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Motivation )

1. Probing the properties of hadronic phase

lastic Collisions
enta change,

|ds fixed T
K* K * Resonances have different
on: pseudo-elastic short lifetimes similar to

rough resonance state . "g' Hadronic phase
n resonance Yyield =
o o - allows the study of
- Q) . .
2 !oropertles of hadronlc_ phase
- —> in terms of regeneration
and re-scattering effects
ng: elastic scattering — - estimate the duration
mass peak between chemical and

esonance Yyield

T Kinetic freeze-out
—<_

—

pseudo-elastic scattering
ent resonance state Free Hadrons
of original resonance

Lifetime(fm/c): p(1.3) < K*9(4.2) < 2*(5.5) < A*(12.6) < =*(21.7) < ¢(46.4) HaPhy2021



Motivation .

2. Strangeness production & wg 0 00 EDJEHJEHJEHIHJ
4\210—1 M .
* Resonances have same quark S ittt © Hﬁm
content as the ground state particles, < b it
but different masses § H@M@@ d [H]mux@
- help to understand strangeness _ ﬁ)g!“ﬂ
production by factorizing mass and
strangeness related effects 102! H% 3 i [H]jﬁ“ﬂﬂﬁﬂqj
Q +Q (x16) .

3. In-medium energy loss

ALICE
® pp Vs=7TeV Nat Phys. 13 (2017) 535-539 |
O  p-Pb, |5y, =5.02 TeV PLB 728 (2014) 25-38
[]  Preliminary Pb-Pb, |'s,,, = 5.02 TeV

4. Spin Alignment

10_3_I IIIIII| | | IIIIII| | | IIIIII| I_
10 102 103
(chh/dn)m|< 0.5

5. Chiral symmetry restoration

Jihye Song HaPhy2021



Resonances (particle & decay) |,

quark Decay B.R
content modes

quark Decay

content modes

p(770)° 2(1385)+ 87
K*(892)° 2(1385)- dds NTT 87
K*(892)= NA(1520) uds pK- 22.5
f0(980), =(1530)° uss =T+ 66.7
f2(1270)

- _ NKF
K*0.2(1430)0 =(1820)+:0 Kol X(IELS unknown

0,2( ) ( ) (uss) (AKOY)

¢(1020) Q(2012)~ SSS =*¥K0%  unknown

Lifetime(fm/c): p(1.3) < K*0(4.2) < £*(5.0-5.5) < A*(12.6) < =*(21.7) < ¢(46.2)
Jihye Song HaPhy2021
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Particle ratios: system size
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e Suppression of K*0 is observed in different collision systems from

Jihye Song

various experiments (NA49, NA61/SI

INE, STAR)

- more suppression for larger collision systems

Eur. Phys. J. C (2020) 80:460

J. Phys. G: Nucl. Part. Phys. 30 S577 HaPhy2021



Particle ratios: system size .

= Y NAG61/SHINE: p+p(GCE), x-shifted =
o2 15 & NA49: p+p(GCE), x-shifted QO 1+
o i P e i
© Z H(1020)
& . x> "
= I <
2 ' ‘Q' n 5
L . Pb+Pb T B
v 0.5 Xt A(152
< D+P \Z/ K (892) #K(ng)o +z (1520)
0.5 A "
C+C Si+Si ; _
NAG1/SHINE (fit A): p+p(CE) L (b) Pb-Pb
0~ @ NAB1/SHINE (fit B): p+p(CE) 0 . - - . PR S S S
] NA4S (fit A): p+p(CE), C+C & Si+Si(SCE), Pb+Pb(GCE) ”
B NA49 (fit B): p+p(CE), C+C & Si+Si(SCE), Pb+Pb(GCE) 1 10 10
1 1 11 1 1 ! | 1 1.1 l’l I 1 L 111l -
1 = e . T [fm/c]
N,)

e Suppression of K*0 w.r.t. the statistical Hadron Resonance Gas
Models(HGM) is observed for heavier system

e Suppression of A(1520) while no suppression for ¢ w.r.t. the HGM
from NA49 measurement

) Eur. Phys. J. C (2020) 80:460
Jihye Song NA49, Phys. Rev. C84 (2011) 064909 HaPhy2021
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Particle ratios: energy dep.

