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Zeitumkehr (1): in e.m. und starker WW erhalten

3

T-verletzende-Amplitude < 0.3% der 
T-erhaltenden Amplitude

[Perkins]

P

T

d

Elementarteilchen ein EDM gefunden, ist T verletzt
- Intensive Suche nach dem EDM beim Elektron, Myon, Neutron

esonanz) an ultrakalten Neutronen
= 10 32 e ∙cm  

- erzeugt asymmetrische Ladungsverteilung entlang der Spinachse µ
- die Spinachse µ ist die einzige ausgezeichnete Achse im Kern

das elektrische Dipolmoment d eines Teilchens muss bei

- Atome und Moleküle können ein elektrisches

(diese definiert die Achse, nicht der Spin!)

ein elektrisches 
Dipolmoment (EDM) eines 
kugelsymmetrischen 
Teilchens wäre T-
verletzend, Limit für 
Neutronen < 3e–26 e cm
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CP-Symmetrie in schw. WW erhalten?
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CP-Erhaltung bei neutralen Kaonen 1963
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Neutrale Kaonen
■ Neutrale Kaonen können in 2π (P=+1) und 3π (P=-1) zerfallen 

(Paritätsverletzung)
 das erlaubt eine Mischung von K0 und K0 :

■ Auf dem Quark – Level:     Box – Diagramme 

2
3
2 00 =Δ↔
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■ K0, K0 haben definierte Strangeness 5 Eigenzustände der starken WW
■ Durch die schwache WW (2. Ordnung) können K0 und K0 jedoch mischen  

Michael Feindt , Moderne Physik III, Vorlesung 14
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CP – Erhaltung in der schwachen WW
■ in der schwachen WW sind C und P maximal verletzt, aber C,P ≈ erhalten
Zerfallskanäle:
2π und 3π sind Eigenzustände von CP:

K0 und K0 sind keine Zustände mit definierter CP – Parität:
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K und K sind keine Zustände mit definierter CP – Parität:

Wenn CP erhalten ist und ein Kaon in 2π (bzw. 3π) zerfällt, muss auch das Kaon
eine definierte CP – Parität von +1 oder -1 haben

Michael Feindt , Moderne Physik III, Vorlesung 14
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EVIDENCE FOR THE 2rr DECAY OF THE Km MESON*1

J. H. Christenson, J. W. Cronin, V. L. Fitch, and R. Turlay~
Princeton University, Princeton, New Jersey

(Received 10 July 1964)

PLAN VIEW
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FIG. 1. Plan view of the detector arrangement.

This Letter reports the results of experimental
studies designed to search for the 2m decay of the
K, meson. Several previous experiments have
served"~ to set an upper limit of 1/300 for the
fraction of K2 's which decay into two charged pi-
ons. The present experiment, using spark cham-
ber techniques, proposed to extend this limit.
In this measurement, K,' mesons were pro-

duced at the Brookhaven AGS in an internal Be
target bombarded by 30-BeV protons. A neutral
beam was defined at 30 degrees relative to the

1 1circulating protons by a 1&-in. x 12-in. x 48-in.
collimator at an average distance of 14.5 ft. from
the internal target. This collimator was followed
by a sweeping magnet of 512 kG-in. at -20 ft. .
and a 6-in. x 6-in. x 48-in. collimator at 55 ft. A
1~-in. thickness of Pb was placed in front of the
first collimator to attenuate the gamma rays in
the beam.
The experimental layout is shown in relation to

the beam in Fig. 1. The detector for the decay
products consisted of two spectrometers each
composed of two spark chambers for track delin-
eation separated by a magnetic field of 178 kG-in.
The axis of each spectrometer was in the hori-
zontal plane and each subtended an average solid
angle of 0.7&& 10 steradians. The squark cham-
bers were triggered on a coincidence between
water Cherenkov and scintillation counters posi-
tioned immediately behind the spectrometers.
When coherent K,' regeneration in solid materials
was being studied, an anticoincidence counter was
placed immediately behind the regenerator. To
minimize interactions K2' decays were observed
from a volume of He gas at nearly STP.

