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Auflösung Aufgabe 30
Welche Aussagen zur Top-Quark- und Higgs-Boson-Physik am Hadron-
Collider sind korrekt? 

A. Top-Quarks können sowohl über die starke als auch über die 
elektroschwache Wechselwirkung produziert werden. 

B. Das Higgs-Boson koppelt an die Masse, daher kann es nicht in Gluon-Gluon-
Fusion produziert werden. 

C. Das Higgs-Boson ist ein pseudoskalares Teilchen. 
D. Zerfälle des Higgs-Bosons in zwei Gluonen sind aufgrund des hohen 

Untergrunds in der Praxis ungeeignet. 
E. Die Massen des Top-Quarks, des W-Bosons und des Higgs-Bosons sind über 

Quantenkorrekturen verknüpft.
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Kurze Wiederholung
Grundlagen der Physik am Hadron-Collider: 

Kinematik: transversale Größen (z. B. Transversalimpuls, fehlender 
Transversalimpuls, transversale Masse), (Pseudo-)Rapidität 
Berechnung von Wirkungsquerschnitten: QCD-Faktorisierung  
(PDFs ⊗ harter Streuprozess ⊗ Hadronisierung) 

Messung von Wirkungsquerschnitten:  

Beispiel 1: Produktion von Top-Quarks 
Rekonstruktion von isolierten Leptonen und Jets 
Identifikation von Jets, besonders Jets aus B-Hadronen („B-Tagging”) 

Beispiel 2: Präzisionsmessung der Masse des W-Bosons

� =
Nobs � Nbkg
R
L dt · "

<latexit sha1_base64="TP+h6s7CV8hrRx2xz8VPW53xQe8="></latexit>
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Kurze Wiederholung

wikimedia commons

Higgs-Boson-Physik am LHC heute: genaue 
Vermessung der Eigenschaften des Higgs-Bosons 

Etablierung aller Produktions- und Zerfallskanäle 
Messung der Kopplungsstärken an Eichbosonen 
und Fermionen 
Genaue Bestimmung der Higgs-Boson-Masse  
→ Konsistenz der Massen von W-Boson, Top-
Quark und Higgs-Boson? 
Hypothesentest: Quantenzahlen des Higgs-
Bosons JP = 0+?

https://en.wikipedia.org/wiki/Higgs_boson#/media/File:Standard_Model_of_Elementary_Particles.svg
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Neutrinophysik

Kapitel 8.3
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Überblick Neutrinophysik
Untersuchung der Neutrino-Eigenschaften 

Neutrinomassen und Mischung von Neutrinoflavors? 
CP-Verletzung im Neutrinosektor? 

Experimentelles Werkzeug: intensive Neutrinoquellen mit bekannter 
Energie und Flavorzusammensetzung 

Kernreaktoren: Elektron-Antineutrinos aus Betazerfall 
Beschleuniger: Myon- und Elektron-(Anti-)Neutrinos aus Pion-Zerfall 
Terrestrische Quellen („Geoneutrinos” aus Betazerfall natürlicher Nuklide) 
Sonne: Elektron-Neutrinos aus Kernfusion 
Astrophysikalische Quellen (Urknall, Supernovae, aktive Galaxienkerne)
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Überblick Neutrinophysik
Kurze Forschungsgeschichte: 

1930: Neutrino-Postulat 

1956: Entdeckung 𝜈e  

1962: Entdeckung 𝜈𝜇  

1968: Sonnenneutrino-Rätsel “verschwindender” Neutrinos 

1987: Detektion von Neutrinos aus Supernova 1987A  

1989: Drei Familien leichter Neutrinos (LEP)

Allgemeine Übersicht: 
All Things Neutrino (Fermilab)

2002

1995

1988
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Überblick Neutrinophysik
Kurze Forschungsgeschichte: 

1998 (Super-Kamiokande) und 2001 (SNO):  
          Neutrino-Flavor-Oszillationen  

2000: Entdeckung 𝜈𝜏 (DONUT) 

2013: Erste Neutrinos mit PeV-Energien aus      
          dem Weltall (IceCube) 

2017: Erster Hinweis auf Quelle               
          höchstenergetischer Neutrinos 

2017: Nachweis der kohärenten  
          Neutrino-Kern-Streuung (COHERENT)
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Neutrinoquellen: meV bis EeV

�(⌫ee� ! ⌫ee�)

<latexit sha1_base64="aKshziLL7tlaJ9Rg7ejv8QYTGSw="></latexit>

W−

𝜈e
– 𝜈e

–

e− e−

Elektroschwacher 
Wirkungsquerschnitt (CC) 
für elastische Streuung
⌫e + e� ! ⌫e + e�

<latexit sha1_base64="yHUJm8GfK+VNIpUp1BDTr9nVrNU="></latexit>

Neutrinoquellen (natürliche 
und menschengemachte) 
über weiten Energiebereich



Neutrinoquellen: Flüsse
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Neutrinos passieren Materie (fast) ungehindert 
→ Herausforderung für Experimente (Nachweismethoden, Akkumulation von Statistik) 
→ Vorteilhaft für die Untersuchung von Eigenschaften der Neutrinoquellen

Reaktor-ν 
bis zu 108 pro (s·cm2) 

(1 km Abstand)

Geo-ν 
~106 pro (s·cm2)

“Bio”-ν 
~4000 pro  
(s·Person) 

40K-Zerfall im 
Körper

Aus dem Inneren der Sonne erreichen 
uns in jeder Sekunde 65 Milliarden 
Neutrinos pro cm2 !