M. Nasim, J. Zhao(SQM2019)
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K*0/K and ¢/K ratios have
been measured at
different energies in STAR
and ALICE

- NO clear energy

dependence from RHIC to
LHC

PLB 802 (2020) 135225 HaPhy2021



Particle ratios: energy dep.

8
8 : _ S : O¥ 06k Grand Canonical _
— ] P*P * e Thermal Model
- O P+P i 3 '
- ALICE
X 06| 4 STARAusAu O o4} '
¥ |y STARp+p | 1 oal . 3
0.4 I- A J\/, i = L Te u
N v i ) ¢ !
B m A 7 [ % S Y * B ﬁ
0.2 | * . 1 O pp + Cu-Cu :
- - 0.1F ¢ d-Au & Au-Au -
: : _ L p-Pb = Pb-Pb |
0 — o ‘ 1 . ol vl 0 aend ] ]
10 107 10 102 10° 10°
\'Syy (GeV)
\ISyy (GeV)

e Flat behavior in wide range of energy for small collision systems

* Yield ratios for central Au+Au and Pb-Pb collisions are
significantly lower than the pp collisions

Phys.Rev.C71:064902,2005
Jihye Song PHYSICAL REVIEW C 102, 024912 (2020) HaPhy2021



Particle ratios: energy dep.

9

HADES Phys.Lett.B 778 (2018)

¥ [ ol -
i Grand Canonical T
¥ - 2{+KICI 30.2_— e Thermal Model -
= A t;:.Pb : : ; ’k T, =156 MeV
O () :+‘NA49 i ;'E' 1[ H' 11 i
5 2 0,4F STAR - : | ¥ B -
, RO H PHENIX ALICE - -
b AR ““ 0.05— 0 pp Py CU‘ u_
. | _JEEE ** i » d-Au e Au-Au
S ' - O p -Pb = Pb-Pb -

0 S T . olosl vl
3 4 5 678 10 10 10 — éo“v
s\ [GEV] e €150

* Hlat behavior in wide range of energy (~10-104 GeV)

* |ncrease for low energies due to canonical suppression
- reproduced by statistical model calculation with strangeness
correlation radius parameter Rc = 2.2fm

Phys.Rev.C71:064902,2005
Jihye Song PHYSICAL REVIEW C 102, 024912 (20200 HaPhy2021



Particle ratios .

O¥ 051 (a) STAR, \'s = 200 GeV T (b) A-Aand p-Pb Data: Central ]
¥ f * pp ¢ Cu-Cu x Au-Au 1 STAR % pp ¢ Cu-Cu % Au-Au
04._ ..l.'.'..ll.ll..| 1w 1 ]
B Bl T .
[ ¢ ot ©
0.3_ ? ’ llllllll -1 IIIIDIII =
; EPEHJ# og .E .? T ; ¢ O
02F #a T ]
© ALICE, \s, (TeV) ’F . "5 1 t ' s '
01F PP b276 m502 070 1 ALICECpp Op-Pb m Pb-Pb ]
- p-Pb 0 5.02 T wenas Thermal Model T, = 156 MeV _
8-_ Pb-Pb m 276 m 5.02 T h
PR T T [T T TR TN [ TR TN TN NN T ST T T TN TN S Y T SR S N y el ! R A | ! b0 aaal
< | (c) STAR, |5y, =200 GeV | (d) A-A, p-Pband d-Au Data: Central |
_ % pp* X d-Au* ¢ Cu-Cu *x Au-Au* | STAR* pp* X d-Au* ¢ Cu-Cukx Au-Au* |
0.2F 1 . |
1 D
H IIIII.III
[ %3 o o h ¥
0.1F 1 | |
===: Thermal Model T =156 MeV
— EPOISS " EPOS;B w/0 LIJrQMDI | | |
0 2 4 6 8 10 12 3 10° 10° 10*
(chh/d n) \ Sy (GeV)

Jihye Song

o o K*/K

- decrease with
increasing multiplicity
(system size)

