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Alle bekannten Objekte 
im Universum sind aus 
diesen Elementarteilchen 
aufgebaut!
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200.000.000 kg 
(+ Eigengewicht)

Containerschiff

80 kg

(+Weihnachten)

Mensch

1μg = 10-6 kg

Pollen

?

Atom

~ 10-21 μg
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139,6 MeV/c² 
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938,3 MeV/c² 

Elektron-Neutrino
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Teilchenmassen im Vergleich
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Hadronische	
Kaskade

W±/Z

Prinzip des Neutrinoteleskops

Einkaufsliste


✓ 1km3 Medium 

(transparent!!!)


✓ Ø(103) optische 

Sensoren (stabil!!!)

■Geladene Teilchen 
emittieren Tscherenkowlicht


▶Gitter aus optischen Sensoren
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Das IceCube Observatorium

Neutrinos  — 

IceCube DeepCore


■Abstand: ↕︎6m : ↔︎25-40m


▶ Energieschwelle ~10GeV

Digitale Optische Module


■5160 Stück

▶ Einzelphotonennachweis

Circa 150 Neutrinos pro Tag!
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Kosmische Quellen:


• Elektronen 
→ Photonen


• Kosmische Strahlung 
→ Neutrinos und Photons


Propagation

• geladene kosmische Strahlung


! abgelenkt durch Magnetfelder

• Photonen / Neutrinos


! zeigen zurück zur Quelle

Kosmische Strahlung, Neutrinos und Gammas

γ

ν

p+

Neutrinonachweis


! “smoking gun” für Quellen kosmischer Strahlung
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Ereignisse mit höchsten Energien!
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.

Heißeste Quelle am Himmel hat Neutrinoüberschuss von 2.9σ


▶ nahe an der Entdeckeckungsschwelle
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.
The most significant point in the Northern hemisphere

is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.
Source Catalog Searches: The motivation of this

search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

2.9σ excess
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equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.

Heißeste Quelle am Himmel hat Neutrinoüberschuss von 2.9σ


▶ nahe an der Entdeckeckungsschwelle
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Suche nach Punktquellen

Neutrinos  — 

NGC 1068 
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FIG. 2: Local pre-trial p-value map around the most
significant point in the Northern hemisphere. The black
cross marks the coordinates of the galaxy NGC 1068

taken from Fermi -4FGL.

At each position on the grid, the likelihood-ratio func-
tion is maximized resulting in a maximum test-statistic
(TS), a best fit number of astrophysical neutrino events
(n̂s), and the spectral index (�̂) for an assumed power-
law energy spectrum. The local pre-trial probability (p-
value) of obtaining the given or larger TS value at a cer-
tain location from only background is estimated at every
grid point by fitting the TS distribution from many back-
ground trials with a �2 function. Each background trial
is obtained from the data themselves by scrambling the
right ascension, removing any clustering signal. The lo-
cation of the most significant p-value in each hemisphere
is defined to be the hottest spot. The post-trial probabil-
ity is estimated by comparing the p-value of the hottest
spot in the data with a distribution of hottest spots in
the corresponding hemisphere from a large number of
background trials.
The most significant point in the Northern hemisphere

is found at equatorial coordinates (J2000) right ascension
40.9�, declination -0.3� with a local p-value of 3.5⇥ 10-7.
The best fit parameters at this spot are n̂s = 61.5 and
�̂ = 3.4. Considering the trials from examining the
entire hemisphere reduces this significance to 9.9⇥10-2

post-trial. The probability skymap in a 3� by 3� win-
dow around the most significant point in the Northern
hemisphere is plotted in Fig. 2. This point is found 0.35�

from the active galaxy NGC 1068, which is also one of
the sources in the Northern source catalog. The most
significant hotspot in the Southern hemisphere, at right
ascension 350.2� and declination -56.5�, is less significant
with a pre-trial p-value of 4.3 ⇥ 10-6 and fit parameters
n̂s = 17.8, and �̂ = 3.3. The significance of this hotspot
becomes 0.75 post-trial. Both hotspots alone are consis-
tent with a background-only hypothesis.
Source Catalog Searches: The motivation of this

search is to improve sensitivity to detect possible neu-

FIG. 3: 90% C.L. median sensitivity and 5� discovery
potential as a function of source declination for a

neutrino source with an E�2 and E�3 spectrum. The
90% upper-limits are shown excluding an E�2 and E�3

source spectrum for the sources in the source list. The
grey curves show the 90% C.L. median sensitivity from