Bild der Sonne in Neutrinos 
(Super-Kamiokande) 
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Quellen: Sonnenneutrinos
Kernfusion in der 
Sonne: Quelle von 
Elektron-Neutrinos 
(vgl. Kapitel 4.3) 
Dreiteilchen-
Endzustände  
→ Neutrinospektrum 
(pp, 8B, hep) 
Zweiteilchen-
Endzustände  
→ feste Neutrino-
energie (7Be, pep)

p⁺ + p⁺ → ²H + e⁺ + νe

pp
99,77 % p⁺ + e⁻ + p⁺ → ²H + νe

pep
0,23 %

²H + p⁺ → ³He + γ84,92 %

15,08 %

10⁻⁵ %

³He + p⁺ → ⁴He + e⁺ + νe
hep

³He + ⁴He → ⁷Be + γ

99,9 %

0,1 %

⁷Be + e⁻ → ⁷Li + νe

⁷Be

⁷Be + p⁺ → ⁸B + γ

³He + ³He → ⁴He + 2p⁺
ppI

⁷Li + p⁺ → ⁴He + ⁴He
ppII

⁸B → ⁸Be* + e⁺ + νe

⁸B

⁸Be* → ⁴He + ⁴He
ppIII
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roton_proton_cycle.svg, C
C

 B
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A 2.5

99% der Energieerzeugung in der Sonne 
aus pp-Kette; 1% aus CNO-Zyklus?

https://commons.wikimedia.org/w/index.php?title=File:Proton_proton_cycle.svg&oldid=179501606
https://creativecommons.org/licenses/by/2.5/deed.en
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Homestake-Experiment
Experiment in Homestake-Mine:  
(Davis, 1960er Jahre) 

Radiochemischer Nachweis: 615 Tonnen 
Tetrachlorethylen in ca. 1500 m Tiefe   
 

Zählraten: 0,5 Neutrinos/Tag  
→ Auswaschen und Nachweis von 
Argonatomen (über Elektroneneinfang) 
Nur ca. 1/3 des erwarteten Neutrinoflusses 
aus der Sonne → Experiment falsch oder 
Sonnenmodell falsch? 

Heute: Experiment und Sonnenmodell richtig 
→ Umwandlung zwischen Neutrinoflavors

  Nachweisschwelle:       
814 keV.    

   

Neutrinofluss im Standard-Sonnenmodell

sns.ias.edu 

37Cl + ⌫e ! 37Ar + e�
<latexit sha1_base64="As4ndCu5JfLIgg7ndFVyU6S6iQI="></latexit>

John Bahcall

Ray Davis

http://www.sns.ias.edu/~jnb/SNviewgraphs/snviewgraphs.html
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Sonnenneutrinos: SNO
Befund: signifikantes Neutrinodefizit in Experimenten, die auf 
schwachem geladenem Strom (CC) beruhen 

Sudbury Neutrino Observatory (1999–2006):  
Schwerwasser-(D2O)-Cherenkov-Detektor  
→ Schwelle ca. 5 MeV: 8B-Neutrinos 

1. Geladener Strom 𝜈e + d → e– + p + p → nur 𝝂e 

2. Neutraler Strom 𝜈x + d → 𝜈x + p + n → alle 𝝂 

3. Elastische Streuung 𝜈x + e– → 𝜈x + e– → alle 𝝂 

Schlussfolgerung aus Verhältnissen der Raten  
für Prozesse 1–3: 𝝂e umgewandelt in 𝝂𝝁 und 𝝂𝝉

sno.phy.queensu.ca 
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Quellen: Atmosphärische Neutrinos

Neutrinos aus Luftschauern: 
Wechselwirkung der kosmischen Strahlung, z. B. 
mit N- oder O-Kernen → hadronischer Schauer 
Zerfallskette: 𝜋+ → 𝜇+ 𝜈𝜇  
                               → e+ 𝜈e 𝜈𝜇  
 
→ 2:1-Mischung aus 𝜈𝜇 und 𝜈e 

Neutrinoenergien: 0,5 GeV bis 50 GeV 
(vgl. Sonnenneutrinos: <10-20 MeV)

B
ild

qu
el

le
: C

E
R

N



Moderne Experimentalphysik III (4010061) – 18. Vorlesung Sommersemester 2020
Prof. U. Husemann/Prof. K. Valerius, Vorlesungsunterlagen. Nur zum KIT-internen vorlesungsbegleitenden Gebrauch, Weitergabe und anderweitige Nutzung verboten.

