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 Relativistic Kinematics

 (4-momentum)2 invariance, invariant mass
 Hypothesis testing, production thresholdsyp g p
 Cross-sections, flux and luminosity, accelerators
 Particle lifetime, decay length, width

 Classification of particles
 Fermions and bosons

TodayToday

 Leptons, hadrons, quarks
 Mesons, baryons

 Quark Model
 Meson and baryon multipletsy p
 Isospin, strangeness, c, b, t quarks

 Particle Interactions
 Colour charge, QCD, gluons, fragmentation, running couplings
 Strong and weak decays, conservation rulesg y
 Virtual particles and range of forces
 Parity, charge conjugation, CP
 Weak decays of quarks
 Charmonium and upsilon systems

Previous 
lecture

Previous 
lecture

 Electroweak Interactions
 Charged and neutral currents
 W, Z, LEP experiments
 Higgs and the future

 LHC Experiments
 Future – introduction to accelerator physics



Weak InteractionWeak Interaction

 Universal: acts on all quarks and all leptons Universal: acts on all quarks and all leptons
 Characterised by long lifetimes and small cross-sections
 At low energies  WI overwhelmed by SI and EM At low energies, WI overwhelmed by SI and EM

 Can be observed when SI and EM forbidden, or by very 
precise measurements

 Oft  i l  t i s   Often involve neutrinos, e.g.
 Charged current WI change quark flavour

 Observed change in hadron flavour
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 Can violate parity and charge conjugation invariance
 At much lower level, also violates T and the combined 

symmetry of CP



W/Z discoveries at CERN: 1983W/Z discoveries at CERN: 1983W/Z discoveries at CERN: 1983W/Z discoveries at CERN: 1983

UA1 Experiment UA2 Experiment



UA1 event display (with hits)UA1 event display (with hits)



UA1 W and Z events (UA1 W and Z events (leptonicleptonic decays)decays)UA1 W and Z events (UA1 W and Z events (leptonicleptonic decays)decays)

UA1:Wev UA1: Z e+e-

e“missing” energy (from vector sum)

ee



Early resultsEarly resultsEarly results…Early results…
UA2: Physics Letters BUA2: Physics Letters B
Volume 129, Issues 1–2, 15 Sep.1983

UA1: Physics Letters B
Volume 122, Issues 1, 24 Feb. 1983



Later dataLater data



LEP: 1989LEP: 1989--20012001
 Precise measurements s ~ mZ

 No. neutrinos Data corrected for  radiation

 Couplings, mixing angles ~17M Z0
1989-1995

 ff physics above mZ

36k W+W

-

 W+W- production, properties
~36k W+W-

1995-2000

 Neutral boson pair production

 SM interpretations of data:p
 Higgs mass



Example LEP (Example LEP (e+ee+e-- collider) eventscollider) events

e+e-  +e e   

e+e-  ee+()
e+e-  ee+

Z0 events from LEP1 at CERN

e+e  e e+()

1st LEP event
13-aug-1989
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Anatomy of Anatomy of ee++ee-- collider experimentcollider experiment
 Typical cylindrical construction
 Minimise dead areas, hermetic design
 Multiple measuring techniques  optimised for  Multiple measuring techniques, optimised for 

different particle species

Electromagnetic calorimeter“endcap”
1132 lead glass blocks
Front face ~10x10cm2

Weight ~25kg/block



Weak Neutral CurrentWeak Neutral Current

 At high energies (e g  LEP2  1996 At high energies (e.g. LEP2, 1996-
2001), real W produced

 Three diagrams (Z, ,  propagators) 
required for finite cross section at required for finite cross-section at 
higher energies

 Have to include Z0 (mass=91.187GeV)

 Essential to describe experimental data

 One example final state shown in 
Feynman diagramsy g

 W+ decays hadronically

 W- decays leptonically
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LEP LEP LineshapeLineshape: 1989: 1989+…final results+…final results

 3 parameters: mZ, Z, had
o

 Observe

f-
fe-



Z/ fe+

 …EW radiative corrections

absorbed in effective couplings

 Deconvolve to Born cross-section

m = 91 187 5 ± 2 1 MeV

1988 PDG

 Obtain

Combined measurements  LepI sample

mZ = 91,187.5 ± 2.1 MeV
Z  = 2,495.2 ± 2.3 MeV

= 41.540 ± 0.037 nbhad
o

Combined measurements, LepI sample had

Final LEPI “Z0 lineshape” measurements
See Physics Reports,Vol. 427, Nos. 5-6, May 2006



Details of LepI CrossDetails of LepI Cross--Section DataSection Data

All 4 LEP experiments and All 4 LEP experiments and 
years of LepI



No. of Neutrino GenerationsNo. of Neutrino Generations
 “Invisible width”, inv = Z – had – 3 l
 No. of generations = inv /  SM: = 166 MeVGFmZ

3
(gv  + ga )22SMSM

 No. of generations  inv /  SM   166 MeV
 Measure inv

 Direct: measure (e+e- )   soft  + nothing else…challenging!

62
(gv,  ga,)

-( )  g g g

 Indirect: measure mZ, Z, Rl, 12ehad

(mZ Z)2
had 

ohad
o

½

inv /  = - Rl – 312
mZ

2 had
o

½
SM

 for m  ½mZ ~ 45 GeVN  2.9841 ± 0.0083

 For N = 3, width from new Z decay modes = -2.7 ± 1.6 MeV

 Still room for heavy or sterile neutrinosm f y



HelicityHelicity for massive fermionsfor massive fermions

 l  f ll   H f  W couples preferentially to LH fermions 
(RH anti-fermions)
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“Wrong” helicity states strongly 
suppressed

Suppression greater for lighter fermions 
(of a given energy)(of a given energy)

Example: charged pion decay



Calculation of Calculation of helicityhelicity suppressionsuppression

  decays to particles 1, 2 E1, p1E1, p1 E2, p2E2, p2

 E1+E2=M

 |p1|=|p2|

MM m2m2m1m1

|

 Use E2=p2+m2, solve for E1, find
 E1=(M2+m1

2-m2
2)/2M

 Consider particle 1 as either or e+, particle 2 as , e

 Masses (MeV/c2) : =139 6 =105 7 e+=0 511 Masses (MeV/c2) : =139.6, =105.7,e+=0.511

Particle 1 Energy (MeV) Lorentz 
109 8 1 039 109.8 1.039

e 69.8 139.6

 Relative suppression= / e)2=18000 (expt. ~10-4)


