Introduction to Elementary Particle Physics

Joachim Meyer
DESY

Lectures DESY Summer Student Program 2009




Preface

 This lecture is not a powerpoint show

 This lecture does not substitute an university course

* | know that your knowledge about the topic varies a lot

* SO0 we have to make compromises in simplicity and depth

o Still | hope that all of you may profit somehow

* The viewgraphs shown are only for illustrations

* We will develop things together in discussion and at blackboard
* | hope there are lots of questions. | shall ask you a lot
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This lecture Is going to tell you something
about HOW we arrived at this picture



Introduction To Elementary Particle Physics
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1., Introduction : What are the gquestions ¥

Content of this lectures . Wby hign energies 7

Belativistic kinematics

=]

The anaver 40 years agoe ( The particle =zoo

ItS Only a SketCh | Mesons, Barjr;:- Decays, liferies
Depending on your preknowledge
we will go more or less in detalil

c q . a) The fermicns :

N the dlﬁerent SUbJeCtS fuarks and leptona

b} The interactiocns
Exchange particlea
Feyman-diagrams
Propagators and vertices
Fundamental processes

3. The anawer today ( The standard model

Electrowealk unificaticn

4, How did this picture emerge ¥ The Particle Generations

a) The first generaticn {(electron electrorr-mentrinc u,d guarks)
Neutron beta-decay

Fozltron diacovery

Heutrino evidence

Kucleon - Plon Scattering

Rezonances

Antiparticles

b) The secend generaticn (muen muen-neutrine s-gquark c-guark)
Muon decay
Firat neutrinc-experiment (nu_e, nu_mu)
Neutrino maszs
Production and decay of atrange particles
Strong / weak interactions
The quark model
fmega particle
'Evidence' for guarks (Deep inelastic scattering)
CHARM ! the November revolution in elem. particle physics
fuarkenium physics



c) The third generaticn {(tau tau-neutrinc b-guark t-guark )
Discovery of the third heavy lepton
Obaervation of the tau--neutrino
Discovery of the bottom guark
Production of heavy guarks in hadron cellisicns
Production of heavy guarks in e+ e- c¢ellisicons
Impact ol e+ e- sStorage rings
B - physics
CP-Viclaticnmain.ps
Top guark discovery

2, How did this picture emerge 7 The Interacticns

a) Electreomagnetic interacticns (QED)
g-2

e+ e- annihilaticn

b} Weak interacticns
Charged currents
Decays
Neutrine scattering
Neutral currents
Experimentation with neutrincs
Inclusive neutrine nucleon scattering
Wo- 4, Helicity

Pion and muon decay

c) Elektroweak interactiocns
Interference of electromagnetic and weak processes
W, £ particles: Production and decays
et a— ——-> L

et - Irom low To high cm energles

d) Btreng interacticms {(QCDD
Jets and gluona
e+ g- interactions
P pbar interactions
e p interactions
Structure of the protron

5. Dutloock

Open questiona

Hot Topics

The next projects
Plans for the future
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Which CM-energy
do we reach at
HERA ?
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HEP 100 Years ago : Radioactive Decay

| R
oL
£
2l Cadeon cbex
Lovw

Energy region : MeV

«= He—nucleus.... B=electron...y = photon

10



Today :
Some more particles :

a'e . FE_ =

7 b ooy

e =+t
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The Particle Zoo

| can't spare you this chapter.

Quarks are nice to EXPLAIN observed phenomena.
But, what we OBSERVE are particles like

protons, muons, pions,..........
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'Artificial' Production of New Particles (Resonances):

~N

Fig. 9.2. An example of resonance production.
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Particle classification

4

Fig. 8.4. The basic sct of clementary particles known by the carly 1950s.
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All these particles are listed
in the
Particle Data Booklet

PDG

A 'real HEP physicists' is never
without this HEP-bible
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Lom PDE —4ette

There are lots of particles
but

you have to know only
VERY FEW

Here are the MESONS

w,p,K,D,B,JIV,Y

A

48
Summary Table

See also the table of suggested qg quark-model assignments in the Quark Model section.

e Indicates particles that appear in the preceding Meson Summary Table. We do not regard
the other entries as being established.

t Indicates that the value of J given is preferred, but needs confirmation.

