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Introduction
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Structure of Matter: An Ancient Quest

Empedocles:
four elements ---
fire, air, water, earth

A ~

Democritus:
atomic hypothesis

Empedocter

—E=
=ERY

All matter is made from a set of fundamental entities
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Exploring the Heart of Matter

The physical world has a hierarchy of structures.

molecule
+ +

matter

«< \'

atomic nucleus proton

G0

e

[a trillionth of a mm]

neutron

1
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atoms

Blectron

[a millionth of a mm]

Most basic
entities:
quarks
and

gluons. q
nuclear

force g

Quantum q
Chromodynamics
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Standard Model of Elementary Particles
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Quantum Chromodynamics (QCD) LIC\/V\

Quantum Chromodynamics (QCD)

The fundamental theory of strong nuclear force:
QCD, a non-Abelian gauge theory of quarks and gluons

L =9 — M — gA,G*) — ;FLFg,

F = 9#AY — 3" A* (g fape AL AP

. z j . : c >< 0

i b o1

Asymptotic Freedom: coupling becomes large
at low energy or long distance scale.

Q)

Nobel Prize 2004

=QCD  (MZ)=0.1189£00010

10
Q[GeV]
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Chiral Symmetry
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Figure: Spontaneously broken chiral symmetry in the vacuum is a

fundamental property of QCD
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Phase Diagram of Water
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QCD Phase
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(a) Chemical Freeze-out
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Opening up new dimensions:
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Vacuum

Quark-Gluon Plasma
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Heavy lon Collision

.. . .. final detected
Relativistic Heavy-Ion Collisions particle distributions

made by Chun Shen fr'::'::i_"‘auf
Hadronization
- ‘ Initial energy
density

I

collision
overlap zone

i}
;

viscous hydrodynamics free streaming

collision evolution
t~0fm/c T~1fm/c T ~10 fm/c T~ 10 fm/c

Quark-gluon plasma is created in such collisions!
The hottest matter!
The most perfect fluid!
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Heavy lon Collision L‘@/\

R |
eB, [fm™?]
B 4 !
" 7’ 0.1
- b ; 001
£ 0001}

-4 [
Reaction plane 10

105}

. . | 7 [fm]
05 1.0 1.5 20

Strongest EM fields

icture fi UrQMD .
pieture from UrGMP | 3rgest local rotation

11/ 49



Spin @ Chirality, Vorticity and Magnetic Field
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The interplay of spin with chirality/vorticity/magnetic field =
many novel phenomena
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Dirac fermion in rotation & B field Ll@/\
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0.1 Rotational
magnetic
O 2 inhibition
125 2
QR[x107%  * 1001 eB[A”]
(1) eB increases —» M increases: Magnetic Catalysis
(2) eB increases — M decreases: Inverse of MC

Chen, Fukushima, Huang & Mameda, PRD2016
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Quark Matter in Strong Magnetic Field
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Chiral Magnetic Effect JQN

Figure: The triangle diagram involving the charged chiral fermion loop, a
composite axial or dilatational current, and two external gauge fields.
Prog.Part.Nucl.Phys. 75 (2014) 133-151

eZ

J=—usB
27_[_2 M5

15/ 49



Chiral Magnetic Effect JQN

Chiral Magnetic Effect
AVFED: Anomalous-Viscous Fluid Dynamics

A g Ne@? A gt NQ?
D,Jgp = -|-WE“B“, D.J; = —WEuB“

CME

I = ngut vt D@ pgBr
Viscous Effect
Abd (v)) = =2 [() — (1K) ns)

(K)ns = 3TA™D, (5) + SQE"

Ji'=nput v} Wr ,uLB”
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Chiral Magnetic Effect C@
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Chiral Magnetic Effect

BN d3N N 1

E

= = — X
dp®  prdprdyd¢  prdprdy2m

142 an(pe,y)sin (n (6= Vn)) +2 ) va(pr,y) cos (n (¢ — V)

n=1 n=1

v = (cosApjcosApj) — (sinA¢p;sinAp;) = kvoF — H
d = (cosApicosApj) + (sinA¢;sinA¢;) = F + H
F: Bulk Background H: Possible CME Signal
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Isobaric Collisions: 28Rug®Ru vs. 23Zr)8 Zr JQN.

