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Goal of this Lecture

* Theoretical and experimental introduction into the Standard
Model of Particle Physics.

* The lectures are therefore given by a theoretician and an
experimentalist.

 Tutorials offer the possibility to discuss open questions and the
exercises.
» Content:
~ QED (Quantum Electrodynamics)
~ Electroweak Interactions and Unification
~ Electroweak Symmetrybreaking and Higgs
~ (Strong Interaction)
~ Flavour Physics
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Prerequisites

Requirements:
- PEPS (Introduction to Particle Physics, bachelor)
- Particle Physics (Module MKEP1, master)

~ this course addresses master and graduate students

Other useful or related lectures:
> Theoretical Statistical Physics
> Quantum Field Theory

> Detector Physics

> Accelerator Physics
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workload is 240 hours
TS)

and Tutorials
um score 50%)
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Organisation

Lectures:
Monday 11h15, Grol3er Horsaal, Philosophenweg 12
Wednesday 11h15, Grol3er Horsaal, Philosophenweg 12

Accompanying Tutorials:

Tuesday (engl) : 9h15 Albert-Uberle Str. 3-5 SR1 (Julian
Heeck)

Thursday (german): 14h15 Philisoph. kl. Horsaal (Dominik
Neuenfeld)

Handout and return of exercises always Mondays after lecture

More Information (e.g. literature) on the Web:

http://www.mpi-hd.mpg.de/manitop/StandardModel/
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Date Lecturer Topic and Link
Mo, 16.04.2012 AS Introduction
We, 18.04.2012] WR Kinematics; Mandelstam variables
Mo, 23.04.2012| WR Crossing; Cross sections
We, 25.04.2012| WR Feynman rules; QED
Mo, 30.04.2012| WR QED: basic processes
We, 02.05.2012| AS QED: tests
Mo, 07.05.2012| WR QED: theoretical issues
We, 09.05.2012| AS QED: tests
Mo, 14.05.2012| WR Fermi theory: theory
We, 16.05.2012| AS Fermi theory: experiment
Mo, 21.05.2012 AS Weak interactions
We, 23.05.2012 AS Weak interactions

Mo, 28.05.2012

Pfingsten/Pentecost
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Mo, 28.05.2012

Pfingsten/Pentecost

We, 30.05.2012| WR Gauge symmetries

Mo, 04.06.2012| WR |Gauge symmetries; SU(3) x SU(2) x U(1)
We, 06.06.2012| WR SU(3) x SU(2) x U(1); Higgs mechanism
Mo, 11.06.2012 AS Neutral currents, W- and Z-bosons
We, 13.06.2012 AS Neutral currents, W- and Z-bosons
Mo, 18.06.2012| WR Theoretical Higgs constraints

We, 20.06.2012| AS Tests of the SM

Mo, 25.06.2012| AS Tests of the SM

We, 27.06.2012| AS Tests of the SM

Mo, 02.07.2012| WR Flavor: Theory

We, 04.07.2012| WR Flavor: Theory

Mo, 09.07.2012| AS Flavor: Experiment

We, 11.07.2012| AS Flavor: Experiment

Mo, 16.07.2012| WR Massive neutrinos

We, 18.07.2012

Mo, 23.07.2012

Klausurwoche
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DBACK!
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roduction:

Interplay between
eory and Experiment
In Particle Physics
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~1930

> electron
> proton

> (neutron)

Schoning/Rodejohann

~50-60 years
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Main Achievements in Theory

» Relativistic Quantum Mechanics (QED, Dirac Equation)

» Relativistic Quantum Field Theory (vacuum polarisation)

» Gauge Theories (renormalisable field theory)

» Electroweak Unification (electromagnetic+weak force)

» Mass Generation and Spontaneous Symmetry Breaking

» Quantum Chromodynamics and understanding of confinement

+~ Standard Model of Particle Physics
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Important Experimental
Discoveries

+ Discovery of the muon (particle families)

» Discovery of the pion (strong interaction)

+ Discovery of Parity Violation in Weak Interactions
+ Discovery of Strangeness and Fermion-Mixing