16

Atmosphärische Neutrinos: Super-K
Super-Kamiokande (Kamioka-Mine, seit 1996): 
Wasser-Cherenkov-Detektor (50 kt)

http://www-sk.icrr.u-tokyo.ac.jp/sk/ 

Myon-Ring (“scharf”) Elektron-Ring (“unscharf”)

Cherenkov-Lichtkegel 
des geladenen Leptons

http://www-sk.icrr.u-tokyo.ac.jp/sk/
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Atmosphärische Neutrinos: Super-K
Super-Kamiokande (Kamioka-Mine, seit 1996): 
Wasser-Cherenkov-Detektor (50 kt) 
Messung: Zenitwinkelabhängigkeit der 
Elektron- und Myonrate → Oszillation 𝜈𝜇 → 𝜈𝜏

http://www-sk.icrr.u-tokyo.ac.jp/sk/ 

VOLUME 81, NUMBER 8 PHY S I CA L REV I EW LE T T ER S 24 AUGUST 1998

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 LyEn 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 MeVyc carry 65%
of the incoming neutrino energy increasing to ,85% at
p ≠ 1 GeVyc. 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 LyEn , compared to the expectation for nm $ nt

oscillations with our best-fit parameters. The e-like data
show no significant variation in LyEn , while the m-like
events show a significant deficit at large LyEn . At large
LyEn , 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 MeVyc and
p . 400 MeVyc. Multi-GeV e-like distributions are shown for p , 2.5 and p . 2.5 GeVyc 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

keine  
Oszillation

Oszillation  
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http://www-sk.icrr.u-tokyo.ac.jp/sk/
http://journals.aps.org/prl/abstract/10.1103/PhysRevLett.81.1562
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Quellen: Spallation Neutron Source
Von der Neutronen- zur Neutrinoquelle: 

Protonenstrahl auf neutronenreiches 
Flüssig-Quecksilber-Target  
→ ca. 20 n pro getroffenem Hg-Kern 

Gepulster Neutronenstrahl (f = 60 Hz, 
Δt = 1 µs) → experimentelle Vorteile 
gegenüber kontinuierlichen 
Neutronenstrahlen (z. B. Reaktor) 

“Neutrino Alley”: hoher gepulster 
Neutrinofluss ~ 1011 𝜈 / cm2 / sec  
aus Pionenzerfall; 
bei Energien E𝜈 bis ca. 50 MeV
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Fig. 2. COHERENT detectors populating the “neutrino alley” at the SNS 
(34). Locations in this basement corridor profit from more than 19 m of 
continuous shielding against beam-related neutrons, and a modest 8 m.w.e. 
overburden able to reduce cosmic-ray induced backgrounds, while 
sustaining an instantaneous neutrino flux as high as 1.7 × 1011 QP / cm2 s. 
 

First release: 3 August 2017  www.sciencemag.org  (Page numbers not final at time of first release) 8 
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Neutrino-Detektor so groß wie eine Milchkanne — wie geht das?! 
Freedman et al. (1974): Vorhersage “kohärenter elastischer Streuung” 
Bei niedrigem Impulsübertrag kann Z0-Boson mit dem gesamten 
Kern wechselwirken

19

Kohärente Neutrino-Kern-Streuung

 
  

Fig. 1. Neutrino interactions. (A) Coherent Elastic Neutrino-Nucleus Scattering. For a sufficiently small 
momentum exchange (q) during neutral-current neutrino scattering (qR < 1, where R is the nuclear radius 
in natural units), a long-wavelength Z boson can probe the entire nucleus, and interact with it as a whole. 
An inconspicuous low-energy nuclear recoil is the only observable. However, the probability of neutrino 
interaction increases dramatically with the square of the number of neutrons in the target nucleus. In 
scintillating materials, the ensuing dense cascade of secondary recoils dissipates a fraction of its energy as 
detectable light. (B) Total cross-sections from CEQNS and some known neutrino couplings. Included are 
neutrino-electron scattering, charged-current (CC) interaction with iodine, and inverse beta decay (IBD). 
Because of their similar nuclear masses, cesium and iodine respond to CEQNS almost identically. The 
present CEQNS measurement involves neutrino energies in the range ~16-53 MeV, the lower bound defined 
by the lowest nuclear recoil energy measured (fig. S9), the upper bound by SNS neutrino emissions (fig. 
S2). The cross-section for neutrino-induced neutron (NIN) generation following 208Pb(Qe,e– xn) is also 
shown. This reaction, originating in lead shielding around the detectors, can generate a potential beam-
related background affecting CEQNS searches. The cross-section for CEQNS is more than two orders of 
magnitude larger than for IBD, the mechanism employed for neutrino discovery (35). 
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100x größer als inverser β-Zerfall 
(“IBD”; z. B. Neutrino-Entdeckung 
Cowan & Reines)

Wirkungsquerschnitt für 
kohärente Streuung (NC) 
erhöht durch Faktor N2
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14,6 kg CsI-Szintillator 
→ hohe Massenzahl A 
1 Photomultiplier (5’’)
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Implikationen für Neutrino-Detektoren (“Miniaturisierung”, Mobilität, …) 
Grenzen auf neuartige Wechselwirkungen zwischen Neutrinos und Quarks 
(“exotische” Austauschteilchen) 
Suche nach sterilen Neutrinos, magnetischem Moment, Kernstruktur, …

