


QCD

QUANTUM ELECTRODYNAMICS: is the quantum theory of the

electromagnetic interaction.

» mediated by massless photons
> photon couples to electric charge
> strength of interaction: (y, |H|y,)<Ja

QUANTUM CHROMODYNAMICS: is the quantum theory of the

strong interaction.

» mediated by massless gluons
> gluon couples to "strong” charge

a

T 4r 137

2
e

1

> only quarks have non-zero "strong” charge, therefore only

quarks feel the strong interaction.
> strength of interaction: (y |H|y,)oc o,

a

S

2
ju— gs
4

~ 1
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The Strong Vertex

Basic QCD interaction looks like a stronger version of QED:

QED QCD

7+an‘riquarks +antiquarks

» The coupling constant, g, couples to the "strong” charge.

> Energy, momentum, angular momentum and charge always
conserved.

> QCD vertex NEVER changes quark flavour
> QCD vertex ALWAYS conserves PARITY
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Colour

QED:
» Charge of QED is electric charge
» Electric charge - conserved quantum number

QCD:
» Charge of QCD is called "COLOUR"

» COLOUR is a conserved quantum number with 3 VALUES
labelled RED, GREEN and BLUE.

Quarks carry "COLOUR"
Antiquarks carry  "ANTI-COLOUR"

S S

v
v

g
g

> Leptons, y, WZ Z° DO NOT carry colour, i.e. "have zero colour
charge”

» Leptons DO NOT interact via the STRONG interaction.
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Gluons

Gluons are MASSLESS spin 1 bosons, which carry the colour quantum
number (unlike v in QED which is charge neutral).

Consider a red quark scattering off a blue quark. Colour is exchanged,
but always conserved.

Expect 9 gluons (3 colours x 3 anticolours): b reg &r gb bg br

rr g§ bb
However: Real gluons are cl)r"rhogorlal linear combinations of the above
states. The combination ﬁ(r r+gg+bb) is colourless and does not take
part in the strong interaction.

— 8 COLOURED GLUONS 0




Gluon Self-Interactions

QCD looks like a stronger version of QED. However, there is one
BIG difference and that is GLUONS carry colour "charge”.

= GLUONS CAN INTERACT WITH OTHER GLUONS

n

3 GLUON VERTEX 4 GLUON VERTEX
Example: Gluon-gluon scattering gg — gg

D S 4

= > \\\
g = X
-
eqg. rg+gh > rr + rb 100

SN NI

<

S109 09 |~



QCD Potential
QED Potential:

QCD Potential:
At short distances QCD potential looks similar

4 o

3r

VQCD =

apart from 4/3 factor.

Note: the colour factor 4/3 arises because more than one gluon
can participate in the process ¢—¢g. Obtain colour factor from
averaging over initial colour states and summing over
final/intermediate colour states.
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Confinement

NEVER OBSERVE single FREE quarks or gluons.
» Quarks are always confined within hadrons
> This is a consequence of the strong interaction of gluons.

Qualitatively, compare QCD with QED:

QCD
Colour field

q

hane NVl
€ ~0

e

QED
Electric field

Self interactions of the gluons squeezes the lines of force into a narrow
tube or STRING. The string has a "tension" and as the quarks separate

the string stores potential energy.

Energy stored per unit length in field ~ constant

Vir)ocr

Energy required to separate two quarks is infinite. Quarks always come in
combinations with zero net colour charge = CONFINEMENT. 102




How Strong is Strong ?

QCD potential between quarks has two components:

» Short range, Coulomb-like term: _

» Long range, linear term: +kr

4 o
V.., =———"+kr
ocp 3r
with k=~ 1GeV/fm
F:_d_V—ia_;_Fk
dr 3r
—10
at large r F:/czlﬁxm N
1077
= 160000 N

Equivalent to ~150 people

4 a,

3r

QCD Potential

1
llllllllllllllllllllllllllllllllllllllll

0 010203040506070809 1

r (fm)
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Jets

Consider the g¢ pair produced in e'e” = qq g
e

€00 —>
q q

e’ P
q
As the quarks separate, the potential energy in the colour field
("string") starts to increase linearly with separation. When the
energy stored exceeds 2m_, hew gq pairs can be created.

<——q0 ©_—>

q
(—— o= ® —)
<——0£_\0 Qf\o ) —

q q
As energy decreases... hadrons (mamly mesons) freeze out

(——00 Q@ OQ QQ—)
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As quarks separate, more ¢4 pairs are produced. This process is
called HADRONIZATION. Start out with quarks and end up with
narrowly collimated JETS of HADRONS.

e q q JET
Y / %

The hadrons in a quark(antiquark)
jet follow the direction of the
original quark(antiquark).
Consequently, e'e” — qq is

observed as a pair of back-to-back
Jets. 105




Nucleon-Nucleon Interactions
» Bound gqq states (e.g. protons and neutrons) are COLOURLESS
(COLOUR SINGLETS)

» They can only emit and absorb another colour singlet state, i.e. not
single gluons (conservation of colour charge).

» Interact by exchange of PIONS.
Example: pp scattering (One possible diagram)

P L u
i’ d d
............ .
p p ’ s
u
2 _—m.r
. . . ' g e
> Nuclear potential is YUKAWA potential with [V(r)=— y
T 7

> Short range force: Range ~ %1 = (0.140 GeV)™ =7 GeV'™

T

=7x(hc) fm=1.4 fm 106




Running of o,

> o, specifies the strength of the strong interaction.

