 > 1.4
2 - 2 A
S12¢ { - 81.2
g I ¢ S
L] S R EEE R D % ------- - = 1y
081 o Data: 40-80% - 0.87
0.6 ——EPA-QED "'(28)4 scaling - 06
4= "5 1 15 25 3 0.4
P (GeV/c)
* Dilepton (J/W) production at very low pris dom
The data suggest “Z" scaling due to EM-field ¢
W. Zha et al., PLB789(2019)238

1. Niida, STAR Highlights in AUM2022

2
P_ (GeV/c)

inated by vy (YA) reactions
ifference in isobars as expected

44
40

_)2
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Summary

* |nteresting physics related to electromagnetic field and vorticity

4

4

4

Search for Chiral Magnetic Effect: not conclusive yet, upper limit of CME fraction <10%

—M-field effect in directed flow: charge ditference clearly seen

Global polarization in a wide range of v/snn = 2.4 GeV - 5.02 TeV: most vortical fluid, APH?

Flow-induced polarization along the beam direction: Rich vortical structures, velocity field

Photon-induced process: new tool to study nuclear mass radius, probing EM-field

T. Niida, 2nd Forward Workshop 22



Back up

1. Niida, 2nd Forward Workshop
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polarization measurement

Parity-violating weak decay of hyperons (“self-analyzing”)

Daughter baryon is preferentially emitted in the direction
of hyperon’s spin (opposite for anti-particle)

IN 1 L
AN—=p+m—

]E)HZ hyPeron polarization (BR: 63.9%. ¢ 7~7.9 crm)
PB : unit vector of daughter baryon momentum
a7 - hyperon decay parameter * denotes In hyperon rest frame

O — —Op = 0.732 £ 0.014

O=— — —0.401 £ 0.010

an- = —0.0157 + 0.0021 P.A. Zyla et al., PDG2021

1. Niida, 2nd Forward Workshop

Any hyperons can be used but the sensitivity is different, depending on aH!
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Global polarization measure

ment

Projection onto the transverse plane

P =

8 (sin(¥1— ¢}))

TAH

STAR, PRC90, 014910 (2018)

20

(sin(V¥ -

—0.001

40

Res(Wq)

W4 azimuthal angle of impact parameter

%10° x10°
- STAR 10%-80% [ -
A a0 A
| —real 30-
| —BG (fit)
| - BG (mix) 20|
[real-BG (fit) [
I (@) P (b)
[ R N b, "
1.1 1.11 1.12 1.1 1.11 1.12
| A i K —zero BG

- -BG of a+BM

M. [GeV/c”]

1. Niida, 2nd Forward Workshop

1.11 1.12

M. _ [GeV/c?]

L

beam direction (z)

STAR, PRC76, 024915 (2007)

- Impact parameter direction determined by spectator deflection

S. Voloshin and TN, PRC94.021901(R)(2016)

- COM vs. rest frames, ~3%(10%) reduction at low(higher) pr

W. Florkowski and R. Ryblewski, PRC106, 024905 (2022)
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» Extend measurement to = and () hyperons
v different spin, decay parameter
v less feed-down
v different freeze-out
v # of s-quarks

» Challenge: small an (low sensitivity), low production rate

1. Niida, 2nd Forward Workshop

Multistrange hyperons: = and ()

dN 1
= — (1 +agP7 - p7
hyperon decaymode — an 9% spin
ASmdelin =
Auds) A7PT 0732 0613 1/2
—_ =N\ .
= (dss) m o -0.401 -0.6507 1/2
_ Q= /A\K-
O (sss) 27 00157 202 32




Multistrange hyperons: = and ()

» Extend measurement to = and () hyperons = — (14 agP% - ph)
v different spin, decay parameter d{)* 47
v less feed-down magnetic

hyperon decay mode  QH moment vy SPIN

v different freeze-out Afuds) AP 0730 0613 1/
v # of s-quarks J (BR: 63.9%) | '