Kohärente Neutrino-Kern-Streuung

 
  

Fig. 3. Observation of Coherent Elastic Neutrino-Nucleus Scattering. Shown are residual differences 
(datapoints) between CsI[Na] signals in the 12 Ps following POT triggers, and those in a 12-Ps window before, 
as a function of their (A) energy (number of photoelectrons detected), and of (B) event arrival time (onset of 
scintillation). Steady-state environmental backgrounds contribute to both groups of signals equally, 
vanishing in the subtraction. Error bars are statistical. These residuals are shown for 153.5 live-days of SNS 
inactivity (“Beam OFF”) and 308.1 live-days of neutrino production (“Beam ON”), over which 7.48 GWhr of 
energy (~1.76 × 1023 protons) was delivered to the mercury target. Approximately 1.17 photoelectrons are 
expected per keV of cesium or iodine nuclear recoil energy (34). Characteristic excesses closely following the 
Standard Model CEQNS prediction (histograms) are observed for periods of neutrino production only, with a 
rate correlated to instantaneous beam power (fig. S14). 

First release: 3 August 2017  www.sciencemag.org  (Page numbers not final at time of first release) 9 
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Gemessen: 
134 ± 22 Ereignisse  
Vorhersage Standardmodell:  
173 ± 48 Ereignisse  
→ Detektion der kohärenten elastischen 
Neutrino-Kern-Streuung (coherent 
elastic neutrino nucleus scattering, 
“CEvNS”) mit Signifikanz 6.7σC
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Aufgabe 31
Welche der folgenden Aussagen über Neutrinoquellen sind korrekt? 
A. Urknall-Neutrinos sind die zahlenmäßig häufigsten massebehafteten Teilchen 

im Universum: sie sind heute den Atomen etwa 106-fach überlegen. 
B. Neutrino-Emission macht den bei weitem größten Teil der Energieabstrahlung 

von Core-Collapse-Supernovae aus. 
C. In den Fusionsprozessen im Sonneninneren entstehen hauptsächlich 

Elektron-Antineutrinos. 
D. Die Einschläge kosmischer Strahlung in der Erdatmosphäre produzieren etwa 

gleich viele Elektron(anti)neutrinos und Myon(anti)neutrinos. 
E. Die Tritium-Quelle des KATRIN-Experiments erzeugt ca. 1011 Antineutrinos 

pro Sekunde. 

Bitte beantworten Sie die Frage anonym auf ILIAS [link].

https://ilias.studium.kit.edu/ilias.php?ref_id=1209698&cmd=infoScreen&cmdClass=ilobjtestgui&cmdNode=uf:p2&baseClass=ilrepositorygui&ref_id=1209698
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Kurze Zwischenbilanz
Annahme im Standardmodell: masselose linkshändige Neutrinos  

Schlüsselexperimente: 
Homestake-Experiment (1968): Sonnenneutrinos → Rate zu gering? 
LEP (1989): drei unterschiedliche Neutrinoflavors mit Massen m𝜈 < mZ/2 

Super-Kamiokande (1998): Zenitwinkelabhängigkeit 𝜈𝜇 aus Luftschauern 

SNO (2001): Homestake und Sonnenmodell bestätigt 

Schlussfolgerung (Details folgen): „Verschwinden” 
der ursprünglichen Neutrinoflavors durch 
Umwandlung in andere Flavors zwischen Quelle 
und Detektor → nur möglich, wenn m𝝂 ≠ 0

A. B. McDonaldT. Kajita
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Neutrinooszillationen im Vakuum
Masseneigenzustände ≠ Flavoreigenzustände → Mischung: 
Produktion und Detektion: Flavoreigenzustände (Wechselwirkung mit W/Z) 
Propagation: Masseneigenzustände (= physikalische Teilchen)

Produktionsprozess: 
z. B. Pionzerfall  
→ Myon-Neutrinos

Nachweisreaktion: 
z. B. Elektronenstreuung  
→ Projektion auf 𝜈e-Zustand

Propagation: 
unterschiedliche Massen  
→ unterschiedliche 
Raum-Zeit-Propagation 
der Wellenpakete

Produktion NachweisPropagation
u

d

W+W+� 8�L 8eL*

Ɋ+ e–

e+

ɋe
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Neutrinooszillationen: Formalismus
Masseneigenzustände: 

Flavoreigenzustände:  

Mischung beschrieben durch unitäre komplexe Matrix: 
→ Pontecorvo–Maki–Nakagawa–Sakata-(PMNS-)Matrix 

Zeitentwicklung der Masseneigenzustände 𝜈i (in deren Ruhesystem): 
 