Water

The analysis program computed the vector mo-
mentum of each charged particle observed in the
decay and the invariant mass, m*, assuming
each charged particle had the mass of the
charged pion. In this detector the Ke3 decay
leads to a distribution in m* ranging from 280
MeV to -536 MeV; the K&3, from 280 to -516; and
the K&3, from 280 to 363 MeV. We emphasize
that m* equal to the E' mass is not a preferred
result when the three-body decays are analyzed
in this way. In addition, the vector sum of the
two momenta and the angle, |9, between it and the
direction of the K,' beam were determined. This
angle should be zero for two-body decay and is,
in general, different from zero for three-body
decays.
An important calibration of the apparatus and

data reduction system was afforded by observing
the decays of K,' mesons produced by coherent
regeneration in 43 gm/cm' of tungsten. Since the
K,' mesons produced by coherent regeneration
have the same momentum and direction as the
K,' beam, the K,' decay simulates the direct de-
cay of the K,' into two pions. The regenerator
was successively placed at intervals of 11 in.
along the region of the beam sensed by the detec-
tor to approximate the spatial distribution of the
K,"s. The K,' vector momenta peaked about the
forward direction with a standard deviation of
3.4+0.3 milliradians. The mass distribution of
these events was fitted to a Gaussian with an av-
erage mass 498.1+0.4 MeV and standard devia-
tion of 3.6+ 0.2 MeV. The mean momentum of
the K,o decays was found to be 1100 MeV/c. At
this momentum the beam region sensed by the
detector was 300 K,' decay lengths from the tar-
get.
For the K,' decays in He gas, the experimental

distribution in m is shown in Fig. 2(a). It is
compared in the figure with the results of a
Monte Carlo calculation which takes into account
the nature of the interaction and the form factors
involved in the decay, coupled with the detection
efficiency of the apparatus. The computed curve
shown in Fig. 2(a) is for a vector interaction,
form-factor ratio f /f+= 0.5, and relative abun-
dance 0.47, 0.37, and 0.16 for the Ke3, K&3, and
Eg3 respectively. The scalar interaction has
been computed as well as the vector interaction
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FIG. 2. (a) Experimental distribution in rn~ com-
pared with Monte Carlo calculation. The calculated
distribution is normalized to the total number of ob-
served events. (b) Angular distribution of those events
in the range 490 &m*&510 MeV. The calculated curve
is normalized to the number of events in the complete
sample.

with a form-factor ratio f /f+ =-6.6. The data
are not sensitive to the choice of form factors
but do discriminate against the scalar interac-
tion.
Figure 2(b) shows the distribution in cos8 for

those events which fall in the mass range from
490 to 510 MeV together with the corresponding
result from the Monte Carlo calculation. Those
events within a restricted angular range (cos8
&0.9995) were remeasured on a somewhat more
precise measuring machine and recomputed using
an independent computer program. The results of
these two analyses are the same within the re-
spective resolutions. Figure 3 shows the re-

0
0.9996 0.9997 0.9998 0.9999 I.OOOO

cos 8
FIG. 3. Angular distribution in three mass ranges

for events with cos0 & 0.9995.

suits from the more accurate measuring machine.
The angular distribution from three mass ranges
are shown; one above, one below, and one encom-
passing the mass of the neutral K meson.
The average of the distribution of masses of

those events in Fig. 3 with cos8 &0.99999 is
found to be 499.1 + 0.8 MeV. A corresponding
calculation has been made for the tungsten data
resulting in a mean mass of 498.1 + 0.4. The dif-
ference is 1.0+0.9 MeV. Alternately we may
take the mass of the E' to be known and compute
the mass of the secondaries for two-body decay.
Again restricting our attention to those events
with cos0&0.99999 and assuming one of the sec-
ondaries to be a pion, the mass of the other par-
ticle is determined to be 137.4+ 1.8. Fitted to a
Gaussian shape the forward peak in Fig. 3 has a
standard deviation of 4.0 + 0.7 milliradians to be
compared with 3.4+ 0.3 milliradians for the tung-
sten. The events from the He gas appear identi-
cal with those from the coherent regeneration in
tungsten in both mass and angular spread.
The relative efficiency for detection of the

