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Chirality? Vorticity??

SRt T O T R, P R g R O R, WP

Chirality ~ S Vorticity ~ L

B S

L

[Wikipedia]
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Spin and Mass

TR FONR S PR S SR COS S R R SO PSR S T SR I FONR

Magnetic Moment of Spin-1/2 Particles

qh
= om 2m

Spin effect is more suppressed by larger mass
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Spin and Mass

R rage BTG RN T IR e R BRGNS g B0 SN

Quark Model 4 1
MHp — gﬂu — gﬂd

Wave-function — 4 1
Hn = gﬂd — §:uu

“Constituent Quark”™

by = 1 = 24, — my ~ 340 MeV
2m,
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Spin and Mass

TR FONR S PR S SR COS S R R SO PSR S T SR I FONR

Quark Model

Phenomenological Mass Formula
Mhadron — Z m; + AM

AM =3 20 T3 )

9 T 4

“Constituent Quark” my 4 =~ 360 MeV
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Mass in QCD

SR P g P R S WP g P R P R

arXiv:hep-ph/0104138v2 16 Apr 2001

Constituent Quark Mass

from the “QCD Vacuum”

RHIC: From dreams to beams in two decades

Gordon Baym
Department of Physics, University of Illinois at Urbana-Champaign
Urbana, IL 61801, U.S.A.

This talk traces the history of RHIC over the last two decades, reviewing the scien-
tific motivations underlying its design, and the challenges and opportunities the machine
presents.

1. THE VERY EARLY DAYS

The opening of RHIC culminates a long history of fascination of nuclear and high
energy physicists with discovering new physics by colliding heavy nuclei at high energy.
As far back as the late 1960’s the possibility of accelerating uranium ions in the CERN
ISR for this purpose was contemplated [1]. The subject received “subtle stimulation”
by the workshop on “Bev/nucleon collisions of heavy ions” at Bear Mountain, New York,
organized by Arthur Kerman, Leon Lederman, Mal Ruderman, Joe Weneser and T.D. Lee

bringing heavy ion physics to the forefront as a research tool. The driving question at the
meeting was, as Lee emphasized, whether the vacuum is a medium whose properties one
could change; “we should investigate,” he pointed out, “... phenomena by distributing
high energy or high nucleon density over a relatively large volume.” If in this way one could
restore broken symmetries of the vacuum, then it might be possible to create abnormal
dense states of nuclear matter, as Lee and Gian-Carlo Wick speculated [2].

VYVacuum
~ Medium?
~ Changeable??

Quark mass
changeable?



Mass in QCD

SRt N g T R T NN SRt NN ST NN T N

So far, there is NO HIC experimental data
that can tell us anything about quark mass changes

Color deconfinement ~ Bulk properties of media

Lattice-QCD:
QCD has only one criticality that is “chiral”!

Quark mass (chiral) ~ Excitations

Phenomenology:
Hagedorn picture works WITHOUT mass shift!
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Mass in QCD

R rage BTG RN T IR e R BRGNS g B0 SN

Zero-point Oscillation Energy [Peskin-Schroeder]

(iBI) ¥ 1 T ‘
= (27)? Wp (apap + 3 [ap, a,p]). (2.31)

The second term is proportional to §(0), an infinite c-number. It is simply
the sum over all modes of the zero-point energies wy,/2, so its presence is
completely expected, if somewhat disturbing. Fortunately, this infinite energy
shift cannot be detected experimentally, since experiments measure only en-
ergy differences from the ground state of H. We will therefore ignore this
infinite constant term in all of our calculations. It is possible that this en-

ergy shift of the ground state could create a problem at a deeper level in the
theory; we will discuss this matter in the Epilogue.

Not true for QCD! wp = /p? +(m3

Dynamical Quantity

March 31, 2017 @ RIKEN 8




Mass in QCD

AR o g OGS T SRR I SR VG B RN R R S

Zero-Point Oscillation Energy

~ [2 —I— O(& 4)]
negative

Int ti .
(Some) nteraction Dynamical mass

generated for )\, > 272
2)\ A \ . Nambu—Jona-Lasinio 1961
pOS1tlve
March 31, 2017 @ RIKEN 9



Mass in QCD

SR hon, WG RGN ARG, NN SRR Nt RGN, i RGN, S

G, +ANgu =8rGT,,

What is the RHS in the QCD Vacuum?