» BUT, just as in QED, o, is not a constant. It "runs” (i.e. depends
on energy).

» In QED, the bare electron charge is screened by a cloud of
virtual electron-positron pairs.

» In QCD, a similar "colour screening” effect occurs.

In QCD, quantum fluctuations lead to a
cloud of virtual qq pairs.

One of many (an infinite set) of such diagrams
analogous to those for QED.

In QCD, the gluon self-interactions ALSO lead
to a cloud of virtual gluons.

One of many (an infinite set) of such diagrams
No analogy in QED, photons do not carry the
charge of the interaction.
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Colour Anti-Screening

> Due to gluon self-interactions bare colour charge is screened by
both virtual quarks and gluons.

» The cloud of virtual gluons carries colour charge and the effective
colour charge DECREASES at smaller distances (high energy) |

> At low energies, o, is large — cannot use perturbation theory.

» At high energies, o, is small. In this regime, can treat quarks as free
particles and use perturbation theory > ASYMPTOTIC FREEDOM.

o | QCD

Confinement

_ 1 GeV, al|=1
: Asymptotic
N Freedom
4T /137 ;
High Energy M, LowEnergy High Energy Low Energy

Vs =100GeV, o =0.12 5




Scattering in QCD

Example: High energy proton-antiproton scattering.

Visible jet in
direction of ¢
Z —>
u
P / Jet along beam
direction
- 2 'E

I d
MN?M@ - d_CUQN

Upper points: Geiger and Marsden data (1911) for the
elastic scattering of o particles from gold and silver
foils.

Lower points: angular distribution of quark jets
observed in pp scattering at ¢° = 2000 GeV”.

(e,

sin’ 9/2

Both follow the Rutherford formula for elastic scattering.”

u

10

1

o CERN pp collider

GG scattering

q? ~ 2000 GeV?

(nb)\ «-
: @

~ 0.1 GeV?

]
Geiger and Marsden

o Ag

rticl n
particles ony

0.01

sin’ 9/ 2




Example: pp vs n'p scattering

A

plu L =) TC+@

3/ =

_//gup «-/i@

Calculate ratio of o(pp)igiq T S(TP)sotal

QCD does not distinguish between quark flavours,
only COLOUR charge of quarks matters.

At high energy (E>> binding energy of quarks within

hadrons), ratio of 6(pp)ys aNd S(1*p), sy depends <
on number of possible quark-quark combinations.

. a(np) 2x3 2

P —

redict - ) 3x3 3
Experiment o) 24mb 2

a(pp) 38mb 3

_QLS
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v
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v
v K'p
w- “ v v""v?
= Al

v 7v
vvv%v'..‘* Kp

lel Lot Lt

NEREEE AR |

10 50 100 500 1000
P, GeV/c



QCD in e"e~ Annihilation

e*e annihilation at high energies provides direct experimental
evidence for COLOUR and for GLUONS.

Start by comparing the cross-sections for e'e” - u*u ande’e” = gq

© m~Liada
! 4ma’ 9
3s

If we neglect the mass of the final state quarks/muons then the
ONLY difference is the charge of the final state particles:

0,=-1 and Q,=+% or -V

+

=) gle'e > U U )=

111



Evidence for Colour

Consider the ratio
_o(e'e” — hadrons)

ole’e > uu )

R

For a single quark of a given colour
R=0;

However, we measure e'e” — jets not e'e” = uu. A jet froma
u-quark looks just like a jet from a d-quark etc. Need to sum over dll
flavours (u, d, ¢, s, t, b) and colours (r, g, b):

R=3 ZQi2 (3 colours)

where the sum is over all quark flavours (i) kinematically accessible
at centre-of-mass energy, Js . of collider.
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Expect to see steps in R as energy is increased.

R:3ZQ1'2
Energy Ratio R
4 1 1
«/§>2ms~1GeV 3(54'54‘5) =@
uds
4 1 1 4
~ 3| =+ —+—+—=| = -
Js > 2m, ~ 4 GeV (9 5" 9j GD
udsc
1
Js > 2m, ~ 10 GeV 3(--*;) - (39
udsch
4
Js > 2m ~ 350 GeV 3(---+§j =@
udscbt 113




R

_o(e'e” — hadrons)

ole’e” —>u )

> R increases in steps with Js

L
3 >

» /s <11 GeV region observe
bound state resonances:
charmomium(cc) and
bottomonium (bb).

> s > 50 GeV region observe
low edge of Z° resonance,

I'~25GeV.

4+

4 £ - N
8 154 %(CC) Y‘“r(bb

STRONG EVIDENCE FOR COLOUR |

i
|t |

i g -+
& u+d+s+c
+ I
2N

4
WY u+d+s

.3
[ W O W T Y B O

u+d+s+c+b

l'l’llilllll'!lll'Illllllllf]lllil'lll
Y « Orsay o Cello
- Frascati x Jade
+ Novosilbirsk + Mark J
- SLAC-LBL v Pluto
- DASP a Tasso
{ ~ CLEO
4 DHHM
) { b1,
1 1
v 1 fﬁ‘ TR

[ TN S TN T U N OO0 N T N NN TN T TN I N U A U OO B AN

0 10
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40

3 o AMY oCRYSTAL BALL OJADE < MARKJ | TOPAZ _]
TS) e CELLO ::CUSB % LENA % PLUTO XVENUS
it ® CLEO ADASPII ®MAC X TASSO
21]““]III|IIIIIIII]|II IJIllllllllii_{llllllllllllllI!I
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Experimental Evidence for Colour
> R=o(e*e” — hadrons)/o(e’e” — u* 1)

» The existence of the Q (sss)
The Q (sss) is a (L=0) spin 3/2 baryon consisting of 3 s-quarks. The wave-

function w=sTsts?h

is SYMMETRIC under particle interchange. However, quarks are
FERMIONS, therefore require an ANTI-SYMMETRIC wave-function, i.e.
need another degree of freedom, namely COLOUR,
l// — (S T A T A T)Wcolour

Veotour = = rgb + gbr +brg — grb—rbg —bgr)

» 1° > yy decay rate
Need colour to explain n° — yy decay rate.