- larger in central Cu-Cu
than central Au-Au

- higher in pp collisions
than in central Au-Au
and Pb-Pb

- p/K

- constant as a function
of multiplicity

- slightly larger in Au-Au
and Cu-Cu than Pb-Pb
- independent of
collision energy and
system from RHIC to
LHC energies

HaPhy2021



Resonance to long-lived particle ratios

26 n
g r 0 v p+p =
T ne [ ©
@ 05 i A d+Au o
- ® Au+Au o
g4 — E
ot >
9 Q
- + O
02 4 + ©
5 a Q)
S + ¢ o
01 10°!
0 - l - ‘ — 112 3
10 10 ANy, /dn 10
 No multiplicity dependence of po/m at
RHIC in p+p, d+Au and Au+Au collisions 102
* pY/1is suppressed at LHC with

iIncreasing multiplicity

- qualitatively described by EPOS with
UrQMD

Lifetime(fm/c): p(1.3)

Jihye Song

| T T T | T T
[
| 0
PYm(2.0) | Al ICE Preliminary
¢ p-Pb ysy, =5.02 TeV

O Pb-Pb |5y = 2.76 TeV

SN—"
IIIIII|

% Pb-Pb {5, = 5.02 TeV

¥ Xe-Xe |syy = 5.44 TeV

ALICE
X pp Vs =276 TeV

® pp {s=7TeV
* p-Pb \s\, = 5.02 TeV

B Pb-Pb |5y = 2.76 TeV
+ Pb-Pb |5 = 5.02 TeV

STAR
* pp Vs =200 GeV

W Au-Au |5, = 200 GeV

— EPOSS

-- EPOS3 (UrQMD OFF)

12 14 16

1/3
(chh/d )

HaPhy2021

Phys.Rev.C78:044906,2008
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Resonance to long-lived particle ratios

(D rrerrerp e p ettt | T 17 1T 17T 17T 17 17T T°T1
0.6 [ R T
_ v pip = Y (x12.0) -
K* o " | ALICE Preliminary
0.5 F A d+Au — _ 1 ¢ p-Pbysy, =5.02TeV
- O — - 7
0.4 S ® AutAu [0) - L] - OPDb-Pb |5, =2.76 TeV
. | v + > - K*/K (x2.0) | & Po-Pb {5p. = 5.02 TeV
0.3 :— : ‘ A + : 8 B 1 % Xe-Xe \syy =544 TeV
- ® + T B ) ALICE
0.2 . DG_S X pp Vs =276 TeV
F 10— — ®ppis=7TeV
C.1 : - 1 ¢ p-Pbysy =502TeV
ol | | B | ™ Pb-Pb s =276 TeV

+ Pb-Pb |5, = 5.02 TeV

STAR
* pp Vs =200 GeV

W Au-Au |5, = 200 GeV

Multiplicity dependence of 107 E
K*0/K at RHIC and LHC e T

- smooth trend: 0 2 4 6 8 10 12 14 1/;6
p+p—d+Au(p+Pb)—Au+Au(Pb+Pb) (dN, /dn)

— EPOSS

Lifetime(fm/c): p(1.3) < K*0(4.2)

Jihye Song Phys.Rev.C78:044906,2008 HaPhy2021



Resonance to long-lived particle ratios

L)
% zf ] p+p
x 05 A A d+AU
® Aut+Au
04
0.3 | + . +
oz 4 +A +
0.1
c, L raaal o
10 102 10°
dN, /dn)

e No modification of 2*//\ at d+Au,

p+Pb and Au+Au

* while suppression of 2*/A is

observed in Pb+Pb
- not described by EPOS3

Particle Yield Ratios

—

—
<

1072

\O
S
x
N
| )

ALICE Preliminary

Lifetime(fm/c): p(1.3) < K*0(4.2) < =*(5.5)

Jihye Song

Phys.Rev.C78:044906,2008

K*%/K (x2.0)
1 | /A (x0.6)
o
:_ \P _:
B | T T T e
2 4 6 8 10 12 14 16
(dN_ /dm)™"