11 yrs of ANTARES data [23].

trino sources already observed in �-rays. A new catalog
composed of 110 sources has been constructed which up-
dates the catalog used in previous sources searches [17].
The new catalog uses the latest �-ray observations and
is based on rigorous application of a few simple crite-
ria, described below. The size of the catalog was chosen
to limit the trial factor applied to the most significant
source in the catalog such that a 5� p-value before trials
would remain above 4� after trials. These 110 sources
are composed of Galactic and extragalactic sources which
are selected separately.

The extragalactic sources are selected from the Fermi -
LAT 4FGL catalog [24] since it provides the highest-
energy unbiased measurements of �-ray sources over the
full sky. Sources from 4FGL are weighted according to
the integral Fermi -LAT flux above 1GeV divided by the
sensitivity flux for this analysis at the respective source
declination. The 5% highest-weighted BL Lacs and flat
spectrum radio quasars (FSRQs) are each selected. The
minimum weighted integral flux from the combined selec-
tion of BL Lac and FSRQs is used as a flux threshold to
include sources marked as unidentified blazars and AGN.
Eight 4FGL sources are identified as starburst galaxies.
Since these types of objects are thought to host hadronic
emission [25, 26], they are all included in the final source
list.

To select Galactic sources, we consider measurements
of VHE �-ray sources from TeVCat [27, 28] and gam-
maCat [29]. Spectra of the �-rays were converted to
equivalent neutrino fluxes, assuming a purely hadronic

2.9σ excess

12

FIG. 5: Left: The 2D distribution of events in one year of data for the final event selection as a function of
reconstructed declination and estimated energy. The 90% energy range for the data (black), as well as simulated

astrophysical signal Monte-Carlo (MC) for an E�2 and an E�3 spectrum are shown in magenta and orange
respectively as a guide for the relevant energy range of IceCube. Right: The e↵ective area as a function of neutrino
energy for the IC86 2012-2018 event selection averaged across the declination band for several declination bins using

simulated data.

FIG. 6: Skymap of -log10(plocal), where plocal is the local pre-trial p-value, for the sky between ±82� declination in
equatorial coordinates. The Northern and Southern hemisphere hotspots, defined as the most significant plocal in

that hemisphere, are indicated with black circles.

125 hrs of MAGIC observations and about 4 hrs of H.E.S.S. observations [31, 39, 40] in Fig. 9.
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Teilchenphysik bei höchsten Energien

Neutrinos  — 

Resonante Erzeugung eines W-Bosons bei 6,3⋅1015 eV!



Neutrinos überall…
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Solare Exportpartikel

Neutrinos  — 

• Photonen:     4x1026 W

• Sonnenwind:  106 t/s 
 (p,He,e-)


• Neutrinos:        ?
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Fusion im Sonneninneren

Neutrinos  — 

Sonne ist Hauptreihenstern: 
      Wasserstoff (H) → Helium (He) 

→ 2v’s pro gebildeten 4He-Kern
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Wie viele sind viele?

Neutrinos  — 

e.m. Strahlung Solare Konstante


S = 1360 W/m2
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Erster Nachweis: Homestake-Experiment (1969)

Neutrinos  — 

Neutrino-Target:

• Tank mit Reinigungsmittel: 

615 Tonnen Perchlorethylen (C2Cl4)

• ~6x1030 37Cl-Kerne


Nachweisreaktion: 
 
 
 
 
 
 
 

→ Nachweisschwelle: Eν > 814 keV 

Untergrund:

• Umwandlung Cl durch kosmische Strahlung

→ Homestake-Mine in 1478 m Tiefe
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Erster Nachweis: Homestake-Experiment (1969)

Neutrinos  — 

Neutrino-Target:

• Tank mit Reinigungsmittel: 

615 Tonnen Perchlorethylen (C2Cl4)

• ~6x1030 37Cl-Kerne


Nachweisreaktion: 
 
 
 
 
 
 
 

→ Nachweisschwelle: Eν > 814 keV 

Untergrund:

• Umwandlung Cl durch kosmische Strahlung

→ Homestake-Mine in 1478 m Tiefe

circa 15 Neutrinos pro Monat!
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Radiochemischer Nachweis von Sonnenneutrinos

Neutrinos  — 

Extraktion des Argons

• Ausspülen der 37Ar-Atome mit He 

(erwartete Produktionsrate: 1 Atom/Tag)

• Ausfrieren der Ar-Atome auf  Aktivkohlefilter

• Einfüllen in Proportionalzählrohr

• Messung des Rückzerfalls zu Chlor

mostly 
plumbing

Ray Davis
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Erste Messung von solaren Neutrinos!

Neutrinos  — 

?

Ray Davis

Vorhersage Sonnenmodell

Durchschnitt der 
Chlor-Messungen

Gemessene Ereignisrate
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Ursprung des solaren Neutrinorätsels

Neutrinos  — 

Mögliche Erklärungsansätze

• Vorhersage des Sonnenmodells ist falsch 

• Experiment ist falsch

• Neutrinos sind falsch
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Standardsonnenmodell (SSM)

Neutrinos  — 

hier sehr heiß 
(15 Mio. K)

→ H-Fusion 
→ Neutrinos

hier immer noch 
recht heiß (5800K)

→ sichtbares Licht

hier kocht’s

→ Konvektion

GravitationGasdruck

Beschreibung der Sonne

• Sternaufbaugleichungen 
→ P, T, 𝜚 als Funktion von R


• Thermodynamik: 
Zustandsgleichung 
des Sonnenplasmas


• Kernphysik:  
WQ Fusionsreaktionen


• Elementhäufigkeiten: 
Absorption von Strahlung


• Beobachtungen 
der Oberfläche, Alter 

→ numerische Lösung 

→ präzise Vorhersage 
    von Fusionsraten und damit 
    Neutrino-Produktionsraten
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Netzwerke von Fusionsreaktionen: pp-Kette

Neutrinos  — 

Nettoreaktion: 4p → 4He + 2e+ + 2𝜈e + 26.7 MeV



38

Netzwerke von Fusionsreaktionen: CNO-Zyklus

Neutrinos  — 

Nettoreaktion: 4p → 4He + 2e+ + 2𝜈e + 26.7 MeV

• kleiner Beitrag zum H-Brennen 
in der Sonne (~1%)


• dominant in schwereren und 
weiter entwickelten Sternen


• relativ großes Unsicherheit 
in Wirkungsquerschnitten
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Neutrinos im Standard-Sonnen-Modell (SSM)

Neutrinos  — 

• Produktionsraten der Neutrinos aus 
unterschiedlichen Reaktionen hängt von 
Temperatur im Kern ab 

• Energiespektren ergeben sich aus 
Reaktionskinematik


• SSM-Vorhersage für pp-Neutrinos 
besonders präzise (Luminosität)

(equation (1)) rate to be 131 6 2 counts per day (c.p.d.) per 100 t of
target scintillator.

The scintillation light generated by a 100 keV event typically induces
signals in ,50 photomultiplier tubes (PMTs). This allows for a low de-
tection threshold (,50 keV), much less than the maximum electron recoil
energy of pp neutrinos (Emax 5 264 keV).

The pp neutrino analysis is performed through a fit of the energy dis-
tribution of events selected to maximize the signal-to-background ratio.
The selection criteria (Methods) remove residual cosmic muons, decays of
muon-produced isotopes, and electronic noise events. Furthermore, to
suppress background radiation from external detector components, only
events whose position is reconstructed inside the central detector volume
(the ‘fiducial volume’: 86 m3, 75.5 t) are used in the analysis. The fit is done
within a chosen energy interval and includes all relevant solar neutrino
components and those from various backgrounds, mostly from resid-
ual radioactivity traces dissolved in the scintillator.