A
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And here are the
BARYONS

p,n,A,Q,X

Bary@‘Summary Table

799

75 short table gives the name, the quantum numbers (where known), and the status of baryons in the Review. Only the baryons with 3-

or 4-star status are included in the main Baryon Summary Table. Due to insufficient data or uncertain interpretation, the other entries in the
short table are not established as baryons. The names with masses are of baryons that decay strongly. See our 1986 edition (Physics Letters
170B) for listings of evidence for Z baryons (KN resonances).

P A
f m L FREK n) * fr + Y sven (=0 =-
(p P A(1232)  Pyy  FeE A Py HEeE *z‘Pu = T
40) Pyt | A(1600) Py et [TA(1405) Sy x| S(1385) Py M ?U’E‘?ﬁ) Pyt
) Dz M| A(1620) Sy MM | A(1520) Doz *HR* | T(1480) i Z(1620) #
) S PR | A(1700)  Daz MRR [ A(1600) Py *F* | X(1560) ok =(1690) ok
) Su o MR A(LTE0) Py * A(1670)  So1  **** | I(1580) D3 ** Z(1820) D3 FHE
Dis  **¥¥ | A(1900) S; @ ** A(1690) Dy **** | £(1620) S Z(1950) ok
Fis  *%%F | A(1905)  Fag  *¥+%* | A(1800) Sy M** | X(1660) Py *** | =(2030) ok
Dz *** | A(1910) Py ¥R | A(1810) Py *** | Z(1670) Dy ¥R | Z(2120) *
P ¥t [ A(1920) Py **F | A(1820)  Fps  FFRX | X(1690) % Z(2250) o
Pi3  *¥Ex | A(1930)  Dss ¥+ | A(1830)  Dps  FHF | EZ(1750)  Spp *M* | 2(2370) *k
Pz " A(1940) D33 ¥ A(1890)  Ppz ¥R | X(1770)  Pn * =(2500) *
F  * A(1950)  Fz  **FF | A(2000) * Z(1775)  Dys HERE L
Fis  ** A(2000)  Fas  ** A(2020)  For % I(1840) Pz * 1% Hrkk
Dz ** A(2150) Sy ¢ A(2100)  Goy ¥ | X(1880) Py 250)~ L
S, * A(2200) Gy ¥ A2L10)  Fps  ** | E(1915) Ry R | £2(2380)° o
Big ¥ A(2300)  Hyy  ** A(2325) Dpy * T(1940) D3 k¥ | £2(2470)7 i
Gz **** | A(2350) D5 * A(2350)  Hpy *** | Z(2000) S * ,-7,
D5 ** A(2390)  Fyp ¥ A(2585) * £(2030)  Fyy  RREE L;\L‘ THES
Hig  *% | A(2400) Gy ** £(2070) R * Ac(2593)* L
( Gig  *¥FF | A(2420)  Hyq HHH £(2080) Py %+ | Ac(2625)" i
( har ™% | AQ750) By S(2100) Gy * X (2455) A
N(2700)  Kigz ** A(2950)  Ksps ** Z(2250) ki 51{25_200) o
X (2455) it = = ot
5(2620) e LEEED Hh
X (3000) * Z.(2645) Hokck
I(3170) * =,(2815) i
QE Fkk
/\?, * ok
- g0 =5 *
ol \ b-baryon ADMIXTURE
7
Now J‘"‘V#LL Sw -

Hkkk

Fhk

*%

Existence is certain, and properties are at least fairly well explored.

Existence ranges from very likely to certain, but further confirmation is desirable and/or
quantum numbers, branching fractions, etc. are not well determined.

Evidence of existence is only fair.

Evidence of existence is poor.

17



Leptons :
Fermions not participating
in strong interactions

e, U, T,V,,V,,V,

Gauge Bosons :
The mediators of the
fundamental interactions

Photon, W , Z, gluon

E2 LEPTONS

All the leptons have, or are believed to have, J© = 3*,

4

Decay
Mass

Particle (MeV/c?) Mean life (s) Mode Fraction (%)

v, <15eV/c? stable

v, <0.17 stable

v <24 stable

::& 0.511° stable

pt 105.658" 2197 x 107¢¢ ey, 100

2 1777.0(+3) 2910(+15)x 1071 A 17.35(+ 10)
e’ vV, 17.83(+8)
hadrons + ¥ ~ 64

*The error on the e* massis 1.5 x 1077 MeVjc?,
*The error on the p* mass is 3.4 x 107* MeV/c?.
“Theerroron the p* | lifetimesis 4 x 107 s,

E1 GAUGE BOSONS

The gauge bosons all have J? = 1=, The table shows the properties of the v,

W* and Z° only, as the gl

uons are not observed as free particles.