¢ p-Pb ysy, =5.02 TeV

O Pb-Pb ysy, = 2.76 TeV

P Pb-Pb \s, = 5.02 TeV

¥ Xe-Xe |syy = 5.44 TeV
ALICE

X pp Vs =276 TeV

® pp {s=7TeV

* p-Pb \s\, = 5.02 TeV

® Pb-Pb |5, =2.76 TeV

*+ Pb-Pb |5, = 5.02 TeV
STAR

* pp Vs =200 GeV

W Au-Au |5, = 200 GeV

— EPOS3
-- EPOS3 (UrQMD OFF)

HaPhy2021



Resonance to long-lived particle ratios

n ? - 8 R LI | LI
8 0.18 . ud -+ S| e T
A Y PP 0
2 016 A A d+A T 4 %‘ S O)— ALICE Preliminary
: TAU - - ] 1 p-Pbysy,=502TeV
0.14 £ ® Au+Au > - 1 O Pb-Pb sy =276Tev
.12 = > B \ K*/K (x2.0) | & Po-Pb {5 = 5.02 TeV
M v Q9 1 % Xe-Xe {5y = 5.44 TeV
0.08 Q
006 [ o0 i ALICE
A& © /A (x0.6) X pp Vs =2.76 TeV
0.04 + A _\
104 1 10— £ —] ®ppis=7TeV
0.02 E_ 1 1 - *@\ 1 ¢ p-Pbysy, =5.02TeV
0 10 102 10° - A(1520)/A | m Pp-Pp |5, =2.76 TeV
dNy,/dn — 4
n | ¥ Pb-Pb ysy, =5.02 TeV
= - STAR
1 * * =
* Suppression of A*/A\ at Au+Au PP 5= 200 Ge
102 — — 1 Y Au-Au\s, = 200 GeV
Pb+Pb - -
- | —EPOS3
0 ] 2| ] 4|- 6| L1 | 8| ] 1|O |1|2| ] |1|4| |16 -=- EPOS3 (UI’QMDOFF)
* A+A: qualitatively described by (AN _/dn)'"
ch

EPOS with UrQMD

Lifetime(fm/c): p(1.3) < K*0(4.2) < 3*(5.5) < A*(12.6)

Jihye Song HaPhy2021

Phys.Rev.C78:044906,2008



Resonance to long-lived particle ratios

I I I | I I
p%m (x12.0

|

ALICE Preliminary
¢ p-Pb ysy, =5.02 TeV

—

O Pb-Pb ysy, = 2.76 TeV
K*%/K (x2.0)

ar Pb-Pb |s,, = 5.02 TeV
¥ Xe-Xe |syy = 5.44 TeV

ALICE
X pp Vs =276 TeV

Particle Yield Ratios

e =*/= and ¢/K: no significant
centrality dependence
across the different collision
systems

—
<

® pp {s=7TeV

I
—=t gt
IIIIIII|vI

¢+ p-Pb \(sNN =5.02 TeV
B Pb-Pb \(SNN =2.76 TeV

+ Pb-Pb |5, = 5.02 TeV

STAR
* pp Vs =200 GeV

W Au-Au |5, = 200 GeV

— EPOSS

T
14 16

1/3
(chh/d )

-- EPOS3 (UrQMD OFF)

Lifetime(fm/c): p(1.3) < K*0(4.2) < £*(5.5) < A*(12.6) < =*(21.7) < ¢(46.2)
Jihye Song Phys.Rev.C78:044906,2008 HaPhy2021



Resonance to long-lived particle ratios

Summary

ALICE Preliminary

o profsy=5021ev  EO/TT, K*O/K, Z*/A and A*/A in Pb-Pb:

%EZ:VV:;;X suppression in central Pb-Pb

. Xe_Xeﬁ”:=5_44Tev collisions indicates dominance of re-
ALICE scattering over regeneration for short

“eefs-276TeV lived resonances

® pp (s=7TeV

Particle Yield Ratios

¢ p-Pb \[sNN =5.02 TeV

“rorlan2neTr =% /= and ¢/K: no significant

+ Pb-Pb |s, = 5.02 TeV _
STAR centrality dependence

* pp Vs = 200 GeV

3 Au-Au |s = 200 GeV

— EPOSS

5 == EPOS3 (UrQMD OFF)

Lifetime(fm/c): p(1.3) < K*0(4.2) < £*(5.5) < A*(12.6) < =*(21.7) < ¢(46.2)
Jihye Song HaPhy2021