Figure 2 shows a calculation of the spectral shape of the pp neutrino
signal (thick red line), as well as of the other solar neutrino components
(7Be, pep and CNO), and of the relevant backgrounds (14C, intrinsic to
the organic liquid scintillator; its ‘pile-up’ (see definition below); 210Bi;
210Po; 85Kr; and 214Pb), all approximately at the observed rates in the data.
The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

under the vastly more abundant 14C, which is ab-emitter with a Q value
of 156 keV. In spite of its tiny isotopic fraction in the Borexino scintil-
lator (14C/12C < 2.7 3 10218), 14Cb-decay is responsible for most of the
detector triggering rate (,30 counts s21 at our chosen trigger thresh-
old). The 14C and pp neutrino energy spectra are, however, distinguish-
able in the energy interval of interest.

The 14C rate was determined independently from the main analysis,
by looking at a sample of data in which the event causing the trigger is
followed by a second event within the acquisition time window of 16ms.
This second event, which is predominantly due to 14C, does not suffer
from hardware trigger-threshold effects and can thus be used to study
the rate and the spectral shape of this contaminant. We measure a 14C
rate of 40 6 1 Bq per 100 t. The error accounts for systematic effects due
to detector response stability in time, uncertainty in the 14C spectral
shape27, and fit conditions (Methods).

An important consideration in this analysis were the pile-up events:
occurrences of two uncorrelated events so closely in time that they can-
not be separated and are measured as a single event. Figure 2 shows the
expected pile-up spectral shape, which is similar to that of the pp neutrinos.
Fortunately, the pile-up component can be determined independently,
using a data-driven method, which we call ‘synthetic pile-up’ (Methods).
This method provides the spectral shape and the rate of the pile-up com-
ponent, and is constructed as follows. Real triggered events without any
selection cuts are artificially overlapped with random data samples. The
combined synthetic events are selected and reconstructed using the same
procedure applied to the regular data. Thus, some systematic effects, such
as the position reconstruction of pile-up events, are automatically taken
into account. The synthetic pile-up is mainly due to the overlap of two 14C
events, but includes all possible event combinations, for example 14C with
the external background, PMT dark noise or 210Po. 14C–14C events dom-
inate the synthetic pile-up spectrum between approximately 160 and
265 keV. The fit to the 14C–14C pile-up analytical shape in this energy
region gives a total rate for 14C–14C pile-up events of 154 6 10 c.p.d. per
100 t in the whole spectrum, without threshold.

Measurement of the pp neutrino flux
The data used for this analysis were acquired from January 2012 to
May 2013 (408 days of data; Borexino Phase 2). This is the purest data
set available, and was obtained after an extensive purification campaign
that was performed in 2010 and 201128 and reduced, in particular, the
content of 85Kr and 210Bi isotopes, which are important backgrounds
in the low-energy region.

The pp neutrino rate has been extracted by fitting the measured
energy spectrum of the selected events in the 165–590 keV energy win-
dow with the expected spectra of the signal and background components.
The energy scale in units of kiloelectronvolts is determined from the
number of struck PMTs, using a combination of calibration data col-
lected with radioactive sources deployed inside the scintillator29 and a
detailed Monte Carlo model28.

The fit is done with a software tool developed for previous Borexino
measurements28 and improved for this analysis to include the descrip-
tion of the response of the scintillator to mono-energetic electrons, to
give high statistics; a modified description of the scintillation line-
width at low energy, providing the appropriate response functions
widths for a- and b-particles (mainly from the 210Po and 14C back-
grounds); and the introduction of the synthetic pile-up.