+ Discovery of the Neutrino

+ Observation of neutral currents (weak interaction)
+ Discovery of massive gauge bosons (W,Z)

+ Discovery of the Higgs boson at LHC in 20127

This all goes along with the development of
modern particle detectors and accelerators
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Early History

Prediction of the Anti-electron (Dirac, 1928)
Discovery of the Positron (Anderson, 1932)

Prediction of mesons (1935)
Discovery of the muon (1936, surprise!)
Discovery of the pion (1947)

Prediction of the neutrino (Pauli 1930)
Discovery of the electron neutrino (Cowan Reines, 1957)

Prediction of the muon neutrino (1950th?)
Discovery of the muon neutrino (Ledermann,Schwartz,Steinberger 1962)

Discovering the particle zoo (1960th, surprise! )
Development of Quantum Chromodynamics (1968)
Theory of Quark Mixing (1970th)
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Anti-Particle Hypothesis

Paul Dirac (1928):

find field equations for a relativistic Quantum Mechanics
based on Einsteins special relativity relation:

E2=m2-|-p2

Diracs equation has solutions for positively and negatively
polarised particles and for positive and negative energies:

negative energy: antiparticles!

Later Feynman-Stuckelberg interpretation:
antiparticles are particles traveling in reverse time direction
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+~ Nobel Prize (1936)

Fig. 1. A 63 million volt positron (Hp=2.1 10" gauss-cm) passing through a 6 mm lead plate
and emerging as a 23 million volt positron (Hp= 7.5 %101 gauss-cm). The length of this latter path
iz at least ten times greater than the possible length of a proton path of this curvature,
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Muon Discovery

Primary cosmic rays

Muon discovery in
cosmic rays by

Carl Anderson
+

Seth Nedermeyer

1912
~ Nobel Prize (1936)
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of the

decay: w —e ??

Zahl der =
Ereignisse 4
- Michel spectrum:
i ‘ m, =105.6 MeV
15-10° — [
10-10° F—
[ 3-body
i 2-body decay decay
5:10° — energy of A A
[ decay electron
§ | | I | | | : | | | LI
0 10 20 30 40 50
Positronen-Impuls/MeV /\
Two neutrino hypothesis: Ww—evv \
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TRANSFORMATION OF MUONS INTO ELECTRONS*

P.
Institute for Nuclear Physics, Calcutta, India

It is an outstanding puzzle of particle physics
that muons do not decay electromagnetically into
electrons without the emission of neutrino pairs,
even though all quantum numbers of muon and
electron are the same.! Processes of this sort

==WHICH CoUld Nave pcell opserved Mmelgde g —2crr

G. Feinberg

Columbia University, New York, New York

Kabir

and

S. Weinberg
Lawrence Radiation Laboratory, Berkeley, California
(Received October 29, 1959)

that might yield fast p —e transformations are
contact terms in £,

£, = --pﬁezpJu -H.c.; £,=- g@ey-sz“ -H.c., (1)

where the derivative 8, and the photon field A,
enter in the gauge-invariant combination, D,

pton Family Number

\% Is allowed!

20
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e muon neutrino (Ledermann,Schwartz,Steinberger 1962)

~ Nobel Prize (1988)
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Pion

s carriers of the strong force

s ~ hc / (range of force)

~1fm — m =200 MeV

meson

- Nobel Prize (1949)
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1947 discovered by Perkins, Ochialini and Powgll
s?

l"-‘-
NIRRT
‘:’. ‘__r..-—-.

emulsions

~ Nobel Prize (Powell 1950)
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Interactions

0, j» = 0 (conservation of currents)

)

teractions?

scalar coupling:
S =Yy

pseudoscalar coupling
P=yyy

vector current:

W Left-Right Symmetry Broken if
Jr=Vvy W . . |
Jr=U2 (=74 #

axial-vector current: d A
Jr=1/2 (JV_I_]A)

M=0y'yw
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Experimental Test of Parity Conservation
in Beta Decay*