Problng the hadronic phase

v T T - l TN
O 0.6 ok /K ALICE | | E
I - o Pb-Pb2.76TeV -
b O o p-Pb5.02 Tev ——
O m e Pb-Pb5.02TeV —
Q M e ppINELS.02 TeV o
S
o 0.4
0.2
GSI -Heidelberg (T, = 156 MeV)
—— EPOS3 ...EPOS3 w/o UrQMD
1 1 1 I | | | | I | I |
00 2 4 6 8 10 12
<dN /d )Inl <0.5

[K*/K]kinetic(pPb, PbPb)

1 I 1 I I 1 I I—
ALICE y'sNN = 5 02 TeV .
> Pb-Pb ]
0 p'Pb O __
i ]
| -
cl' 1
:,.L: I ]
. )
o :
D ——:
L)
m] _
| | 1 T B .
2 4 6 8 10 12
dN /d
< ch nlab)lrl I <05

=[K*O/ K]Chemical(pp)x eV T

e Estimate the time duration between chemical and kinetic freeze-out
from the measurement of K*0/K ratios in Pb-Pb and pp collisions

- found to be ~4-7 fm/c for central collisions

Jihye Song

PLB 802 (2020) 135225

HaPhy2021
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Strangeness in small system

What causes the enhancement?

o - ] mass vs. strangeness
o E i Vs=7TeV .
EZ 2" C.)S-pr, \/§7N =5.02 TeV EH: Eﬁf_
< - Eﬂj - Ground state
= s=1: A(1116)
c s=2: =(1320)
s=3: Q(1670)
Resonances
s=1: 2*(1385)%, A*(1520)
s=2:. =*(1530)°

s=3: Q(2012)%

Jihye Song HaPhy2021



Strangeness in small system

x10 > 1 x10 *
TT\ -I""lvlvvlvrvvlvrlvlvllvvy-' R :IIIT] l]l‘lll] IIII Il]ll‘l IIIITIIIE
£ 10 - GSl-Heidelberg model ® ALICE, p-Pb, |8, = 5.02 TeV| 2 45F ALCE p-Pb, s =5.02TeV ]
*i:g [ T = 158 MeV © ALICE, pp, s =7 TeV (INEL) 2 - @ An #KOUn(x0.1)
— | ...e. p-Pb, DPMJET | © 4 4
ﬂ 8t » STAR, d-Au, \f;m = 200 GeV _| x N H ﬁ WE"n ¢ dx(x0.1) .
= .o pp. Pythiag | _ |
L' |N 7 STAR, pp. Vs = 200 GeV ] 35 - pp, UE =7 TeV (|NEL} .
.T'+ 6F | . ) 3 :_ H H * A'lm _:
o) [ " E : . + oMl EPOS v3.107 ]
- H : 2.5 E U . || p-Pb, With Cascade
4 i - : | 5 N —— pp, With Cascade  _
2 ! e | 1.5} ﬂ H H ]
| ‘ o E
Ol e ,ll - Unceriainties: stat. (bar), sys. (box), uncorr. (shade) -
3 - ol do o de s sd o dee s de e d ol
0 10 20 30 40 10 0 10 20 30 40 &0 60 70 80
(dN Idn
ch nlab mmbl <05 <chh/dn|ab>|-a;m| <05
2(1385)=: A(1520): =(1530)0:
- Same strangeness content as A\ - Same strangeness content as A\ - Same strangeness content as =
- Mass is similar to = - Mass is larger than = - Mass is between = & Q
- 2*/mt is compatible with A/mt - \*/1t is compatible with A/t - =*/1t is compatible with =/mt

Increases in small system is not related to mass and is due to

Strangeness content
Jihye Song Eur. Phys. J. C (2017) 77:389 Eur. Phys. J. C (2020) 80:160 HaPhy2021