Chiral condensate, real or illusion?
How to “renormalize” the zero-point energy?

Afterglow Light
Pattern
380,000 yrs.

Crucial problem for HIC
Early Thermalization Puzzle

“Evolution to the quark-gluon plasma”
K.Fukushima, Rept.Prog.Phys.80 (2017)

about 400 million yrs.

Big Bang Expansion

13.7 billion years
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Chirality in B

Rt G OGNt G QDb G R0, WD, 0T, WP BT,

How to see the mass? Magnetic field!

E — work given to charge carriers
(screened easily)

S
B B — no work done to charge
(no screening)

B is everywhere in nature!
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Stronger B

R0 BTG i G et NN R R IR b OGRS B0, e
Surface of the neutron star

< 10%2 gauss ~ 1072 MeV*?

Surface of the magnetar
< 10'° gauss ~ 10 MeV*

[Wikipedia]

Interior of the magnetar
< 10'® gauss ~ 10* MeV? ~ m?

s

Color superconductivity in a magnetic field
Mixture of photon and gluon (unscreened B)
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Strongest B

$ boru® ﬁv@a,,.-;- P R R
.. » X x ‘} N .’* o2, 3}
oV oo J‘v-?-'u . SOV oo :l-"?*.- SSP W oosh *"»}"ﬁ‘f @ oo'sls W ool
% el 553 v o v Svh

eBy = (47.6 MeV)Q(
b

7 ) /ZsinhY

to =

2¢inh Y < 10%Y gauss ~ GeV?

Strongest magnetic field in the (present) Universe
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HIC: Old and New Ideas

R rage BTG RN T IR e R BRGNS g B0 SN
Solution of the Dirac Equation for Strong External Fields*

Berndt Miiller, Heinrich Peitz, Johann Rafelski, and Walter Greiner

Institut ffifr Theovetische Physik dev Universitit Frankfuvt, Frankfuvt am Main, Germany
(Received 14 February 1972)

The 1s bound state of superheavy atoms and molecules reaches a binding energy of
—2mc’ at Z~ 169. It is shown that the K shell is still localized in 7 space even beyond
this critical proton number and that it has a width I' (several keV large) which is a posi-
tron escape width for ionized K shells. The suggestion is made that this effect can be ob-
served in the collision of very heavy ions (superheavy molecules) during the collision.

In the HIC super critical £ is realized if Z1+2, > Zr

Later, B effects considered too : PRL36, 517 (1976)
(Magnetic splitting predicted as an observable)

March 31, 2017 @ RIKEN
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QCD Vacuum Changed by B

gt W, T, G SRR, SR G G i G Wit e, SN

Magnetic Catalysis Gorbar, Gusynin, Miransky, Shovkovy

Klimenko, ... 1994
Chiral Condensate
(scalar - 1soscalar)
Chiral Perturbation Theory (Shushpanov-Smilga 1997)

L=1and S =1 making J=0
In 2

more favored by strong B
Y(B) = E(O)(l | 167T2f263+...>

Postive coefficient
March 31, 2017 @ RIKEN 15



CD Vacuum Changed by B

B, D, O, R, WP

Enhancement
~ Magnetic Catalysis
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We are such ignorant about QCD even today!
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QCD Vacuum Changed by B

R rage BTG RN T IR e R BRGNS g B0 SN

T. (MeV)

L L L IR B
—
160 7 continwum 4 Any impact to HIC?
D, iR
150 ‘=6 — Yes, if B survives
% What happens with B?
140 % - PP
I £+, \,{.
bl b L b (B may survive with
0 02 04 06 08 :
eB (GeV?) backreaction of matter)
Fodor et al. 2011
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Chemical Freezeout

AR o g OGS T SRR I SR VG B RN R R S

—~ 200 \ \ ] :
Cleymans-Redlich 2 1s0- ® Cleymansetal. -
< A— A Becattinietal.
PRL31, 5284 (1998) = 4| = Andronicetal |
140 | -
E/N ~ 1GeV
p— — 100 [ -
80 - =
E : internal energy 50 - B
N : particles + antiparticles 2 s E/N=1.08 GeV E
SEEEEEE s/T°=7 -
200 -.-- percolation B
0 [ I R NI AR RR N L e T

Andronic et al. (2010) 0 200 400 600 800 1000

u, (MeV)
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Temperature [GeV]