three-body E, decays compared to that for decay
to two pions is 0.23. %e obtain 45+ 9 events in
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the forward peak after subtraction of background
out of a total corrected sample of 22 700 K,' de-
cays.
Data taken with a hydrogen target in the beam

also show evidence of a forward peak in the cos0
distribution. After subtraction of background,
45+ 10 events are observed in the forward peak
at the K' mass. We estimate that -10 events can
be expected from coherent regeneration. The
number of events remaining (35) is entirely con-
sistent with the decay data when the relative tar-
get volumes and integrated beam intensities are
taken into account. This number is substantially
smaller (by more than a factor of 15) than one
would expect on the basis of the data of Adair
et al. '
We have examined many possibilities which

might lead to a pronounced forward peak in the
angular distribution at the K' mass. These in-
clude the following:
(i) K,' coherent regeneration. In the He gas it

is computed to be too small by a factor of -10' to
account for the effect observed, assuming reason
able scattering amplitudes. Anomalously large
scattering amplitudes would presumably lead to
exaggerated effects in liquid H, which are not
observed. The walls of the He bag are outside
the sensitive volume of the detector. The spatial
distribution of the forward events is the same as
that for the regular K,' decays which eliminates
the possibility of regeneration having occurred
in the collimator.
(ii) K&3 or Ke3 decay. A spectrum can be

constructed to reproduce the observed data. It
requires the preferential emission of the neutrino
within a narrow band of energy, +4 MeV, cen-
tered at 17+ 2 MeV (K&3) or 39+ 2 MeV (Ke3).
This must be coupled with an appropriate angular
correlation to produce the forward peak. There
appears to be no reasonable mechanism which
can produce such a spectrum.
(iii) Decay into w+7t y. To produce the highly

singular behavior shown in Fig. 3 it would be
necessary for the y ray to have an average ener-
gy of less than 1 MeV with the available energy
ext nding to 209 MeV. We know of no physical
process which would accomplish this.
We would conclude therefore that K2 decays to

two pions with a branching ratio R = (K2- w++ w )/
(K,'- all charged modes) = (2.0+ 0.4) && 10 where
the error is the standard deviation. As empha-
sized above, any alternate explanation of the ef-
fect requires highly nonphysical behavior of the
three-body decays of the K,'. The presence of a
two-pion decay mode implies that the K,' meson
is not a pure eigenstate of CI'. Expressed as
K,0=2 "'[(K,-KO)+e(KO+KJ] then I&I'= R&T—IT2
where 7, and T, are the K, and K,' mean lives
and RZ is the branching ratio including decay to
two r'. Using RT = &R and the branching ratio
quoted above, l et =—2.3x 10
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CP-Verletzung bei neutralen Kaonen ist ein kleiner 
Effekt, aber eindeutig vorhanden...

Damit CPT-Symmetrie gilt, muss eine T-Verletzung 
vorhanden sein, die die CP-Verletzung genau 
kompensiert...

October 28, 2005 L. Tauscher, LBL_October 2005 19

Semileptonic Time reversal asymmetry

Kabir-Theorem (Kabir, PR D2 (1970) 540)

Time reversal invariance is violated, if the transformation rate

Kabir-asymmetry:
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First ever measured T-reversal violation through rate comparison

Arrow of time: antikaons disappear faster than kaons (Reε >0)

〈AT〉average= (6.6 ± 1.3stat ± 1.0syst )×10-3

Ref.:  Angelopoulos et al,  PL B444 (1998) 43

erste direkte Messung von T-Verletzung:

1964

1998
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Zeitumkehr (2): Erste direkte Messung einer Verletzung

http://inpa.lbl.gov/pbar/talks/F6_Tauscher.pdf
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CPLEAR-Detektor



CPT - Theorem
■ Die physikalischen Größen sind invariant unter C·P·T-Transformation
■ Vorraussetzungen: 

- Lorentz-Invarianz
- Lokalität
- Quantenmechanik

- Wahrscheinlichkeitserhaltung
- es gibt einen Zustand niedrigster Energie

lokale, relativistische
Quantenfeldtheorie

KIT-IEKP16 03.01.2012 Michael Feindt , Moderne Physik III, Vorlesung 11

■ Konsequenzen:

- es gibt einen Zustand niedrigster Energie
- endliche Zahl elementarer Teilchen

- Masse von Teilchen und Antiteilchen sind gleich
- Lebensdauer von Teilchen und Antiteilchen sind gleich
- Betrag des magn. Moments von Teilchen und Antiteilchen sind gleich

→ enthalten keine Parameter. Kleine Abweichungen sind deshalb nicht möglich.