— ==\ _ _ y
» Challenge: small an (low sensitivity), low production rate |~ (dss) 0.407 -0.6507 /2

(BR: 99.9%)

_ Q= AK-
(O (sss) G20 00157 202 32

» Polarization of daughter A in = and () decays
T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

P} = C=-2Pz = 5 (1 +27=) PL. o’ + B2+ 47 =1

T. Niida, 2nd Forward Workshop 26



Multistrange hyperons: = and ()

» Extend measurement to = and () hyperons o — 1 (1+agPl -ph)
v different spin, decay parameter d{)* 47
v less feed-down magnetic

hyperon decay mode  QH moment vy SPIN

v different freeze-out Afuds) AP 0730 0613 1/
v # of s-quarks J (BR: 63.9%) | '

— ==\ _ _ y
» Challenge: small an (low sensitivity), low production rate |~ (dss) 0.407 -0.6507 /2

(BR: 99.9%)

_ Q= AK-
(O (sss) G20 00157 202 32

» Polarization of daughter A in = and () decays
T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

P} = C=-A\P5 = 5 (1 +27=2) PL.

P} = Co- 2Py = ¢ (1 +470) P§,.

Ya is unknown  dg, Bok1 = yo~=+1
Polarization transfer factor Con  Coa =~ +1 or — 0.6

T. Niida, 2nd Forward Workshop 26



Multistrange hyperons: = and ()

» Extend measurement to = and () hyperons o — 1 (1+agPl -ph)
v different spin, decay parameter d{)* 47
v less feed-down magnetic

hyperon decay mode  QH moment vy SPIN

v different freeze-out Afuds) AP 0730 0613 1/
v # of s-quarks J (BR: 63.9%) | '

— ==\ _ _ y
» Challenge: small an (low sensitivity), low production rate |~ (dss) 0.407 -0.6507 /2

(BR: 99.9%)

_ Q= AK-
(O (sss) G20 00157 202 32

» Polarization of daughter A in = and () decays
T.D. Lee and C.N. Yang, Phys. Rev.108.1645 (1957)

P} = C=-A\P5 = 5 (1 +27=2) PL.

C’:—A — —|—0944
P} = Co- 2Py = ¢ (1 +470) P§,.
Daughter A polarization can be used to know Yais unknown o, Bo<1 = yo~+1
parent particle polarization! Polarization transfer factor Con  Cqa = +1 or — 0.6
26
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Collision system size dependence of P,

TN (STAR), QM2022

— 1 —
>
- - Isobar \s,, =200 GeV T S. Alzharani, S. Ryu, and C. Shen, PRC106, 014905 (2022)
AN B ‘my 0.5 7 I I | T T T I T l T I
E.'I _ STAR preliminary : es Pl — oot _
£ * Ru+Ru&Zr+Zr, A+A 04~ nT/(e+ P) =008 | .
A, i — I’ M| nT/(e + P)=10.16 -
[RN Au+Au 200 GeV, A+/i bs #  STAR -
P | + Pb+Pb5.02TeV, A+A S [ e =05 GeV/fmd :
Q (ALICE) % i = oL w=04fm + k
=~ - o= - Wl + SIP(BBP)

- x RRE: ==

" i :
- ¥ % I
- a5 9 0.0 =g ...,
0 _ ______ o E + Au+Au©200 GeV (a)
B 0.1 ! ! ! I ! ! ! I ! ! ! I ! ! !
0 20 40 60 80
- 0.5<p_<6 GeV/c, ly I<1 a,=-0,=0.732+0.014 Centrality(%)
T
I I I I I I I I I I I I
0 20 40 60 80

Centrality [%]

e P,o>from Isobar data comparable to Au+Au and Pb+Pb

» There may be a small system size dependence, rather than energy dependence

e Additional constraint on the specitic shear viscosity

1. Niida, 2nd Forward Workshop



Polarization along the beam direction

F. Becattini and I. Karpenko, PRL120.012302 (2018)
S. Voloshin, SQM2017

aH. hyperon decay parameter

dN
d{)*

(cos07)

1
47_‘_ (1 -+ OzHPH pp)

/ jTN cos 6, d§2”

ay P, ((cos «9;)2>
(cos07)

oy ((cos 0%)?)

