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‘QCDI

QUANTUM ELECTRODYNAMICS: is the quantum
theory of the electromagnetic interaction.
[__mekdiated by massless photons
[__pHoton couples to electric charge,

[Strength of interaction : (1 ¢|H|1;) o v/a.
2

— €
a_47r

QUANTUM CHROMO-DYNAMICS: is the quantum
theory of the strong interaction.
[_mediated by massless gluons, i.e. 1/¢*
propagator
[__gllion couples to “strong” charge
[__Ohly quarks have non-zero “strong” charge,
therefore only quarks feel strong interaction

Basic QCD interaction looks like a stronger
version of QED, acg > o gpns

QED 9 QCD .
Q. Voig
q— q—
o = €/4m ~ 1/137 Y Og=g2dn~1 g

( subscript em is sometimes used to distinguish the gy,
of electromagnetism from o g).
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\ COLOUR |
In QED:

[__Charge of QED is electric charge.
[_Elkctric charge - conserved quantum number.

In QCD:
[__Charge of QCD is called “COLOUR”

[ COLOUR is a conserved quantum number
with 3 VALUES labelled “red”, and

Quarks carry “COLOUR” r
Anti-quarks carry “ANTI-COLOUR” 7

Leptons, 7, W=, Z% DO NOT carry colour, i.e.
“have colour charge zero” — DO NOT participate
In STRONG interaction.

Note: Colour is just a label for states in a
SU(3) representation

1 0 0
r=10 — 1 =10
0 0 1
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\ GLUONS |
In QCD:

[__Gluons are MASSLESS spin-1 bosons

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

q » — q [ ——
gluon r{
q »> p q dep— |
UNLIKE QED:

[Gllons carry the charge of the interaction.
[__Gluons come in different colours.

Expect 9 gluons (3 colours X 3 anti-colours)

However: Real gluons are orthogonal linear
combinations of the above states. The
combination %(TF -+ -+ ) is colourless
and does not take part in the strong interaction.
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\ Colour at Work |

EXAMPLE: qq Annihilation
q q r r
g N
q q

Normally do not show colour on Feynman
diagrams - colour is conserved.

QED POTENTIAL:

VQED = —%

QCD POTENTIAL.:

At short distances QCD potential looks similar

4 o
Vqcp = —37°

4

apart from 3 colour factor.

q — q9g
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‘ SELF-INTERACTIONS I

At this point, QCD looks like a stronger version of QED.
This is true up to a point. However, in practice QCD
behaves very differently to QED. The similarities arise from
the fact that both involve the exchange of MASSLESS
spin-1 bosons. The big difference is that GLUONS carry
colour “charge”.

GLUONS CAN INTERACT WITH OTHER GLUONS:
9

g 9
g O
ig g g

3GLUON VERTEX 4 GLUON VERTEX

EXAMPLE: Gluon-Gluon Scattering gg — gg

:E}
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‘ CONFINEMENT I

NEVER OBSERVE: single FREE quarks/gluons
[__qgudarks are always confined within hadrons
[__THis is a consequence of the strong

self-interactions of gluons.

Qualitatively, picture the colour field between two
quarks. The gluons mediating the force act as
additional sources of the colour field - they attract
each other. The gluon-gluon interaction pulls the
lines of colour force into a narrow tube or
STRING. In this model the string has a ‘tension’
and as the quarks separate the string stores
potential energy.

QCD @ED\J/ "

v g

Energy stored per unit length ~ constant.
V(r) xr
[_Rdquires infinite energy to separate two
quarks. Quarks always come in combinations
with zero net colour charge: CONFINEMENT.
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‘ How Strong is Strong ? I

QCD Potential between quarks has two
components:
[ “AOULOMB”-LIKE TERM : —%O‘S
[ LINEAR TERM : + k7

- =40
V= 3rs+kr

QCD(GeV)

1
0
1

V

-2

0 02040608 1

r(fm)
Force between two quarks at separated by 10 m:
Qs
Vocp = . + kr
with k& =~ 1GeV /im
dV as
= - p— —_— I{;
dr 72 +
1.6 x 1010
atlarger F = k=
10—15
= 160000 N

Equivalent to the weight of approximately 65 Widdecombes.
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' JETS I

Consider the qq pair produced in ete” — qq:
e q

“— 00— )

€ 9

,>-\ ]
O 1 -\ :_@C%kl’ E
As the quarks separate, the @) - 3r .
N’
a0 e
el
1

energy stored in the colour — QO VY L o~ ----"" """ """
field (‘string’) starts to in-

crease linearly with separa- > "
tion. When FEgsiored > ) ]
2mg new qqQq pairs can be .
created. 3 bbb oo s
0 02040608 1
r(fm)
—00 —
a9
— —0 >
q q
q qqa q
as energy decreases... hadrons freeze out

D
--------------------------
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As gquarks separate, more qqQ pairs are produced

from the potential energy of the colour field. This
process is called HADRONIZATION. Start out with
quarks and end up with narrowly collimated JETS
of HADRONS

LL
O
/
E q
7p]

q
¥ T o
TIME p T

T The hadrons in a
= = Q\*A quark(anti-quark)  jet
// \\\ -+ follow the direction of
"'-, . the original quark(anti-
H g | ~ quark). Consequently

\\ / observed as a pair of
Z/ back-to-back jets of

S hadrons
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\aside..... |

_ Sd'€2LT 0£8000 GGP200 86995000 Burwd|H
T4 17V UM LeIsuoy Ad 20:v2:2T 0002-Bnv-0€ Lo spe

LYol will now recognize the “Higgs” event from
the cover of Handout | as

ete”™ — something — qqqq
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‘ Running of v g |

[_ak specifies the strength of the strong
Interaction

[ BWT just as in QED, g isn’t a constant, it
“runs”

[ InlQED the bare electron charge is screened

by a cloud of virtual electron-positron pairs.
[ InlQCD a similar effect occurs.

In QCD quantum fluctuations lead to a ‘cloud’ of
virtual qq pairs

one of many (an infinite set)
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)
such diagrams. Here there is no
analogy in QED, photons don’t
have self-interactions since they

don’t carry the charge of the in-

teraction.
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Colour Anti-Screening

[ Dude to the gluon self-interactions bare colour charge is

screened by both virtual quarks and virtual gluons
[__ThE cloud of virtual gluons carries colour charge and

the effective colour charge INCREASES with distance !
[ Atlow energies (large distances) g becomes large —

can’t use perturbation theory (not a weak perturbation)

A
YEm o[ QCD
e - 1137 Mz M
J p
> | >
High Energy Low Energy High Energy L ow Energy
) 1 [ L ] ()] 1 [T T
S i 13 |
‘M
0 W T ! ! L] 0 [ ! ! | ! ! ! | !
0 4 6 -20 -18 -16
2 2
log,,(q7/GeV") log,,(r/m)

[_Afl High energies (short distances) aug is

small. In this regime treat quarks as free

particles and can use perturbation theory
ASYMPTOTIC FREEDOM
IEI\/E — 100 GeV, ag = 0.12.
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‘ Scattering in QCD |

EXAMPLE: High energy proton-antiproton scattering

u U
‘ p
\ W — S
g 9
* - z \\
p Visiblejet U U
in direction of g
do (055)2

1
M~ —\/a 8 = @ — N~
q2\/ sV dQ} sin*0/2

The upper points are the

10° 2] T
\ Geiger and Marsden data
. (1911) for the elastic scatter-
\ ing of «x particles as they
or *"QD 1 traverse thin gold and silver
QCDh

foils. The lower points show
the angular distribution of
* the quark jets observed in
Ny \a proton-antiproton scattering
N \ at 2 = 2000GeV?
., 0 Both follow the Rutherford

. : | e =1 formula for elastic scatter-
0.001 0.01 0.1 ! 4 9

sin*6/2 mg Sll’l

10

dN /d(cos 8)
/
/
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EXAMPLE: pp vs T p scattering

7
¥
W

0000
(@)
00000] ¢
(@)

Calculate ratio of o (pp)total 10 (7T D)total

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

10 20 50 100 20 500 1000 2000
T

L I r—1—— At high energy (E > bind-
_ v AGS 4 ing energy of quarks within
B a Serpukhov - ]
s v FNAL 7 hadrons) ratio of pp and
S ° ISR 1 pm total cross sections de-
o 4#:( ] pends on number of pos-
- s 1 sible quark-quark combina-
o 45F ."I# - tions.
- " vewy .* 4 Predict
wfFYv, PP . 4 T N
e A, : o(mp) __ 2x3 _ 2
- Y, 1 o(pp) 3%x3 3
— @ Y v ﬂ_p :‘ )
TR e L 1 Experiment
205 Wﬁ’*"""u. :(;p::::y E o(mp) ~ 24 mb
0 7 4 o(pp) 38 mb
- o v vvme tE K'p N ~
() I T U Y W B W W11 7 ~ 0'63
5 10 50 100 500 1000
P, GeV/c
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'QCD in ete™ Annihilation I

Direct evidence for the existence of colour comes
from et e~ Annihilation.

[ ColpareeTe™ = putp=, eTe™ — qq:
o(ete” — hadrons)
o(ete” — ptpu~)

1
az

If we neglect the masses of the final state
quarks/muons then the ONLY difference is the

charge of the final state particles (QQ, = —1, Q)
= ‘|‘§ or —% )

Start by calculating the cross section for the
process o (etTe~ — ff). (ff representa
fermion-antifermion pair e.g. u"‘u_ or qq).

Handout Il
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Electron/Positron beams along z-axis

pi = (E,px,Py;>Pz)
py = (FE,0,0,FE) neglecting m,
py = (E,0,0,—F)
a“ = pi+p
= (2E,0,0,0)
qg? = 4E? = s

where S is (centre-of-mass energy) 2

Fermi’s Golden rule and Born Approximation

d dp(E
_0 — 27T|M|2 p( f)
dS) dS)
Matrix element M :
1
M = <ve+|Qee|ue—>q_2<vf|Qf€|uf>
—4 o 2
= maQeQy with o = i
q? 47
d —4 e 2 FE? 1
7 = 271'( maQ.Qy) ~—(1 + cos?0)
dS) q? (27)?% 4
22
Q Qf
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[ (1 + cos? 0) comes from spin-1 photon “decaying” to
two spin-half fermions.

Total cross section foreTe~ — ff

do
o = —df?
dS)

2w T 2 (3
/ @ (1 + cos® 0) sin 6dOd¢

0 0 48

TalQ? Tl
= f/ (1+4+y*)dy (y = cos0)
2s -1
2 )2
_ 4T Qf
3s

4o

3s

o(efe” = putu~) =

701||i111|||lt|||||r

ete— — .U-*#_

v Jade

T T TTrTrT

1 1 14l

O Mark J
A Pluto

0 Tasso
o(ete™ — ptu™)
for eTe™ collider data
at centre-of-mass ener-
gies 8-36 GeV

g (nb)

T lllll”l
1 llllllll

Ogep =

0.1

T I. TTI_II'I]

0‘O1|J¢L|1j11|1|1111|||
10 20 30

Vs (GeV)

o
s
o

Dr M.A. Thomson Lent 2004



19
Back to

o(eTe™ — hadrons)

R —
g o(ete” — ptp-)

For a single quark flavour of a given colour
N2
R = Qq

However, we measure eTe~ — jetsnoteTe™ — uil. A
jet from a u-quark looks just like a jet from a d-quark... Need
to sum over flavours (u,d,c,s,t,b) and colours (7, g, D).

R =3 Z Q7 (3colours)

where the sum is over all quark flavours kinematically
accessible at centre-of-mass energy, 1/, of collider.

Energy Ratio R
V8 > 2m, ~1GeV 3(5+35+3) =2
u,d,s
VS8 > 2m,. ~4GeV 3(§+%—|—%—|—§) :3%
u,d,s,c
Vs > 2my, ~10 GeV 3(..+ 3) =32
u,d,s,c,b
Vs > 2my ~350 GeV 3(.. + 2) -5
u,d,s,c,b,t
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o(eTe™ — hadrons)
Ry

o(ete” — ptp~)
Data: 4/s from 0 — 40 GeV

T I T T T T I T T T T | T T T ] I T T T T I 1 T T L] I Ll I r 1 I I 1 1 1

s6 2y T ¢ sy
8 —? ® Frascati o CELLO -
# Novosibirsk X JADE
- x SLAC-LBL + MARK J
o DASP v PLUTO
6 H* # CLEO A TASSO _

& DHHM

4: Eﬁlﬁm §— ${ + i m‘g&*éﬁﬁ#%iﬁ#w -

i “ﬁ Fuvdes+e ( h
¢ \ u+d+s+c+b
21+ II“E ”ﬁ ]
** \u+d+s

No color
L A i
0 . 1 ] S S} L L l 1 1 1 1 I 1 1 1 1 [ 1 1 i 1 I A i i i _l 1 i 1 1 l SR P TN W—
0 5 10 15 20 25 30 35 40
0 (GeV)

__l’_l"‘["‘l’"']’ T I L | L I LI T T T T 11 L | L | l"T T T | T 1T

5 |— #T /
| + + i ]
R %? T I A i
I R < i

3 L o AMY 0 CRYSTAL BALL O0JADE < MARK J XTASSO _]
" Y(nS) ¢ CELLO ::CUSB +* LENA v MD-1 ITOPAZ -
Fno1934  ©CLEO  ADASPII * MAC #PLUTO  XVENUS 1

2 __J_.J.In | I [ | | [ | I__I L1 ! T [ [ l L1 1 t L1 I 1111 L1 1 i

10 15 20 25 30 35 40 45 50 55 60

E . (GeV)

— . .
[ R,, increases in steps with 4/s

[\ As < 11 GeV region complicated by resonances:
charmonium (cc) and bottomonium (bb).

[_Hl,, Data exclude ‘no colour’ hypothesis.
STRONG EVIDENCE for COLOUR
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‘ Experimental Evidence for Colour I

L R)

[_Thé existence of the 2~ (ss5)

The 27 (sss) is a (L=0) spin-% baryon consisting
of 3 strange-quarks. The wave-function

p=ststs1

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.

Q’b — (8 T S T S T)wcolour
1
wcolour — % (’l" +agOr+ora-aro-roaq- T)

[ 7% — “Y7y decay rate

Need colour to explain m® — ~~ decay rate.
u NAAANANS y

TU yu

\/WVY

['(m” = ~vy) o« N?

colour

EXPT : Nogjouwr = 2.99 1+ 0.12
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\ Evidence for Gluons |

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

ete™ — qqg

& q

giving an extra factor of /g in the matrix
element, i.e. an extra factor of cxg In 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.

g
g «

g

mular distribution of gluon jet depends on
gluon spin

22
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‘ 3-Jet Events and Gluon Spin I

JADE /s = 31 GeV
Direct Evidence for Glu-
ons (1978)

OPAL /s = 91 GeV
(1990)

Distribution of the angle, ¢ be-

02 tween the highest energy jet
g (assumed to be one of the
% quarks) relative to the flight di-

01 rection of the other two (in their

cms frame). ¢ depends on the
spin of the gluon.

—> GLUON is SPIN-1
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\ Gluon Self-Interactions |

Direct Evidence for the exis-
tence of the the gluon self-
interactions from 4-JET events.

g g g
g g g

3GLUONVERTEX  4GLUONVERTEX

e’ q
frer O
>AAA< J
e g
e y Q/q
\CI
e g
mwar distribution of jets is sensitive to

existence triple gluon vertex:

° @b vertex consists of 2 Spin-% quarks
and a spin-1 gluon.

° @b vertex consists of 3 spin-1 gluons,
.". different angular distribution.
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Experimentally:

25

[_Dekine the two lowest energy jets as the
gluons. (gluon jets are more likely to be low

energy than quark jets)

[_mdasure angle between the plane containing
the ‘quark’ jets and the plane containing the

‘gluon’ jets, XBzZ

40 e

Event Fraction (%)

10

P
P ¢« Data

q
g
g
g
Gluon self-
interactions are

required to describe
the experimental
data. Theory with-
out self-interactions
(ABELIAN) is in-

consistent with

observations

0’ 20 40° 80°

Xz
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‘ Measuring &g |

Qg can be measured in many ways. The cleanest is from
R,,: In practice measure

- S+ S e

I.e. don’t distinguish 2/3 jets. So measure
o(eTe™ — hadrons)
o(ete” = ptp~)
o(ete™ — qq)
o(ete™ = ptu~)

When gluon radiation is included :

(87
R, =33 Q)1+ )
L-25r

o

3751

3-50 |
10 20 3'0 LIO

ECH (GEV)

as) ~ 3.9
Therefore (1 + 22) = ¢

giving ag(q? = 25%) =~ 0.20

Dr M.A. Thomson Lent 2004



Many other ways to measure ag ....

e.g. 3jetrate: ete™ — qqg

04 L

03 F

02

0.1}

o (3 jet)
o (2 jet)

XX

o(qag)
o(qq)

‘ Qg Summary |

I'(t = v, +hadrons)

\ Deep inelastic
scattering

o (e*e~ —hadrons),
e*e™ event shapes

m I'(Z° — hadrons),
Z9 event shapes

GLS sum rule }

I

¥ decay

T decay A =02 GeV

q*, GeV?

Dr M.A. Thomson

Summary of «ag
measurements

o5 RUNS !
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‘ Nucleon-Nucleon Interactions |

md qqq states (e.g. Protons and Neutrons) are
COLOURLESS (COLOUR SINGLETS).

Ijﬂl’ can only interact via COLOURLESS intermediate
states - i.e. not by single gluons. (conservation of colour
charge)

mact by exchange of PIONS
Iﬂ possible diagram shown below :

d d
u u

uy .U 0

e
u u

mear potential is YUKAWA potential with

2
- g _
V(ir)=———e ™m""
() 4rr
|__shdkt range force : range ~ (112,;) 2
Range R = (0.140GeV)™ !
= T7TGeV~!

The/(1.6 X 10719 m
1.4 fm
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