F(n()—)yy) o« N’

colour

Experiment: N, =2.99£0.12
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Evidence for Gluons

In QED, electrons can radiate photons. In QCD, quarks can
radiate gluons.

Example: e'e” > gq g

Giving an extra factor of /&, in the matrix element, i.e. an extra
factor of o, in the cross-section.

In QED we can detect the photons. In QCD, we never see free
gluons due to confinement.

Experimentally, detect gluons as an additional jet: 3-JET events.
» Angular distribution of gluon jet depends on gluon spin. 116



JADE Event s =31GeV ALEPH Event v/s =91GeV (1990)
Direct evidence for gluons (1978)

Distribution of the angle, ¢, between the
highest energy jet (assumed to be one of
the quarks) relative to the flight direction
of the other two (in their cms frame).

¢ depends on the spin of the gluon.

— GLUON IS SPIN1




Evidence for Gluon Self-Interactions

Direct evidence for the existence of the gluon self-interactions
from 4-JET events.

el e
S e

> The angular' distribution of jets is sensmve to exus‘rence of
triple gluon vertex

qq g vertex consists of 2 spin 3 quarks and 1 spin 1 gluon
ggg vertex consists of 3 spin 1 gluons
— Different angular distribution. 118



4-JET EVENT (ALEPH)  Experimentally:
‘*\/ > Define the two lowest energy jets as
_ /
o bl ; /.

the gluons. (Gluon jets are more likely to
be lower energy than quark jets).

» Measure angle between the plane
containing the “"quark” jets and the plane
containing the “gluon” jets, y.

"""" 40 U L P BV e S e R P B L LI T T I R TR
- L3 .
i QCD et
30 J et T
g 20" i 4
i ® DATA
X : Abelian :
q : ¢
“““ 10 |- .
q B .
0 " TE B I I | I | '_

¢ 20 a0 60 80 X
Gluon self-interactions are required
to describe the experimental data. 119



Measurements of o,

o, can be measured in many ways. The cleanest is from the ratio
ole’e —> haa’rons)

R=

ole’e” —> u u

In practise, measure >/VV\/< W

i.e. don't distinguish between 2/3 JZTS

When gluon radiation is included:

R =3ZQ§(1+&j
T

Therefore, ( I+ _j o2
T .6

a,(q’ =25")~

6
0.2

425

4-00

3-751

3-50




Many other ways to measure o....

Example: 3 jet rate e'e” — gqg

R, = ole’e” — 3 jets) o

ole’e” — 2 jets)

S

30 e o e e R A
: m JADE * AMY A OPAL |
R, [%] + TASSO * VENUS O DELPHI .
3 © Mkl ® L3 1 o, decreases with energy

A ALEPH 1

25Kl

§{ | o, RUNS !
*Ef\ Oy =const,
_/ .
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o, Summary

%’C width
/QCD _
Deep inelastic -

scattering

¢ & ete event rate 7]
Y decays at 25 GeV '

¢
¢

— 0=6-g

e*e event shapes \ 5
at TRISTAN :

e+te- event shap
at M, 135 and

10 75 oo’

S

189 GeV
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The Quark Model of Hadrons
EVIDENCE FOR QUARKS

» The magnetic moments of proton and neutron are not i, = eh/ 2m,
and O = not point-like

> Electron-proton scattering at high ¢’ deviates from Rutherford
scattering = proton has substructure

> Jets are observed in ete” and pp collisions

> Symmetries (patterns) in masses and properties of hadron states,
"quarky” periodic table = sub-structure

> Steps in R=o(e*e” — hadrons)/o(e’e” — " ™)
> Observation of ¢c and b bound states
» and much, much more....

Here, we will first consider the wave-functions for hadrons formed
from light quarks (u, d, s) and deduce their static properties (mass
and magnetic moments). Then we will go on to discuss the heavy

quarks (c, ). We will cover the ¢ quark later... o



Hadron Wavefunctions

Quarks are always confined in hadrons (i.e. colourless states)

MESONS BARYONS @
Spin0, 1,... Spin1/2, 3/2,...

Treat quarks as IDENTICAL fermions with states labelled with
SPATIAL, SPIN, FLAVOUR and COLOUR.

W= l/jspace ' flavour Wspin l/jcolour

All hadrons are COLOUR SINGLETS, i.e. net colour zero

_ 7 -
MESONS o =—=\rr+ +bb
W ol \/}( g8 )

999 ]

BARYONS [V == (rgb+ gbr + brg — grb—rbg —bgr)
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Parity

> The PARITY OPERATOR, P, performs SPATIAL INVERSION.
Ply(r.t)) =|v(-r1))
» The eigenvalue of P is called the PARITY
Ply)=Ply), P==I

» Particles are EIGENSTATES of PARITY and in this case P represents
the INTRINSIC PARITY of a particle/antiparticle.