3(cos 07 )
'H

(if perfect detector)

6. 6 of daughter proton in A rest frame

Stronger flow In in-plane than in out-of-p
makes local vorticity (thus polarization)

1. Niida, 2nd Forward Workshop

ane, known as elliptic flow,

along beam axis.
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Polarization along the beam direction

F. Becattini and I. Karpenko, PRL120.012302 (2018)
S. Voloshin, SQM2017

dN 1
10~ ap LT enPE Py
y dN
@ £ 4 <COS(9;> :/dvcosﬁ*dﬂ*
,\ f\ = ag P, ((cos 6’;)2>
f\‘ Jf : . P _ <COS (9;>
= R P Galleos 67
- = . X 3(cos 07 )
> — (if perfect detector)
('H

aH. hyperon decay parameter
6. 6 of daughter proton in A rest frame

Stronger flow in in-plane than in out-of-plane, known as elliptic flow,
makes local vorticity (thus polarization) along beam axis.

T. Niida, 2nd Forward Workshop 28



Pu In 1sobar collisions

picture from P. Tribedy (QM2022)

* |nitial B-field (|B|?) difference is 10-15% between Ru+Ru and Zr+Zr

e System size dependence predicted: longer lifetime dilutes the vorticity
S. She et al., PLB788(2019)409

A vs. anti-A\ In Ru+Ru Isobar vs. Au+Au for A

2 | | | | | | | | | | [ | I | | 2 | | | | I | | | | | | | [ | |
 STAR Preliminary ] :  STAR Preliminary A ]
Ru+Ru \s,, = 200 GeV | ® Ru+Ru
= A 1 ] -+ Zr+Zr I ]
1 __ A H 1 __ il O Au+Au I B
. " 1 Centrality _ - il - Centrality -
'O\_O| | i | 2050% | '03' I % 2y E | 20-50% |
R e '.'
T R . < "
X 501
TR SRR R C e
O‘ﬁ ______________________________________________________ S _ 0\% ............................................ $ __________ I —
- T : " Say = 200 GeV T
1L TR NI TR A N R R H | 1L T NI T TR NI BT H |
0O 10 20 30 40 50 60 70 80 0O 10 20 30 40 50 60 70 80
A R ” C o Centrality [%] Centrality [%]
Py" < P\ = PyT < Pyt < Py 7 X. Gou (STAR), QM2022

No significant difference between A-anti/\, isobar vs. Au+Au -
1. Niida, 2nd Forward Workshop



A possible probe of B-fie

Id

Becattini, Karpenko, Lisa, Upsal, and Voloshin,

McLerran and Skokov, Nucl. Phys. A929, 184 (2014)

PRCIS.054902 (2017) |. Upsal (STAR), QM17 e 10
1 w:- upnB : X I Au+Au 20-50% 5
Py ~ 9 T: | T " - ? @ this study 0.1
lw' B : < 10~ O PRC76 024915 (2007) 001
]
PR =~ Yo T : E:.z I STAR preliminary 0.001
I- e e e - -| 5 — 0.0001
ua. /A magnetic moment i p 1075
£'] E# E+1 fo1 10°
B = (Pr — P)T/(2up) 1 e At E+] """"""""""""""" DL]
1077
~ 2 x 10 [T] — '1'0 — “']E B " yroupper limit from APH
eB ~ 10~ *m? sy (GeV) Conductivity increases lifetime.

APA~0.5%, T=160MeV

e Based on thermal model,

3-field at kinetic freeze-out could be probed by A-anti/A splitting

* Current results are consistent with zero (except 7.7 GeV)
e But the splitting could be also due to other effects...

1. Niida, 2nd Forward Workshop
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