Übergangswahrscheinlichkeit:

|⌫ii , i = 1, 2, 3
<latexit sha1_base64="s1dIkQb+JlOtB0gE15woKRqsSQU="></latexit>

|⌫↵i , ↵ = e,µ, ⌧
<latexit sha1_base64="CFBpqLNozvmEExsN+nFMpPG2SrM="></latexit>

|⌫↵i =
X

i

U↵i |⌫ii
<latexit sha1_base64="WjvdW7QmBVEv5Qi+N6f5uM4WA5E="></latexit>

A(⌫↵ $ ⌫�)(t) = h⌫� |⌫↵i (t) =
X

i

U⇤
�i exp[�imi⌧i ] U↵i

<latexit sha1_base64="hcNPYdARtqCkhxSp88nJp33EPHQ="></latexit>

 mi Masse, 𝜏i Eigenzeit

P(⌫↵ $ ⌫�) = |A(⌫↵ $ ⌫�)|2 = |h⌫� |⌫↵i|2
<latexit sha1_base64="to4DVKtnm4t8faIaDEeEcPdjogI="></latexit>
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Zwei-Flavor-Oszillationen
Einfachster Fall: zwei Neutrinoflavors →  

Übergangswahrscheinlichkeit: 
 
 
 
 
 

Vorgabe: L/E → Neutrinoenergie,  
Abstand Quelle-Detektor 
Messung: Mischungswinkel 𝜃,  
Differenz der Massenquadrate Δmij2  
→ kein Zugriff auf absolute Neutrinomasse!

U =
✓

cos ✓ sin ✓
� sin ✓ cos ✓

◆

<latexit sha1_base64="XmT1RFQhDpBipceD5/Fnia3tQGc="></latexit>
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|h⌫↵|⌫�i|2

|h⌫↵|⌫↵i|2

Parameterwahl:  
E = 1 GeV, sin2(2𝜃) = 0,4, Δmij2 = 0,001 eV2

mit �m2
ij ⌘ m2

i � m2
j

<latexit sha1_base64="SPYX3QPqbiw0qYTPEbRH5BRk424="></latexit>

sin2(2𝜃) ~ E/Δmij2

|h⌫� |⌫↵i|2 = 1 � |h⌫↵|⌫↵i|2
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Drei-Flavor-Oszillationen
Volle PMNS-Matrix: 

3 Mischungswinkel  
2 Differenzen Δmij2 

Offene Fragen: 
Vorzeichen Δm3ℓ2? 

Komplexe Phase? 
(→ CP-Verletzung?)

Mischung Neutrino-
quelle

Differenz 
Massenquadrate Mischungswinkel

𝜈e in 𝜈2
Sonnenneutrinos 
Reaktorneutrinos

(kleine Aufspaltung, Vorzeichen: 
MSW-Effekt) (große Mischung)

𝜈𝜇 in 𝜈3

Atmosphärische 
Neutrinos 

Beschleuniger-
neutrinos

(große Aufspaltung, Vorzeichen 
unbekannt)

(fast maximale 
Mischung)

𝜈e in 𝜈3

Reaktorneutrinos 
(Beschleuniger-

neutrinos)
(eher kleine Mischung)

�m2
21 = 7,39+0,21

�0,20 · 10–5 eV2
<latexit sha1_base64="p16N8ZKRiqgcRsKHBg+WCnjfOPs="></latexit>

�m2
3` = 2,525+0,033

�0,032 · 10–3 eV2
<latexit sha1_base64="o7zQykhHE+asOmFH0WWHTcsTPng="></latexit>

sin2 ✓12 = 0,310+0,013
�0,012

<latexit sha1_base64="QIYn+S/Gbd9kNxbTqc8+NWK+UUM="></latexit>

sin2 ✓23 = 0,580+0,017
�0,021

<latexit sha1_base64="GJUjaSLruLN7Z8wb3J3e/bvZS7E="></latexit>

sin2 ✓13 = 0,02241(65)
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NuFit 4.0, JHEP 01 (2019) 106, normale Massenhierarchie 

http://www.nu-fit.org
http://dx.doi.org/10.1007/JHEP01(2019)106
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Experimente: Beispiele
Long-Baseline-Experimente mit Beschleunigerneutrinos: 
Nahdetektor (Normierung Fluss, Kontrolle Systematik) und Ferndetektor 
Heute: NO𝝂A (Fermilab→Minnesota, 810 km), T2K (J-PARC→Kamioka, 295 km)  
Zukunft: DUNE, Hyper-Kamiokande → CP-Verletzung

dunescience.org 
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Experimente: Beispiele
Experimente mit Reaktorneutrinos: 
Nachweis: inverser Betazerfall  
 
 
in Flüssigszintillator 
KamLAND (Japan): Neutrinos aus 
japanischen Kernkraftwerken  
→ lange Baseline (180 km) 
Daya Bay (China): Nahdetektoren 
(ca. 500 m) und Ferndetektoren (ca. 2 km)  
→ kurze Baseline für Mischungswinkel 𝜃13

2

nos. KamLAND observes νe’s from many reactors at a flux-
weighted average distance of 180 km, providing optimal sen-
sitivity for the LMA-MSW ν1-ν2 mixing solution to the solar
neutrino problem. For the length scale relevant to reactor νe

oscillation at KamLAND, the three-flavor survival probability
(P 3ν

ee ), including matter effects, may be approximated as

P 3ν
ee = cos4 θ13P̃

2ν
ee + sin4 θ13 . (1)

