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Quantum Electrodynamics (QED)
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The invariance under local gauge transformation leads to the current conservation.
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Quantum Chromodynamics (QCD)
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Evidences of N.=3
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R is a function ofi
Vs. Above the
threshold of b
production we have:
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Without colour: R = ) —>
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With the colour:
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Quantum Chromodynamics — SU(3) Theory

Lagrangian is constructed with quark wave functions Y=y C

Y(x)-yp'(x)=U(x)p(x)=e W(x)

with any unitary (3 x 3) matrix U(x).

U(x) can be given by a linear combination of
8 Gell-Mann matrices A ... A, [SU(3) group generators]

requires interaction fields — 8 gluons corresponding to these matrices



Coupling strength

QED
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Color factor for qq color singlet state (meson):
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Triple and quadruple gluon Vertex Gluons carry color charges:
important feature of SU(3)

Color flow
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Homework: Compute the color factors between the
two quarks and verify that the same colors repel
and different colors attract each other.

Hint: Gell-Mann matrices in SU(3)
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QED: Running coupling constant
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week ending

PRL 119, 102001 (2017) PHYSICAL REVIEW LETTERS 8 SEPTEMBER 2017
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QCD Coupling from a Nonperturbative Determination of the Three-Flavor A Parameter

Mattia Bruno,1 Mattia Dalla Brida,2 Patrick Fritzsch,3 Tomasz Korzec,4 Alberto Ramos,3 Stefan Schaefer,5

Hubert Simma,5 Stefan Sin‘[,6 and Rainer Sommer””’

(ALPHA Collaboration)
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High Temperature

Superconductor:
Above Critical Temp.

Superconductor:

Below Cntical Temp.
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Meissner Effect of Superconductor




M, =938.272046 +0.000021 MeV
M, =939.565379+0.000021 MeV

m =231 MeV ; m,=48"" MeV



Dressed quark propagator
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Meson spectroscopy in QCDq4,
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G. 't Hooft, Nucl. Phys. B75, Li, Wilets and Birse, J. Phys.
461 (1974) G:Nucl. Phys. 13, 915 (1987)
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Dynamical quark/gluon mass generation and color confinement
in QCD should be understood further.



Proton Charge Form Factor
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Impulse Approximation is valid only for

Q*<2Mye; Q<100 MeV

P p-k p+q
F;(Q*)=F5%(Q*Fx(Q?)

S.J.Brodsky & C.Ji, PRD 33, 2653 (1986)

Reduced Form Factor

Fp(Q?) — fa(Q*)F} (%)



[@1(pa + q) + q/2]* ~ (1 + 271)¢* /4
4 ~ ¢*/3 (using z1 ~ 1/6)

NN Y
S.J.Brodsky,J.R.Hiller, PRC 28, 475 (1983)
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L S.J.Brodsky,J.R.Hiller,C.Ji,G.A.Miller, PRC 64, 055204 (2001)

New Improved Reduced Nuclear Amplitude
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(42-1)/(5-1) =41/4 >10
More than an order of magnitude increase!

B.L.G.Bakker & C.Ji, Prog. in Part. and Nucl.Phys. 74, 1 (2014)



Three-Nucleon Short Range Correlation
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New measurements of high-momentum nucleons and short-range structures in nuclei.

E02-019 Hall C Expt, PRL 108, 092502 (2012)



Mesons Baryons Glueball States

QQ QQQ GG GGG
“tetraquark” states “pentaquark” states “hexaquark” states
QQ QQ QQQQQ QQQ QQQ
/ (CC_ U 5) F.J.Dyson & N. Xuong, PRL 13, 815 (1964)
C

“Hdibaryon” JUUD DSS R.LJaffe, PRL 38, 195 (1977)

Possible mechanisms underlying confinement
multiply as the number of quarks and gluon
constituents increase.

Do the constituents always cluster as color-singlet subsystems?

Predominantly “yes” for ordinary nuclei, but there are
also rare configurations in which other multiquark color
configurations “hidden color” can enter.
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Large Enhancement of
Hidden Color Effect
is expected.
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RHIC

Phase diagram as of today

.................. . Quark-

—~--
—
—

Hadronic
maftter

Critical end

point

FAIR

Gluon
- / Plasma

Sufficiently high baryon density:
Cooper pairing of quarks near the

1st order
line

Fermi surface (neutron starts)

superconductor

Nuclel

Neutron stars “B
5

= net baryon density

Reminder: Chemical Potential oU
= Change of energy when adding additional baryon Hi = ON; -
VIV £




Phase Transition & Critical Temperature

Lattice QCD predicts phase transition
Energy density of hadron gas ! . . . . .
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Relevant Degrees of Freedom in Strongly Interacting Systems
Degrees of Freedom Energy (MeV)
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Summary and Outlook

B Proliferation of hidden color degrees of freedom
is dramatic as the number of quarks increase.

— 3N SRC may be enhanced as Q gets large.

— Q dependence of deuteron b, structure function may be
important to check the effect of hidden color degrees
of freedom.

— Recent observation of d” resonance raises the
possibility of producing other novel color-singlet six-
quark dibaryon configurations allowed by QCD.

B The link between the traditional nuclear physics and the
qguark-gluon picture may be provided by the reduced
nuclear amplitudes.



