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Termine
Klausur

Prüfungsordnung sieht zweistündige Klausur vor

Termin: Donnerstag, 24.07.08

9–11 Uhr s.t.

Raum: 2’101

Masterstudierende: 3 Wochen vor Beginn der 
Prüfungswoche anmelden (29.06.08)
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Kapitel 6.3

Standardmodell der 
Elementarteilchenphysik
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Wiederholung
Teilchen im Standardmodell (+ Antiteilchen): Spin 1/2 !

Wechselwirkungen: Eichbosonen mit Spin 1 !
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Generation Quarks Leptonen

1
Up (u)

Down (d)
Elektron-Neutrino ("e)

 Elektron (e)

2
Charm (c)
Strange (s)

Myon-Neutrino ("#)
Myon (#)

3
Top (t)

Bottom (b)
Tau-Neutrino ("$)

Tau ($)

WW wirkt auf Eichbosonen
Schwache WW alle Teilchen W- und Z-Bosonen

Elektromag-
netische WW

geladene Teilchen Photon

Starke WW Quarks 8 Gluonen

Vereinigt zur 
elektro-

schwachen 
WW
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Quantenchromodynamik
Theorie für starke WW: Quantenchromodynamik (QCD)

Austauschteilchen: 8 Gluonen mit Farbladung (im 
Gegensatz zum ungeladenen Photon in Elektrodynamik) 
% viel kompliziertere Dynamik

Vergleiche Coulomb-Potenzial

mit Potenzial der QCD:

„Confinement” (Analogie: Feder mit Federkonstante k) 
% keine freien Quarks 
% genug Spannungsenergie: Bildung von qq-Paaren
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Asymptotische Freiheit
Elektrodynamik: „nackte” 
Ladung des Elektron 
abgeschirmt durch Ladungs-
wolke % & nimmt mit kleinerem 
r zu (kleiner Effekt: & = 1/137 
bei 0 GeV, 1/128 bei 90 GeV)

Asymptotische Freiheit in QCD: 
Kopplungskonstante &S nimmt 
mit kleinerem r ab % Quarks 
im Proton näherungsweise frei

6

4

Figure 3. Summary of measurements of αs(Q2). Results which are based on fits of αs(MZ0) to data
in ranges of Q, assuming the QCD running of αs, are not shown here but are included in the overall
summary of αs(MZ0), see Figure 4 and Table 1.

agreement with the QCD prediction.
Therefore it is appropriate to extrapolate all

results of αs(Q) to a common value of energy,
which is usually the rest energy of the Z0 boson,
MZ0 . As described in [1], the QCD evolution of αs

with energy, using the full 4-loop expression [29]
with 3-loop matching [30] at the pole masses of
the charm- and the bottom-quark, Mc = 1.7 GeV
and Mb = 4.7 GeV , is applied to all results of
αs(Q) which were obtained at energy scales Q !=
MZ0 .

The corresponding values of αs(MZ0) are tab-
ulated in the 4th column of Table 1; column 5
and 6 indicate the contributions of the experi-

mental and the theoretical unceratinties to the
overall errors assigned to αs(MZ0). All values of
αs(MZ0) are graphically displayed in Figure 4.
Within their individual uncertainties, there is
perfect agreement between all results. This jus-
tifies to evaluate an overall world average value,
αs(MZ0). As discussed e.g. in [1], however, the
combination of all these results to an overall aver-
age, and even more so for the overall uncertainty
to be assigned to this average, is not trivial due
to the supposedly large but unknown correlations
between invidual results, especially through com-
mon prejudices and biases within the theoretical
calculations.
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Die Massenfrage
Wie bekommen Teilchen (und W- und Z-Bosonen) ihre 
Massen?

Lösung im Standardmodell: Higgs-Mechanismus

Peter Higgs (1964): Postuliere neues Quantenfeld, dass 
Vakuum ausfüllt, mit zugehörigem Teilchen: Higgs-Boson 
(Spin 0) % noch nicht experimentell nachgewiesen

Löst zwei (unterschiedliche) Probleme auf einmal: Massen 
für Fermionen und W- und Z-Bosonen 

Aber: Wert der Masse immer noch freier Parameter

Leichtestes Quark (Up): mu ! 1-3 MeV/c2

Schwerstes Quark (Top): mt ! 172 GeV/c2, ca. Masse eines Goldatoms
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Analogie: Higgs-Mechanismus
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Wie Teilchen Masse bekommen:

Wie das Higgs-Teilchen Masse bekommt:

Gäste bei einer Party
(= Higgs-Feld)

Prominenter betritt den Raum
(= Teilchen)

Prominenter kommt 
schwer voran (= Masse)

Jemand streut ein Gerücht
(= Anregung des Higgs-Felds)

Gerücht verbreitet sich
(= massives Higgs-Teilchen)
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Higgs-Suchen
LEP (bis 2000): Higgs-Massen unter 114 GeV/c2 
ausgeschlossen, erste Anzeichen bei 115 GeV/c2?