KT2012 Johannes Blümer IKP in KCETA

CPT-Theorem (Lüders & Pauli 1954)

10

Gerhart Lüders    Wolfgang Pauli
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CPT-Theorem (Lüders & Pauli 1954)

10

Gerhart Lüders    Wolfgang Pauli

CPT-Theorem ist parameterfrei – es gibt keine ‘geringen’ Abweichungen
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Expt. Tests von CPT-Symmetrie
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Citation: K. Nakamura et al. (Particle Data Group), JP G 37, 075021 (2010) and 2011 partial update for the 2012 edition (URL: http://pdg.lbl.gov)

S
J/ψ(1S)π0 (B0 → J/ψ(1S)π0) −0.94 ± 0.29 (S = 1.9)

S
K0

S π0 (B0 → K0 π0) 0.58 ± 0.17

S
η′K0 (B0 → η′K0) 0.60 ± 0.07

S
K+ K−K0

S
(B0 → K+K−K0

S nonresonant) −0.74+0.12
−0.10

S
K+ K−K0

S
(B0 → K+K−K0

S inclusive) −0.65 ± 0.12

Sππ (B0 → π+π−) −0.61 ± 0.08

∆Cρπ (B0 → ρ+π−) 0.37 ± 0.08

S
ηc K0

S
(B0 → ηc K0

S ) 0.93 ± 0.17

sin(2β) (B0 → J/ψK0
S ) 0.673 ± 0.023

S
J/ψ(nS)K0 (B0 → J/ψ(nS)K0) 0.668 ± 0.024

S
χc1K0

S
(B0 → χc1K0

S ) 0.61 ± 0.16

sin(2βeff )(B0 → K+K−K0
S ) 0.77+0.13

−0.12

CPT INVARIANCECPT INVARIANCECPT INVARIANCECPT INVARIANCE

(m
W + − m

W− ) / maverage −0.002 ± 0.007

(m
e+ − m

e−) / maverage <8 × 10−9, CL = 90%
∣∣q

e+ + q
e−

∣∣/e <4 × 10−8

(g
e+ − g

e−) / gaverage (-0.5+-2.1) × 10−12

(τ
µ+ − τ

µ−) / τ average (2 ± 8) × 10−5

(g
µ+ − g

µ− ) / gaverage (−0.11 ± 0.12) × 10−8

(m
τ+ − m

τ− )/maverage <2.8 × 10−4, CL = 90%

2 (mt − mt ) / (mt + mt ) 0.022 ± 0.022

(m
π+ − m

π−) / maverage (2+-5) × 10−4

(τ
π+ − τ

π−) / τ average (6+-7) × 10−4

(m
K+ − m

K− ) / maverage (−0.6 ± 1.8) × 10−4

(τ
K+ − τ

K− ) / τ average (0.10 ± 0.09)% (S = 1.2)

K± → µ± νµ rate difference/average (−0.5 ± 0.4)%

K± → π±π0 rate difference/average [i ] (0.8 ± 1.2)%

δ in K0 − K0 mixing

real part of δ (2.3+-2.7) × 10−4

imaginary part of δ (0.4+-2.1) × 10−5

Re(y), Ke3 parameter (0.4+-2.5) × 10−3

Re(x−), Ke3 parameter (−2.9 ± 2.0) × 10−3
∣∣m

K0 − m
K0

∣∣ / maverage [j ] <8 × 10−19, CL = 90%

(Γ
K0 − Γ

K 0)/maverage (8 ± 8) × 10−18
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S
J/ψ(1S)π0 (B0 → J/ψ(1S)π0) −0.94 ± 0.29 (S = 1.9)

