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QCD minimum
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Quantum ChromoDynamics Quantum ElectroDynamics

One gluon
exchange
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L
quark eIectr.on N
3 colors (RGB)> SU(3) Electric charge = U(1)
6 flavors
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Wlf . quarks fermions in fundamental representation of SU(3)_

have “ "1=1, 2, 3 (red, blue, green) and
“flavor” f=1, ... N; (u,d,s,c,Db,t) (also electric charges)

a. °
A,U . gluons vector fields in adjoint rep. of SU(3). : a=1,... 8

Gauge symmetry Chiral symmetry

Rotation in three color space , Non- Rotation in flavor space w/ handedness,
Abelian (analog of U(1) in QED) valid for massless quarks, u,(1) is

anomalously broken. 2 SU (N;)
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Order parameter (massless quark): Polyakov loop
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conjectured “QCD phase diagram”
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Fig. 1. Schematic phase diagram of hadronic matter. pg is the
density of baryonic number. Quarks are confined in phase I
and unconfined in phase Il.
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Lattice

QCD Phase diagram

T.Schafer, hep-ph/0304281
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More about color
superconductivity



Color superconductivity
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Color superconductivity
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BEZETHESTEHNKEEDI=H? Abuki-Hatsuda-KI 2002

Asymptotic freedom = ; Ladder QCD at finite p
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Abelian vortex

Forbes-Zhitntsky PRD65 (2002) [cite 32] | Ao
lida-Baym PRD66 (2002) [citation 61] Ag ]
lida PRD71 (2005) [citation 14] Aqe®*

non-Abelian vortex
Balachandran-Digal-Matsuura,
PRD73 (2006) [citation 18]

QCD BIZIZPOE—RAFEE

> Y3ATFTE—REFOQCDBILIERI#KETZE RS  (Yasui-KI-Nitta PRB 2011)
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More about quark
gluon plasma
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Gluon dispersion quark dispersion entropy of pure SU(3) glue
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Dynamical matter&EL TOQGP
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Dynamical matteré:L'Cd)QGP

Initial state Energy Stopping Hydrodynamic

Hard Collisions Evolution Hadron Fréezeout
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Flow as a signature of QGP

Coordinate anisotropy
(eccentricity)

Momentum anisotropy

Confined
in a small
region

Most effectively converted when
the matter is a perfect fluid




Flow

Azimuthal angle ( phi ) dependence (v,=1/2)

dN, dN,

— 2V cosn

dyd’p,dg dydsz ZﬂZ Y Pr)cosng

n=1 directed flow n=2 elliptic flow n=3 triangular flow
- +

(SRS )
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Hydrodynamics explains flow data
for the first time at RHIC energy

centrality: 0.30% | gryarg curves: Relativistic hydrodynamics

200 GeVr +m . . . . . ]

« 200 GeVK! T, =165 MeV, Bl W/o viscosity (ideal fluid)
200GeVp+p | T, =130 MeV - can describe the elliptic flow

200 GeVA+A
200 GeV Cascade data.
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Parton energy loss in QGP
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Nuclear modification factor

d*N™/ de d n Particle yield in AA collision
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RAA(pT) —

Scaled particle yield in NN collision



Parton energy loss : comparison with dAu

. Final state suppression . Initial state enhancement
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QGPA 1R
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Lorentz contracted Gluon dominant Original figure
by N.Tanji
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Color Glass Condensate Glasma qux tubes
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http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/mathbf{E} ^a _/text{L} /parallel /mathbf{B} ^a _/text{L}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
1/Q_s
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
/mathbf{E} ^a _{/text{T}} /perp /mathbf{B} ^a _/text{T}
/end{align*}
http://maru.bonyari.jp/texclip/texclip.php?s=/begin{align*}
1/Q_s
/end{align*}
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Pure classical glasma




Other interesting
phenomena



Heavy quarks as impurity

QGP+>quark matterl&. F(Zup, down, strange 7 A —2I M 578 5
m,~2MeV, m ~5MeV, m~95MeV

LA L. DEFEDcharm, bottom’ZENEWNTIA—IEIFET D
m.~1.3GeV, m,~5GeV

NHDOEWNIA—T1E. QGP, quark matterlZ&E>TAFE Y

Heavy quark diffusion in QGP

Kondo effect in Quark Matter



Heavy quark diffusion

IN—hoDIRILF—IBLBRE
radiative energy loss collisional energy loss

f' k K
N S
¢

b

B\ N—h> TldradiativeMEZE A, BT+ —2 TldcollisionalhEE

/ QGP(“ght partgns)\ EL\OT_O@E@J{ijirj\/:\E@J
—> Langevin description
Moore-Teaney, PRC71 (2005)
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P

T Np: momentum drag coefficient
P 3k : mean squared momentum transfer/time

\ / (computable in pQCD)
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Heavy quark as impurity in quark matter

Kondo effect

- impurity causes a drastic change of transport properties
- log enhancement of registance at low temperatures

Electrical registance Three necessary ingredients
of a é‘gpper metal with Eg‘i‘l‘ 1) Fermi surface
Iron impurities 2) Quantum effect

N\ oiina L

0 3) Non-Abelian interaction
\\WMW s

IogT 2/ . QCD Kondo effect (HattoriYasui,0zaki,KI 2015)
w\ 4.~ Possible in light quark matter with heavy

o 01% Fe in Cu | quark impurities
\\%%LM/ | 3) Non-Abelian int = one gluon exchange

3 ] . (Ozaki,Kuramoto,ltakura 2015)
5\\3.05%};. in Cu = Mag.-induced QCD Kondo effect
i .I\'\DT""'“-LM*?“"" I ! ]

4= 1) = Strong magnetic field
0 B b ——=w»  Lowest Landau level has degeneracy

T T

045

T 1T 1

043

temperature (°K)

temperature



Impurity effect

e Attractive interaction btw a light quark and a heavy impurity
becomes stronger with decreasing temperature

- enhanced registivity, suppressed shear viscosity (Yasui,0zaki 2018)
particle

Light k — —— — —— e
N\ N

—» i = i » — K = ﬁlﬁ =
Heavy quark . ,/

-
- hole

* Non-perturbative analysis shows that a new type of condensate
“heavy-light condensate” appears when *°°

impurities are uniformly distributed. _—
(Yasui,Suzuki,Kl,2016)
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