New opportunity of potential discovery: Isobaric Collision @ RHIC

Koch, et al, arXiv: 1608.00982

Ruthenium Ruthenium

ﬂg Zr Charge Asymmetry
Correlation Measurement
Key idea: contrasting )
two systems with Background EESIGRSI RuRu

identical bulk,

varied magnetic fields. ZrZr
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Event Selection for

Initial Conditions

Ne) (%)

the Isobaric Collisions: Insights from
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Figure: The relative difference in eccentricity A({ey) (left) and projected
magnetic-field-strength-squared A(Bs,) (right) between RuRu and ZrZr,

with conventional centrality event selection.
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Event Selection for the Isobaric Collisions: Insights from

Initial Conditions
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Figure: joint (multiplicity + elliptic-flow) identical event selection
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Isobaric Collisions: 28Rug®Ru vs. 23Zr)8 Zr JQN
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Figure: The relative difference in eccentricity A(ep) (left) and projected
magnetic-field-strength-squared A(Bs,) (right) between RuRu and ZrZr,
with the proposed joint (multiplicity + elliptic-flow) event selection.
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Isobaric Collisions:

96 fo,,96 96 7,96
aaRuz, Ru vs. 70Zri0 Zr
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Figure: The absolute difference in correlation observables
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with respect to event-plane

(EP left panel) and reaction plane (RP: right panel) geometry, measured

with post-selection events, for varied signal strength as controlled by

initial axial charge density ns/s.
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- one- 96 f 96 96 7,96
Isobaric Collisions: 73 Ruz, Ru vs. 30Zry5 Zr
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-1.5 Ru—%r ) ) -
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V2 (%)

Figure: Predictions from EBE-AVFD simulations for observables
(Y9270 —49575%) and (65°7°° — §9°7°°) as a function of bin-wise
elliptic flow v, from event-shape analysis with three identical bins for
RuRu and ZrZr systems. The simulation results are obtained with
ns/s = 20%.
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However
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PHYSICAL REVIEW C 105, 014901 (2022)

Search for the chiral magnetic effect with isobar collisions at ,/syy = 200 GeV by the STAR
Collaboration at the BNL Relativistic Heavy Ion Collider

® (Received 31 August 2021; accepted 7 December 2021; published 3 January 2022)

The chiral magnetic effect (CME) is predicted to occur as a consequence of a local violation of 7 and CP
symmetries of the strong interaction amidst a strong electromagnetic field generated in relativistic heavy-ion
collisions. Experimental manifestation of the CME involves a separation of positively and negatively charged
hadrons along the direction of the magnetic field. Previous measurements of the CME-sensitive charge-
separation observables remain inconclusive because of large background contributions. To better control the
influence of signal and backgrounds, the STAR Collaboration performed a blind analysis of a large data sample
of approximately 3.8 billion isobar collisions of j5Ru + 5Ru and j5Zr + 55Zr at /Sy = 200 GeV. Prior to the
blind analysis, the CME signatures are predefined as a significant excess of the CME-sensitive observables in
Ru + Ru collisions over those in Zr + Zr collisions, owing to a larger magnetic field in the former. A precision
down to 0.4% is achieved, as anticipated, in the relative magnitudes of the pertinent observables between the two
isobar systems. Observed differences in the multiplicity and flow harmonics at the matching centrality indicate
that the magnitude of the CME background is different between the two species. No CME signature that satisfies
the predefined criteria has been observed in isobar collisions in this blind analysis.

DOI: 10.1103/PhysRevC.105.014901



However
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FIG. 4. (Left) Elliptic anisotropy v, measurements using different methods in isobar collisions at /5, =
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However
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FIG.7. Aé measured for Ru+ Ru and Zr+ Zr collisions at
/Sy = 200 GeV (upper panel) and the ratio of Ru + Ru to Zr + Zr
(lower panel). The centrality bins are shifted horizontally for clarity.
The border-less horizontal bands denote the statistical uncertainties.
The horizontal bands with the dashed border represent the systematic
uncertainties.
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1.02 STAR /sobar blind analysis, Vsyy =200 GeV, Ru+Ru/Zr+Zr, 20-50%
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FIG. 26. Compilation of results from the blind analysis. Only results contrasting between the two isobar systems are shown. Results are
shown in terms of the ratio of measures in Ru 4 Ru collisions over Zr 4 Zr collisions. Solid dark symbols show CME-sensitive measures
whereas open light symbols show counterpart measures that arc supposed to be insensitive to CME. The vertical lines indicate statistical
uncertaintics whereas boxes indicate systematic uncertainties. The colors in the arc intended to separate di types of measures.
The fact that CME-sensitive observable ratios lie below unity leads to the conclusion that no predefined CME signatures are observed in this

blind analysis.
1.02 STAR Isobar post-blind analysis, Vsyy =200 GeV, Ru+Ru/Zr+Zr, 20-50%
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FIG. 27. Compilation of post-blinding results. This figure is largely the same as Fig. 26 with the following differences: numerical changes
in the results from the new run-by-run QA algorithm are treated as an additional inty added in and two data points
(open markers) have been added on the right to indicate the ratio of inverse multiplicities (V%) and the ratio of relative pair multiplicity

difference (r) as explained in the text.