Chemical Freezeout

R rage BTG RN T IR e R BRGNS g B0 SN

0.2
0 1s Slant lines
E/N =0.9 ~ 1.0GeV With conservation
0.16 of S'and O
0.14 *
Shaded regions
0.12
Without conserv.
01 of Sand O
0.08
0.1 0.2 0.3 0.4 0.5 0.6 KF-Hidaka
Baryon Chemical Potential [GeV] PRL 2016

Inverse Magnetic Catalysis naturally reproduced

March 31, 2017 @ RIKEN 19



et

Charge Susceptibility

3

2.5

1.5

0.5

Chemical Freezeout

G0 G G R SN N Wb OGS R b, S0

Protons are lighter with B
Electric Charge

T T T I 777727777l S S S S S S

B =0

| | |

Significant

N enhancement

Charged hadrons
favored by B

0.1 0.2 0.3 0.4 0.5 0.6

Baryon Chemical Potential [GeV] KF-Hidaka PRL (2016)
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Chiral Magnetic Effect

PSP R PO RN PO S S S S PN R R U R FUN - S FON S PN R U R R TN S Y
*& * * * * & * * * *

y
: e U5

— —— B
)T o

T — N —

‘Historical’ overview : 1209.5064 [hep-ph]
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Chiral Magnetic Effect

AP WP WP, WO WP WD WP, WP WS WP WP, WP

x107
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Chiral Magnetic Effect

SO SO SR SO PO S0 S SO PO P SO, O

iy = (WY vs9) = dholdr + dLoter

ge B fq \M

X g uv

27T T
Density of states 1D charge density

Magnetic Field

Axial Current ~ Magnetization ~ B
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Chiral Magnetic Effect

G0, WG G ARG R 0GR g S0 OGN WS RGN, W
A Right-handed particles
| Momentum parallel to Spin
T

Left-handed particles
Momentum anti-parallel to Spin

Topological Current ~ B (energy from chirality)
“Chiral Battery”

March 31, 2017 @ RIKEN 24



Chiral Magnetic Effect

I ST SO, SO Pt P 2, i 2 2
s B L ot B STE s ST SRR SN SR SN
Y % LJS": . °€'"‘~']f>‘5'3’ °e 1;?/: “0('1(%;’ ED \."egn v VW oo }f~ VW oo f:‘iz-a W e E’:i?o . °o 'j}&, o0 an °c~“-$g—a) °o gf‘,, : oa"*‘f:y} o9 595}* o SV oo :\f. g P oo i—:’-i“

CGC ~ Local Parity Violation
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Caveats

TR FONR S PR S SR COS S R R SO PSR S T SR I FONR

B b
~ 2sinhY

B decays very quickly Lo

B is not an intrinsic property of matter
but created by passing spectators

IF the electric conductivity is large, B could survive
Conductivity at strong B and finite density
(with Y. Hidaka — very hard theoretical calculation)

CGC simulation in B needed
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Better Alternative!?
mﬂﬁvmﬁqﬁﬁhiﬂmﬁtﬁef?g%%v&#fﬁ”ﬁv’ﬁ#ﬁw&hﬁv’ﬁ%@e&%ﬁ: o5

v/ L is everywhere
Vo in nature!
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Better Alternative!?

Qg R0t G0 N R ST SN N R i g S S0

L is an intrinsic property of matter

10°

Angular Momentum

Time (fm/c)

March 31, 2017 @ RIKEN
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Physics with Large L

R0 BTG i G et NN R R IR b OGRS B0, e

Rod-shaped Nuclei at Extreme Spin and Isospin
P.W. Zhao, N. Itagaki, J. Meng, PRL 2015

Angular momentum J (h)
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Physics with Large L

Bt G , BOG0  EN T Rt 0GR Rt WO i N T SRR, N

Lattice QCD in rotating frames
A. Yamamoto, Y. Hirono, PRL 2013

16 | | | | | | I
Jg —e—
JFL —8—
JFS —A—

-J @3

FIG. 2: Angular momentum density J along the z axis with
the angular velocity a2 = 0.06. The solid curves are quadratic

fitting functions.
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Physics with Large L

SRRt R SR R I PR G ARt e SR OGP

Theoretical treatment for deformed nuclei

Cranking model [ rot — H—wJ 2

Chemical Potential?

Angular Momentum ~ Magnetic Field
J (Topological Current expected)

Angular Momentum ~ Finite Density

(“Critical Point”???)