Decay
Particle Mass Full width Mode Fraction
(%)
v . <6 x 107% MeV/c? stable
W 80.33(+ 15)GeV/e? 207 +6)GeV ety 10.8(+4)
u*v, 10.4(+ 6)
;";, 10.9(+ 10)
adrons 67.9(+ 15
z° ILIBN+T)GeV/c? 249+ 7)GeV  e'e- 3.3555{133}
i 3367+ 13)
" 3.360(+ 15)
vi 20.01(+ 16)
hadrons 69.90( + 1 5)
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Particle Lifetimes

Depend on type of decay
and particle mass
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l'(Qou ‘C-f =42 70 o
— 17

P WO T= 870 fc a.m, okay

Dethe & To & 15 e shmp chesy

Produce beams of
unstable particles

or even store them
(muon storage rings) ?

Yes, thats possible !'!

{

?chcaL/Cw&7mces , @20& Az%g
b

t i =(2—.6033i 0,090( ,{a_ S‘c - C.Z = ?.?m

Tr
32&:/&\7’/4 e Ca-é’-gjo"w'
,,Z =, Romemby,
B r-£ p-L
':Z’rd/ - /8 m ) &=
= W aly
£ =% <
Example L _= N0 GeV (CERV-3PS
- P-’r ) é‘as‘]-v‘v

Ao G 3 K R gk, | e |
‘E N Ao hel/ ='/0 Z ﬂtéfa_m :
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The lightest Hadron (strongly interacting particle ) is the PION

160Py = 1—(0)

Mass m = 139.57018 £ 0.00035 MeV (5 =12) _
Mean |ife = (2.6033 £ 0.0005) x 10~ % s ¥§=12) Longlived
cr = 7.3045 m

Nearly 100 %

T

£zt DECAY MODES Fraetion (I; /T Confidence level

[b] (99.98770-£0.00004) %
- [] (200 =025 JIxi1o~4
l [ ( 1230 20004 Jx10~4
e 1 e 161 023 Jx10—7
Very Rare ety ?T%T “ ::; 1026 =+0.034 g x 1078
ety et e {32 205 Jx1o~%
et v, vv < 5 x 10~% 0%
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There is also a NEUTRAL PION

Shortlived

/

/

Nearly 100 %

16O =1 h

Mass m = 134.9766 £ 0.0006 MeV (5 = 1.1)
S~ Pt T M0 = 4.5936 £ 0.0005 MeV

Mean life = (84 £ 0.6) x 107 s (5 = 3.0)

cr = 25.1 nm

For decay limits to particles which are not estahblished, see the appropriate
Search setiors {.fln {axion), and Other Light Boson {Iﬂ] Searches, ete).

Seale factor/ o

£ DECAY MODES Fraction {I; /T) Confidence level (MeWe)
(68.7530.032) % S=1.1 87

e e 7 { 1.198-+0.032) % §=1.1 67
~ positronium (182 +099 Jx 102 67
etete e ( 314 +030 Jx 102 67
et e {62 £05 Jx107° 67
4 < 2 x 1078 CL=00% 67
T [e] < 83 x 1077 CL=90% 67
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There are also 'Strange Particles’ The lightest one is the KAON

STRANGE MESONS
(S==1, C=B=0)

KT =us KO —d5 KV = ds, K~ = Ts, similarly for K*'s

Kt | 1Py = o)

Mass m = 493.677 £ 0.016 Mev [V (5 =12.8)
Mean life r = (1.2384 £ 0.0024) x 107 % s (5 =12.0)

er=3713 m
KT DECAY MODES Fraction {I;/T) Confide
Leptonic and semileptonic modes
et o, ( 155 +0.07 Yx 105
pT o, (6343 +0.17 1%
0+
e Kt (457 £0.06 )% Why are KAON decays
Oty (327 0.0 ) % so different from
Called K1 PION decays ?
Hadmonic modes
ata® (2113 +0.14 )%
a0yl { 173 2004 )%
o { 55760031 %
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The KAON Decay Chain :