S
K0

S π0 (B0 → K0 π0) 0.58 ± 0.17

S
η′K0 (B0 → η′K0) 0.60 ± 0.07

S
K+ K−K0

S
(B0 → K+K−K0

S nonresonant) −0.74+0.12
−0.10

S
K+ K−K0

S
(B0 → K+K−K0

S inclusive) −0.65 ± 0.12

Sππ (B0 → π+π−) −0.61 ± 0.08

∆Cρπ (B0 → ρ+π−) 0.37 ± 0.08

S
ηc K0

S
(B0 → ηc K0

S ) 0.93 ± 0.17

sin(2β) (B0 → J/ψK0
S ) 0.673 ± 0.023

S
J/ψ(nS)K0 (B0 → J/ψ(nS)K0) 0.668 ± 0.024

S
χc1K0

S
(B0 → χc1K0

S ) 0.61 ± 0.16

sin(2βeff )(B0 → K+K−K0
S ) 0.77+0.13

−0.12

CPT INVARIANCECPT INVARIANCECPT INVARIANCECPT INVARIANCE

(m
W + − m

W− ) / maverage −0.002 ± 0.007

(m
e+ − m

e−) / maverage <8 × 10−9, CL = 90%
∣∣q

e+ + q
e−

∣∣/e <4 × 10−8

(g
e+ − g

e−) / gaverage (-0.5+-2.1) × 10−12

(τ
µ+ − τ

µ−) / τ average (2 ± 8) × 10−5

(g
µ+ − g

µ− ) / gaverage (−0.11 ± 0.12) × 10−8

(m
τ+ − m

τ− )/maverage <2.8 × 10−4, CL = 90%

2 (mt − mt ) / (mt + mt ) 0.022 ± 0.022

(m
π+ − m

π−) / maverage (2+-5) × 10−4

(τ
π+ − τ

π−) / τ average (6+-7) × 10−4

(m
K+ − m

K− ) / maverage (−0.6 ± 1.8) × 10−4

(τ
K+ − τ

K− ) / τ average (0.10 ± 0.09)% (S = 1.2)

K± → µ± νµ rate difference/average (−0.5 ± 0.4)%

K± → π±π0 rate difference/average [i ] (0.8 ± 1.2)%

δ in K0 − K0 mixing

real part of δ (2.3+-2.7) × 10−4

imaginary part of δ (0.4+-2.1) × 10−5

Re(y), Ke3 parameter (0.4+-2.5) × 10−3

Re(x−), Ke3 parameter (−2.9 ± 2.0) × 10−3
∣∣m

K0 − m
K0

∣∣ / maverage [j ] <8 × 10−19, CL = 90%

(Γ
K0 − Γ

K 0)/maverage (8 ± 8) × 10−18
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Symmetrie Starke WW e.m. WW schw. WW Bem.
Zeitranslation √ √ √ Energieerhaltung
Ortstranslation √ √ √ Impulserhaltung
Drehimpuls √ √ √ Drehimpulserhaltung
Baryonenzahl √ √ √ Protonzerfall
Strangeness √ √ – Sonderfall von Flavour
Flavour √ √ – keine FCNC
Farbe √ √ Hadr. √ Hadr. nur für Hadronen
Leptonenzahl n.a. √ √ indiv. LZ in v-Oszill verletzt
Isospin I √ – –
Isospin I3 √ √ –

P √ √ –
C √ √ –
T √ √ – verl. f. neutr. Mesonen

CP √ √ – verl. f. neutr. Mesonen
CPT √ √ √

G-Parität √ – – nützl. Größe; G = C eiπI2
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Schwache Wechselwirkung

Leptonfamilien

geladene und neutrale Ströme

von der Fermitheorie zu massiven Austauschbosonen

Universalität der schwachen Kopplungskonstante

Quarkmischung

IKP in KCETAKT2012 Johannes Blümer

Schwache Wechselwirkung

14
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Leptonfamilien
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e µ τ 
m

