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Strong B in Heavy-Ion Collisions
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Handy Formula

BP0 WP NP DG NPT NPT BP0 NPT NPt PN BP0t NPNET | ety

Simplification (point-particle approx.)

A

B/Bo|
AX 0.8
________ «_____________________________.
(+b/2, 0, —vi)
(@)
\.JBy Z) 0a
____________________________ o> ----—-—-—---
(=b/2, 0, +vi)
0
Handy Formula
1 fm\2 b
eBy = (47.6 MeV)Q(—) ZsmhY  to= —
b 2sinh Y
2
6B ~ (a feW GeV) Discussed by Rafelski, Mueller (1976~)
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Effects of eB>(Aocp)? on QCD?
TP, RO, RO, TR, SR, B TR, RO, TG, RO, PG, O
Magnetic Catalysis

Klimenko, Shovkovy, Miransky, Gusynin, Shushpanov, Smilga, ...

B favors more chiral symmetry breaking

T B
Scalar condensate : J=0 with S=1 and L=1
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Effects of eB>(Aocp)? on QCD?
R o L R L L L N
Magnetic Catalysis

Klimenko, Shovkovy, Miransky, Gusynin, Shushpanov, Smilga, ...

B favors more chiral symmetry breaking

Inverse Magnetic Catalysis
Preis, Rebhan, Schmitt, etc...

B disfavors chiral sym breaking at high ug
Inverse Magnetic Catalysis (Magnetic Inhibition)

Bali, Endrodi, Bruckmann, Schafer, Fodor, Szabo, etc...

B disfavors chiral sym breaking at high T
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Effects of eB>(Aocp)? on QCD?

OGNS0 NE O NSO NS0T NN RSN NS0T NS0T NS0T RPN N
Magnetic Catalysis
Klimenko, Shovkovy, Miransky, Gusynin, Shushpanov, Smilga, ...

B favors more chiral symmetry breaking

Inverse Magnetic Catalysis KF-Pawlowski

Physics understandable in the mean-field level

B disfavors chiral sym breaking at high ug
Inverse Magnetic Catalysis (Magnetic Inhibition)

Physics beyond the mean-field level| KF-Hidaka, many others

B disfavors chiral sym breaking at high T
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Effects of eB>(Aocp)? on QCD?

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

Difficulty in understanding the IMC
Critical T in BCS: T, < A(T = 0)
(qq) in QCD
(qq)(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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Effects of eB>(Aocp)? on QCD?

WP TP NPT PO NPT NP0 NPT NP NP0 NPT NP ey

Phase Diagram
Klimenko, Shovkovy, Miransky, Gusynin, Shushpanov, Smilga, ...
Preis, Rebhan, Schmitt, etc...
Bali, Endrodi, Bruckmann, Schafer, Fodor, Szabo, etc...

Fraga, Noronha, Palhares, Blaizot, Ruggieri, Gatto, etc...

Infinite B limit?

Fermions infinitely heavy (quenched limit)

Reduced to anisotropic pure Yang-Mills

1st-order Phase Transition!
Endrodi, Cohen-Yamamoto
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Effects of eB>(Aocp)? on QCD?

NPT NPT NPT NPT NPT NP NP0 BP0 NPT NPT NP0 e

Chemical Freezeout ???

— 200 B T 1 ‘ ]
NObOdy so far... % 180 = ® Cleymans et al. A
E A - A Becattini et al. E
EXpel’imentally seen — 160 : B Andronic et al. E
“Phase Diagram” Mo B
120 |- =
. . 100 |- -
Keep 1in mind: i .
80 [~ -
Quark matter could be : i
60 [~ -]
ic! - :
f.el.‘romagnetlc. ol —— E/N=1.08 GeV -
(Origin of B on magnetars) [ ----- S/To=7 ]
20 - - percolation B
[ | ‘ | | | ‘ | | | ‘ | | ‘ | | VI
00 200 400 600 800 1000

u, (MeV)
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(Inverse) MC explained in HRG?

WP TP NPT PO NPT NP0 NPT NP NP0 NPT NP ey

Endrodi (2013)

QCD equation of state at nonzero magnetic fields in the
Hadron Resonance Gas model

G. Endrédi,!
I Institute for Theoretical Physics, Universitit Regensburg, D-93040 Regensburg, Germany.

E-muail: gergely.endrodi@physik.uni-regensburg.de

explained the magnetic catalysis qualitatively.

