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Strong Interactions and QCD

e QCD (Quantum Chromodynamics) is said to be the
theory of strong interactions.

* |tissaid that “The strong interaction is the force that
binds protons and neutrons together to form
the nucleus.” It is also “it is the force that
holds quarks together to form protons, neutrons,..”.

* Above can be a good popular presentation or
motivation of ideas, but not any experimental
signature in actual working science, like photon and
neutrino detection are for electromagnetic and weak
interaction respectively.



https://en.wikipedia.org/wiki/Proton
https://en.wikipedia.org/wiki/Neutron
https://en.wikipedia.org/wiki/Atomic_nucleus
https://en.wikipedia.org/wiki/Quark

Possible definitions of strong interactions in

working science.

e |If a process is not electromagnetic or wealk, it

nappened through the strong interaction.

* If the interaction time (inversely proportional to the

energy width) is ~10743 seconds, it happened due
to strong interactions.

The Breit-Wigner
Distribution:
interaction or life
time is inversely
proportional to
(energy) width T.
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No one-to-one correspondence of
processes and theory (QED or QCD)?

* A process, namely electron-proton inelastic
scattering (strong or electromagnetic?) is
explained with the help of both QED and QCD.

* First the simpler explanation (QED) was tried
and when that failed to fully understand the
relevant experiments, the help turned out to
be the theory called Quantum
Chromodynamics (QCD).



Parton Model, QED,
which was corrected by QCD.




Educational Background:
Simpler e Muon and e proton scatterings
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T = —q2/4M2; the mass of the target, proton, is now M replacing ,
m for muon.

with v = — ko =E’-E in the rest frame of target muon).




Inelastic electron-proton scattering
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The Parton Model Limit: If the struck
particle has a rest mass...

* Thatis, if the scattered particle (other than electron) has some rest mass

m that is apparently unknown, R
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But then this constraint itself would tell an experimentalist
the value of mass m through the equation
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Structure Functions and
Momentum Distributions

 (For Bjorken scaling) vWZPOint(V,QZ) =F,(x) =Y, e’ xfi(x)
and Ml/l/lpomt(v,Qz) = F;(x).

1 . 1
x= —gives Fi(x) = EFZ (x).

F;(x) and F,(x) are dimensionless structure functions of proton.
f: (x) are parton momentum distributions.

: . ., dP; : . . ,
f:(x) is the probability density d—x‘ that the struck parton i carries a fraction x of the proton’s
four momentum p.
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1f the Proton is

A quark :>

Three valence Quarks :

§f =

EREE|

Three bound valence
quarks + s show
debris, e.g.. 90—~ 0F

: =

then F7(x)is

Only QED!

"l 1

o Here, we need QCD!

l Valarco




Bjorken Scaling (a Parton model, QED result)
is verified but only approximately; further
improvement by QCD

virtual photon ¥

* Changing
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Writing in terms of “cross-sections”
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with W, being the hadromc tensorindo ~ Lj,, WHY. For real
photons sum over two transverse polarizations of the incident photon.
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Proton and Partons
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Virtual “Cross-Sections” in
the Parton Model Limit

Neglecting the mass of the outgoing quarki.e. (¢ + p;)*= 0

Q? ,
7 = = 1. virtual photon Y
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Modification to Virtual Differential
Cross-Sections by Gluon Scattering
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Modification to Virtual (Total) Cross-
Sections by Gluon Scattering
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http://www.scholarpedia.org/wiki/images/1/1a/DIS-QCD.png
http://www.scholarpedia.org/wiki/images/1/1a/DIS-QCD.png

QCD was used in above...

* toreplace a by  (ea)s
This means: a possibly different value of charge and different number of charges.

These are properties of quarks and quarks where earlier used for a static model of hadrons.

8®1=3®3

s(-1/3)  d(1/3) u (-2/3)

ANV

(2/3) d(-173)  5(173)

Quarks Anti—quarks

7~ +p— K’ +A explained as dU +uud — ds +sud



Early problems,
3 identical Fermions....




Colour Degree of Freedom...
4;?05 » zeg 4re’ 3zf o, - dra’ Zq R O‘(e+_e'_—>q§)_ :Zg:€§:§

color O-(e+€ —>,LI+JL£ )

Motivation for Colour SU(3)

B Consider the ratio 17 of the ¢t ¢~ total hadronic cross section to the cross section
for the production of a pair of point-like, charge-one objects such as muons.