C. S. Wu, Columbia University, New YVork, New Vork

AND

LUCITE ROD

PUMPING TUBE FOR
VACUUM SPACE

E. AMBLER, R. W. Havywarn, D. D. Horres, anp K. P. Hupson,
National Bureau of Standards, Washington, D. C.

{Received January 15, 1957)

ised Co®® — Ni“ev

T I I | 1 T I I
B ASYMMETRY (AT PFULSE m

RE-ENTRANT
VACUUM SPACE

HEIGHT 10V)

EXCHANGE

LI GAS| IN
X

.00 —  ax n—

090
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THERMOMETER COILS
SPECIME
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g

46 cm——=

; [ —— 1 1 1 | 1 | i
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TIME IM MINUTES

Fic. 2. Gamma anisotropy and beta asymmetry for
polarizing field pointing up and pointing down.

(also seen in muon decay
Lederman et al.)
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Discovery of the Strangeness
Surprise!

WWP

K
.
'fﬂ, " “V-particles”

M 3 Production of Kaons and
\_.:._';-f Lambda-Baryons in pp Collisions

\.\\---,/ Long Lifetime!

neither electromagnetic nor strong force
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Charm Quark

f Flavor Changing Neutral Currents?

Py

Cc Cc

scos®.—dsin O,

!

urrent;

Jw = ulu+clc+ (dTd+5Is)cos’®.+ (dT'd+5I's)sin’O,
l i _
+ (dT's+5I'd—dI's—5I'd)sin®_.cos O,

IAS|=1

flavor changing terms cancel out!

GIM suppression (Glashow, lliopoulos, Maiani)
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SPECTROMETER

At normal current
| [O-10% current

($)]
o
T

EVENTS /25 MeV
B
o
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R
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3.25 3.5

Mete™ [ Gev]

FIG. 2. Mass spectrum showing the existence of J.
Results from two spectrometer settings are plotted
showing that the peak is independent of spectrometer
currents, The run at reduced current was taken two
monthg later than the normal run,

Xete
al. (1974)
28
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T T T TTT
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o (nb)

100 ¢
50 f

20 r

500

FIG, 1. Cross section versus energy for (a) multi-
hadron final states, () e*e” final states, and (¢) p*p~,
7*r", and K *K*° final states. The curve in (a) is the ex-
pected shape of a §-function resonance folded with the
Gaussian energy spread of the beams and including
radiative processes. The cross sections shown in (b)
and (c) are integrated over the detector acceptance.
The total hadron cross section, (a), has been corrected
for detection efficiency,

e" e — J/Psi — e e (u*,u),(m* 1)
SLAC: B.Richter et al. (1974)

+~ Nobel Prize
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i-Maskawa Matrix):

L—=2y2 2 AX3(p —in)
V= =1 1= A%/2 AN? FO0N).
AN (L= p—ing) —AN 1

particle « anti-particle

-Violation might explain observed matter-antimatter
In universe

d family needed! +~ Nobel Prize (2008)
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amily
(1974-1976)

+ = - &
e e —oe u

(Reines et al.)
— - 4
§ explanation (M.Perl):
o 20+ ¢ —
5
= + - + -
ot 1] - e'e -1 T
@
5
w 1 - —
s 0 | T—evy
@
© - ® + - T— M VYV
0 * ] 1 I |
2 4 6 8 I -
o Towl Enorgy (GeV) o discovery of tau-lepton
Fig. 4. From Perl et al. (1975): the observed cross section for the
signature ey events from the Mark I experiment at SPEAR. This
observed cross section is not corrected for acceptance. There are 86 .
events with a calculated background of 22 events. 2 NObeI Prlze (1 995)

scovery of the Bottom-Quark (1977) by M.Ledermann et al.

at Fermilab
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Prediction of Neutral Currents

Weak Neutral Currents, i.e. exchange of Z particles were
predicted by Abdus Salam, Sheldon Glashow and
Steven Weinberg 1973 (Standard Model)

Weak interaction described by SU(2) local gauge symmetry,
which contains three fields W. , W, ,W, presented by the

physically observable fields W* and W- and Z (neutral gauge boson)

Use neutrinos to test existence of the Z boson

+~ Nobel Prize (1979)
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servation of Neutral Currents
; e 4.-1_.-;

ubble Chamber
Gargamelle (1974)