Dominant decays

KT(/J,

K* (1,2 10"851
635%

579  56/% NG 2L7E

[ [l vﬂ)@ ... .@ @.fE*Ve)

ot T ne

P

(2 6-10785) 3"'"(2.6'10"55)

Sonstige <0,1¢,
482,

2,
{;\QQ 00/0
Ve Wy Ve Ve Y Vo Vo Vo Vy Ve Wy
et 7 7 et et e~ e 7 7 €[y
Z Y et ml et & w0 e [
o+ (1,5:10"6s) L5 1075s)
bofo ‘g\o
2 S
et et et ot e e e e @
Vo 7 ety Ve Ve 7 € 7
v, ey L -
7 £ " 7 —

1,6% <10"%% 16%  <0"°%
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A Kaon decay seen in a Cloud Chamber

Bleiplatic
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The famous J/Psi Particle (charm)
has a mass of 3.1 GeV and thus a very big variety of decay possibilities

J1(1S5) 16 PG 01—~

Mass m = 3096.916 £ (0.011 MeV
Full width ' = 91.0 £ 3.2 keV >

e = 540 £ 0.15 £ 0.07 keV

Scale
J/8{15) DECAY MODES Fraction (I;/T) Confider
hadrons {87.7 05 )%
virtualy — hadrons (170 20 1%
et e { 593+0.10) %
utu~ { 588010 %
Decays immolving hadronic resonances
pT { 127+0.0%9) %
pP 0 (42 05 ) x 103
as{1320) p ( 1.09+0.29) %
wrtate x™ ( 85 £34 ) x10°3
wrtrT { 72 +10 ) x10~3
w f5(1270) (43 206 ) x1073
K*(892)° K35(1430° + cc. { 67 +£26 ) x1073
w K89 K+ cc. (53 £20 ) %1073
KTK*892)" 4 cc (50 +04 ) %1073
KOK*892)% 4 cc (42 +04)x10°3
K1(1400)E KT (35 +14 ) x 1073
D o8 (34 +08 ) %103
By (1235)F xF lgz] { 30 05 ) x10~3

....and this continues over some pages in the PDG booklet....
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Relation between Wm (/%_,M/ e [arrancs ]

Particle lifetime and
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The Standard Model

Matter Particles (Fermions) interacting with Gauge Bosons

Fermions : 3 Generations of Quarks and Leptons

Interactions :
Electromagnetic : Photon
Weak W, Z

Strong : Gluons

27



The Fermions of the STANDARD MODEL

LEPTONS
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The elementary Fermions span a huge range of Masses

— Ve

|

1.Familie

~

2.Familie

< T e "
t l Mb-.‘v\he
Nesn

2. Familie
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The interactions and their related Theories

Fig. 45.1. The road to unification of the fundamental forces.
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Interactions :

Feynman Diagram
Concept
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Vertex Couplings :

The different interactions
have different properties
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Feynman Diagrams :

Vertices

Fermionlines

Exchange Boson
Fourmomentum Transfer
Transition Amplitude
Cross Section

AN {(‘(M'ﬁu(&l@") .?’)31\ . CZL— hz

/

=
':'L—_;:;?:—_—) Uevter (-J) o OJ'!)\(
Prepep

-
-

Wawe .._F..._J,_,.\ Conplanp

::—>Cro99 ~fechm

G=

A At (Z- Pl 3"’“"‘




Application :

e+ e- Annihilation into
- e+ e- pair

- mu+ mu- pair

| I | [ [ [ I L] (.
= | 1

€000 ¢ gégfg /
SO0 ™ oep & DETECTOR §
4000 - ACCEPTANCE |

Why do the angular spectra
differ so drastically ?

COUNTS




e+ e- Annihilation into Lepton pairs

Why do the angular spectra differ so drastically ?