> Parity is a useful concept. If the Hamiltonian for an interaction
commutes with P

P i |=0

then PARITY IS CONSERVED in the interaction:

PARITY CONSERVED in the STRONG and EM interactions
but NOT in the WEAK interaction.

126



» Composite system of 2 particles with orbital angular momentum L:

P=PF P (-1)

where P, , is the intrinsic parity of particle 1,2.

Quantum Field Theory:

Fermions and antifermions : OPPOSITE parity
Bosons and antibosons : SAME parity

Choose:

Quarks and leptons . P=+1
Antiquarks and antileptons : P = -/

Gauge Bosons (v, g, W, Z) are vector fields which transform as

J =1
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Light Mesons

Mesons are bound ¢4 states. Consider ground state mesons consisting of
LIGHT quarks (u, d, s).

m,~0.3GelV, m, ~0.3GeV, m, ~0.5 GelV

» Ground State (L=0): Meson "spin” (tfotal angular momentum) is given by
the ¢g spin state.

Two possible g4 total spin states: § =0, ]
S =0 : pseudo-scalar mesons
S =1 vector mesons

» Meson Parity: ( ¢ and g have OPPOSITE parity)
P=P P (-1) _(+1)( D(-1)" =-1 (forL=0)

> Flavour States: ud us, du ds Su, Sd and uu, dd ss  mixtures

EXPECT: 9 J” =0~ mesons: PSEUDO-SCALAR NONET
9 JP=1]- mesons: VECTOR NONET 128




uds Multiplets

Basic quark multiplet - plot the quantum numbers of (anti)quarks:
A" Strangeness”

QUARKS ANTIQUARKS  drstrangeness”
.S
d U “Tsospin” R I
’ ‘ —> s d .
~1 +% ‘ ' Is)ospm
_1 1 P -
Os [JT=12 z ty (=12
_ "Strangeness”
MESONS ds ‘+1 ________ ous The ideas of strangeness and isospin
are historical quantum numbers
— SV ag e = assigned to different states.
dus U4 . ud "Isospin” Essentially they count quark flavours
‘ % i (this was all before the formulation
—1* 0% ss S+l of the Quark Model).
™ £ Isospin=<(n,—n, —n. +n; )
SU o .............. 'OSd
-1 Strangeness =n_—n_

SPINOor1

129




Light Mesons

PSEUDO-SCALAR NONET VECTOR NONET
JP = 0_ JP — ]_
) - A "Strangeness” ~ "Strangeness”
K dsgtll.. .qus K K'dsg@.tll...qus K

T du d T T Z/ld ISOS p 3 a)o ud ‘Isospin”
; pin”
oo gl g % >
T

—1™, | -1 0% p’

K su o.:.l. ....... Qsd K’ K" su 0'3'1' ........ OQsd K

n%, n, n’ are combinations pY, ¢, ®°are combinations

of uu, dd and ss of um, dd and s5
Masses/MeV Masses/MeV
n(140), K(495) p(770), K%(890)

n(550), n’(960) ®(780), ¢(1020) 130



uil, dd, ss States

The states uii, dd and ss all have zero flavour quantum numbers and can
therefore MIX

=+t(uu—-dd) " p’=+Luu-dd) )
n= \/—(uu—kdd ZSS) > |JF =0 COOZﬁ(ourdd) > | JF =]
N = (uu+dd+ss) J Q=SS )

Mixing coefficients determined experimentally from meson masses and
decays.

Example: Leptonic decays of vector mesons.

M —ee )~ q—[—(Qe 0,0

I’ —>e'e Joc[LG-(-4)) =112
[’ —>e'e o[ L(2+(=4)f =1/18

I'(p—>e'e ) [%]2 =1/9

Pr'educ‘rF I, :I,=9:1:2 ; Experiment: F 2L, L, =88£26:1: 171L3(1)4




Meson Masses

Meson masses partly from constituent quarks masses:

» m(K) >m(m) = suggestsm,>m,, m,
495 140 MeV

Not the whole story...

> m(p) > m(m) = although both are ud
770 140 MeV

> Only difference is the orientation of the quark SPINS (771 vs 1)
— SPIN-SPIN INTERACTION
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SPTN-SPIN INTERACTION

QED: Hyperfine splitting in H, (L=0)

Energy shift due to electron spin in magnetic field of proton
2

_ 2 e =
AE=1u-B=—0u -l 0 ' un=—3
aB=<R, a,lw0) using 7 g
S .S
AE oc g —7F
m;nt,

QCD: Colour Magnetic Interaction

Fundamental form of the interaction between a quark and a gluon
is identical to that between an electron and a photon.

Consequently, also have a COLOUR MAGNETIC INTERACTION
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MESON MASS FORMULA (L=0)

§1'§2

m;m,

M _-=m,+m,+ A4
q99

where A is a constant.
For a state of SPIN §=8,+5, S§°=8+8;+2S8,-S,

S,-5,=4(57-57-57)
SP =587 =8,(8,+)=4(1+5)=3

giving  S,-S,=48" -3

|

For J* = 0~ Mesons: S° =0 - §,-§,=-
JP=1 Mesons: §°=8§(S+1)=2 = §,-5,=+

A~ A

Giving the (L=0) Meson Mass formulae

34
M =m +m,— (JP:0_
4mm, 0~ mesons lighter
Y than /- mesons.

99 134

4m, m,




GeV/ 4 Predicted Measured Masses
1.0 | SE P ;/I' ................. Ig{ﬂ*o —
09 B dg >< ................................. K*J_r
0.8 us T s
0.7 dd P
0.6 ud /—
05 uu K’ K"
~ Ki
0.4
03[ ,
02[ | 7o
0.1 Mass term Spin-spin =~ J¥ =("~ J' =1
interaction

Excellent fit obtained to masses of the different flavour pairs (ua@, us, du,
ds, su, sd) with

m, =0.305GeV, m, ~0.308GeV, m_~0.487 GeV, A=0.06GeV’

nand 77 are mixtures of s’ra‘re(, e.g.