Quark Matter under Rotation
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QCD with large angular momentum: HIC
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Figure: Off-central HIC

Rotational polarization effect — Anomalous effects: Chiral vortical

effect, Chiral vortical wave. ..



QCD with large angular momentum: Neutron Stars L‘@f\

Figure: Spin Neutron Star.

Rotational Supression of fermion pairing in J=0 (PRL 117,
n0.19(2016)192302) This study (first): isospin matter
Isospin chemical potential: imbalance between the u-flavor and d-

flavor of quarks
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Phase Diagram of QCD for n, # ny d@ﬂ
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Figure: D. T. Son and M. A. Stephanov, Phys. Rev. Lett. 86, 592 (2001)
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Dirac fermion in rotation & B field ng/\

m[A]
03 R =103[A1]
02+
0.1 Rotational
magnetic
O 2 inhibition
125 2
QR[x107%  * 1001 eB[A”]
(1) eB increases —» M increases: Magnetic Catalysis
(2) eB increases — M decreases: Inverse of MC

Chen, Fukushima, Huang & Mameda, PRD2016
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Rotation suppression of scalar pairing
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Description of rotating system

Dirac Lagrangian in
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rotational polarization effect!
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Model JQN

L= —mo+ Eyems)y + G| (B0) + (insTv)’]
- Gv (1;7#7¢)2

Lr=9[(@x %) (—id) +w-§4x4} b
MF approximation:

o= (), m= (QivsTY), p= (pivoTs))
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Model JQN

Q = Gs(o? + %) — G,p?
NN
— fZ/dktz/dkz[Jn+1(ktr)2+J,,(ktr)2]T X

1672
[In (1 + exp(—W)) +1In (1 + exp(w+_(_7_+%)w)>
+1In (1 + exp(—W)) +1In (1 + exp(W))]

wE = \/4Gs27r2 + (\/(mo —2Gs0)2 + kZ + k2 £+ )%, = % +Gyp

L. 99 99 _ 09 _
Gap equation: 75 = 5- = o = 0

37/ 49



o, Channel

Rotational Suppression on Pion Superfluidity

T=20MeV T=100MeV

o i
— w=0 1R Solid:o —w=0
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— w=500MeV 05 — w=300MeV

400 600
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1 (MeV)

Figure: Suppression effect is consistent with (PRL117, no.19 (2016)
192302). inverse catalysis effect

c:s=1,L=1,J=0; m:s=0,L=0,J=0
Rotation weaken spin 0 condensate: inverse catalysis effect

38/ 49



39/ 49

Results —o, 7 Channel

Rotational Suppression on Pion Superfluidity
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Figure: Prefer o than 7

c:s=1,L=1,J=0; m:s=0,L=0,J=0
Rotation weaken spin 0 condensate: inverse catalysis effect



Pion superfluidity phase diagram in T — p;
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Figure: Dashed line stands for the second-order phase transition, while
solid for the first-order. The star denotes a tri-critical point (TCP).
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Enhanced p Superfluidity under Rotation

L
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Figure: Rotation weaken spin 0 condensate, but enhance spin 1
condensate
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o, m, p Channel
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Figure: o, 7, p dominated phase
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Phase diagram in w —
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Conclusion d@l\

» pion and rho meson superfluidity under rotation in NJL model.

> inverse catalysis effect on the pion superfluidity (spin-0
channel).

> Rotation weaken spin 0 condensate (1606.03808). And
enhance nonzero ones (this work).

» Rho condensate at T=mu=0 with none zero isospin chemical
potential under rotation.

> A new type phase diagram in the w — p; plane and a new
TCP ~ (uf = 165,w = 548) MeV.
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Vorticity in HIC
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Vorticity in heavy ion collisions ng/\

Vorticity
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STAR, Nature 2017

» Orbital momentum L, = Aby/ Sy V25"”" ~ 10*%h

» global kinetic vorticity & = %V XV~ 10?1571
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Vorticity in heavy ion collisions
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Many other novel phenomena d@f\
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Thank you for your attention!
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