Gargamelle
v,e—ov,e A5

.._j' .
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EXPERIMENTAL OBSERVATION OF LEPTON PAIRS OF INVARIANT MASS
AROUND 95 GeV/c2 AT THE CERN SPS COLLIDER

UA1 Collaboration, CERN, Geneva, Switzerland

First Level Cuts
152 Events

EVENT 7433. 1001. ’
2 ,
d

™ b}
..E Second Level Cuts
g 6t 6 Events
ot !
[=] 2 - .
E 0 1 n l'nn 1
E
= 6L A © Final Cuts |

L L Events ]

27 . e . 2

0 50 100 150 .
Uncorrected invariant mass cluster pair [GeW:’: - NObel Prize (1 984)
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EXPERIMENTAL OBSERVATION OF LEPTON PAIRS OF INVARIANT MASS
AROUND 95 GeV/c2 AT THE CERN SPS COLLIDER

UA1 Collaboration, CERN, Geneva, Switzerland

First Level Cuts
152 Events

EVENT 7433, 1001,
et
/

3 b) /
- 0 n i T = - 1.
™ b}
..E Second Level Cuts
E 6 & Events
u— br ]
[=] 2 - .
E 0 1 n l'nn 1
E
= 6L A © Final Cuts |

L L Events ]

27 . e .

0 50 100 150 —
Uncorrected invariant mass cluster pair [GeW:’: - NObel Prize (1 984)
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. SM constraint
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Direct search lower limit (95% CL) -
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Year
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e Top-Quark (1995)

e

CDF + Dtectors

CDF Run Il Preliminary (2.9 fb™)

< 60

> =2 tags events m'**
[ t
8 ol —+— Data

@

5 Bl Fittea

W a0k Fitted Bkg

¥2/Ndof = 20.2/ 22

[7]
o
Tt

Prob = 0.569

N
(=]
L

-
o
LN B

Proton-Antiproton Collider

1 x 1 Tev 100 150 200 250 e (Gg\(;;)
Top-Quark Mass ~172 GeV
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article

ass of fermions and bosons

nimum breaks symmetry:
spontaneous symmetry breaking

D +#0
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i = 144 GeV
Bl Theory uncertaintyl :
(5) ]

Aoy =
— 0.02758+0.00035 |f :
- 0,02749+0.00012 [ ;

4 - -- incl. low Q° data =

3 — e

2 - i

1 — =

0 | Excludea’ ' __ F-'reliminary-
30 100 300

my [GeV]

s yellow region excluded by LEP
» blue chi2 curve from radiative corrections
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arge Hadron Collider (CERN)

2

ﬁ‘" M*f-"‘ LHC (pp)

7-8 (14) TeV

26.7 km circumference!
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95% CL limit on 6/0g,,

Obs.

HREERL
m -
*
o

—_
o

H—yy (4.9 fb”
H—1tt (4.7 fb

H— bb (4.6-4.7fb™)
H— WW— viv (4.7 b™)

Exp. Obs.

H— WW — vqq (4.7 b
mme —— HZZ- Il (4.8fb7)
........ ——— H- ZZ- liqq (4.7 b
“ie i e Ho ZZs vy (7107

j Ldt-~ 4.6-4.9fb",{s=7 TeV

10'=ATLAS 2011 Preliminary CLslimits  —
100 200 300 _ 400 500 600
my, [GeV]
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—
o

ATLAS Preliminary 2011 Data
—— Obs.
---- Exp.

I Ldt = 4.6-4.9fb"

I Ea N B
1o \s =7 TeV

—_—

95% CL Limit on O'/O'SM

10"

ICLs Limlits | | | |
100 200 300 400 500 600
m, [GeV]
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2011 Data -

E LI [ I | T T LI T
& [ ATLAS Preliminary
©
| — Obs. _
S 10 - - Exp. .[ Ldt =4.6-49fb -
e [ EHiio | -
= L [(1+26 \s=7TeV -
- |
o |
X
O
o q
1 ICLS L|imits| | | I | I |
10 110 115 120 125 130 135 140 145 150
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mall window at m~125 GeV allowed!

eriod in 2012 (already started) will be decisive!
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