_ _ _ 1 34 1 34 4 34
n:ﬁ(ourdd—Zss) M, =—|2m, — j+(2md_ 2)+(2ms_4m2)135
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Baryons

Baryons made from 3 indistinguishable quarks (flavour treated as another
quantum number in the wave-function)

Wbaryon — WSpace '4 flavour WSpin WCOZOMI"
Y baryon must be ANTI-SYMMETRIC under interchange of any 2 quarks.

Example: Q~(sss) wavefunction L=0

W spin ¥ fravour =S TsTsT issymmetric = REQUIRE antisymmetric ¥ coiour

Ground State (L=0)

We will only consider the baryon ground states, which have zero orbital
angular momentum

wspace symmetric

> All hadrons are COLOUR SINGLETS
W, o = ﬁ (rgb + gbr +brg — grb —rbg — bgr) antisymmetric

Therefore, Wspin l//ﬂavour must be SYMMETRIC 136



BARYON SPTN WAVE-FUNCTTONS (Wspm)
> Combine 3 spin 3 quarks: Total Spin J=%@%@%=% or %

> Consider J =3/2

2, §> state:

2,3) = TTT

Generate other states using the ladder operator J_
D= )M (I )M (1)

A =TT+ T+ T
RS (5 S S

J 1 jomy=j(j+1)=m(m—1) jm~1)

(98]
W
(98]
—_—
[\ [FVR NOY [FUR N (99

Giving the J =3/2 states: 3 %> - ™M

Al SYMMETRICunder |71 = EUIT T 1)

interchange of any two spins. |2, - %> = (Tii +3Td + iiT)
53 =4
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> Consider J =1/2

First consider case where first 2 quarks are in a |0, 0) state
,0) 1) = LN -1
5o ) =[0.0) [3.5) = (T =111)
2 _%><123) B ’O><12> 7> _%> = %(Tii ¢TU

ANTI-SYMMETRIC under interchange 1 <> 2.

3-quark J =1/2 states can ALSO be formed from the state with the
first two quarks in a SYMMETRIC spin wave-function.

1 1
> 2>(123)5Ta’re from

L, O>(12) %’% >(3) and

L, 1>(12) 377 >(3)

138



Taking linear combination:
3.3 ) =a[L1) 3.1 )+ b[L0)3.7)

with a’ +b> =1, Act upon both sides with J,

=a (1|1 D)5~ )+ 11 ()3,

+b(+ )w 100 1)]
0=alL1)|3.3) +V2b[LD[3.3)
a=—2b J.|jm > \/](]+1) (m+1)‘]m+1>

which with a* +b” =1 implies: a_\/Z b=—,/1

Giving %9%>: >29 2>_ 31L >%%>
%,%>=%(2TT¢—T¢T—¢TT) 1,1y =M
Similarly, %,—%>=%(2¢¢T—¢T¢—T¢¢) 1,0) = %(T¢+¢T)

SYMMETRIC under interchange 1 < 2.
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3 QUARK SPTN WAVE-FUNCTIONS

SYMMETRIC unde
s23 %> LM N ) interchange of any
2 k
2 ESY T NANE SRR ' quarks
AN
1 11— (N - mT) ANTI-SYMMETRIC
J== ‘22> f( er interchange o
2 4 -1 =L (NI g oanae of
J= I 3.3)= %(2 ME-NT-I11) SYMMETRIC under
) ‘%,—%>:ﬁ(2¢¢T—¢T¢—T¢¢) interchange of 1 & 2

Wpin ¥ flavour must be symmetric under interchange of any 2 quarks
140



Consider 3 cases:

0 Quarks all SAME flavour: uuu, ddd, sss

W gavour is SYMMETRIC under interchange of any two quarks.

REQUIRE ¥ spinto be SYMMETRIC under interchange of any two quarks.
ONLY satisfied by J =3/2 states.

no uuu, ddd, sss J =1/2 baryons with L=0.
THREE J =3/2 states: uuu, ddd, sss

YV V V V

e Two quarks have same flavour: uud, uus, ddu, dds, ssu, ssd

> For the like quarks, ¥ favour is SYMMETRIC.

> REQUIRE ¥ pin to be SYMMETRIC under interchange of LIKE quarks
1o 2.

» Satisfied by J=3/2 and J =1/2

SIX J=3/2 states and SIX J =1/2 states: uud, uus, ddu, dds, ssu, ssd
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e All quarks have DIFFERENT flavours: uds
Two possibilities for the (ud) part:

) FLAVOUR SYMMETRIC - (ud +du)
> require spin wave-function to be SYMMETRIC under interchange of ud
> satisfied by J =3/2 and J =1/2 states

ONE J =3/2 and ONE J =1/2 state: uds

ii) FLAVOUR ANTI-SYMMETRIC - (ud —du)

> require spin wave-function fo be ANTI-SYMMETRIC under
interchange of ud

> only satisfied by J =1/2 state
ONE J =1/2 uds state.