The two neutrino survival probability P̃ 2ν
ee has the same form

as the survival probability in matter for ν1-ν2 mixing but with
the electron density (Ne) modified: Ñe = Ne cos2 θ13 [5]. It
is given by

P̃ 2ν
ee = 1− sin2 2θ12M sin2

(
∆m2

21ML

4Eν

)
, (2)

where L is the distance from the source to the detector, Eν is
the νe energy, and θ12M and∆m2

21M are the matter-modified
mixing angle and mass splitting defined by

sin2 2θ12M =
sin2 2θ12

(cos 2θ12 −A/∆m2
21)

2 + sin2 2θ12
, (3)

∆m2
21M = ∆m2

21

√
(cos 2θ12 −A/∆m2

21)
2 + sin2 2θ12 .(4)

The parameter A = ±2
√
2GF ÑeEν has a negative sign for

antineutrinos;GF is the Fermi coupling constant.
Recently, accelerator and short-baseline (∼1 km) reactor

experiments have demonstrated that θ13 is non-zero, and have
measured it with high precision [6–10]. An analysis incorpo-
rating this new θ13 constraint will improve the determination
of the other oscillation parameters.

III. GEONEUTRINO FLUX AT KAMLAND

While the mechanical properties of the Earth’s interior are
well established, its composition, including its radiochemical
content, remains uncertain. Decays of uranium (U), thorium
(Th), potassium (K) and their progeny generate heat. Depend-
ing on their abundance and distribution within the Earth, these
decays may be an essential heat source for generating Earth
dynamics. A leading BSE model [11] based on measured el-
emental abundances of chondritic meteorites and mantle peri-
dotites predicts a radiogenic heat production of 8 TW from
the 238U decay chain, 8 TW from the 232Th decay chain, and
4TW from 40K [12]. This would account for nearly half of the
heat dissipation rate from the Earth’s surface, which a recent
analysis finds to be 47± 2TW [13].
The energy spectrum of 40K neutrinos falls entirely below

the 1.8 MeV energy threshold for the inverse β-decay reaction
by which KamLAND observes antineutrinos, rendering these
decays invisible to KamLAND. However, the 238U and 232Th
decay chain ν̄e’s extend above this threshold with distinct en-
ergy distributions, making possible a direct measurement of
the individual 238U and 232Th contributions.

Inner Balloon
(3.08 m diameter)

Photomultiplier Tubes

Outer Balloon
(13 m diameter)

Buffer Oil

Chimney

Fiducial Volume
(12 m diameter)

LS 1 kton

Xe-LS 13 ton

FIG. 1: Schematic diagram of the KamLAND detector. The shaded
region in the liquid scintillator indicates the volume for the νe anal-
ysis after the inner balloon was installed.

The geo νe flux at the KamLAND detector can be calcu-
lated from the isotope abundances ai($r′) for each isotope i at
source positions $r′ by integrating over the entire Earth,

dΦ(Eν ,$r)

dEν

=
∑

i

Ai
dni(Eν)

dEν

∫

⊕
d3$r′

ai($r′)ρ($r′)Pee(Eν , |$r − $r′|)
4π|$r − $r′|2

, (5)

where $r is the detector position, Ai is the decay rate per unit
mass, dni(Eν)/dEν is the νe energy spectrum for each mode
of decay, ai($r′) is the isotope mass per unit rock mass, ρ($r′) is
the rock density, and Pee(Eν , |$r− $r′|) is the νe survival prob-
ability given by Eq. (1) with L = |$r− $r′|. Given the measured
values of neutrino oscillation parameters and the energy range
of detectable geo νe’s, the integration over the volume of the
Earth averages over the second sine function in Eq. (2), allow-
ing the approximation,

P 3ν
ee $ cos4 θ13

(
1−

1

2
sin2 2θ12

)
+ sin4 θ13. (6)

In Eq. (6) we have neglected matter effects, which modify
the survival probability by <1% [14]. From a global analysis
of neutrino oscillation data involving solar, accelerator, and
reactor neutrinos, including the present KamLAND data, we
obtain Pee = 0.551 ± 0.015. The less-than 3% uncertainty
in Pee is negligible compared to the statistical uncertainty of
KamLAND’s current geo νe flux measurement.

IV. THE KAMLAND EXPERIMENT

KamLAND is located in Gifu Prefecture, Japan, under
Mount Ikenoyama at a depth of ∼2700m water-equivalent.

arXiv:1303.4667

KamLAND

⌫e + p ! n + e+
<latexit sha1_base64="3nsDwT5wzqYCg3yRMk2Tb+eWiqI="></latexit>
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Neutrinomasse und -mischung

Neutrinooszillationen abhängig 
von Δmij2 → m𝜈 ≠ 0 

Offene Fragen: 
Massenhierarchie:  
m1 < m2 ≪ m3 („normal”) oder  
m3 ≪ m1 < m2 („invertiert”)? 
Absolute Massenskala? 
Physikalischer Grund für 
Neutrinomassen?