Strangeness enhancement

_ I IITIII] T rrrrrr T T I]llITI T T Illl'l]
B - ™ .
F o ONOLEIERANE 04 & wodekd gg 00 (X6)
° i ¢ ]
3 | omeeemdiecs & ¥ P 2K
=10 [ -
2k MQI]QWIH B EEEEEE,, )
— * | ’
s vaasoid?t @ % Bieanee)
Cct‘g e (UETFET
- ﬂ‘gﬁ" 1 l% . '* £ = +Z (x3)
_2 — n?\" : | . N t
102 - o i t § oW Q4 (x12)
T ) i *@J 5 q u | | .
g .-‘{E,QJ - ]
C L U -
" po ‘
}* Al [CCF Praiminary i
ALICE @ pp ts=13TeV
a O pp, \s =7 TeV W PL-PD,\s,, = 5.02 TeV (K A, Z,Q)
107 F 0 pPb.ys,,=502Tev * Xe-Xe,\s,, = 5.44 TeV =
- B Pb-Pb,\s,, =502TeVip, ¢) 4 p-Pb,\s, =8.16 TeV 7
el sy e sl : TR |
10 10? 10° 10
<’chh/d n>|n|< 0.5
Jihye Song

Smooth evolution vs.
multiplicity in pp, p-Pb, Xe-Xe
and Pb-Pb collisions from
different energies

Strangeness enhancement
Increases with strangeness
content

- what about ¢ meson?

HaPhy2021



Strangeness enhancement: ¢

I/‘\ I I I L l I I LI l
R — VO multiplicity classes .
+:_: 0.012 | Uncertainties: stat.(bar), syst.(box) - ]
= - GSI-Heidelberg ' Jl -
B T, =156 MeV t .H [
0.01 c % i
B [ mﬂ' ﬁ. i
0.008 [— % H H #H% Hﬂ% ' ' _
0.006 — ﬁ —
L ALICE Preliminary ALICE .
~ ¢ Xe-Xe \syy =5.44TeV Pb-Pb \s =276 TeV 7
0.004 ~  m Pb-Pby\s, =502TeV & p-Pb\sy =5.02TeV 7
' . e ppVs=13TeV i
| | | L 1 111 I | | | L 1 1 11 I | | | | I I | I |
2 345 10 20 10% 2x10? 10° 2x10°
<chh/dn>|n |<0.5

* ¢/m(|S|=0)/(|S|=0)
- large systems: described by thermal model
- small systems: increase with multiplicity

Jihye Song HaPhy2021



Strangeness enhancement: ¢ |

ALICE Models: pp 13 TeV -.. EPOS-LHC
+Pb—Pb2.76 TeV —PYTHIAG6 Perugia 2011 DIPSY
»p—Pb 5.02 TeV  ...PYTHIA8 Monash 2013

2

epp 7 TeV —PYTHIA8 Without CR
"pi3TeV GSM(T,-156 MoV) * ¢/K (IS|=0)/(ISI=1)
@ or - - flat orslightly i_npreasing at
= =0 X 2 lowest multiplicities
oC £ . >
L bbbtk - suggest ¢ behaves likea S 2 1
(0] [
g Ir bikd : .. - particle
(O i
ol I ]
0.57 1 * =/¢ (SI=2)/(|S|=0)
047 | -increase for low multiplicity
0.3 collisions
0.2} - fairly flat across wide multiplicity
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0.1 .
! 1 * The ¢ has “effective strangeness”
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Nuclear modification factor (Raa)

Raa helps in understanding the evolution of parton energy loss in the medium

Centrality dependence
L T S .. S Raalpr) = —
_ - Pb-Pb {5 = 5.02 TeV Yieldpp(pT) X<Ncory

Yieldaa(oT)

- pTt< 5 GeV/c

- Raa of K*0 is lower than ¢

{ - dominance of re-scattering
| effect

* pT > 6 GeV/c

- Raa of K*0 and ¢ are
comparable within
uncertainties

- suppression due to parton
| _ | energy loss

0 5 10 15 200 5 10 15 200 5 10 15 20 - pronounced suppression in
the most central collisions
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Nuclear modification factor (Raa)

Center-of-mass energy dependence

ALICE, Pb-Pb + ALICE, Pb-Pb

K*O L 1 I:J q)
_ o |5y =5.02TeV 05;% % _ o {5y =5.02TeV
| ] - KN

o \Syy=2.76 TeV

o \Sy=2.76TeV

5 10 15 20 O 5 10 15 20
pT(GeV/c)