Quark Model predicts that Baryons appear in
DECUPLETS (10) of SPIN 3/2 states
OCTETS (8) of SPIN 1/2 states. 142




Baryon Multiplets

OCTET [J7 =1/ DECUPLET [J" =3/

“STraﬂgeness” ‘ 5”'0;‘93“@55"

n(udca 0 p(uud) *Isospin” A ddd) AO%M}) A+(uua’) A++(uuu)

< > O o~
‘ “}sospin”
QT .‘
1 Auay S T A

= (dssb'Zj ------- OEO(uSS) E*_(dss)‘o‘ 2| @="(uss)

Antibaryons are in separate multiplets

— -3 “O':Q_ (ss5)
Example: Antiparticle of X* (uus) is 2 \uus), JV =
and NOT X" (dds), J* =1

2 143

i
2



Baryon Masses
Baryon Mass Formula (L=0)

M

994

_ '
=m,+m,+m,; + A4 [

5,5, 5,5, 5,5,

mm, —mm;  NM,ni;

|

where A4' is a constant.

Example: All quarks have same mass, m, =m, =m; =m,

M, =3m, +A'Z

5,-S,

mZ
q

i<j

$7=(3,+5,+8,) =87 +52+5:+23°5, -3,

i<j

28 -8, =S(S+1D)-3L(L+1)=S1S+1)-%

i<j

e.g. proton (uud) versus A (uud)

34'

2 9
u

M

p

=3m, —
4dm

S -S’j:+i =3
i<j 4
3A4'
M, =3m, +4m2

u
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GeV/c?

A
18 Predicted Measured Masses
L7 QO
16 SSS
15 - d JrrrrrprrrprRINNy 2
14 — u:gg L
1.3 |- dds
uus AN
1.2 d
10 "
09 | —————————— )
Mass term  Spin-spin ;P _ y+ P _ y
interaction 2 2

Excellent agreement using:

m, =0.362GeV, m,~0.366GeV, m_~0.537 GeV, A =0.026GeV’ ~ A)2

Constituent quark mass depends on hadron wave-function and includes
cloud of quarks & gluons = slightly different values for mesons and
baryons. 145




Baryon Magnhetic Moments

Magnetic dipole moments arise from
> the orbital motion of charged particles, and
> the intrinsic spin.

Orbital Motion

Classically, current loop
u=d=LTm? == 1 -

uantum mechanically, get the same result . .
Q /9 g, is the "g-factor”.

n=g, 171 g, =1 charged particles
) g, =0 neutral particles

2m

Intrinsic Spin
The magnetic moment operator due to the intrinsic spin of a
particle is - g, is the "spin g-factor”.
n=g L8| ¢ =2DIRACspini

2m point-like particleg,




The magnetic dipole moment is the maximum measurable
component of the magnetic dipole moment operator

_ 9 7 . _ 4 ¢
Uy = <WSpace 8l om Lz Wspace>’ Uy = <Wspin Es om SZ l/jspin>
Electron
S |
ll’tf gﬁ 2me S S 2m8 2

= —gl = —Up

where py; =eh/2m, is the Bohr Magneton.

» Observed difference from g, =2 due to higher order
corrections in QED:

o e’/ 1
ﬂs=—ﬂ3[1+%+0(az)+--} “‘eﬁn“‘ 137
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Proton and Neutron
If the proton and neutron were point-like particles,

e e h 1

he; = —=—
2]’}’1 lus gs Zmp 2 2gSluN

p

H, =g
where uy = eh/Zmp is the Nuclear Magneton.

Expect: p spinz, charge +e  p =p,
n  spin 3, charge 0 b =0

Observe: p n, =+2.793 ny = g, =+5.586
n n,=-1913p, — g, =-3.826

Observation that p and » are NOT point-like = evidence for quarks.

= Use QUARK MODEL to estimate baryon magnetic moments.
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Baryon Magnetic Moments in the Quark Model

Assume ’rha'r bound quarks within baryons behave as DIRAC point-
like spin 7 particles with fractional charge g,

Then quarks will have magnetic dipole moment operator and

maghitude: o A #
/1 T qq luq — <qupm qq S Wspzn> — qq
m, m, 2m,
where m_ is the quark mass.
2 eh 1l eh [ eh
Therefore, =——, S -
T3 om ) T  3om 0 T  3om

For quarks bound within an L=0 baryon, the baryon magnetic
moment is the expectation value of the sum of the individual quark
magnhetic moment operators:

)

~ 4; S q q
luB == SIZ T : S +— : S3Z9 IuB — <W§9m
m, m, M,

g

B . . N
where v, is the baryon spin wave-function. "



Example: Magnetic moment of a proton
For a spin-up proton:

V. =L(2uTqu\L—uTuidT—ui«quT)
22 MM S UM a4, g 2 T - T LAY
(2T |a, + 0, + o, 2T
(=M, + , + - 1)
|

M, + p, + |- T

4(:“1 + U, _/‘3)+(/‘1 — U +,Lt3)+(-,u] + U, +/‘3)]
[, + 11, ) 20,

For a proton w,=p, =p,; ps=p,=—34, (assumingm, =m,)

3 eh m,

Hp = :2mu ", N

where u, = efi/2m , is the Nuclear Magneton. .



Repeat for the other (L=0) Baryons, PREDICT

Hn _
Hp

2

3

compared to the experimentally measured value of -0.685.