Tevatron (ab 2001): intensive Suche

Ab 2008/9: Suche am Large Hadron Collider (LHC)
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Kapitel 6.4

Schlüsselexperimente 
der Teilchenphysik
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Novemberrevolution
November 1974: Entdeckung 
einer schmalen Resonanz im 
e+e--Spektrum bei invarianter 
Masse von 3.1 GeV/c2

BNL: Protonen auf Fixed Target

SLAC: e+e--Collider

Gleichzeitig entdeckt
% Doppelname: J/'

Interpretation als gebundener 
Zustand cc („Charmonium”) % 
4. Quark entdeckt (theoretisch 
vorhergesagt 1970)
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BNL SLAC
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Gluonentdeckung
Elektron-Positron-Collider 
PETRA bei DESY (1979): 

Beobachtung von Ereignissen 
mit e+e– % 3 Jets 

Interpretation: 

2 Quarks und 1 Gluon 
produziert

Neutralisierung der Farbladung 
(„Hadronisierung”) durch 
Erzeugung neuer Teilchen

Beobachtet: 3 Bündel von 
Teilchen („Jet”)
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Brian Foster - Berndfest
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Gluon discovery

Lots of events like this

were seen:

B. Wiik, Bergen, June 18th

1979

And then one like this

e–

e+

!

q

!

g
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W- und Z-Entdeckung
Energie in Elektron-
Positron-Collidern um 
1980 nicht ausreichend 
zur Produktion von W/
Z-Bosonen % erster 
Proton-Antiproton-
Collider SppS (CERN, 
ab 1982)

Zerfall W % e"e/#"# 
(ungefähr in Ruhe): 
geladenes Lepton und 
„fehlende Energie”
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C. Rubbia

I 1

263

Fig. 17a. Two-dimensional plot of the transverse components of the missing energy (neutrino

momentum). Events have been rotated to bring the electron direction to point along the vertical

axis. The striking back-to-back configuration of the electron-neutrino system is apparent.

These events were expected to contribute at only the low-pT part of the

electron spectrum, and could even be eliminated in a more restrictive sample.

A value of the W mass can be extracted from the data in a number of ways:

i) It can be obtained from the inclusive transverse momentum distribution

of the electrons (Fig. 19 a), but the drawback of this technique is that the

transverse momentum of the W particle must be known. Taking the QCD

predictions [21], in reasonable agreement with experiment, we obtained

mw=(80.5±0.5) GeV/c2.

ii) We can define a transverse mass variable, m;=2p$) p!’ (1 -cos c$), with

the property mT!mw, where the equality would hold for only those

events with no longitudinal momentum components. Fitting Fig.  19b to a

Fehlende 
Energie

Geladenes
Lepton

W-Zerfall

[C. Rubbia, Nobel Lecture, nobelprize.org]
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W- und Z-Entdeckung
Z % ee/##: Paar von geladenen Leptonen % 
Rekonstruktion der invarianten Masse
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C. Rubbia 281

Fig. 29. Invariant mass distribution of dilepton events from UAl and UA2 experiments. A clear

peak is visible at a mass of about 95 GeV/c
2
.

The integrated luminosity for the present data sample is 108 nb-1, with an

estimated uncertainty of 15 %. With the geometrical acceptance of 0.37, the

cross-section, calculated using the four events, is

(a.B),,=  100+50(+15)pb,

where the last error includes the systematics from the acceptance and from the

luminosity. This value is in good agreement both with Standard Model

p r e d i c t i o n s  [ 2 2 ]  a n d  w i t h  o u r  r e s u l t s  f o r  Z0 + e+e - ,  n a m e l y

(o.B),,=41*21(f7)  pb. From the electron and the muon channels we obtain

the average cross-section of

(cI.B)~P= 58±21(±9) pb.

11. Comparing theory with experiment

The experiments discussed in the previous section have shown that the W

particle has most of the properties required in order to be the carrier of weak

interactions. The presence of a narrow dilepton peak has been seen around 95

GeV/c 2. Rates and features of the events are consistent with the hypothesis

[C. Rubbia, Nobel Lecture, nobelprize.org]

Geladenes
Lepton

Geladenes
Lepton
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Zahl der leichten Neutrinos
Elektron-Positron-Collider LEP 
(CERN, ab 1989): ECMS = 90 GeV 
% massenhafte Erzeugung von 
Z-Bosonen

Z-Zerfall in ee, ##, $$, qq, "" 
(unsichtbar) % vergleiche Form 
der Z-Resonanz im Spektrum 
der invarianten Masse mit 
Vorhersagen % 3 (leichte) 
Neutrinoflavors

