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(with “strange” strangeness conserved experimentally
as “associated production” ) was explained as.....
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Assoclated Production....

7 +p—o> K +A
Explained as

du +uud — ds + sud



Early problems,

3 identical Fermions....




Colour Degree of Freedom...
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Motivation for Colour SU(3)

B Consider the ratio 7 of the et e~ 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 w. d and s quarks, each of which
occurs in three colours.

Ro= N> Qf
i
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B For centre-of-mass energies Fom = 10 GeV, one is above the threshold for the
production of pairs of ¢ and b quarks, and so
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Data

The data on i@ are in reasonable agreement with the prediction of the three colour model.
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The present situation....

Colour SU(3) and spectroscopy

B The observed baryons are interpreted as three-quark states.
B The quark constituents of the baryons are forced to have half-integral spin in order
to account for the spins of the low-mass baryons.

B The quarks in the spin-% baryons are then in a symmetrical state of space, spin
and SU(3); degrees of freedom.

B However the requirements of Fermi-Dirac statistics imply the total antisymmetry of
the wave function.

M \We introduce the colour degree of freedom: a colour index a with three possible
values (usually called red, green, blue for a« = 1, 2. 3) is carried by each qguark.

B The baryon wave functions are totally antisymmetric in this new index.

Quark | Charge Mass Baryon Number | lsospin

2 1 1
1 +5 ~ 4 MeV 5 +3

1 - 1 1
il -3 -~ 7 MeV B -3
, T2 | <15 Gev 1 0
: —1 - 135 MeV = 0
i L2 - 172 GeV . 0
b —= =5 GeV . 0
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table. Within the g7 model, it is especially hard to find a place for the first two of these f mesons and for one of the 7(1440) peaks. See the
“Note on Non-g§ Mesons™ at the end of the Meson Listings.

ud, uii, dd uli, dd, «3 & b u, id cli, ed cd bubd | b | Be |
NISH L, | gPC I=1 [=0 I=0 I=0 I=172 | I1=12 I=0 |I=1/2|I=0|I=0
118, 0+ " n o n(15) | m(1S) K D D, B | B, | B,
135, e P w, @ J/v(15)| T(18) | K*(892) |D*(2010) D; B | B
1'p, |1+ | 5y(1235) | hy(1170), 5, (1380) | K(1P) Kis' | Dy(2420) | D, (2536)
197 |0%* |ag(1450)" | £o(1370)", fo(1710)" | x0(1P) |xio(1P) | K3(1430)
138 17% | ay(1260) | £,(1285), £,(1420) | xa(1P) | xn(1P)| Ky,
13p, ' | @2(1320) | f2(1270), f3(1526) | xa(1P) | xia(1P) | K3(1430) | D3(2460)
1D, % | wa(1670) | 1.(1645), ne(1870) K4(1770)
13D, 1=~ | p(1700) | w(1650) »(3770) K*(1680)}
13D, o K4(1820)
13Dy |37 | pa(1690) | w3(1670), ¢5(1850) K3(1780)
13F, % | ay(2040) | £4(2050), fy(2220) K3(2045)
2 ‘_sn 0% | =(1300) | n(1295), n(1440) | n.(29) K(1460)
238, 1== | p(1450) | w(1420), ¢(1680) | (25) | Y(28) |K*(1410)}
23p 25 | aa(1M00) | f2(1960), f2(2010) x12(2P) | K3(1980)
3ls, 0~* | x(1800) n(1760) K(1830) :

* See our scalar minireview in the Particke List
Jo(600), fo(980), fu(1370), and fu(1710). The

fo(980) may be K

bound states.

! The K, 4 and K5 are nearly equal (45°) mixes of the K1(1270) and K,(1400).

. The candidates for the [ = 1 states are ag(980) and ag(1450),
'huhumpnbhmm.mmmmbetmp&hrn

while for I = 0 they are:
ne q7 state and ag(980),

™
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Not only history: Parton model

e sub-structure and related differential cross secti_on

—
E g SR
L - - .
o Point charge
- e
I i e —
uFw - =
_..-——\_ o L) iy T
= 10! | = T
=] L _J j oy
é -
% 102 L 125 Me™W
— -
= -
L]
103 |- [
10~ ; 3 E




was (earlier) interpreted as...

Rutherford




Lepton Hadron (Electron-Proton)
Scattering (to be compared, through QED, with

point-like electron-muon scattering)

/ /



http://upload.wikimedia.org/wikipedia/commons/c/c1/DIS.svg

2. DIS: Structure Functions and Scaling
Photon exchange e(k’)
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1 he leptonic tensor:
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e T he hadronic tensor:
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And the cross section:

do 1
Do _ LTV )
S Bk s(q2)2 i




- W,, has sixteen components,
but known properties of the strong interactions
constrain W, . ..