B The virtual photon excites all electrically charged constituent-anticonstituent pairs

from the vacuum. p

B At low energy the virtual photon excites only the «. d and s quarks, each of which
accurs in three colours.

Ro= NeY O
i

B For centre-of-mass energies F.n = 10 GeV, one is above the threshold for the
production of pairs of ¢ and b quarks, and so

2\ 2 1y 2 1
n:;u,(-) +:;,(_-) _
3 3 3



Electric Field and
Colour gChromo) Flelds

 The electric field spreads

* The colour field glues and hence
forms flux tubes.

* Each term in the Fourier Series
for the electric field is a photon.

e Similarly, the colour field is
composed of gluons.

* Both photons and gluons have
zero rest mass, but gluons carry
colour charge and self-interact (glue).
 Confinement: Free quarks |
can not be detected. i

distance




QCD; problems with Lagrangian and

Perturbative expansion
1

Locp = 4 T+ A ("D;J’# —my )ab qrs
7

B __ B B BCD H~C D
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Leads to Feynman diagrams.

But for our number of flavours, g and its square 1
increases for lower momentum transfers
eventually making theory unsolvable for the
usual hadronic physics of spectroscopy and
decays.
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How can you calculate with large
coupling....

The S-matrix expansion in powers of coupling or H,

n=0 n!

P-_- i ek j Jd‘xl d®x; ... d*x, T{(x,)H(x2) ... #i(xn)}, (6.23)

can be written as

S5 = T exp i | -!'."-'1.I'ffir.,'|:.:'_:']



Path Integrals..

Inscalar field g 74(2,)6(20) .. 6(20) 0) = %fwe*‘s[ﬂqﬂrlmrﬂ...qﬁtrn;
theory
In QCD, scalar field ¢(X) is replaced by colour i’d field ¥i(X)and the

. . il f . 1 - _ 1 _ _ .
gluonic field Ay (=) - o1resc, Bexlo) - (z>fd[’n‘"I’AM]l/J(xﬂ‘P(xz)elSO ,

In lattice QCD, a pure gluonic Euclidean (imaginary time) path integral
(using adiabatic approximation) with  Ulx..r 4 en) — exp icent A, (x)

is an expectation value. Imaginary time; Wick’s rotatlon (of mtegratlon

limits. SQCD=SG[U}+S(W)U’§[) ?’[) Au
VT ST [ ’ : k,
-;"{,.i':;- f Bl '.‘,-:'I:-'r ,Irqft-;l- Z[l = UP U}‘L)] J/

r g2V gﬂ =
.3 . __ N . 2N, The strong coupling
o= N, m;p (Ne = Tr Oy (@) = = g2 =~ expansion

. In inverse coupling
to get an agreement with an integral of > EnEuwy- [, though bare.



Confinement “derived” in
the strong coupling limit.

Quantum Mechanics (“Quarks, Gluons and Lattices” by Creutz)
Z=I[dX]E'S=Tr(..E'Time Hamiltonian)

In the expectation value };,, 0,,P, . [ DUO(U ) S©)
\‘ an operator O(U) forQQ time ' [ DUe—S(U)
evolution.

L |
The expectation value itself is called a Wilson loop.
A _ For the simplest Wilson loop

W(R,T)=eEneray(R)Time for time— oo,
In the strong coupling limit,

Energy is proportional to the
00 separation; QCD (Bosonic) Strings



But in the continuum limit of zero lattice spacing,
bare inverse coupling [ is not small;
we need a calculational procedure valid for all .

e Lattice numerical evaluation of the path

integral
[ DUO(U e SU)

e} —
' r}r}.‘r-r S(t7)

with importance sampling of this sharply
peaked integrand, can be performed for all
values of g and energies.



Numerical Stimulations of QCD

Gluonic ground state energy (black curve) Energy. of the ground state .
fitted by optimum values of the quark color field vs q gbar separation
model parameters & , b, o and m_ . 6

Illllllllllllllll]lll

—Aev,
Vig(r) = =+ br + _
a(r) 3r 9mn?