Rep. Prog. Phys. 76 (2013) 056201 S F King and C Luhn

m2

0

solar~7×10−5eV2

atmospheric
~2×10−3eV2

atmospheric
~2×10−3eV2

m1
2

m2
2

m3
2

m2

0

m2
2

m1
2

m3
2

νe

νµ
ντ

? ?

solar~7×10−5eV2

Figure 1. The probability that a particular neutrino mass state
contains a particular SM state may be represented by colours as
shown in the key. Note that neutrino oscillation experiments only
determine the difference between the squared values of the masses.
Also, while m2

2 > m2
1, it is presently unknown whether m2

3 is heavier
or lighter than the other two, corresponding to the left and right
panels of the figure, referred to as normal or inverted mass squared
ordering, respectively. Finally, the value of the lightest neutrino
mass (sometimes referred to as the neutrino mass scale) is presently
unknown and is represented by a question mark in each case.

According to quantum mechanics it is not necessary that the
SM states νe, νµ, ντ be identified in a one-one way with the
mass eigenstates ν1, ν2 and ν3, and the matrix elements of U

give the quantum amplitude that a particular SM state contains
an admixture of a particular mass eigenstate. The probability
that a particular neutrino mass state contains a particular SM
state may be represented by colours as in figure 1. Note
that neutrino oscillations are only sensitive to the differences
between the squares of the neutrino masses #m2

ij ≡ m2
i −m2

j ,
and gives no information about the absolute value of the
neutrino mass squared eigenvalues m2

i . There are basically two
patterns of neutrino mass squared orderings consistent with the
atmospheric and solar data as shown in figure 1.

As with all quantum amplitudes, the matrix elements of
U are expected to be complex numbers in general. The lepton
mixing matrix U is also frequently referred to as the Maki–
Nakagawa–Sakata (MNS) matrix UMNS [3], and sometimes the
name of Pontecorvo is added at the beginning to give UPMNS.
The standard parametrization of the PMNS matrix in terms of
three angles and at least one complex phase, as recommended
by the Particle Data Group (PDG) [5], will be discussed later.

Before getting into details, here is a quick executive
summary of the implications of neutrino mass and mixing
following from figure 1:

• Lepton flavour is not conserved, so the individual lepton
numbers Le, Lµ, Lτ are separately broken

• Neutrinos have tiny masses which are not very hierarchical
• Neutrinos mix strongly unlike quarks
• The SM parameter count is increased by at least seven new

parameters (three neutrino masses, three mixing angles
and at least one complex phase)

• It is the first (and so far only) new physics beyond the SM

The idea of neutrino oscillations was first confirmed in
1998 by the Japanese experiment Super–Kamiokande (SK) [6]
which showed that there was a deficit of muon neutrinos
reaching Earth when cosmic rays strike the upper atmosphere,
the so-called ‘atmospheric neutrinos’. Since most neutrinos
pass through the Earth unhindered, Super-Kamiokande was
able to detect muon neutrinos coming from above and below,
and found that while the correct number of muon neutrinos
came from above, only about a half of the expected number
came from below. The results were interpreted as half the muon
neutrinos from below oscillating into tau neutrinos over an
oscillation length L of the diameter of the Earth, with the muon
neutrinos from above having a negligible oscillation length,
and so not having time to oscillate, yielding the expected
number of muon neutrinos from above.

In 2002, the Sudbury Neutrino Observatory (SNO) in
Canada spectacularly confirmed the flavour conversion in
‘solar neutrinos’ [7]. The experiment measured both the flux
of the electron neutrinos and the total flux of all three types of
neutrinos. The SNO data revealed that physicists’ theories of
the Sun were correct after all, and the solar neutrinos νe were
produced at the standard rate but were oscillating into νµ and
ντ , with only about a third of the original νe flux arriving at the
Earth.

Since then, neutrino oscillations consistent with solar
neutrino observations have been seen using man made
neutrinos from nuclear reactors at KamLAND in Japan [8]
(which, for the first time, observed the periodic pattern
characteristic for neutrino oscillations), and neutrino
oscillations consistent with atmospheric neutrino observations
have been seen using neutrino beams fired over hundreds
of kilometres as in the K2K experiment in Japan [9], the
Fermilab-MINOS experiment in the US [10] or the CERN-
OPERA experiment in Europe. Further long-baseline neutrino
beam experiments are in the pipeline, and neutrino oscillation
physics is entering the precision era, with superbeams and a
neutrino factory on the horizon.