τ

0.5 105 1 777     MeV

∞ 2 µs 0.3 ps

Leptonfamilien

geladene Leptonen e+ µ+ τ+ 
Masse 0.5 105 1777 MeV
Lebensdauer ∞ 2 µs 0.3 ps

τ+ → e+ νe ντ
→ µ+ νµ ντ
→ π+ ντ

µ+ → e+ νe νµ

aber nicht   µ+ →  e+ ɣ

→Γ )( eγµ

KIT-IEKP3 00.00.0000

■ Identität des Neutrinos:
über Kopplung an geladene Leptonen:

Michael Feindt, Moderne Experimentalphysik III, Vorlesung 10

→ π ντ
→ ρ+ ντ
→ a1 ντ+

> 50% Zerfall in 
Hadronen
energetisch möglich







 ⋅<

→Γ
→Γ 11105)(

)(
alle
e

µ
γµ

n  →  p + e- + νe νe + p  →  n + e+

νe + n  →  p + e-
e- und νe sind gekoppelt
e+ und νe sind gekoppelt

Wie identifiziert man die 
Neutrinos?

Wie stark ist die schwache 
WW? Ist die Kopplung 
universell?

Wieso massive 
Austauschteilchen?
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Die zweite Neutrinogeneration
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34 Ereignisse = 29 ν‘s + 5 ‚cosmics‘:
• nicht kosmische Strahlung
• nicht Neutron-induziert
• keine Kern-WW, daher Myonen
• Neutrino-induziert (Test: π-Zerfall 

durch Bleiblock unterdrücken!)
• „Schauer-Ereignisse“ nicht wie 

normale Elektronschauer
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Neutrale Ströme 1973++
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auslaufendes
Neutrino

elektro-
magnetischer
Schauer

Wechsel-
Wirkungs-
punkt

einlaufendes
Neutrino

2 F.J. Hasert et al., Neutrino-hke interacttons 

Abstract. Events induced by neutral particles and producing only hadrons, but no muon or elec- 
tron, have been observed in the heavy liquid bubble chamber Gargamelle exposed to neutrino 
(v) and antlneutrlno (v--) beams at CERN. A study of the various sources which could gwe 
rise to such events reveals that less than 20% could be attributed to neutrons or K~. The 
events behave as expected if they arise from neutral current processes induced by neutrinos 
and antmeutrinos. The ratio of the number of these events to the number of corresponding 
events with charged lepton is 0 22 -+ 0.04 for v and 0.43 -+ 0.12 for b-. 

1. Introduction 

In this paper, results are presented of  a search carried out during the Gargamelle 
v / V  experiment at CERN, for neutral particle interactions which do not have muons 
or electrons amongst their secondaries. A short report of  this work has appeared 
previously m ref. [ 1 ]. This paper gives a more detailed account of  the same data. 
The motivation for this search is the lack of  experimental data on seml-leptonic in- 
teractions induced by neutral currents. Interest in this subject has recently been 
revided by the development of  renormalizable theories which unify the weak and 
electromagnetic interactions. Some of  these theories [2] require the existence of  
neutral currents. 

The present analysis is based on 83 000 neutrino pictures and 207 000 antineu- 
trino pictures taken with the heavy liquid bubble chamber Gargamelle exposed to 
the CERN v and ~ beams. This chamber is essentially cylindrical in shape; its length 
is 4.8 m and its diameter 1.8 m (fig. 1). It is situated in a magnetic field of  2 Tesla. 
In this experiment, it was filled with heavy freon CF3Br of  density 1.5 × 103 kg m -3,  
providing a total detector weight of  about 10 tons. The chamber is shielded over its 
entire length by the magnet yoke (iron or thickness 1.5 m) and the coils (copper 
of  thickness 0.6 m) which also contribute to shield both ends of  the chamber. Up- 
stream, the chamber is protected by the muon shield consisting of  22 m of iron. The 
large amount of  shielding surrounding the liquid ensures that any neutral hadron 
flux reaching the chamber must be severely attenuated and degraded before entering 
the visible volume. 

The dimensions of  the visible volume of  Gargamelle are so much larger than the 
collision length in the freon (58 cm) that most of  the strongly interacting particles 
produced in an interaction occurring in the chamber will interact in flight in the 
visible volume and can thus be unambiguously identified as hadrons. Protons which 
stop in the visible volume are unambiguously identified. 