The main components of the fit are the solar neutrino signal (the
dominant pp component and the low-energy parts of the 7Be, pep and
CNO components); the dominant 14C background and the associated
pile-up; and other identified radioactive backgrounds (85Kr, 210Bi,
210Po and 214Pb). The free fit parameters are the rates of the pp solar
neutrinos and of the 85Kr, 210Bi and 210Po backgrounds. The 7Be neut-
rino rate is constrained at the measured value17 within the error, and
pep and CNO neutrino contributions are fixed at the levels of the SSM9,
taking into account the values of the neutrino oscillation parameters25.
The 14C and the synthetic pile-up rates are determined from the data
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Figure 2 | Energy spectra for all the solar neutrino and radioactive
background components. All components are obtained from analytical
expressions, validated by Monte Carlo simulations, with the exception of the
synthetic pile-up, which is constructed from data (see text for details).
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Figure 1 | Solar neutrino energy spectrum. The flux (vertical scale) is given in
cm22 s21 MeV21 for continuum sources and in cm22 s21 for mono-energetic
ones. The quoted uncertainties are from the SSM9.
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Weitere Entwicklung der Experimente

Neutrinos  — 

Homestake
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Weitere Entwicklung der Experimente

Neutrinos  — 

Homestake Gallex/SAGE
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Große Wasser-Cherenkov-Detektoren

Neutrinos  — 

Höhe: 45m 
Durchmesser: 45m 
Masse: 50kt

PMTs: 11,200

Super-Kamiokande Detektor



Neutrinonachweis über Cherenkov-Licht

Super-Kamiokande Collaboration



Neutrinonachweis über Cherenkov-Licht

Super-Kamiokande Collaboration



Sonne im “Licht” der Neutrinos

Super-Kamiokande Collaboration



Sonne im “Licht” der Neutrinos

Größe 
der Sonne

Super-Kamiokande Collaboration
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Weitere Entwicklung der Experimente

Neutrinos  — 

Homestake Gallex/SAGE Super-K

→SSM und Experimente konsistent: 
zu wenig Neutrinos kommen an! 
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Lösung: Umwandlung des Neutrino-Flavors

Neutrinos  — 

schon in den 1960ern vorgeschlagen: Neutrino-Oszillationen

• Prozess jenseits des Standard-Modells: erfordert Neutrinomasse

• wie sucht man danach? – Nachweis der umgewandelten 𝜈µ,τ


– Energieabhängigkeit der Oszillation
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SNO: Schweres Wasser für νµ,τ 

Neutrinos  — 

• Experiment in Sudbury-Mine 
(Kanada, 2km tief)


• Schweres Wasser D2O

• Neutrinonachweis Rate 

exp/SSM

~30%

~100%

~35%

→ Nachweis für  
     Flavor-Umwandlung



48

Offene Fragen nach SNO

Neutrinos  — 

• SNO-Messung nur bei Energien 
oberhalb von 3.5 MeV 
→ ausschließlich 8B Neutrinos 

→ Neutrino-Astronomie 

• Spektroskopie bei niedrigen 
Energien für pp-Reaktionsraten 
→ Präzisionstest des SSM


• erster Nachweis des Auftretens 
des CNO Zyklus in Sternen? 

→ Neutrino-Teilchenphysik 

• Messung der Energieabhängigkeit 
der Oszillationswahrscheinlichkeit 
→ Einfluß der Sonnenmaterie

(equation (1)) rate to be 131 6 2 counts per day (c.p.d.) per 100 t of
target scintillator.

The scintillation light generated by a 100 keV event typically induces
signals in ,50 photomultiplier tubes (PMTs). This allows for a low de-
tection threshold (,50 keV), much less than the maximum electron recoil
energy of pp neutrinos (Emax 5 264 keV).

The pp neutrino analysis is performed through a fit of the energy dis-
tribution of events selected to maximize the signal-to-background ratio.
The selection criteria (Methods) remove residual cosmic muons, decays of
muon-produced isotopes, and electronic noise events. Furthermore, to
suppress background radiation from external detector components, only
events whose position is reconstructed inside the central detector volume
(the ‘fiducial volume’: 86 m3, 75.5 t) are used in the analysis. The fit is done
within a chosen energy interval and includes all relevant solar neutrino
components and those from various backgrounds, mostly from resid-
ual radioactivity traces dissolved in the scintillator.