COUNTS

[

I [ ! [ |
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l

Separate conservation of 'electronic' and 'muonic' Lepton Number !
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How did this Picture emerge :

The Particle Generations

Start with FIRST Generation Fermions
* Electron
* Neutrino
* u-Quark
* d-Quark

36
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Antiparticles :
Proposed by DIRAC

e+ discovered by Anderson
1933

Py necel Revcewy (Rard AQ’$3), Vet . 43
Dt 1us PosiTivE BLECTRON

+

S 1

CARL D. ANDERSON

FIG. 1. A 63 million volt positron (Hp =2.1X10° gauss-cm) passing through a 6 mm lead plate
bamen ITY ” Ny &=y

and emereine as a 23 millinn vale et v OO 227 peiss ciug. 1L icigll UL LIS latler path
!> 4t least ten times greater than the possible length of a proton path of this curvature.




The NEUTRINO :

Postulated by PAULI 1930
(energy and spin violation
in beta-decay)

Observed at Reactor
1956

/ /IO \r/ L

‘-F\rs# DiRECT NEWRINO EVIOENCE

R(Lu«d Co wan AQS‘Q Votuc rm.b( /l‘IQS‘

v-beam

s,

Figure 7.4 Schematic diagram of the experiment by Reines and Cowan (1959), detecting the
interactions of free antineutrinos from a reactor.
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HADRONS :

Strongly interacting particles
Built up by QUARKS

Hydrogen Bubble Chamber

Figure 1.2 Conversion of a photon to an electron-positron pair in a bubble chamber. An
incoming negative pion undergoes charge-exchange at point A:n” +p—n+ 7°, followed by
decay of the neutral pion, 7° — 2y. Since the 7° lifetime is only 107 ¢ s, the pair appears to point
straight to the interaction vertex.

Pion charge exchange
scattering




.. and the corresponding Feynman diagram :

Tp o e[
1

F = e A
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The Antiproton was found
in 1955 at the then highest
energy proton accelerator

Here an antiproton is seen
annihilating
in an emulsion target

b

Figure 4.1: The first antiproton star qbserv
track L. The light tracks a and b are pions.
protons or alpha particles. The exposure was ma

|

»x

E =A.96N

cn

What is the minimal Proton energy

to produce in pp scattering Antiprotons ?
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SECOND Generation Fermions
* Muon

* Muon-Neutrino

* c-Quark

* s-Quark

43



Muon mass = 105 MeV

Figure 1.1 Examples of the decay sequence n* — u* — e in G5 emulsjon exposed at Picdu &% = AP A ‘g . (_&
Midi. The constancy of range (=600 um) of the muon implies two-body decay at rest of the pion: -
x* — u* + v,. The first examples of pion decay were observed by Lattes, Muirhead, Occhialini,

and Powell in 1947. Note the very dense ionization of both pion and muon tracks near the end of

the range, compared with the thin track of the relativistic electron, as well as the lateral
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: : - I=3
Cosmic Muon recorded in the H1 Detector Mass m — 0.1134789264 = 0.0000000030 u

Mass m = 105658369 £ 0.000009 MeV
Mean life 7 = (2.19703 £ 0.00004) x 1075 s
7 4+ /7 4= = 1.00002 = 0.00008
cr = 658.654 m
Magnetic moment g = 1.0011659203 £ 0.0000000007 & /2m,,

Muons do not interact strongly and do not radiate: 45
They thus have a strong penetration power through matter




There are also COSMIC SHOWERS producing MULTIMUONS :

4
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Of courses when doing e-p physics at HERA
we do not really like these 'Disturbances'
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The muon has its own neutrino partner

Fig. 14.1. Schematic diagram of the two-
neutrino experiment.

- Onl
N \Fp = X detected
. No ¢
S K Mok senn
B

- ' C
\1},, ;'*'_
5\~/ .
P— X | _ . B

The first neutrino
experiment at
accelerators .1962
Brookhaven, USA
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Discovery of STRANGE HADRONS :

High cross section

Long lifetime

Fie, 10.8 A photograph of an interaction of a 1 GeV/e n~
.on with a proton in a liquid hydrogen bubble chamber. The

rcaction is
n-+p—-K°+ A, 5‘4-"8"73

followed by

and
A—n~ +p.

This is an example of associated production of two strange
particles. ‘
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Postulating a
third Quark
(s-quark)

can explain

the observations

=)
//

0< E "

’ " <3 } ow -

S P
g—l—n.'\Tc.aerp
 UioZatest !