In the present work, events have been analysed only if they occur inside a fiducial 
volume of  dimensions 3.75 m long by 1 m in diameter which represents about 40% 
of the total visible volume (fig. 2). The latter volume is, of  course, available for the 
identification of  the interacting secondaries. It provides a mean potential path length 
of  170 cm for the particles produced in the neutrino (antineutrino) interactions. 
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Das dritte Neutrino

Erzeugung eines
prompten QW Strahls

Abschirmung

Erzeugung Nachweis

Final tau-neutrino results from the DONuT experiment
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The DONuT experiment collected data in 1997 and published first results in 2000 based on four

observed !" charged-current (CC) interactions. The final analysis of the data collected in the experiment is

presented in this paper, based on 3:6! 1017 protons on target using the 800 GeV Tevatron beam at

Fermilab. The number of observed !" CC events is 9 with an estimated background of 1.5 events, from a

total of 578 observed neutrino interactions. We calculate the !" CC cross section as a function of one

parameter. Assuming Ds mesons are the sole source for !", the energy-independent part of the total CC

cross section can be parametrized as #constð!"Þ ¼ 2:51n1:52 ! 10%40 cm2 GeV%1 for n & 4, where n is the

parameter controlling the longitudinal part of the Ds differential cross section of the form d#=dxF /
ð1% jxFjÞn. The analysis could not distinguish between !" and !!". The value of n obtained from PYTHIA

simulations, n ¼ 6:1, gives an estimated value of #constð!"Þ ¼ ð0:39' 0:13' 0:13Þ ! 10%38 cm2 GeV%1.

DOI: 10.1103/PhysRevD.78.052002 PACS numbers: 14.60.Lm, 02.50.Sk, 13.25.Ft, 13.35.Dx

I. INTRODUCTION

The tau neutrino, !", was assigned its place in the
standard model after its electrically charged weak
isospin- 12 partner, the " lepton, was discovered in 1975
[1]. The observation of identifiable !" interactions, in a
manner similar to !e [2] and !$ [3] interactions, did not
immediately follow. The difficulty of measuring !" inter-
actions was due to the relative scarcity of the sources of !"

and the lack of sufficiently powerful detection methods to
unambiguously identify the short-lived " lepton (mean
lifetime 2:9! 10%13 s) produced in !" charged-current
interactions. These challenges were overcome in the ob-

servation of four !" interactions by the DONuT (direct
observation of nu-tau) Collaboration, in 2000 [4,5],
25 years after the " lepton was discovered. Analysis of
our full data set yielded nearly 3 times as many neutrino
interactions of all flavors as reported in Ref. [4]. This paper
reports our final results, bringing the DONuTexperiment to
a completion.
The purpose of the DONuT experiment was to study !"

charged-current (CC) events,

!" þ N ! "% þ X;(1a)

!!" þ N ! "þ þ X:(1b)

However, during data taking, DONuTwas recording inter-
actions of neutrinos of all flavors: !e CC events,

!e þ N ! e% þ X; (2)

!$ CC events,

*Present address: Fermilab.
+Present address: Massachusetts College of Liberal Arts,

North Adams, MA 01247, USA.
‡Present address: Université Paris 7, Paris, France.

PHYSICAL REVIEW D 78, 052002 (2008)
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Schwache Prozesse
■ historisch:   Fermi – 4-Fermion – Wechselwirkung 

n
p
e
ν

punktförmiger Vertex, an dem ein Neutron vernichtet und ein 
Proton, ein Elektron und ein Antineutrino erzeugt werden.

KIT-IEKP7 00.00.0000 Michael Feindt, Moderne Experimentalphysik III, Vorlesung 10

Proton, ein Elektron und ein Antineutrino erzeugt werden.

Kopplungskonstante:    GF =  1.2·10-5 GeV-2·(ћc)3

Fermi – Kopplungskonstante, klein!

Fermi: 
punktförmige 4-
Fermion-
Wechselwirkung 

Universalitä
t der 

schwachen Ladung?