Figure 2 shows a calculation of the spectral shape of the pp neutrino
signal (thick red line), as well as of the other solar neutrino components
(7Be, pep and CNO), and of the relevant backgrounds (14C, intrinsic to
the organic liquid scintillator; its ‘pile-up’ (see definition below); 210Bi;
210Po; 85Kr; and 214Pb), all approximately at the observed rates in the data.
The pp neutrino spectral component is clearly distinguished from those
of 85Kr, 210Bi, CNO and 7Be, all of which have flat spectral shapes in the
energy region of the fit. Most of the pp neutrino events are buried

under the vastly more abundant 14C, which is ab-emitter with a Q value
of 156 keV. In spite of its tiny isotopic fraction in the Borexino scintil-
lator (14C/12C < 2.7 3 10218), 14Cb-decay is responsible for most of the
detector triggering rate (,30 counts s21 at our chosen trigger thresh-
old). The 14C and pp neutrino energy spectra are, however, distinguish-
able in the energy interval of interest.

The 14C rate was determined independently from the main analysis,
by looking at a sample of data in which the event causing the trigger is
followed by a second event within the acquisition time window of 16ms.
This second event, which is predominantly due to 14C, does not suffer
from hardware trigger-threshold effects and can thus be used to study
the rate and the spectral shape of this contaminant. We measure a 14C
rate of 40 6 1 Bq per 100 t. The error accounts for systematic effects due
to detector response stability in time, uncertainty in the 14C spectral
shape27, and fit conditions (Methods).

An important consideration in this analysis were the pile-up events:
occurrences of two uncorrelated events so closely in time that they can-
not be separated and are measured as a single event. Figure 2 shows the
expected pile-up spectral shape, which is similar to that of the pp neutrinos.
Fortunately, the pile-up component can be determined independently,
using a data-driven method, which we call ‘synthetic pile-up’ (Methods).
This method provides the spectral shape and the rate of the pile-up com-
ponent, and is constructed as follows. Real triggered events without any
selection cuts are artificially overlapped with random data samples. The
combined synthetic events are selected and reconstructed using the same
procedure applied to the regular data. Thus, some systematic effects, such
as the position reconstruction of pile-up events, are automatically taken
into account. The synthetic pile-up is mainly due to the overlap of two 14C
events, but includes all possible event combinations, for example 14C with
the external background, PMT dark noise or 210Po. 14C–14C events dom-
inate the synthetic pile-up spectrum between approximately 160 and
265 keV. The fit to the 14C–14C pile-up analytical shape in this energy
region gives a total rate for 14C–14C pile-up events of 154 6 10 c.p.d. per
100 t in the whole spectrum, without threshold.

Measurement of the pp neutrino flux
The data used for this analysis were acquired from January 2012 to
May 2013 (408 days of data; Borexino Phase 2). This is the purest data
set available, and was obtained after an extensive purification campaign
that was performed in 2010 and 201128 and reduced, in particular, the
content of 85Kr and 210Bi isotopes, which are important backgrounds
in the low-energy region.

The pp neutrino rate has been extracted by fitting the measured
energy spectrum of the selected events in the 165–590 keV energy win-
dow with the expected spectra of the signal and background components.
The energy scale in units of kiloelectronvolts is determined from the
number of struck PMTs, using a combination of calibration data col-
lected with radioactive sources deployed inside the scintillator29 and a
detailed Monte Carlo model28.

The fit is done with a software tool developed for previous Borexino
measurements28 and improved for this analysis to include the descrip-
tion of the response of the scintillator to mono-energetic electrons, to
give high statistics; a modified description of the scintillation line-
width at low energy, providing the appropriate response functions
widths for a- and b-particles (mainly from the 210Po and 14C back-
grounds); and the introduction of the synthetic pile-up.