- Raa values for \/snn = 5.02 TeV are compared to the values at /snn = 2.76 TeV
- No significant differences for both the K*0 and ¢ are observed

- measurement of other mesonic and baryonic resonances (p(770)°, A(1232)++,
2(1385), A(1520)) are required to further support

Jihye Song ArXiv:2106.13113 HaPhy2021



Nuclear modification factor (Raa)

-----------------------

ALICE
Pb-Pb \/S—NN =5.02 TeV
ot +
s KN+ K
*pPp+p
K0
* ¢

¥ - g
| iy

Intermediate-pt(2 < pt1< 8 GeV/c)

- baryon-meson splitting

- hint of mass ordering among mesons
- higher Raa values for proton (might be due

to baryon-meson effect)
Jihye Song

High-pt (>8 GeV/c)

- similar suppression for different light

flavor hadrons
- No flavor (u,d,s) dependence

ArXiv:i2106.13113

HaPhy2021



Spin alignment .

Resonance production contributes spin alignment in heavy-ion collisions

Experimental observable

o 1
o 7 dN
y / — o (1 = ppo) + (3poo — 1)cos’6*
4 d(cos8*)

poo: Element of spin density matrix
if poo = 1/3, No spin alignment

e [arge angular momentum [1] and intense magnetic field [2] is expected in
initial stage of heavy-ion collisions
- spin alignment of vector meson could occur

[1] F. Becattini et al.,Phys.Rev.C 77 (2008) 024906
[2] D. E. Kharzeev et al., Nucl.Phys.A 803 (2008) 227

Jihye Song Nucl. Phys. B 15, 397 (1970) HaPhy2021



Spin alignment: poo VS. pr

0.40

2035

X ga0

0.25

544 CeV

200 CeV
e TFCEP
O 3 rancam

+ TPC FF Au+AU, T0-50%

T 3D random

RHIC

STAR Prelimingry

& .
b ..

p('ﬂ

04

0.38—
0.36—
0.34
0.32

0.3
0.28
0.26

™
+r 11

®- The Ist-order EP

—e— The 2ud-order EP
1 | l L 1

1 2 3

- poo<1/3 for K*0 and consistent with 1/3 for ¢

LHC

- spin alignment (poo<1/3) of vector meson in heavy-ion collisions at low pt
- no spin alignment for vector meson in pp collisions

- no spin alignment for spin 0 hadron (K9%)

Jihye Song
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AR { Ry
). 1F .
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¢ P Gev.'g'i H B ﬂ 0.3
2F . 0
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C. Zhou / NPA 982 (2019) 559-562
PhysRevLett.125.012301 (2020)
NPA 1005 (2021) 121733 HaPhy2021



Spin alignment: poo VS.<Npart)

SN Production plane Production plane
0.5F K*O -+ o -
.- =1/3
1000
0.4F ﬁ + .
. ‘HE ....................... b ﬂ, ............. -
0.2} g T Pb-Pb, (S, =276TeV
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3.0 = p_ <5.0 (GeV/c) ©3.0 = p. <5.0 (GeVic)
< 05 Event plane Event plane  ALICE
" K’ e0.8=p_<1.2(Gevic) ¢ lyl <0.5
0.4} 3.0 < p. < 5.0 (GeV/e) 4+ Eﬂ: Eﬂ, -
i _
0.2 * + ﬂ .
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PhysRevLett.125.012301 (2020)
NPA 1005 (2021) 121733

0.40

STAR Preliminary
Au+Au, 1.0 <p_< 15 GeVie

TPC-EP
* 54.4 CaV
® 200 GeV

0.35

0.30

omsl 1
1

100

L |
300

b
part /

spin alignment (poo<1/3) of
vector meson in heavy-ion
collisions at low pr

Poo ~ 1/3 at high-pt

poo ~ 1/3 in central and
peripheral collisions
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Spin alignment: poo vs. energy .