March 31, 2017 @ RIKEN
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M (GeV)

Quantum Transition with Rotation

E I PR S S R T R T T T

Jiang-Liao, PRL 2016

0.321
0.281
0.241
0.20
0.161
0.124
0.081
0.041

T =150 MeV

T (GeV)

02 03 04 05 06 0.7 038

w (GeV)

0.10

0.08 1

0.06

0.04

0.02

0.00

Finite density

T
~

~

-.._ really appears?

CEP
1storder\ 7

0.50

0.55 0.60

o (GeV)

0.65

Rotating Quark Matter has Stronger 1st-order PT
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Vilenkin’s Cautions

gt W, T, G SRR, SR G G i G Wit e, SN

Vilenkin (1980) Here,

nwm=(eB(w-mQ) _1)-1' | (23)

‘Note that #,, has 2
larity, however, 1 is the Bose-Einstein distribution for a rotating
cannot have size g| system,” 7=7, — 7,, the upper and lower lines in
city at the boundary would exceed the velocity of light),
‘and in a finite system the energy is quantized in such
a way that w is always greater than mQ. (There are
some exceptions in which the field has exponentially
growing modes. See Ref. 6.) As an example, consider
an infinite cylinder of radius R rotating around its ax-
is. Requiring that ¥ vanishes at the boundary, we find
the energy levels Wyyp = (B°+ i+ £y R-21/2, where £,,,
is the nth root of J,,(x). It can be shown (Ref. 7) that
Emn>m. Thus, w,,,> £.,R"1>mQ. Inthe present
paper we shall assume that the lowest energy modes
are unimportant and thus the infinite-space solutions
(17) can be used. | |
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Vilenkin’s Cautions

gt W, T, G SRR, SR G G i G Wit e, SN

Vilenkin (1980) Here,
Note that 7, has a singularity atw= mS. This singu- (23)
larity, however, is unphysical. A rotating system rotating

cannot have size greater than Q-1 (otherwise the velo~ [ lines in

city at the boundary would exceed the velocity of light),
‘and in a finite system the energy is quantized in such
a way that w is always greater than mQ. (There are
some exceptions in which the field has exponentially
growing modes. See Ref. 6.) As an example, consider
an infinite cylinder of radius R rotating around its ax-
is. Requiring that ¥ vanishes at the boundary, we find
the energy levels Wyyp = (B°+ i+ £y R-21/2, where £,,,
is the nth root of J,,(x). It can be shown (Ref. 7) that
Emn>m. Thus, w,,,> £E.,R"1>mQ. In the present
paper we shall assume that the lowest energy modes
are unimportant and thus the infinite-space solutions
(17) can be used. | |
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No Liquid-Vacuum Phase Transition

P, T WP Pt P R P R T BT Pt W

e —wll+1/2] > %[@,1—w3(z+1/2)]

effective chem. pot. smallest “mass” ~ Matsubara mode

: 1
Causality />v _ —(Z+1/2)] > 0
wR<1 R[&’l (£+1/2)

Mass Gap > Effective Chemical Potential Ebihara-KF-
No “baryon density” induced by rotation alone -Memeda2016

Anomalous effects from coupling with...

H B T

Gauge CVE  Chiral Pumping Effect  Gravity CVE
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Rotation + B

G0, WG G ARG R 0GR g S0 OGN WS RGN, W
*

Chen-KF-Huang-Mameda (2015)
Chen-KF-Huang-Mameda in progress

Finite Density really induced:

o0f) eBw

T — —
2
=0 4

interpreted as anomaly (Hattori-Yin 2016)

Rotating Quark Matter (in HIC) has larger baryon density!
(detectable in the thermal model fit)
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Rotation + u (Chiral Vortical Effect)

ﬁi@w} Lﬂﬁmg‘ *?W}’ﬁ}"ﬁ"&* ﬁ""’*:;.- #,f&ﬁ ﬁi@w} Lﬂ?”*:} *?‘W}‘ ﬂ}e"** ﬁ""}*:;._ #{aﬁ

Barnett Effect

Magnetization

A \ ]
2 i

iy I \/ | i

“uncharged” 7 /! &

object A

Matsuo-Ieda-Maekawa 2015

Axial Current ~ Magnetization ~ 1 ?
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Rotation + B+ u (in HIC)

Qg R0t G0 N R ST SN N R i g S S0

Rotating Quark Matter has
higher density induced by the chiral pumping
larger magnetic field induced by the Barnett effect
higher density ... larger magnetic field ...