Konsistenz im Standardmodell: 
3 Generationen für Leptonen und 
Quarks
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[pdg.lbl.gov]
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Neutrinomasse
Idee: massive Neutrinos % Mischung (analog zu CKM) 
% ein Neutrinotyp kann in anderen Typ „oszillieren”

Super-Kamiokande (Kamioka, Japan): Wasser-
Cherenkov-Detektor

Atmosphärische Neutrinos

Kollision kosmischer Strahlung in 
der Atmosphäre: Pionen

Zerfall "+ % #+ "#, #+ % e+ "e "#: 
Verhältnis "#/"e bekannt

Zenithwinkelverteilung: „von oben” 
(cos( > 0) vs. „von unten” (cos ( < 0)
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Erde
(Radius: 6400 km)

Detektor

Atmosphäre

Kosmische
Strahlung

!

Zenith-
winkel
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Neutrinomasse

Ergebnis: Nur 50% der "# „von unten” kommen an!

Interpretation: massive "# sind in "$ „oszilliert”
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FIG. 2. The 68%, 90%, and 99% confidence intervals are
shown for sin2 2u and Dm2 for nm $ nt two-neutrino oscil-
lations based on 33.0 kton yr of Super-Kamiokande data. The
90% confidence interval obtained by the Kamiokande experi-
ment is also shown.

case overlapped at 1 3 1023 , Dm2 , 4 3 1023 eV2

for sin2 2u ! 1.
As a cross-check of the above analyses, we have re-

constructed the best estimate of the ratio L!En for each

event. The neutrino energy is estimated by applying a

correction to the final state lepton momentum. Typi-

cally, final state leptons with p " 100 MeV!c carry 65%
of the incoming neutrino energy increasing to "85% at

p ! 1 GeV!c. The neutrino flight distance L is esti-

mated following Ref. [18] using the estimated neutrino

energy and the reconstructed lepton direction and flavor.

Figure 4 shows the ratio of FC data to Monte Carlo for

e-like and m-like events with p . 400 MeV as a func-

tion of L!En , compared to the expectation for nm $ nt

oscillations with our best-fit parameters. The e-like data
show no significant variation in L!En , while the m-like
events show a significant deficit at large L!En . At large

L!En , the nm have presumably undergone numerous os-

cillations and have averaged out to roughly half the

initial rate.

The asymmetry A of the e-like events in the present data
is consistent with expectations without neutrino oscilla-

tions and two-flavor ne $ nm oscillations are not favored.

This is in agreement with recent results from the CHOOZ

experiment [22]. The LSND experiment has reported the

appearance of ne in a beam of nm produced by stopped

pions [23]. The LSND results do not contradict the

present results if they are observing small mixing angles.

With the best-fit parameters for nm $ nt oscillations, we

expect a total of only 15–20 events from nt charged-

current interactions in the data sample. Using the current

sample, oscillations between nm and nt are indistinguish-

able from oscillations between nm and a noninteracting

sterile neutrino.

Figure 2 shows the Super-Kamiokande results overlaid

with the allowed region obtained by the Kamiokande

FIG. 3. Zenith angle distributions of m-like and e-like events for sub-GeV and multi-GeV data sets. Upward-going particles
have cosQ , 0 and downward-going particles have cosQ . 0. Sub-GeV data are shown separately for p , 400 MeV!c and
p . 400 MeV!c. Multi-GeV e-like distributions are shown for p , 2.5 and p . 2.5 GeV!c and the multi-GeV m-like are shown
separately for FC and PC events. The hatched region shows the Monte Carlo expectation for no oscillations normalized to the data
live time with statistical errors. The bold line is the best-fit expectation for nm $ nt oscillations with the overall flux normalization
fitted as a free parameter.

1566

masselose 
Neutrinos

[Phys. Rev. Lett. 81 (1998) 1562]

massive 
Neutrinos
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Standardmodell: Offene Fragen 
Ist der Higgs-Mechnismus in 
der Natur realisiert?

SM liefert keine Erklärung 
für freie Parameter 
(Teilchenmassen, CKM-Matrix)

Probleme mit Beschreibung 
von Prozessen oberhalb ca. 
1#TeV

Vorgriff: SM-Teilchen: nur 
4% der Materie im 
Universum
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21%

4%

75% Dunkle Energie

Dunkle Materie

„normale” Materie
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Präsenzübung
Welche der folgenden Zerfälle sind nicht erlaubt und 
warum? Welche Wechselwirkung vermittelt die 
erlaubten Zerfälle?
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µ+ → e+νe

K+ → e+νe

n → pe−ν̄e

π0 → γγ
γ → e+e−

e+e− → γγ

p → π+π0

π− → K0e−ν̄e

K− → π0e−ν̄e

t → W+b
t → Zc

∆++ → pπ+
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Themen für Übung
Das Wu-Experiment zur Paritätsverletzung

Entdeckung des Top-Quarks

Weltuntergang durch den LHC?
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