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— Polarisation measurements in ee, ep, pp and heavy-ion collisions —
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To be discussed

ot B RN T OGP N R, OGS T e O g N

B Magnetic fields in heavy-ion collisions
0 Rough estimates : eB 2 AéCD

B Effects on the QCD phase structures
0 Magnetic catalysis vs Inverse magnetic catalysis

B Effects on the transport / polarisation
0 Chiral Magnetic Effect  Talk by Christakoglou
0 Chiral Separation / Vortical Effect

B Effects on the mesons / baryons

0 Mass spectrum
0 Deformation / polarisation of Skyrmion
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Magnetic Fields in
Heavy-lon Collisions
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Typical Strengths (before 2007)

R BTG g R R N b IR G b WOt R e S Db, 00
Surface of the neutron star

< 102 gauss ~ 1072 MeV?

Surface of the magnetar
< 10%° gauss ~ 10 MeV?

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

7

Not significant as compared to the QCD scale...
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Typical Strengths (after 2007)

GBO
1+ (£/t0)?]%/2]

1 fmy 2
eBy = (47.6 MeV)? (—m) Z sinh Y

b
B b
~ 2sinhY < 10%Y gauss ~ GeV?

to

Strongest magnetic field in the (present) Universe

Dec. 17, 2020 @ Online (Orsay) 5



Strong B and Rapid Rotation

WPt W g WG BT N RGN D RS0 D WP, W

Chirality ns probed by B
Vorticity o coupled to J

/r e
/ 1 _a v N

103 times larger than the surface
magnetic field of the magnetar

J ~ 10" n

Largest spin states of nucle1 (Yrast states) < 100 7
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Quantifying B experimentally

AR et e AR e g IR SR NG N i IR i O g SN

n<0, v1>0 n<0, v1<0
Total Directed Flow
4- > ® o b o o oo
D
4- *® o o b o o e e e
—> —P —>
‘JF d
r\ araaay
N
O
u -— u
JHaII
---------- >
---------- >
---------- >
Total Directed Flow

n>0, v1>0

Yz

n>0, vi<0

Rapidity
(and charge)
dependent
directed flow

Gursoy-Kharzeev-Rajagopal (2014)
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Quantifying B experimentally

g%y e, W, T, T, P, W

ALICE (2019)

R W g R I g NI

STAR (2019)

Au+AU |5, =200 GeV, 10-80%
0.1 p, > 1.5 GeV/c
\>/‘I_
=
O
o) 0
L
(@]
g
=
-0.1
| | | | |

Rapidity (y)

Charm quarks are
more sensitive to
the magnetic fields

0.5

| 5-40% 1
B ° E ﬁ 10-40% 1
L p.>0.2GeV/c

T B 3<p. <6 (GeVic)
—0.5bars: stat. uncert. —_ T —

| boxes (filled/empty): syst. uncert. (corr./uncorr.) Not feed-down corrected

—tt—+—+—+—+—t+—+—+—+—+—F—+—+—++—+—+ =+
10° x [v4(h") = v4(h)] v{(D% - vD) $

-0.5

p.> 0.2 GeV/c

—  dAv,/dp=[4.9 = 1.7 (stat) = 0.6 (syst)] - 107" —

3< p, < 6 (GeV/c) 7

— dAv,/dn =[1.68 = 0.49 (stat) = 0.41 (syst)] - 10* —]
..................
0.5 0 0.5
n

P R M R
-0.5 0 0.5

n

Interpretations depend on the electric conductivity...
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(OCD Electric Conductivity

ot B RN T OGP N R, OGS T e O g N

S D =L D o e

(al)q — qg ) 49 — q ) @ — a9 ) 49 — )43 — g ) 9 — qq

20 (1flavor: g=e) T=200MeV u=0 eB=10m2

— Fukushima-Hidaka (2017/2019)
2.5 1 —_— n:ax=2
ol Conductivity is not large
= enough to support
= 1.5 o o
S decaying magnetic fields
1.0 -
osI———— 1 Bands~ Lattice QCD by
H.-T Ding et al. (2011/2016)
0.0

0O 20 40 60 80 100 120 140 160
mqg [MeV]
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A Polarisation

FERgih g, PR, TP, R, R R, R, g, R, HPg?,

BROOKHIVEN

NATIONAL LABORATORY

Newsroom

Contact: Karen McNulty Walsh, (631) 344-8350, or Peter

Fact Sheets

Genzer, (631) 344-3174

N EWSIrOOM wmedia & Communications Office

Lab History News Catagories

shere: ] €3 @D

'Perfect Liquid' Quark-Gluon Plasma is the Most

Vortical Fluid

Swirling soup of matter's fundamental building blocks spins ten billion trillion
times faster than the most powerful tornado, setting new record for "vorticity"
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Au+Au 20-50%
— Y A this study —

@ A this study |
% A PRC76 024915 (2007)
O A PRC76 024915 (2007) |
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A Polarisation

ot B RN T OGP N R, OGS T e O g N
Effects of the rotation and the magnetic field
Hy=H-w-J-pu-B

c

cf. Cranking Hamiltonian in nuclear physics

Thermal equilibrium ~ e ~He/T gives polarisation

@w  p\B

b Nuy = Nuy AEor T
H — B
Ny + N _® A

H H Pz = —
) ) A= o7 7
Becattini-Karpenko-Lisa-Upsal-Voloshin (2016) This Afternoon!
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Effects on
the QCD Phase Structures
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(OCD Phase Diagram
PR B B B PR PSS TS RS B B R s O

>

Quark-Gluon Plasma

Temperature 7'

% | ColorFSuperconductors

i CFL-K0, Crystalline CSC

Meson supercurrent Baryon Chemical Potential 18
Gluonic phase, Mixed phase

Fukushima-Hatsuda (2010) / Fukushima-Sasaki (2013)

Nuclear Superfluid
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Chiral Phase Transition

EE R TNRES  R R SR R SN R SR R S R TR SR SR R R R IR SR T

~350MeV

e

Theory
Data H\ry .

Deep Inelastic Scattering
ete Anmhilation 1 1
Hadron Collisions T 9
Heavy Quarkonia NJ 1 aS Q p— 1 2 A2
AGK as (MY - 60 H(Q / QCD )

251 MeV —-- 0.1215] 1
((;)‘i'.,), { 213 MeV =— 0.1184] -
5 178 MeV — — 0.1153] |

_J -

~ a few MeV

0.5 [

a Q) [\}

o 0 NLO
u e » [NNLO
Lat

\
]
0.4 - 1A

0.3

All the scales are set by Aqcp
(quark mass, critical 7, etc)

0.2

B S
0.1 | \ﬁh’@'@‘*-

Q [Gev]
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Magnetic Catalysis

LT SR SR R O S R SN S PO SR SR I R SRR SN

T

Chiral Perturbation Theory (Shushpanov-Smilga 1997)

In 2
Y(B) = Z(O)(l | 167’(‘2]07%63—'_.”)

Postive coefficient
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Condensate enhanced

Chiral condensate
(scalar - 1soscalar)

L=1and S =1 making J=10
more favored by strong B




Inverse Magnetic Catalysis

FERgh BT OGP, O

Enhancement .
. . T decreases, while
~ Magnetic Catalysis - = :
the condensate increases

=%

217 22
2774
.
5 7 ;I,;;';l 7
< ) 2 7 5555555558
g e a7 e 5555 i SSoe
) s NN
I s g a7 05005 CSONIIR
VL1t g a1y 00,0 47522050 a8t
- gl ] gy 000002220 525% p9See s vuns
s NN
o o o S S ST S SRT TS
L A 70 KK SOOI SS IS SSRTT
T At g e 0 gy i 00 0, 20,20, 2 26 20 2658385 oS SUNTLTRULAANRARN e
A A K S S S S S T
- R A PO K S S SIS SO S S S ST LTI
B L T 8108 0 A SIS ECKIAISKS, AIASSY  NURURVUNRRNANNAGN -
s A L K I SO S S S SRS ST I S TR
A L A S S S S S S I T R LT R
5 o S0 S XSS S SIS ST SR R
Il Ay 0 e g s S S I T T
I L o RS s S S S S RS RR
[~ 011t T s 0 o0 a0 203 o e s S T I I R T
A S B S S S S S T TRy
B Ly A XSS K S S S S S0 LR LSS T TR TSSOt ERRRR Y
ot 7oK S SRR S SIS S TGRS
e B A T P KIS SIS X S S ST S ST ST S SRS e TR e,
0 er L a2 e e
L A S X R S S S S ]
s e R S T S S S S S R R
T 2 2ty g e T RS
S S S S R S S S S SO S SIS, SN
- I R SIS IS R
5 5 e e e S g RS R S SRS S ===
s R A T b S I SIS SR SIS SSSXSSCTATIATS S
000001 U 00 00 0 00 g 20 0 0 e elenetssiesieniyen gt asiountuny S
22 s g sy 1 g g e el GO OSSOSO SIS SO, S5 522
P A W 2474 2070001072152, S OT SO SRS ST S ST, S oSSR
S gl gy e e e egs, IS SSSS S SRS SO ST SSSCSSSSS, e
R e e 5 COOSIISASISS SOOSISSSS e
== e = s sy s 7o OSSR SO IS SXCSSSSNSS = s 2N
I gl g Uy g S IS SRS S SSS SIS, == IR
W%t gy Y0l e s e e Teas sy s e
b Z s et sy gy s RSSO ST SO S OSSOSO, SRS Se o ssesssss st s
sl S e S eSesteesienianiest  issess 2. > O Saeasees e es
7 2225 507 A 4 755005050 5 B SO SOSS IS SIS ST SIS SOSSCSSCSISICSOSSSS S s
B S e S e S S S S S N I S e st
il S S S S S S S e S i
— Bl ISR SIS SR e
e, e I S e e s
S IS SRSsoss o o e
I <SSR S
— S5 SN e
SN
SN Dot s
SSOSSS, SISt S e s
oSS S S TR o
I S S S S et it s s
S S RS et s s
Sososisissossos s e
S Sn s e,
S e s st s et o
S s e
S | e S
S =
—_— st
. e
S
S o L]
e Basnitos
=
g

150

Temperature T( Mev) Q Field

Bali et al. (2011)

Dec. 17, 2020 @ Online (Orsay) 16



Inverse Magnetic Catalysis

AR et e AR e g IR SR NG N i IR i O g SN

Difficulty in understanding the IMC
Critical T in BCS: T, oc A(T = 0)

(qq) in QCD
(@q)(T = 0) is increased at finite B

T'. is decreased at finite B

Reconcile? (

Needs some other dynamics?
(deconfinement / IR meson)

> 1
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Phenomenological Approach

AR et e AR e g IR SR NG N i IR i O g SN

Chemical Freezeout

Experimentally seen
“Phase Diagram”

Point (7, ug, etc) where
“inelastic” scattering is
turned off (due to changes
in inter-particle distance)

Hadron Resonance Gas

- OOqB dp. —(E—1;Q;)/T
Py =TS y%/% In(1 + e~ (F-m@)/T)

> - ]
() 180 - ® Cleymansetal.
?, A _ A Becattini et al. ]
= 160 | e ® Andronicetal. —
140 |- =
120 [ =
100 |- =
80| =
60 [ -
40 —— E/N=1.08 GeV E
MECTEEE s/T°=7 .
20 - - percolation B
O L | | ‘ | | | ‘ | | | ‘ | | ‘ | | VI

0 200 400 600 800 1000

u, (MeV)
18
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Phenomenological Approach

AR et e AR e g IR SR NG N i IR i O g SN

Cleymans-Redlich < % | | T

(1998) % 180 ® Cleymans et al.

A Becattini et al.
B Andronic et al.

E/N ~ 1G€V 120

E : internal energy

N : particles + antiparticles

o0
o
L I Y B B B

40 —— E/N=1.08 GeV
----- s/T°=7
00 .- percolation
ol v v v e e e
Andronic et al. (2010) 0 200 400 600 800 1000

u, (MeV)
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Temperature [GeV]

Phenomenological Approach

G iron WG G0 G RGP, N Nt bR, N e, e, 0D

0.2
018 Slant lines
| E/N =0.9~1.0GeV With conservation
0.16 of Sand QO
0.14 *
Shaded regions
0.12
Without conserv.
01 of S'and QO
0.08
0.1 0.2 0.3 0.4 0.5 0.6

Baryon Chemical Potential [GeV] Fukushima-Hidaka (2016)

Inverse Magnetic Catalysis naturally reproduced
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Phenomenological Approach

R BTG g R R N b IR G b WOt R e S Db, 00

3 | | |
ctf. 0907.0494 .
25 1 ’ (lattlce) Electric Charge i
é‘ Conservation Signiﬁcant
% 20 N enhancement
2 151 eB =1(0.5GeV)?
o9
o | N
E NN
05 Pooooor7r7rrr77777777777777 777/ /// /7
B =0 Charged hadrons
0 . l S favored by B
0.1 0.2 0.3 0.4 0.5 0.6

Baryon Chemical Potential [GeV] Fukushima-Hidaka (2016)
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Phenomenological Approach

ot B RN T OGP N R, OGS T e O g N
Phase Diagram with Finite Rotation?

T decreases in model studies
T'. increases (!?) 1n lattice QCD (by Braguta et al.)

Fujimoto-Fukushima-Hidaka (2020 maybe)

Surface of
P/Pgg = (const.)

T'. decreases...

0.40.3
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Effects on
the transport / polarisation
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Conserved Current

ot B RN T OGP N R, OGS T e O g N

Axial rotation by 6(x)

) 2
55:/da¢6’(x) 0uj'y 12625“’/’”’FWFW
(s
_ i . q2 ..
:/d:ﬁ@zé’(x) —]3’4 2628023kA06;jAk
TTT

Anomaly induced transport (chiral separation effect)
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Conserved Current

it g g, N, e, SNy SR SR SRS SRR R SN

| 2 0k e?
M— eI An0: A =
J 472 0547k 47

In electromagnetism a constant vector potential is irrelevant

A, — A, +0,p

€

- Ao B’

Ao can be non-trivial in Euclidean spacetime

i0p + eAg(x) —u — —04 +ieAy(x) — i

See: A. Yamamoto, 1210.8250
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Conserved Current

AR et e AR e g IR SR NG N i IR i O g SN

Ay & 1Ay~ —u , e?

B
J = 42 Ax2t

gauged away—anomaly

Especially if ua for right-handed and -ua for left-handed:

62

Chiral Magnetic Effect Jv = 02 —uaB

Especially if uv for right-handed and uv for left-handed:

62

Chiral Separation Effect J, = 52 uwy B
T
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Chiral Magnetic Effect

G iron WG G0 G RGP, N Nt bR, N e, e, 0D

Chiral Magnetic Effect
A Right-handed particles
| Momentum parallel to Spin
B |

Left-handed particles
Momentum anti-parallel to Spin

Only LLL contributes to the topological current
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Chiral Magnetic Effect

Rt DT, R R BN, O TR, W R, D, B, W
. 2
Jomeg = (EF-B)B « B

» < Only this is external

—

—> E

jOhm =ok

] = (UOhm + UCME)E OCME X B?

Electric conductivity once again!  Son-Spivak (2012)
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Chiral Magnetic Effect

B IR MR T FONR I SRR SR S I S TR R FONR O IR S R

Fukushima-Hidaka (2017/2019) Hydro modes lead to

T=200MeV u=0 my=3MeV my=5MeV dlvergences n the
4 Kubo formula.

— nmax= 5

Hydro modes should
be projected out.

For small quark mass
the axial charge should

be a hydro mode, but
°0 5 10 15 20 25 30 1t 1s “dropped” in this
eB/T? calculation.
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Spin Polarisation

R, B TR S T T TR, PR, TR TR, RS, T

jih = (VY vs) = oho'or + dLoler
Gauge-invariant quark spin operator

A

s fq \M

X {q uv

27T T
Density of states 1D charge density

Implication to the polarisation measurement?
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Effects on
the mesons and baryons
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Lattice QCD

EE R TNRES  R R SR R SN R SR R S R TR SR SR R R R IR SR T

Hidaka-Yamamoto (2012)

3 I I I T T
a —e—
p+ I - 1
25 H 70 —a— e

m [GeV]

eB [GeVZ]
Disfavors Chernodub’s scenario of “Vacuum Superconductor”
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Lattice QCD

AR et e AR e g IR SR NG N i IR i O g SN

Ding-Li-Tomiya-Wang-Zhang (2020)

20 30 40 50 60 eB/M?

1.05 ‘ ‘ ‘ ‘
) —a
1 B u )
g —v—
0.95 0 |
o o
0.9 K —E—
0.85 712, 1
0.8 1
=
0.75 < =] . :
0.7 v 0 1
© o 7 =
0.65 | A A v = -
Q v
06 | | | \A @ | e
0 0.5 1 1.5 2 2.5 3 3.5
eB [GeV?]

More confinement? (Remember quarks are more massive)
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Baryon (in the Skyrme model)
Chen-Fukushima-Qiu (2020 maybe)

U=+ I ITT' )% + |T12)2 = 0.1
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Baryon (in the Skyrme model)

Chen-Fukushima-Qiu (2020 maybe)

XN
SEE D

20

I1,(SU(2)) = Z winding never loosened

Baryons become compact (with prolate deformation)
35

More confinement?
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Baryon (in the Skyrme model)

G iron WG G0 G RGP, N Nt bR, N e, e, 0D

Chen-Fukushima-Qiu (2020 maybe)

Mn,p/(frra_1)

85| Neutron Mass

80 -
75
0r Proton Mass

65 -

L | Y i " | ! L L | L L L | L L L | L I I 2 B/(fn2a2)
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Summary

AR et e AR e g IR SR NG N i IR i O g SN
% * *

P Strong magnetic field expected in HI collisions
0 Conductivity 1s a key quantity (seems to be small)
0 Flow and polarisation can quantify B

F QCD phase (chiral) structures affected by B
0 Chiral condensate enhanced (catalyzed)
0 Inverse magnetic catalysis was (1s?) a surprise

B Transport / polarisation measurable
0 Chiral magnetic and related effects
0 Axial current 1s nothing but a spin expectation value
B Still, little is known about B effects on bulk
thermodynamics and individual mesons/baryons
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