NS Origin of strong magnetic field (magnetar)
Equation of state (more stift?)
Vortex structures (especially in a superfluid)

HIC Quark matter magnetized (hadron polarized)
(STAR: Lambda “global” polarization ~ (0.02)
More chance to see a 1st-order phase transition

Finite temperature?
March 31, 2017 @ RIKEN 38




Rotation + B+ u (in HIC)

SRt N g T R T NN SRt NN ST NN T N

Global Polarization of A
1 1
Pvyortical = 5 (PA T Pj_\) PMagnetic — 5 (PA — P/_\)

| |
< Au+Au 20-50% | . o .
Sl ﬁ S A this study - Becattini, Csernai, Wang, ...
= | @ A this study 1
S % A PRC76 024915 (2007)
6 O A PRC76 024915 (2007) |

At high energies L >> B

4f _

2 ] 1 )
- 5& I 4 % | Atlow energies B larger?

1) N ASSRONNS RSN ]
ol ﬁ STAR: 2016
10 10?
sy (GeV)
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Rotation + T

P PR PO T R R se o 3 A g
W e \Hj”* 90‘&&‘ %0 1‘59"*90"4 ® °cth “'0""{“‘:"’ ooals ? oV oovals "632’5?.‘;‘:' ool ) oo u"® °’-‘"-‘§’33‘ o0 Sl ¥ T oot \"OC"{:E»"’ oo7als ¥ *"-;3}' @ oo'sls '16:2‘1495‘1' oovals
=y b a0 v 7B ~ oW v s oy oY o6 v 7B ~ PN S

T >> R~ ! Boundary can be neglected (Debye screening)

T2
Vilenkin (1980) < ] A > E W
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7\ ‘L'\)
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Contradicting General Relativity?

S g R R ST e Rt gt T Rt NPT N0

ozt Ox¥
Xy = Xpryr = o'W v’ Xy

s (o 1’ = x cos(wt) — ysin(wt)
! \ ‘; i ;: y' = ycos(wt) + x sin(wt)
o\ |
TR )

G =, =0 (2777)

This axial current is NOT a vector!
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Contradicting General Relativity?

S g R R ST e Rt gt T Rt NPT N0

) " )
mk oxP 0xf - oy* | oy  92z™m
Yoy oy M oar |92m dy'dy

Christoffel symbol is NOT a tensor

2
cf. Geodesic equation Ly _ _Faﬂ dx Do dxﬁ
d\? AN d)

Fictitious forces
(centrifugal, Coriolis)

Chiral Vortical Effect is as fictitious as Coriolis force
(or as real as Coriolis force)

March 31, 2017 @ RIKEN 42



Gravitational CS Current

E I PR S S R T R T T T

2

JH = 4CRe™ PP T2, (a O+ 500 a/\)

~ @ ~ R
leading to the Chiral Vortical Effect
Fukushima-Flachi 2017

Rotation + 7T ~ Rotation + R

- Topological Axial Current
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Gravitational CS Current

@ University of Wisconsin-Madison
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Gravitational CS Current
@%@&M«’@W’E@&M’é@fﬁ%@v&"mﬁﬁvm-:ﬂhﬁeﬂhﬁwﬁhﬁ: o5
Fukushima-Flachi 2017

=X
Jcs Jcs
10 Mm T T+ T T T T T T | T T T T ] T T T T T] 10 -_‘ 7 T T | T T T T [ T T T T [ T T T T

0.5 - 0.5+

> 00 Z 0.0:—

05 0.5+

-1.0 : ‘ ‘ ] -1.0 & : . . ]
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

T i
Neutrino Flux with Jet + Disk structures

Is this also relevant for the HIC at low energies?
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Summary

R rage BTG RN T IR e R BRGNS g B0 SN

P Rotating quark matter

0 Better experimental chance than B
¢ Beam energy scan ~ hot astrophysics simulator
¢ Lambda global polarization in HIC
¢ Astrophysical jet counterpart?

0 More rich structures in theory
¢ Technically complicated than B

0 Topologically induced density and current
¢ Finite-7 induced quantum anomaly

P CS current and Barnett effect
0 Rotation + R ~ Origin of Astrophysical jet?

March 31, 2017 @ RIKEN 46