Strangeness : g
Conserved in strong Interactions ST""’jf Fro e cho ea k. Ao
NOT in CC-weak interactions — ; = w2
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| Particles of the Spin 3/2 Baryon Dekuplett

) S
A A° A* a*3
123

Observation 1963

Strangeness-
Isospin
Diagram

- u,d Isospindoublett (S=0)
- s Isospinsiglett (S=-1)

Quark model(1963 Gell-Man) :

d u
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Quark model : Gell-Mann SU 3
(Nobel prize 1969)

S ~0+ 4 | o
A : + ; ddd ddu duu uuy
/=3 0 @ 02320 e e = .
. \ e’ /
| \ /
'S L \\ :’f
“- dd d
] =1— -@ @+~ {1334)I | L@ e i:fiJ—n—irEL* I3
o R i 13
\ /
\ ;
i 2 _-..-‘
fa e 1. 2 (1633) = dss “.\ 1y }i’ uss
\ !
L =
e i {16?2}_2"" 55 8 — 3
i) (a)
Feospum - \ / :
mulhplde e i )
Y Observed 1964 Predicted 1963
Observation QPM Interpretation
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TRIUMPH of the
QUARK Model :

Discovery of the
predicted
OMEGA-
Particle

Figure 5.2 The first Q7 event (Barnes et al. (1964).) (Courtesy Brookhaven National Labor
tory.) It depicts the following chain of events: :

K +pHQS+ K* + K°

@ + n” (AS = 1 weak decay)
7° + A (AS = 1 weak decay)
l

S7n 4+ p(AS = 1 woak decay)

y + v (e.m.decay)
l f
ete” ete .
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The Feynman Diagram for OMEGA- production and decay chain :

It is as easy as that !
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The 1974

November Revolution

of HEP :

Discovery of a new QUARK :

CHARM
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.. at the East coast of US

Brookhaven
Proton Synchrotron

November 1974
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.. and at the West coast.

SLAC
e+ e- Collider

November 1974

(reSs —Seevioh/

X BLScowU OQ L O/‘(’ ((?ark;& aé

We o’fﬁj’%"w SPEAR  (SLAC uSA)
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Figure 5.9 Results of Augustin et al. (1974) 6Rowing the observation of the Y/J resonance of
mass 3.1 GeV, produced in e*e™ annihilation 4t the SPEAR storage ring, SLAC.
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U stalle o hcles
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Widths of hadron states
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Compare the J/Psi with other
particles of same quantum numbers
(Vectormesons : spin 1 ; parity -1)

J/% Nage hs 316G/ 3? A (b/:g:: C[?
h/;dl‘- F: 0.09 /7&(/
""f"c 400 "M/
Lompare fo other Jea [y =
seahy meSonS ¢ /
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Compare the J/Psi with
its 'cousin’, the Phi

The J/Psi can't decay in the
‘easiest' strong mode. The
lightest charmed mesons are
too heavy !

,ﬁDLc:j o D/v]b Cuppvedpel Ld -(’cd-v ~= Sooo
SM«MP Londlays Yo Showp olecey &f Jfap !
~N NS T '

gompa_\—L @.gg! ($-% l Mnh\
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Only the strong decay into
3 gluons is possible.

Electromagnetic decays
are relatively enhenced

One week after the J/Psi
discovery an exited Psi'
was found.

It is also a charm-anticharm
Meson

T—
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How the Psi particles became their names :

1=

R
221
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Similarity between
Bound State Systems :

POSITRONIUM : e+ e- bound system ; e.m. Interaction ; eV level spacings
CHARMONIUM : c c_bar bound system; strong interaction ; GeV level spacings

Binding energy 85T p(4415) Charmonium
[meV] g DD
i E w(4160)
o I lonisationsenergie E y(4040)™ DD
3, 3%, 30, Fa a0 2 ™ DD
| T 3D @
-1000 7, D z w(3770) -
2%, 28 i i AO DB threshold
_n\ %“ ~600meV % + y WDD
3000 /10t g, k Yy e(1P) 3
\ / ' E hadrons "}y (1P) .
’/r = Y bad hadrons
i - ¥ adrons
5000 / hadrons
{5 3
15 J LRI N 30
7000F ™ :B 10%ev hadrons | grgps  rRIAIVE
Jre n- 1 1" (A 1 27




Inclusive Photon Spectra from Psi' decay :

Spectral Lines

Continuum background
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