2Ty, 0 4 _ 22— — 1 . 2 b —=  doy
T A PeT T S LS+ —2[(——;)?5 —}—?T}

S .. ‘ :
N m2- 3

S

Quark potential model
extension to hybrids (mesons
with excited gluonic field).

r,(V(r)—V(2r,))
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Energy of the excited state
color field vs q gbar separation



Quark Model
as an approximation to QCD

In retrospect, quark model is an approximation
to QCD in which all the properties of the hadrons
are understood in terms of only quark
properties; one potential for one QQ separation
Is in quark model.

This can be compared with Adiabatic
aloproximation in molecular physics, where the
all properties of a system of nuclei and electrons
are understood in terms of properties of the
nuclei only, with electron cloud giving an
effective potential between nuclei, etc.

But see the figures above and on the right.
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Quark Model (understanding of ) Mesons
and 1ts failure.

Spin: $=5;+5,=(0,1)

Orbital Angular Momentum: L=0,1,2,...
Total Spin: J=L+S

L=0,S=0:J=0 L=0,S=1:]=I

L $
/ L=1,5=0:J=I L=I, S=1:]J=0,1,2

P =.“(_1)L+1
C= (_1)L+5

allowed combinations

mmp JPC=0" T O"T 1T 1T 27T

not-allowed combinations ey JPC =0~ O+ ~ 1~ + 2"‘ ..
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Four-quark flux distribution and binding in lattice SU(2)

antiquark at separation R. When the plaquette 1s located at
t=1T1/2 i the u-v plane, the following expression 1solates, in
the limit 7— o, the contribution of the color field at position
r:

f4(r) = (W(R,D)OL")—(W(R,T)){(O*")
i (W(R.T))

(2.1)

Here ([]) 1s taken in the gauge vacuum. Like all the other
expectation values, it 1s averaged over all lattice sites.
In the naive continuum limit these contributions are re-

lated to the mean squared fluctuation of the Minkowski1 color

fields by
y at |
f‘g{l"}—}—gﬁ’;{r}'
4
. ) ) : iq a T o
with 7, j, k& cyclic and fR(r)— EEF{T'}'

(2.2)

o)

f- IDIREOINERT St}

;‘ o lar S(rr)




3. Y-type Flux-Tube Formation in Lattice QCD

Recently, as a clear evidence for Y-Ansatz, Y-type Hux-tube formation is
actually obzerved in the maximally- Abelian projected QCD from the direct

measurement for the action density of the gluon field in the spatially-fixed
3Q) system.2"21.22 (See Fig.5)

Figure §.  The lattice QCD result for Y-tvpe flux-tube formation in the spatiallv-fixed
A0) system in maximally- Abelian projected QO The distance between the junction and
each quark is about 0.5 fin.



Possible Physics

Beyond the Quark Model: “QCD effects”

ground-state I-Hybrids (the gluonic field
flux-tube in an excited state)

excited flux-tube

R

Only quark position is not sufficient
To specify the state

lI-Multiquarks




I1I-Glueballs (bound states of purely
gluonic field)

Often understood as

But perturabative concept of

gluons is not valid for the usual >
hadronic physics. Better i Y
understanding can be the lattice

(gluonic field) plaquette with no -
guark

* In the Flux Tube (vibrating string with quantized modes)
Model, these are modeled as closed strings.



Continued: QCD effects ?

(possibly not for two jets, if the description

is in terms of quarks only....)

e Jets: Quarks and gluons do not reach detector but only
hadrons....

(A 1
b, 2
Fue r..
Fhay
B,
3,
-9
3
L

qq |

\

2 0T N0 mMm~mp

a0 | g | Qo0

Deca

Scattering Fragmentation




Clearly QCD Effects: Gluon vertices

P:
Meaning three jet events in D
addition to the two-jet events }
expected (?) from the quark model a
P
l; E,=68.2 GeV~ " ’ Il

g g g
q gl g
g g
g g
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Defining mass and interaction time

. M2C4— — EZ _ pZCZ PEIA

P

The Breit-Wigner Distribution:
interaction or life time s

inversely  proportional to /
(energy) width I.
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In theoretical physics, the masses M are predicted to be poles of the propagators:




