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m) Interactions by massless spin-1 particles: Gauge bosons

® Quantum electrodynamics (QED):  Photons
Quantum chromodynamics (QCD): Gluons

® QED: Photons couple to electric charges (Q)
QCD: Gluons couple to colour charges (Y¢ and I3).

® Y°: colour hypercharge.
IS : colour isospin charge.

® The strong interaction is flavour-independent:
It acts the same on u,d,s,c,b and t
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@ The colour hypercharge (¥¢) + the colour isospin charge (I3)
— > three colour and three anti-colour quark states

YC |30 YC | SC
QICD r 13 12 ro-U3 -1/
= | g U3 12 g -U3 12

b -213 0 b 213 0

@® Colour confinement: Mesons and baryons total colour charge = O.

® Colour wave-functions:

QCD 4q = (5(rr+gg+bb)

L~
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® QCD: Colour hypercharge (Y¥€) and colour isospin charge (If)
Quark model: Flavour hypercharge (Y) and flavour isospin (I3)

Q Y s Q Y i
d -3 13 -1/2 d U3 -u3 12
u 23 U3 12 u -2/3 -1U3 -1/2

Quark Model s -13 -23 0 s U3 23 0
l - c 213 43 0 c -23 -43 0

b -3 -23 0 b 13 23 0

t 213 43 0 t 213 -43 0

® The total wavefunction of hadrons:

Ytotal = Wspace X Wspin X Yflavour X Wcolour
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m) Photons electric charge = 0
Gluons have colour charge |

® Gluons exist in 8 different colour states:

Xq=10 =1 Y°=0

=70 =1 Y°=0

QCD e=rb IS=12 Yv°=1
w=Thb 5 =12 Y°=-1

|———> 85:96 T=-12 Yo=1
%=0b T=12 Y=l

o, =U2(9g-TT) =0 Y=o

SS:JJﬁS(gg-rT-ZbB) =0 Y°=0

@ Color confinement — > Gluons do not exist a free particles.
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@ Colour hypercharge + colour isospin charge are additive
quantum numbers (like the electric charge).

Example:
=12 Yo=13 Yt Y %20 Y& o3

gluon

C
,=0 Y=-23  .— s 15=12 Y°=13

1
2
YC = YCr) =YC) = 1

Gluon: 1§ =15 -15(b) =

=D
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m) Gluons can couple to other gluons
(since they carry colour charge).

2T, M
® QCD: Gluons can form colourless states.

® Glueballs

® Experiments: Difficult to prove existance of glueballs.

mp Leptons have no colour charge.
They do not interact strongly.
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m) The strong coupling constant

® QED: The electromagnetic coupling contant: o,
QCD: The strong couplings constant: 0

® O “running constant” —> Decreases with increasing Q?

® Whatis Q%?

Pq P5
u—  ,u
g~ a
s — S o
P3 Py

V. Hedberg

The 4-vectors of the interacting quarks:

P = (Ep) = EpxpyP,)
The 4-vectors of the quarks |:> 4-vector of gluon

q = (Eq.0) =Py - Po=(E1-Ep: Py - Py)

The squared 4-vector energy-momentum tranfer:
2 _
Q = _

Quantum Chromodynamics
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m) The strong coup

Ing constant

0.0

aQ)

0.4

QCD prediction:
o = 121
> (33-2Np)In(Q%/A?)

/

N¢: Number of allowed quark
flavours

0.2

A

QCD scale parameter
Determined experimentally

0.1

0.3+

/
Data

Deep Inelastic Scattering
ete Annihilation
Hadron Collisions
Heavy Quarkonia

Theory

Lattice

e » |[NNLO

0o ¢ o >|NLO

4 A(l\% Oﬂs(Mz)\

275 MeV --- 0.123
D
QC 4 220 Mev — 0.119
O(ad)
175 MeV — - 0.115

(A=0.2 GeV)

1
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V(r)
A

m) The quark-antiquark potential (mesons)

-

|
Breaking of the string q g %‘a

Spring-like  V(r) = Ar  (r=>1fm)

V. Hedberg

-r The strong couplings constant

e
4%
Coulomb-like V(r) = 37 (r<0,1fm)
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m) The principle of asymptotic freedom.

® QCD - Short distances - interaction is weaker
QCD - Long distances - interaction is stronger

Small distance — > Coulomb-like potential quarks and gluons
Small distance > large Q% —>> small 0 free particles

® Small distances — > first order diagrams.
Large distances —— > higher order diagrams.

® Higher-order diagrams — >
Confinement cannot be calculated analytically
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Electron-positron collisions

éh—» - e-
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m) The R-value from e*e” experiments

® Measurement:

rate of collisions that give hadrons
c(eTe” — hadrons)

R

+ - + .-
G(e € DU )~ qte of collisions that give muons

® Prediction from theory:

R= chea

N. is the number of colours (=3)
eq the charge of the quarks.
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R =Ng(e2+e+€e2) = 3 ((-13)*(- 1/3)+(2/3)2) 2 if Js< m,
R =Nq(&l+€e5+e5+e5)=10/3 if J/s<my
R =Ng(€+e+e2+el+ef)=11/3 if //S>my

p 2 3 4 5 6 780910 20 30 40 50 60 708090 «/—S
R | RESONANCES QPM+QCD+Z* | (GeV)
- TRISTAN v N the
5 e PETRA ™ 7° |
[T ol
+ DORIS & A& |
5 SPEAR = . N
R = che (1 + (XS(Q )/TC) _° ADONE ‘ QPM -
Lo
- I A | -
}, L1/ | | ]
: i | I NC
U, I
by e e
Correction for N | | : ]
o 'NC | No colour
gluon radiation tr | Sredtedreg  EGredtedrele] 7
[ efregtes |
TS 20 50 =700 200 300 1000 2000 5000 10000

s (GeV?)
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m) Jets of particles

e*e” annihilation process:
A photon or a Z° is produced —> quark-antiquark pair.

® The quark and the antiquark fragment into observable hadrons.

o

a N

PETRA hadrons

(DESY)

e axY et

® — @
7-22 GeV q 7-22 GeV

hadrons
Length: 2.3 km

Experiments. Tasso, Jade, Pluto, Mark J, Cello

/
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4 N
LEP hadrons

(CERN)

e q ZO et

° — °

45-104 GeV q 45-104 GeV
hadrons
Length: 27 km

\_ Experiments: DELPHI,OPAL,ALEPH,LS/
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m) Two jetfs of particles
® The direction of the jet —— > The direction of the quark

Two- jet events in the Jade experiment

Two-jet events in theory:

jets of hadrons

e +e —y — hadrons

® Energy and momentum conservation — >
The quark and anti-quark have equal energy and opposite direction
Jets have the same energy and opposite direction
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m) The angular distribution of 2 jets and the spin of the quarks.

@ c+te sy sut+ u

do + - _ 7&2 2 ei‘ﬁ?e
dcose(e e DU W) = ZQZ(1+ COoSs 0)

u

®@ c'+e oy 5q+q
do
dcos6 C qu

d : _
~—(e"e" > qn) = Nceq%(l— cos°6) — > quark spin

dcos6 / 20
/eqis:he quark charge

N, is the number of colours (=3)

V. Hedberg Quantum Chromodynamics

(1+ cos“0) — > quark spin = 1/2

(eeaqq)—N

"
o
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do/dcos(Ongysr)

0

~ o

N

0.8

0.6 |

N

—

0.4

0.2

07\\\\

| — MC detector level

- MC parton level

e ALEPH 4__./ 1+COSZO (Spin 1/2)

— The experimental data

MC: Quark Spin 1/2

MC: Quark Spin O

——1-c0s?0 (spin 0)

0
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0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1
COS(GTHRUST)

Conclusion: Quarks have spin = 1/2 |
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DESY.

m) The accelerator: PETRA at the German laboratory

+-108m-+
[T 9 E CELLD
EXDJADE %3}\; F‘HB”EHN /?d)- xpPLUTD
¢ Halle NW Halle NO
E - - 'ig. TE
Halle W g , 4 = oo Halle 0
RO
SO LINAC
i X
N, Halle SW Halle SO \3%.,
Exp. MARK J HF-Hallen S £ SR ExpTASSO
mm O
J;—I[]8m +
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m) The experiment: TASSO

Muon detector Driftchamber

Radiator (Optional ) Beam Pipe
Drift Chamber- Beam Pipe Counter
p-Chpmber SH  TOF TOF  SH  -Chamber

}
‘ . + sab. ¥ I .
: % /// NN i "Sf;
" tron Yok e !
* e
3 ,//:{)2 = K SH SH fh ..!.. ' & ' +}\\\\\i:
?_ "‘ - H ' - ‘ _% 1 '
N g_ b ToF h 7T , j § § g
‘n 3 s (S SA I 5 §
w}% | e VR A ~§\\t\§ g
| ~ ¢ It Y N 4
\/_ SH SH ~ e . — /ﬂ
N % B sH | sH 1B s \C | \\ |
, N V,;
: 7/ /%\\\\\\\ \\\ 7
32 Iron Yok ’
, / N
22.6.00 | p ~Chamber J—

Magnet coil

Liquid Argon Calorimeter Cherenkov defector
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jets of
hadrons

Three-jet events —> The third jet from a gluon !

Quantum Chromodynamics
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® The probability for gluon emission is proportional to OL..

Ol = Number of three-jet events

0.5
= ° “ ( 9 9—’_)\ I
> " Number of two-jet events o Q) |\ Data L EE
Deep Inelastic Scattering | & A
0.4 \ ete Annihilation o e
. ‘\\ Hadron CoIIisio_ns S
\\ 3 Clewy Quarkonia O = D
\ e 4 AGY asMp)Y -
® PETRA: 03} Qco {§;§m§§;81i3
_ 09 | 175 Mev —- 0.115
0=0.15+0.03 for ./s = 30-40 GeV

0.2+

01t

V. Hedberg Quantum Chromodynamics

22



=) Angular distribution of 3 jets and the spin of the gluon.

0, Jet ~ gluon spin=0
Emax <Jet1
Jet 3 Enmin )
i
=z
. . O
sinB,=- SN0 0-1

cos ¢

® Angular distribution — > Gluons have spin = 1
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electro-weak

Electro weak

O(e,”)

3
\

Hadronization

-
-

-
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-

A

4
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QCh

Resonance Decavs

/4

D

Leading-Log QC
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Electron-proton collisions

proton

Quantum Chromodynamics
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A>>r, Very low electron energies
Scattering from a “point-like” spin-less object.

A=y Low electron energies
Scattering from an extended charged object.

A<orp High electron energies

Interactions with the valence quarks in the proton.

A << r, Very high electron energies

Interactions with the sea of quarks and gluons.

V. Hedberg Quantum Chromodynamics
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m) Elastic scattering

® CElastic scattering: The same type of particles before and after.

® Elastic electron-proton scattering — > Size of the proton
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m) Differential cross section

® The differential cross section

do (6, ¢) sn6dod
G L ¢

incident beam

gives the angular distribution.

® The total cross section by integration:

dG(e Q) dQ = [fdﬁ(e ) sin6dode

V. Hedberg Quantum Chromodynamics
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=) Elastic scattering on a static point-like charge.

electron

D e
P, dectron 0
M

Point-like charge
M>>m

The Rutherford scattering formula

Non-relativistic electron

Point-like electric charge e.

The Mott scattering formula ; ,
Relativistic electron (—q = & - (m2+ p200529

Point-like electric charge e.
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=) Elastic scattering on an extended charged object.

electron o Py Momentum transfer
El electron _ g= P
Static spherical q a q

charge distribution

® [(r): a spherically symmetric density function with jp(f’)a’3 x =1

P(r): describes how the charge e is spread out.

® Not point-like interaction — >
Rutherford formula modified by electric form factor GE(qZ)

(G8)r =
4
q=p,- P, 4'043” @
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® The electric form factor is the Fourier transform of the charge
distribution with respect to the momentum transfer q:

Gglq?) = [p(r)eit *dx

® The electric form factor has values between O and 1:
Low momentum transfer: Gg(0) =1 for q =0
High momentum transfer: GE(qZ) 0 for g2—

® Measurements of the cross-section —> The form factor —>
The charge distribution.

2
® The mean quadratic charge radius 2 = Irzp(r)d33‘c = —6dG;(2q )
q 2 =
g =0
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=) Elastic electron-proton scattering

4-momentum transfer

5= 5,- 5,

L -

Q*=-7-G

® Protons have charge + magnetic moment
electric formfactor (6g) + magnetic formfactor (Gy)

-
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® Measurement of the formfactors:

i) low Q% (Q<<M):
Gg dominates the cross section
re can be measured rg = 0.85£0.02tm

ii) Intermediate Q% (0.02 < Q% < 3 GeV?):
Gg and Gy, give sizable contributions

, G [ g2 2
Parameterization can be used Gg(Q“)= z( | ]
iii) High Q% (Q% > 3 GeV?):

Gpm dominates the cross section

V. Hedberg Quantum Chromodynamics



Electric charge
Gr @) = 1 / of a proton
=>
6M(Q%) = 2.79

Magnetic moment

If protons are point-particles

of a proton
Point particle
o 10 e Point particle

g9 3
Measurements  °° | * :

0 . Conclusion:
of G and & o5 |} The proton
of the proton s |} 1S has an

g4

L> 03 | e extended
02 | N 0s | charge
" distribution !

0.0

0.0
g 10 20 30 40 50 &0 70 80 Q 10 20 30 40 50 &0 70 80

z - z -2
q [fm] q [fm"]
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=) Inelastic electron-proton scattering

® Inelastic electron-proton scattering — >The proton is broken up

P, electron P, 4-momentum transfer
> > - —
e 4= Py-Py=(v, Q)

2 _ = E -

=_0 -G

-F>) -54 —_ -53 + -CT Q
3
M
Q2
® Bjorken scaling variable X= MV O<x<1

M is the mass of the proton.
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@ The differential cross section for inelastic ep scattering:

d 2 .
s = e [1Fax Qo) + 2 0 Oy sin)|

4E;sin’(3) X

Dimensionless structure functions

® Fl,z(x,Qz) parameterize the photon-proton interaction in the
same way a GI(QZ) and GZ(QZ) do it in elastic scattering.

® Bjorken scaling or scale invariance:
Fy o(X, Q?) = F1 5(X) when Q2 — - and X is fixed and finite.

i.e. the structure functions are independent on Q% for Q>>M .

® Scaling: Fllz(x,QZ) do not change if masses, energies and
momenta are multiplied by a scale factor.
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-} The discovery of quarks at the SLAC 2 mile LINAC

-

_. . 2-mile lmac
End station A
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m) The discovery of quarks ...

The MIT-SLAC experiment &5\

The 20 GeV Specirometer ——" . : |
The 8 GeV gec’rromgger ey -' : END STATION A

B

‘ !5

MagneTsh.

Cerenkov detectors
Scintillators

Detectors for e/n separation

8 GeV electrons hits a hydrogen target —>
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=) The discovery of quarks

® Calculate x and Q® from the energy and angle of the electron.

2
Q° = 4.E,-E,sin @

\ 2

€ Q

° X = -

E, 2-M - (E;—E,)
@® Cross section measurement — > F 0.5 -z

\ 0.5 T T T | T T

04

03 - +r*¢*4¢* *# # ‘%*

0.2

® Protons have a sub-structure ol .

® F, does not depend on Q?

(partons) Y T T e e s
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m) Deep inelastic electron-proton scattering

@® The parton model:  Scale invariance — >
Scattering on point-like constituents (partons) in the proton.

® The quark model: Partons = Quarks

- = . 2(6
Q?=-§-G =4-E,-E,dn (5)

Q2 Q2

2MV 2-M-(E,-E

X =

2)

® Parton/quark model — > Fraction of the proton momentum carried
by the struck quark is given by Bjorken x.
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m) Deep inelastic electron-proton scattering
® Parton model — > F; depends on the spin of the partons (quarks)

Prediction: F.(x,Q%) =0 quark spin =0

The Callan-6ross relation:  2XF 1(X, Q%) = F,(X, Q?) quark spin=1/2

2xFq | :
Measurement: —1 el
F2 15 i ’/ {1 Theory prediction:
......... § ............ * ............. _4— Spin = 1/2
-t g o
0'5:" 4 2<f<4 GeV° '
i + 4<qf<16GeV? :
Dﬁ;' =02 T 0a 06 08 '.14 Spin = 0
Bjorken x
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" PETRA N LEP N

hadrons hadrons
(DESY) (CERN)
e q Y e+ e g ZO e"‘
® — o ® — ®
7-22 GeV q 7-22 GeV 45-104 GeV q 45-104 GeV
hadrons hadrons
Length: 2.3 km Length: 27 km (4184 magnets)
Experiments: Tasso, Jade, Pluto, Mark J, Cello Experiments; DELPHI, OPAL, ALEPH, L3
NG DN ! ! =2
e N O N
LINAC e 0 GeV HERA et 820-920 GeV
(SLAC) (DESY)
L L
e /Y g et [ g
® ®
1.6, 8, 20 GeV g p 27.6 GeV g p
q q
hadrons g hadrons g
Length: 3 km Length: 6 km (1650 magnets)
\_ Experiments. SLAC-MIT U Experiments. H1, ZEUS )
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=) The HERA accelerator at DESY

® HERA accelerator: only large electron-proton collider ever built.

Halle NORD (H1)
Hall NORTH (H1)

Halle OST
Hall EAST

® Petra was pre-accelerator.

6 km long

Halle WEST

-d== El|ektronen/Electrons
-== Protonen/Protons

Halle SUD (ZEUS)
Hall SOUTH (ZEUS}
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HERA

Proton accelerator: Super conducting magnets. Energy = 920 GeV
Electron accelerator: Normal warm magnets.  Energy = 28 GeV

Collision energy = 320 GeV (54000 GeV fixed target)

Profon acceler'afor' B

-

i}
. B ||'|-'
-
1\ i
’
»oA \ -
by = -
" ’
e b

MG .74

/,/ 2.8 ectron s
acceler'a'ror' Bl for the
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m) The H1 Experiment

® Events at HERA were boosted in the proton direction
due to the large difference in electron and proton beam energies.

Tracker:

Drift- and
Proportional
chambers

Solenoid
magnet

Calorimeter:
Liquid argon/lead - em
Liquid argon/steel - had
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=) Measurement of structure functions

-v—(N T T TTTTTW T T TTTTTW T T TTTTTT‘ T T TTTTTW T T TTTTTW T T 1]
a x = 0.000050, i = 21 oy 2
L ’ e H1 e'p high ]
HAC PO L X =0.000080, i = 20 phighQ
' [ 1075 o x =0.00013,i =19 94-00 -
‘ .. . EMC | oo x = 0.00020,i = 18 3
E 27 e x=0.00032, i =17 o Hle" 2
. o =0.00032,i= ep lowQ
b 3 [ ocC o© 7
- 3 - o x =0.00050, i = 16
.= , _ : R e 10°F 60" oo 96-97 =
oo . .al ,ii 3 g . N F oo . x =0.00080,i = 15 ]
-t LS 7 “"d‘“‘ I” ro°e 5o? =0.0013,i= 14 .
K i . | l . x=00013, » BCDMS
Hb.. 2 a7 et S e x=00020,i=13 i
, . Q- - 107 oo . > NMC 3
=g T3 ] e - F - x=0.0032,i =12 E
- e W . et 3 ‘ m . F _ .00 oee-* 4
. FERE H ol e T . R, re oo e x=0.0050,i=11 1
= o o =5 1=
3 i ! T L~ Y 1 A I | R © Foe® 000 °
« ill a .‘.,-'"’ CT . Bq 1 3% o0 0-00 oo x =0.0080,i = 10 |
07F oo o000 00 E
t PRSP A iAl E o-© =0.013,i=9
0'»"':7:} l F oo o 00000 ess o0 oo X ,i
® ? . 2k o "o ° o O eee seesess x=0.020,i=8
10 E QW’”“OOO ° oo ees oo secsy s x=0032,i=7 3
I. ui 1 F PYSEE oo B
iquid argon calorimeter E o0 e x=0050,i=6
(I I A A
’R 10 & Q»ﬁ.‘ﬁ!ﬂww&mo Ocees 00 00e0eq o o x=0.080,i=5 |

E O,Q)/—OQQQQW&AA@ o cee00%0%%q ¢ o o @& x=0.13,i=4
7/"{%39%% o0 ceto00 e o ] 3 x=0.18,i=3

I - - - o $-6-FAbaRanp Shansaanna
1 FE i

® The cross section + the energy and PO TN
scattering angle of the electron—> F, = “™sstwwn o

Lolin Lolin
IT1 MATlalhnvntine

0k i i
i %&wﬁm iﬁ f ii i
0L H1 PDF 2000 s x=065,i=0 |
® No quark sub-structure was observed - cxapolon ’
down to 10718m (1/1000th of a proton) © — i
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Summary of

scattering
formulas
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do
dcoso

(ete"—>qg) = N

Quantum Chromodynamics

mos
202

2
eZROL
C q2Q2

1+ cosze)

(1+ cosze)
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electron
electron /

Point-like charge
M>>m

Static spherical
charge distribution € ectron

electron

->
'5 electron .
» €lectron 3 0
Pl - ===
M 0,
<
D\ >
Py

(), °

dG

do_(dﬁ)(

(m2+pzcoszg)
4ptsin ( )

—~~
(dg) G

1(Q )COS §+ Q—GZ(Q )sin

2
Gl(Q ) =

V. Hedberg Quantum Chromodynamics

2|\/|
2, Q%2
G + =6
am2 M 2
2 G,(Q ) =G
1+Q2
AM

:

< N
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Hadrons

&
El.
Q*=-§.
Qo
X = ZIVEY, Bjorken - x
do o2 1 o 20y Q° 2\ 2(0
= == Fo(x,Q7)cos (5] + —==F,(x, Q7)sn —J
dEZdQ 4Efsin4® V (2) XMZ 1 (2)
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