Following these results several research groups showed
that the electron neutrino has a mixing matrix element of
|Ue2| ≈ 1/

√
3 which is the quantum amplitude for νe to contain

an admixture of the mass eigenstate ν2 corresponding to a
massive neutrino of mass m2 ≈ 0.008 electronvolts (eV) or

greater (where
√

m2
2 − m2

1 ≈ 0.008 eV). By comparison the
electron has a mass of about half a megaelectronvolt (MeV).
Put another way, the mass state ν2 contains roughly equal
probabilities of νe, νµ and ντ sometimes called trimaximal
mixing, corresponding to the three equal red, green and blue
colours associated with m2

2 in figure 1. The muon and
tau neutrinos were observed to contain approximately equal
amplitudes of the third neutrino ν3 of mass m3, |Uµ3| ≈
|Uτ3| ≈ 1/

√
2, where a normalized amplitude of 1/

√
2

corresponds to a 1/2 fraction of ν3 in each of νµ and ντ , leading
to a maximal mixing and oscillation of νµ ↔ ντ . Put another
way, the mass state ν3 contains roughly equal probabilities of
νµ and ντ called maximal mixing, corresponding to the two
equal green and blue colours associated with m2

3 in figure 1.
Interestingly, the value of m3 is not determined and it could
be anywhere between zero and 0.3 eV, depending on the mass

3

Rep. Prog. Phys. 76 (2013) 056201

normal invertiert
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Dirac oder Majorana?
Dirac-Neutrinos: Masse über Yukawa-Kopplung 
Erweiterung des Standardmodells: „sterile” 𝜈R und 𝜈L  

(elektroschwache Singuletts, keine Wechselwirkung mit 
W- und Z-Boson) → Dirac-Masse mD 

Majorana-Neutrino:  
Neutrale Teilchen sind ihre eigenen Antiteilchen, aber: 𝜈L 
nicht neutral unter elektroschwachen Ladungen  
(I3 = +1/2, Y = –1) 
Erweiterung um elektroschwaches Singulett  
𝜈R ≡  𝜈L (dasselbe Teilchen!)  
→ Dirac-Masse und zusätzlich Majorana-Masse MR

𝜈L 𝜈R 𝜈L

v v

mD mD

MR

𝜈R 𝜈L = 𝜈RC

P.A.M. Dirac

NobelPrize.org

E. Majorana

Bildquelle: Familie
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Absolute Neutrinomasse
Drei Methoden — drei unterschiedliche Messgrößen: 
Kosmologie (modellabhängig):  
Summe der Neutrinomassen  
= Beitrag zur Energiedichte im  
Universum 
Kinematik des Betazerfalls 
(modellunabhängig)  
Masse des Elektron-Antineutrinos 
→ 2019: KATRIN 
Neutrinoloser Doppelbetazerfall 
(modellabhängig):   
effektive Majorana-Masse  
→ nur wenn Neutrino Majoranateilchen

Methode Messgröße

Kosmologie

 

Kinematik Betazerfall

Neutrinoloser 
Doppelbeta-zerfall
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Absolute Neutrinomasse
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Aufgabe 32
Welche der folgenden Aussagen über Neutrino-Oszillationen sind korrekt? 
A. Die Idee der Oszillationen wurde zunächst für Neutrino-Antineutrino-Zustände 

betrachtet, dann auf Flavor-Zustände übertragen. 
B. Alleine aus der Evidenz für Neutrino-Flavor-Oszillationen kann auf die Existenz 

von nichtverschwindenden Neutrinomassen geschlossen werden. 
C. Bei Oszillations-Experimenten verwendet man die Erde als “Filter”, um Neutrinos 

von Antineutrinos zu trennen. 
D. In der Auswertung werden häufig Experimente mit Sonnen- und Reaktorneutrinos 

kombiniert, sowie ebenso Experimente mit Beschleuniger- und 
Atmosphärenneutrinos. 

E. Mit ausreichend hoher Energieauflösung können zukünftige Oszillations-
Experiment auch die Neutrinomassenskala messen. 

Bitte beantworten Sie die Frage anonym auf ILIAS [link].

https://ilias.studium.kit.edu/ilias.php?ref_id=1209659&cmd=infoScreen&cmdClass=ilobjtestgui&cmdNode=uf:p2&baseClass=ilrepositorygui&ref_id=1209659
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Kurze Zusammenfassung
Neutrinooszillationen: theoretische Beschreibung 
Propagation der Masseneigenzustände (physikalische Teilchen)  
→ Mischung der Flavoreigenzustände (Wechselwirkung mit W-Boson) 
Drei-Flavor-Oszillationen: PMNS-Matrix (drei Mischungswinkel, eine CP-
verletzende Phase?), zwei Differenzen der Massenquadrate Δmij2 

Experimentell: Beobachtung von Neutrinooszillationen  
Atmosphärische und Beschleunigerneutrinos: 𝜈𝜇 in 𝜈3 → großes Δmij2   

Sonnenneutrinos und Reaktorneutrinos: 𝜈e in 𝜈2 → kleines Δmij2  

Reaktor- und Beschleunigerneutrinos: 𝜈e in 𝜈3 mit sehr kleinem Mischungswinkel 

Offene Fragen der Neutrinophysik: Neutrinos = Dirac- oder Majorana-
Fermionen? Absolute Neutrinomasse? CP-Verletzung?
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Fazit

Neutrinos ermöglichen uns  
stets neue Erkenntnisse über  
die Elementarteilchen und den 
Kosmos. 

Auch 90 Jahre nach ihrer 
“Erfindung” gibt es noch 
zahlreiche offene Fragen. 

Deren Erforschung fordert ein 
enges Zusammenspiel zwischen 
Theorie und Experiment.
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