Baryon | p; in Quark Model | Predicted [u,] | Observed [u,]
P U, =My +2.79 +2.793
n T~ U, -1.86 -1.913
A I, -0.61 -0.614 + 0.005
5 My~ K +2.68 +2.46 + 0.01
=0 TU - -1.44 -1.25 + 0.014
=" U =5 Uy -0.51 -0.65 +0.01
Q- 3u, -1.84 -2.02 +0.05

Impressive agreement with data using

m,=m, =0.336 GeV, m ~0.509 GeV

151



Hadron Decays

> Hadrons are eigenstates of the strong force.

» Hadrons will decay via the strong interaction to lighter mass states
if energetically feasible.

» Angular momentum and parity MUST be conserved in strong decays.

0 -
Examples: p —n'm

TC+ u
p’ AL
< < 1y s U y
0 + -
mlp )t Jemle) m(&)>m(p)emla)
pO—)n+7'c' A++—)p75+
JP 00 J3/20 1/270
P -1 Mol )-ny] [P w1 POl iy

For p’ > n'nand A — pn" : L = 1 to conserve angular momentum
and parity. 152



> Also need to check for identical particles in the final state.

Example a)o —> 7[077;0

m(§00)>m(57t0)+m(n0) m(m0)>m(n+)+m(n_)+m(n0)

78 13 135 ‘MeV 782 140 140 135 MeV
o’ — 1'r’ o =’
JY I 00 JY I 000

P -1 POPRY-1"| [P -1 Pl )P )Pl )= 1) (- 1)

L =1 to conserve ang. mom. and parity. L, =L,=1 fo conserve ang. mom. and parity.

Identical bosons in final state = = ALLOWED DECAY
wavefunction must be EVEN under
exchange. Branching Fraction ~ 90%

— FORBIDDEN DECAY 153




» Hadrons can also decay via the electromagnetic interaction.

p’ >’y 20— Ay
) y
O-r‘fd\r) u .’f\PIJ“> /u
PX (2 0 >0ld > \d A
¢ u > >—\S
B~8x10" B~ 100%
p’ > m'y 20— Ay
J'r  or Jto 4
P -1 Plz°)P(y)-1) P +1 PPH)-1)
—>L=1 = L=1

> The lightest mass states (p, K% K’, K, A, n) require a change of
quark flavour in the decay and therefore decay via the weak

interaction (see later).
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Summary

> Baryons and mesons are composite particles (complicated).

> However, the Quark Model can be used to make predictions for
masses/magnetic moments.

» The predictions give reasonably consistent values for the constituent
quark masses:

U m
Meson Masses 307 MeV | 487 MeV
Baryon Masses 364 MeV | 537 MeV
Baryon Mag. Moms. 336 MeV | 509 MeV

m, ~m, =335 MeV, m, ~510MeV

> Hadrons will decay via the STRONG interaction to lighter mass states
if energetically feasible.

» Hadrons can also decay via the EM interaction.

» The lightest mass states require a change of quark flavour to decay
and therefore decay via the WEAK interaction (see later). 155



Discovery of the JAy (cc)
> 1974: Discovery of a NARROW RESONANCE in e*e collisions

at Vs ~3.1GeV

J/vy (3097)

Observed width ~ 3MeV, all due to
experimental resolution.
Actual TOTAL WIDTH, 7,

Branching Fractions

B(J/w — hadrons)~ 88%
B\J/w —);f;[)z B(J/I,U —>e+e_)~ 6%

Partial widths

~ [ ~~5 keV

FJ/(//—)hadronS ~ 77 keV
Jlw—u'u” Jly—e'e

b~ 87 keV.

o (nb)

o (nb)

o (nb)

100Q.

3

T T T 177

TTTTTm 1

T

B

T [ i i
e"’ e — hOdrOﬂMar‘k II )
(a

! I

L1111

Experiment

il

e'e = hadrons

T TTTTTm UL ERLLL S

T TTTTI

LI T i i
ete” —utu Icos 81 < 0.6
o~ =
ee > uu
| o1 ! ! | ! l | | 1
ete—ete” Icos 81 < 0.6

|

1
ot N ]
| :

ee Se'e

| ] ! | | 1 |

20
3050 3.090 3100 310 3120 3130

ENERGY Egys (GeV)
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Resonance seen in

R =

o(e’e” — hadrons)

IIIlllI'Il|llll|ll"[l1llll[llII
« Orsay = Cello
- Frascati x Jade
+ Novosilbirsk  + Mark J
- SLAC-LBL v Pluto
- DASP 4 Tasso —
- CLEO

ole’'e > uu )

Zoom in to the CHARMONIUM (cc) region:

\/;~2mc

mass of charm quark, m~1.5 GeV.

Resonances due to formation of
BOUND unstable cc states. The lowest ©

e

& DHHM 4
4 f . # +{»\ 2
1 / k. ]
u+d+s+c+b ]
_ Nocolor _
TN N T U T N A N U A W IO (O N |
30 40

Orrrrr—TT T TR T T T BRI S T (L
40k }f s £ |I "
‘t‘?: [ {/g \{rm — Fit Result
E LMH/ --—Background
I':') 2.0_ e*e"—-hadrons (excluding heavy leptons) 1
energy of these is the narrow J/y state. [, ...
36 4.0 e [G(:.’.%] 50
JIy
C i
c
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Charmonium

» cC bound states produced directly in e*e” collisions have the
same spin and parity as the photon

e J
>N\YN(/WC )l\r\yﬂ< JP=1-
.\ c

e

» However, expect to see a spectrum of bound cc states
(analagous to e*e” bound states, positronium)

2S+1 L
J

n=1 L=0 S=0,1 'S,,°S,
n=2 L=O,1 SZO,l 1809381>1P193P012

etc

Parity = (-1)(-1)*
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The Charmonium System

4.5~ w(4415) )
7 DD
P ww | ide
E w(4040) ™ DD '~ 25 MeV
| O ‘* _
4.0 = _ DD
: w(3685)
: o~ ;
> $ w(ZS) DD DD threshold J
W W i
o = N(2S) » X P )
§ 35 g ----- = Xcl(lp) XCZ(I )
= § hadrons ~
e .
' had
hadrons 00" > Narrow
hadrons
3.0 — J/y
‘ hadrons srdeing radiative Y,
JP | O- 1" 0+ ‘ 1+ 2+
3 3
1 SO ’ Sl PO : Pl P2
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> All cC bound states observed via their DECAY:.

Example: Hadronic decay

w(3685) — Jw n'n”

Example: Photonic decays

=7
\L

AN
E+
*
- TF'_

Ww(3685) —> x+v

\

I_) J/w_|_y il

Peaks in y spectrum

| P CostaBallExpl T ] )

III
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> Knowing the cC energy levels provides a probe of the QCD
potential.

- Because QCD is a theory of a strong confining force (self-
interacting gluons), it is VERY difficult to calculate the exact form
of the QCD potential from first principles.

- However, it is possible to experimentally "determine” the QCD
potential by finding an appropriate form which gives the observed
charmonium states.

- In practise, the QCD potential

4 o

VQCD = —§7S+kl/'

with o, = 0.2 and k= 1 GeV fm! provides a good description of the
EXPERIMENATLLY OBSERVED levels in the charmonium system.
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Why is the J/v so Narrow ?

Consider the charmonium 35S, states:
’S,  w(3097) I'~0.09MeV

2°S,  w(3685) I'~0.24MeV
3°S,  w(3767) I'=~25MeV
£S,  y(4040) I ~50MeV

» Width depends on whether the decay to lightest mesons containing
c quarks, D (dc), D" (cd ), is kinematically possible:

m . =1869.4+0.5 MeV

my)>2m(D) my)<2m(D)

+

3

u
F d
c\D* C;i :
d v d "
v @ ] N ]
c)D K g T
ZWEIG RULE {j
w — D*D” ALLOWED Unconnected lines in the Feynman
“ordinary” STRONG decay diagram lead to SUPPRESSION of
— LARGE WIDTH the decay amplitude

= NARROW WIDTH




Charmed Hadrons

The existence of the ¢ quark = expect to see CHARMED mesons and
baryons (i.e. containing a ¢ quark).

Extend quark symmetries tfo 3 dimensions:
[)S+

BARYONS 0

g
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Discovery of the Y (bb)

» 1977: Discovery of the Y(9460) resonance state.
> Lowest energy 3S,; bound bb state (bottomonium).

> =>m, ~4.7 GeV

Similar properties to the v

- Y(9460) e€e > Y — hadrons

-

1S
B! Y(10023)
- | Y(10355)

' Y(10580
4_. !-l 28 ! 3sﬁ ( phe )

0 ] | Lzl Lyl I I | l | A
9.30 9.40 9.50 9.95 10.00 10.30 10.40 10.50 10.60

E.m./GeV

Full Width  ~53 keV 44 keV 26 keV 14 MeV

- J A J

~ '
NARROW WIDE 164

(]
=

k.
(=)

o
{38 ]

=]

Visible cross-section/nb




Bottomonium

» Bottomonium is the analogue of charmonium for b quark.

> Bottomonium spectrum well described by same QCD potential as
used for charmonium.

> Evidence that QCD potential does not depend on Quark type.
g b

£ (11020)
o 3 ) WIDE
_§ — A
Y
i 3 T (45) BB threshold
1050y g
g T(35) 7
E 3S) i(2P) _ 1al2P) b
" 3 hadrons 1a5) B 4
S oo mes)
i° 2l NARROW
95 ms) U
T(1S) Y
9.0
Zweig suppressed
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Bottom Hadrons

Extend quark symmetries to 4 dimensions (difficult to draw!)

Examples:

Mesons (J° = 0°): B (bu); B°(6d); B’(bs); B:(bc)
The B. is the heaviest meson discovered so far:m, =6.4+0.4 GeV
Mesons (3° = 1-): B (si); B"(ad): B"(5s)

The mass of the B* mesons is ONLY 50 MeV above the B meson
mass. Expect ONLY electromagnetic decays B® — By

Baryons (JP = 1/2+): A,(bud); X,(buu); Z,(bus)
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Summary
» The c and b quarks were first observed in bound state resonances.

» Consequences of the existence of ¢ and b quarks are
- Spectra of cc (charmonium) and bb (bottomonium) bound states
- Increase in R =o(e’e” — hadrons)/o(e’e” — u*u™ )
- Existence of mesons and baryons containing ¢ and b quarks

» The majority of charm and bottom hadrons decay via the WEAK

interaction (strong and electromagnetic decays are forbidden by
energy conservation).

» The ¢ quark is VERY HEAVY and decays via the WEAK interaction
before a #t bound state can be formed.

m, =335 MeV m.~1.5Gel m, =175 GeV
m, =335 MeV m_~510 MeV m, ~4.5 GeV
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