0" M (x) =0
= (X|o"TM(@) |p) =0
= (px — p)"(X| M (@) [p) = 0

= ¢"W,, =0
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Point-Like Scattering

0, =p’=M? implies Q@ _,
2Mv

% and V' are notindependent

And If there Is a point-like parton i inside a proton
carrying a fraction f of the proton’s four-momentum

2
p“ ~ fp* Q" and V are not independent

Deep Inelastic Scattering

in Parton Model

@+ fp)* =m/




Probability distributions f(x) of the fraction X
WZ(V,QZ)=Zj:dxfi(x)ei25[v— Q° j

2MXx

W, for a point-like parton (like a muon in QED) is
calculated, using the following, to be ezd(V_QZ)
| 2MXx

In the lab frame:

Ly WHY = AEE'cos® 6/2[Wa(v, ¢*)+2Wy (1, g% tan? 0/2]

electron-muon elastic scattering:

c]jr? 2 o ian] 2
'”,—fllfl |E"2 ||'J'|5| [l ﬁﬁl‘l“_”‘_}]r"(.x | fﬂl_f)

2 2 7

v oos” @/2 - Iy, - o T

e T [ Wal )+ 2 (v, ?) tan® 0 /2]
oLy & E -




The above means the structure functions W, and F, are functions
of the Bjorken x only. This is called the Bjorken scaling
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h(P) Opy )

Basic Parton Model Relation

1
canpg)= 3 fndserL(sp,q} bapn(€)

partons a

— where: o, i1s the cross section for
e(k) + h(p) — e(k'=k—q)+ X(p+q)

— and ETEL(IP:{}:] iIs the elastic cross section for
e(k) +a(ép) — e(k' —q) + a(ép + q) which sets
(ép+9)?=0—€&=—¢*/2p-g=r.

— and ¢, x(x) is the distribution of parton a in hadron h,
the “probability for a parton of type a
to have momentum zp"”.



Artist View of a Proton

The proton is not an elementary particle. |t's a mess!

When we collide protons on anti-protons at the
Tevatron or soon protons on protons at the LHC, we
need to know the momentum distributions (parton
distribution functions) of the quarks and gluons
inside the proton.

Lecturs 20 14
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Sea Quarks

|'l|l|f|
= s(x) There is a sea of virtual quark - antiquark pairs inside
the proton.
UsealT) = UsealT), dsealT) = dseal), SgealT) = Sgealr)

The ¢, b and ¢ quarks are too heavy to contribute
much.
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Sum Rules:
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Fig. 9.9 The quark structure functions extracted from an analysizs of deep
inclastic scattering data. Figure (b) shows the total valence and sea quark
contnibutions to the structure of the proton.



When sea contribution cancels....
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If the Provan is _l | then FIFixlis

Agua >

Thrag valence guarks

Only QED!

Here, we need QCD!



QCD effects modify all above as...

e 1-Quark-gluon vertex (like electron-photon
vertex but multiplied with “colour factors”)

The 3-fold colour degree of freedom for quarks and antiquarks,
combined with 8-fold “bicolour” degree of freedom for a gluon
means that the strength of the Quark-gluon vertex is to be chosen
from 3*3*8=72 numbers, read as elements of 8 SU(3) generator
lambda matrices, each of order 3*3

(D), =2,55+("G})

u - ab

[IB?IC]:EVBCDED

ab
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Effects of Quark-Gluon vertex

Meaning a) three jet events in addition to the
two-jet events expected from the “QED
portion”....

P,
Ps

P>



Or....
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A QCD effect



For a
comparison:

The QED
portion
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Isions

nucleon colli

And in nucleon

Fun 178788 Event 67972001 Fnl Feb 27 08234103 2004




b) diagrams like

Figure 15.12. Virtual photon processes entering into figure 15.9.

Figure 15.13. The first process of figure 15.12, viewed as a contribution to e —nucleon
scattering.



explain “violation of Bjorken scaling”
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http://www.scholarpedia.org/wiki/images/1/1a/DIS-QCD.png

Also Gluon-Gluon vertices
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Reversing signs of loop contribution to the “running of coupling
constant” resulting from RENORMALIZATION: in QCD coupling
constant decreases with larger momentum transfers....
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Compare with QED or electric
Plasmas...(trend opposite to QCD)
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Again electric charge effects, not of
the Colour charge




Back to QCD....
The running as(Q?)

@ non-Abelian character of theory leads to :
127
(02 —
*s(9) = [N, =2 in(@2/A2)
@ this exhibits asymptotic freedom as long as Ny < 17
@ on the other side... confinement
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Horizontal is the distance scaled probed and
vertical is the Charge strength....

2.

1.5
QCD

0.5

e QED
0 0.5 1 1.5 >




Continued: QCD effects modify all
above (QED portion) as...

e 2-Quarks and gluons do not reach
detector but only hadrons....

// D
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Scattering Fragmentation



2a-Quarks and gluons remain inside hadrons:

Confinement

Asymptotic freedom: Q) becomes increasingly QED-like
at short distances.

QED:

but at long distances, gluon self-interaction makes field
lines attract each other:

QCD: & —0

—>linear potential - confinement
Event Generator Physics 3 Bryan Webber




Interquark Potential

or from lattice QCD:

Can measure from
qguarkonia spectra:
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The Lund String Model

Start by ignoring gluon radiation:

e e~ annihilation = pointlike source of gq pairs

Intense chromomagnetic field within string 2 ¢q pairs created
by tunnelling. Analogy with QED:

d(Probability)

dr dt
Expanding string breaks into mesons long before yo-yo point.

XX

o exp( —*;«T*mg /K)

Hadronizatio . Yan Webber
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How can you calculate with large

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

a=0 "I

f= 3 e f-.*fd“xi d*x; ... d*x, T{H(x)H(x2) ... Hi(xa)},  (6.23)

Can be written as

S i e b _—.-' Jf f-"-l-?"a?ir.,'|_--" :']

And remains well defined no matter how large is H,



Path Integrals...
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Challenges for QCD: why only colour
singlets and why clustering....
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