For quantitative studies on the chiral condensate,
hadron “sigma terms” are necessary.
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Phase Diagram from HRG

Most model-independent phase diagram from free hadrons

S/ froe (0.3~0.8)
N/ oo (0.3~0.8)
Cleymans etal. =@
Becattini et al. A
Andronic et al. —

200 .

150

100

Temperature [MeV]

N
S

0 200 400 600 800 1000
Baryon Chemical Potential [MeV]

KF (2010)
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Empirical Freezeout Conditions

WP WP NP NPT NP0 P NPT NP NP NPT NP0 NP

200
AN B ‘ ‘ ‘ I I ‘ I ]
o > - i
CleymanS-RedllCh % 180 [ ® Cleymansetal.
= B — A Becattini et al. E
(1998) I~ 160 | BN ® Andronicetal.
140 | -
E/N ~ 1GeV =
80 [ =
E : internal energy 60 E
N : particles + antiparticles 4 s E/N=1.08 GeV E
SEEEEDE s/T°=7 .
20 - percolation B
O [ | ‘ | | | ‘ | | | ‘ | | ‘ | | VI
0 200 400 600 800 1000

Andronic et al. (2010)

Wy (MeV)
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Our Idea

DT NPT NS0T RS NSO R NSO ST NS0T RS PN N

empirical condition = |, A Becattini et al.

not changed by B — 160 : ' B Andronic et al. .

140 | i

E/N ~ 1GeV =

— S—— 100 [— —

80

60

How these curves . sE//TI\i*;;% o

modified by B? DL o percolaton
Consistent with IMC? ‘o 200 400 600 800 1000

Wy (MeV)
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Temperature [GeV]

Shifted Freezeout Curves

DT NPT NS0T RS NSO R NSO ST NS0T RS PN N

0.2

0.18

0.16

0.14

0.12

0.1

0.08

Slanting lines

E/N = 0.9 ~ 1.0GeV

With conservation
of S'and O

Shaded lines

Without conserv.
of S'and O

0.1 0.2 0.3 0.4 0.5 0.6
Baryon Chemical Potential [GeV]

KF-Hidaka (2016)
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Comments

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

It is not obvious that the chemical freezeout curves
are shifted down in accord to the inverse MC.

With increasing B : l

FE increases

NV increases \

Phase-space of charged particles ~

Which is faster???
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Temperature [GeV]

Comments

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

0.2

0.18

0.16

0.14

0.12

0.1

0.08

N increases faster

p gets lighter
n remains intact

0.1

0.2 0.3 0.4 0.5 0.6 Suppressed

Baryon Chemical Potential [GeV] )
Electric charge conserv.

June 3 @ CPOD (Wroclaw) 16



[A9D] s[enuajod [eonuay))

S N
. - ‘W. RGN \ \‘..\s
£ 4 N
S g 20 (RS
7 W ER, Z,/,,,,% Y ..\\X
< SR ﬂ//,/”/ VN _,,”,,,\.ﬁ,,,,,,\,,\‘..,s
o M, //r :”‘f&,‘
O = ,,.QN,.,“,,,/.%..\..‘.
M. \I ,d‘.aw%a\‘,
L ¥ | b
> 3 i,
~ S oo .‘,”,\.“”‘....\
a /‘.: - é.
RS m o A_,,.,.%.ws
B N
= m, A

KF-Hidaka (2016)

17

June 3 @ CPOD (Wroclaw)



Commentson S

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

At high T
' ps ~ /3

The chemical potential felt by free strange quarks 1s

pe/3—ps ~0if us ~ up/3

o
)

This signals for realization of
“quark deconfinement” even in
HRG without quark d.o.f.

e
—

(=)

Chemical Potentials [GeV]

1
<
—_

0.1
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Comments on Q

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

po is fixed to meet B/(2Q)) = 1.2683
In (heavy) nucle1 there are a bit more neutrons than protons.

Isospin sym. breaking is minor — po 1s nonzero but small.

Chemical Potentials [GeV]

us[B = 0] usleB = (05GeV)?)
HolB =0 HoleB = (0.5GeV)?]
i —2
0.2 - IUQ ~ 10 GeV
0.1 /44;?2?;{/%2 = /
— = ;”__;&, ° °
0 = B breaks isospin sym.
~ 107 'GeV
0.1 16% H Q
' 0.5 0.1 GeV)
Baryop Chemicq Potentig [Ge\(/)f 0.08 Temﬁ’e{am e \0®
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Observables on Freezeout Lines

WP WP RO SR R B BPNT  P NP0G P g NS0T Ny

0.2

0.18 .

