Why can’t we see quarks?
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Introduction



Elementary

particles

Understood composition
of our universe



http://www.exploratorium.edu/origins/cern/ideas/images/higgs.jpg

Quark Model

- Chemical “elements” are classified
according to proton numbers, leading to
the periodic table.

Many “elementary” particles were found In
60’s. There should exist more elementary
particles.

Gell-Mann proposed that “elementary”
particles are composed of quarks (1964).

“Elementary” particles were classified, and
new particles were predicted.



Eightfold Ways

- Quark was only a math identity, not real.

 DIS at SLAC indicated the existence of
“*guarks” inside a proton at the end of 60’s.
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lonization of an Atom

Atom Is a bound state of a nucleus and
electrons.

They are bounded by Coulomb’s potential
energy, electromagnetic (EM) interaction,

V() =((+2) e) (—e)Ir
Can see a free electron via ionization

A(9)—>A+(g)+e—(9)
lonization energy Is finite.
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Confinement of Quarks

Hadron is a bound state of quarks, such
as pion, proton, neutron,...

They are bounded by strong interaction,
color potential energy.

Never see free quarks,
no matter how much energy
IS supplied.

Why Is the confinement?



Strong Interaction
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Electric Charges & Photons

- EM Interaction between electric charges
through exchanging photons.

» Electron carries an electric charge, but a
photon does not.

- No EM Interaction between photons.

- All electric charges add into
electric neutrality. + e




Gauge Fleld Theories

- Describe interactions in the view point of
group theory (Yang, Mills 1954)

- Symmetry dictates interaction!

- EM (QED) weak strong (QCD)
- U(1) SU(2) SU(3)
- It was a math _ - ~
model at that time. red
3X3 blue

- Effect of gluon matrix
emission : JIEEr

" N~ _




Color Charges & Gluons

- Strong Interaction between color charges
through exchanging gluons.

 Both quark and gluon carry color charges.
» Strong interaction between gluons.

- Electric charges: positive and negative;
color charges:red,blue,green

» All color charges add
into color neutrality. 9| rg
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Non-abelian Gauge

EM is dictated by abelian U(1) gauge
symmetry under the local transformation

y(X)— exp(io(xX))w(x), A,(X)— A (X)-0,0(X).
Field tensor (electric and magnetic fields)
F =0, A0, A,

Strong interaction is dictated by SU(3)
symmetry under y(X)— exp(iT2a2(X))w(Xx)
T2 Is a color 3X3 matrix (a=1,...8).

Field tensor F2, =0, A? -0, A? -gfaP°Ad Ac .
fabe: structure constants of SU(3).



Nonlinearity of QCD

e Gluon-gluon interaction corresponds to
nonlinearity of QCD.

* Field strength between two quarks:

S

9 9

liInear nonlinear



Asymptotic Freedom

Gross, Politzer, Wilczek
Nobel prize 2004




Vaccum = empty

electron —
photon VV<

ATAE ~ h

Violate energy conservation AE # 0
Impossible in classical mechanics h = ()
Allowed in quantum mechanics

As long as electrons exist In

A sufficiently short time. At — 0

positron +



Vacuum Polarization

Electron and positron pop out from the vacuum

Short distance

(high energy)
More positive  — —
charge

Measured e varies Long disthace

with energies (low energy)
less positive

charge



EM Interaction —> screening effect

e

E

Precision measurement of hydrogen atom’s
energy levels has confirmed this effect,
Lamb shift (Nobel prize,1955)



Anti-screening of QCD

Vacuum = empty,

full of gl quark
Hit OT giLons v\./\< Screening

anti-quark

Gluon carries color

gluon
gluon \/\/\i Anti-screening
gluon

Anti-screening > screening



Coupling constant o (E)
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Confinement

Next Nobel prize in QCD



Coulomb’s Law

photon I |
\ / gravity, 1
\ " EM force 2
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Flux Tube

To produce a strong potential, consider 1-

e e

dim QED
E=constant, Vocr
Field lines are parallel

To separate the two plates,\\

Infinite energy Is needed
— confinement

+

<—r—>

Conjecture: field lines between a pair of

guarks are deformed into a tube.
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String Model

Regge trajectory
/,J:EZ/ZTCG

String tension ¢

spin, Mass C o ﬁ>

Multiplicity

As dosed energy exceeds o

the mass of quark pair,
string breaks, and new
pair appears

O= =0
O——0 O——0
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MUltIp“Clty dn (No. particles)/dy (rapidity)

qguarks

@EEEIEDE D@ @)

K Q O K B

OIDIELIVOC)
= QO Y
= 0



ﬁ‘ 08 F p+pat 158 GeV —P
H Si= 147 neXus 3.0
"N Baryon spectra
g 6
° l mpidity ¥
pa’I th es :" P+p at L38 GeV — A :_'0'003 | prpat 158 GeV — aA
-E 0.04 - 8i=0.107 neXus 3.0 -E Si=0.015 neXus 3.0
Ex=f.115 0.006 Ex=0015 % .
\ Gribov-Regge
0.004 .
(mainly Theory:
0.002 :
(FM Liu et al)
from :
0 2 4 3
3 wpidity y rapidity y
t = 10 = - =
I l I - +pat L58 GeV — == o) -3 at 158 GeV — aZ4
Irc nan S) % 08 [ ’ sf:.aﬂzsz neXus 3. 0 Lje P-;J::.ﬂﬂlﬂﬂ neXus 3. 0
' Ex=00201 04 | Ex=00075
0.6 .
04 0.2
0.2
0 0
a0 2 4 & a0l 2 n 3
Data: 20 mpidity y =~ %10 rapidity y
NA49 2 04 Fpipatl5BGeV 0 = 04 | prpatl58GeV —al
- Si=0 000056 neXus 3.0 4 5i=0 000035 nefus 3. 0
0.3 Ex= 03 Ex=
0.2 0.2
0.1 0.1
0 0
0 2 4 3 0 2 4 3
mpidity ¥ rapidity ¥



Lattice QCD (Juge et al.)
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Gluon propagator

Gluon propagator D, 2°(r)=( A2 (r)A® (0))
represents the amplitude for a gluon
propagating fromOtor.

D ,2°(r) gives the distribution of a gluon in
space for a non-abelian gauge theory.

Doo(r)=V(r), the Coulomb potential.

Dy(K)ox 1/k? in an abelian theory, Fourier
transform gives Dgy(r)oc 1/t

D;(k) describes a physical gluon
(transverse polarizations) in Coulomb
gauge V- A2=0 (k- A2=0).



Infrared Behaviors

Dgo(k) o< 1/k*
Doo(r)ox 1
long-range
Coulomb potential
D;(K)oc kO

Dj(r)oc 13>
suppression of
physical gluon

Consistent with
flux tube picture

D(k)
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The Mechanism?

Analytical studies always need
Introduction of free parameters, like
condensate (Szczepaniak).

t Is not a full understanding.

_arge coupling constant is not responsible
for the linear potential.

t still leads to the Coulomb’s potential 1/r.

he mechanism should be the nonlinearity
of QCD.




Gribov’s Confinement

1930-1997




Supercritical States

* A supercrtitical nucleus with Z>137 (large
EM coupling) makes vacuum unstable.

e Electron (negative energy) and positron
(positive energy) are created.

 Electron falls into the nucleus to form a
bound state, reducing Z into Z-1.

N(Z)— N(Z-1)+e*
* The process repeats until vacuum is stable.



QED Confinement

The bound state has a lower energy due
to absorption of the negative-energy e".

Assume that the bound state drops into
the negative-energy spectrum of vacuum.

The negative-energy spectrum is filled up.

It Is Impossible to separate the e” from the
nucleus due to Pauli exclusion principle.

This Is the Gribov’s picture of confinement.




QCD Confinement?

* Apply the same picture to QCD. The
coupling reaches the critical value at low
energy.

e A bound state is formed: g — M(qq) + g

 Really work? There seems no difference
between QED and QCD.

e The naive idea indeed falls.

e A new term must be added into Gribov’s
equation by hand....



Conclusion

 QCD is dictated by the non-abelian gauge
group SU(3).

« QCD is nonlinear, ie., a gluon interacts
with a gluon. A gluon carries colors.

* Nonlinearity gives the anti-screening,
leading to asymptotic freedom.

* Nonlinearity deforms the field lines into a
tube, leading to the string model, the linear
potential, and the confinement.

* Full understanding of confinement is not
yet available.
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