STAR Prelimnary, 10-60%, 1.2 <p_<5.0 GeV/c 0.4
® Au+Au '
. - ™ . T i i ¢
03— | - - . @ + o -
S ™ Q
OQ. m W Il Qo 0 3_ A
4 * ¢ &
- - STAR Preliminary, 20-50%, p_ > 1.2 GeVic
0.2 L ® Au+Au ! .
K*o <50
ALICE, 10-50%, 0.8 < p, < 1.2 GeV/c ALICE, 10-50%, 0.8 < p, < 1.2 GeV/c
m Fb+PL 0.2~ ™ Pb+Fb
] L1 | ] b 333l paaal L1 ! L1 ]
10 10° 10° 10 10? 10°
\'Snn (GEV) \'Syn (GEV)
Jsnn =11.5-200 GeV/c

- low-p1 and in mid central collisions is smaller than 1/3
- N0 beam-energy dependence is observed

* ¢ pPoo
- larger than 1/3 at RHIC energies (~ 30 significance at 200 GeV)

- smaller than 1/3 at LHC energy (~ 20 significance)
PRD 101, 096005 (2020)
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Conclusion .

* Hadronic resonances are valuable probes to study the properties of
hadronic phase and strangeness production (in medium energy loss,
spin alignment, chiral symmetry restoration, etc.)

. In large collision systems
- dominance of re-scattering over regeneration
- NO suppression observed for the longer-lived resonances

e Enhancement of strange baryon with multiplicity is due to strangeness
content
- confirmed by comparing ground state particle & resonances

e High-pr particle suppression is observed for Pb-Pb
- No flavor(u/d/s) dependencies (ground state particles & resonances)

e Spin alignment (poo<1/3) of vector meson is found in heavy-ion
collisions at low ptin mid-central Pb-Pb collisions

Jihye Song HaPhy2021
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Chiral symmetry restoration: =(1820)

Counts/(10 MeV/c?)

&> F
O osp
>
()] B
= 04r
o [.
E :.a 1.5< pT <20 GeV/c lyl < 0.5 ]
EE; oo E(1820)+E(1820)*>AK +AK" E
O [ —— Signal: AK+AK" ]
0.1— —
- —— Background: AK'+AK :
q..GI = I1?7I = I'1?8I = I1!9I = I2II = I2!1I = I2?2I = I2I3I = I2-4
M, (GeV/c?)
— T T T T T T
=) °
= [ S$=-2 FASTSUM -
E+ 14} _
= | ]
=) .
€12 » ='(0)—z(1820) -
] = (+)=>=(1530) 7
l beme s cscocs e sccsscscsnsscsscsnssscncssseohlecs) -
1 l 1 | ! | N | !

G. Aarts et al., Arxiv: 1710.00566v1 T/Tc

Jihye Song

X
—IIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIII I

pp \/_—13TeV INEL > 0
1.5<p_ <20 GeV/e, lyl <0.5

=(1 820) +E(1820)" >AK +AK*

+ + ALICE Preliminary '

—Residual Background
--Breit-Wigner fit

1.85 1.9 1.95 2 2.05 2.1

M, (GeV/c?)

First measurement of =(1820) from a collider
experiment

Calculation from FASTSUM Collaboration shows
potential parity doubling

- signature of chiral symmetry restoration in
heavy-ion collisions

- expected signal: mass shift, width broadening or
change in vield ratio between =(1820) and =(1530)

HaPhy2021



Nuclear modification factor (Rpa)

3 |

2_

Rpr

' |
|S =5.02TeV  (b)
t+mn OK® Ap+p

| ALICE, p-Pb, NSD

5. = 8.16 TeV
VK'+K  mO¢

-05<y <0

¢

I I
\Syy=5-02TeV  (c)

E 4+ Z
Q +

T

1l
+

Ql 1
b

Klirml

Intermediate-pT (2 < pr< 8 GeV/c)
- mass dependent for strange

baryons

Jihye Song

10 15 20 0 5
P, (GeV/c)

High-pT (>8 GeV/c)

- no suppression for different light

flavor hadrons

- No flavor (u,d,s) dependence
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Strangeness production

INEL

I I
ALICE

Q.

o) i

B 2_0pp,\@=7TeV

c | Op-Pb, sy, =5.02 TeV
~ : ®p

B . H A

~—

=

C .
\ Increases in small system is related to Strangeness content I
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