With different /s, .

0.16

0.14 ]

0.12

Temperature [GeV]

0.1

0.08

0.1 0.2 0.3 0.4 0.5 0.6

Baryon Chemical Potential [GeV]
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Charge Susceptibility

3

2.5

1.5}

0.5

Electric Charge Fluctuations

BP0 WP NP DG NPT NPT BP0 NPT NPt PN BP0t NPNET | ety

 cf. 0907.0494 Electric Charge
! (lattice) Conservation
eB =(0.5GeV)?
RN
T T T T 777777772l S S S S
B =0
0.1 0.2 0.3 0.4 0.5 0.6

Baryon Chemical Potential [GeV]

Juuwv v w A7 B W J g \ VVLUUIOI—VV}

Significant
enhancement

Charged hadrons
favored by B

KF-Hidaka (2016)
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Charge Susceptibility

Sensitivity to B
R Lo R L L e e L L L
Chemical potential fixed at 0.6GeV
Temperature solved by £/N=0.9~1GeV

3 0
>
25 9
= —0.04}
2 | £
bS]
(a9
L5 = —0.08}
=
o —0.12F
o0
0.5 5
e
@)
0 ‘ ‘ ‘ ‘ ‘ -0.16 ‘ ‘ ‘ ‘ ‘
0 0.05 0.1 0.15 0.2 0.25 0 0.05 0.1 0.15 0.2 0.25
eB [GeV?] eB [GeV?]
Crossover? More sensitive to B
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Most of works assume homogeneous B

What happens for inhomogeneous B?

June 3 @ CPOD (Wroclaw)
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Inhomogeneous B

WO NPT NSO WO P0G WD NP0 NP0 NS0T NP0 NP0y Sy

*dT’' _ 2p T 1 /dxzN\2 . dx
FE[A]_/O e %Dm exp{—/o dr [Z(d_T) —I—zeA-d—T]}@[A]

o . . T
Worldline Formalism / B[A] = _% trpexp<% /O dr UWFW)

Ke X Kp for time-dep. E and space-dep. B

Modulation parameter: B ~ By(1 4 x*z?

The bottom line is: Kr o~ 6+K’2T

S —
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Solvable Example

WO, NS0T NSO NSO NSO OGN0 RO RS0 NS0T NS0T NS N
Sauter-type potential:
2
B(x) = Bsech”(kx1) es

Kp = 1 Tr exp(— FIJ:BET) There is a “bound state”
2
+ . 2
. B
HE = -07 - [82 + % tanh(kz,)| =+ eBsech®(kz1)
Lowest eigenvalue is A = —x”?

in an approximation with eB > k*
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Spatially Assisted MC

DT NPT NS0T RS NSO R NSO ST NS0T RS PN N

Effect of inhomogeneous B

m2 — 7712—/432

Very similar to the Chiral Gap Effect in curved space

R
2 2
H i
m m T

Flachi-Fukushima (2014)
Flachi-Fukushima-Vitagliano (2015)

Veﬂ;(m2 — /432) - Larger dynamical mass (MC)

June 3 @ CPOD (Wroclaw) 26



More Implications

SR, R, B, B, R, B P, BB, SR, B, B, 500
Spatially Assisted Schwinger Mechanism

Tm?
el
Mass threshold pushed down ° |

10—120#

exp| -

Spatially Assisted Chiral Magnetic Effect
E - B creates chirality charge

Transverse modulations enhanced chirality creation
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Summary

WO, NPT OO, NPT S0, PN RO, NPT NSO NS0t RPNt NPy
Signatures for B in HIC

Centrality differentiated thermal parameter analysis

P Magnetic shift of the chemical freezeout points with
different centralities.

Freezeout T decreases in accord to the IMC.

I Enhancement of 1o with different centralities.

Easily accessible information from HIC experiment.

I Enhancement of yp with different centralities.
A bit challenging but possible experimental signature.
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Summary

BRGNP SR SR G BR G B0 RGP PG SR SR Py
Spatially modulated B in HIC
I Spatially Assisted Magnetic Catalysis

Enhancement of chiral symmetry breaking
What happens at finite 7?7 Inverse MC remains?

P Spatially Assisted Schwinger Mechanism

Off-equilibrium enhancement of particle production
Avalanche to form a condensate

F Spatially Assisted Chiral Magnetic Effect

Some relation to Weibel/Chiral-Plasma instabilities?
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