The main components of the fit are the solar neutrino signal (the
dominant pp component and the low-energy parts of the 7Be, pep and
CNO components); the dominant 14C background and the associated
pile-up; and other identified radioactive backgrounds (85Kr, 210Bi,
210Po and 214Pb). The free fit parameters are the rates of the pp solar
neutrinos and of the 85Kr, 210Bi and 210Po backgrounds. The 7Be neut-
rino rate is constrained at the measured value17 within the error, and
pep and CNO neutrino contributions are fixed at the levels of the SSM9,
taking into account the values of the neutrino oscillation parameters25.
The 14C and the synthetic pile-up rates are determined from the data
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Figure 2 | Energy spectra for all the solar neutrino and radioactive
background components. All components are obtained from analytical
expressions, validated by Monte Carlo simulations, with the exception of the
synthetic pile-up, which is constructed from data (see text for details).
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Figure 1 | Solar neutrino energy spectrum. The flux (vertical scale) is given in
cm22 s21 MeV21 for continuum sources and in cm22 s21 for mono-energetic
ones. The quoted uncertainties are from the SSM9.
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Neutrinonachweis mit Flüssigszintillator

• deutlich mehr Licht als Cherenkov-Effekt (x50) 
→ bessere Energieauflösung


• Methoden für effiziente Reinigung von radioaktiven 
Verunreinigungen: 10-18 g/g Uran/Thorium im Szintillator 
→ niedrige Energieschwelle (pp-Neutrinos!)


•  transparent und günstig → große Detektoren

• Energieauflösung über Anzahl 
nachgewiesener Photonen (~104/MeV)


• Ortsauflösung über Analyse der 
Flugzeitunterschiede zu den PMTs


• aber: keine Richtungsauflösung, 
da isotrope Lichtemission 
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Neutrinosignal in Borexino

Neutrinos  — 
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Untergrundreduktion

Neutrinos  — 
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Fit ans verbleibende Energiespektrum

Neutrinos  — 

• Fit von bekannten Energiespektren von 
Neutrinosignal und radioaktiven Zerfällen 
ans aufgenommene Datenspektrum


• erwartete Neutrinorate:  
       ~1 Ereignis pro Tag und Tonne


• benötigte radioaktive Reinheit: 
       < 10-16 g/g Uran+Thorium
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Borexino: Ergebnisse zu solaren Neutrinos

Neutrinos  — 

• 2007-2014: Ratenbestimmung 
der Neutrinos von (fast) allen 
Reaktionen in der pp-Kette


→ Bestätigung des SSM und von    
    Materie/Vakuum-Oszillationen 
 
 
 

• 2020: Erste Messung von 
Neutrinos aus dem CNO Zyklus


→ Rate passt zum SSM

→ erste Hinweise zum     
   “Metallgehalt” (C, N, O)  
    des Sonneninneren
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Hier in Mainz: Cherenkov-Signal in Borexino

Neutrinos  — 

• Cherenkov- und Szintillationssignal sind im 
Detektor nur überlagert → Richtungsinformation


• kombiniert man die Winkelverteilung der frühen 
PMT-Hits aus vielen Ereignissen, wird Überschuss 
in Richtung “weg von der Sonne” sichtbar

nur Untergrund

nur Neutrinos

Best Fit

Winkel des vom Photon getroffenen PMTs relativ zur Sonne

in 2D

→ in Zukunft: “hybride” Detektoren?



Neutrinooszillationen

ν1
ν2

e+

ν3

νe

Unterschiedliche	Massen	
erzeugen	Phasendifferenz

Propagiert	als 
Überlagerung	von 
Massenzustände

ν1
ν2

ν3

ν?

.

Veränderte	Überlagerung	der	
Massenzustände 
" anderer	Neutrinoflavor 
beim	Neutrinonachweis

ν Erzeugung ν Propagation ν Nachweis

Schwache	
Wechselwirkung, 
Neutrino	erzeugt	als 
Flavorzustand.

z.B.	β+-Zerfall
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Neutrinoschwingungen

Abhängig von 


Flugstrecke


Energie der Neutrinos


Unterschied der Massen


Stärke der Mischung (Mischungswinkel)

Masse(𝜈1) > Masse (𝜈2)  
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Neutrino Oszillationen

Neutrinos  — 

P (⌫µ ! ⌫µ) = 1� sin2(2✓) sin2
✓
�m2L

4E

◆

natural units!



60

Neutrino Oszillationen

Neutrinos  — 

P (⌫µ ! ⌫µ) = 1� sin2(2✓) sin2
✓
�m2L

4E

◆



60

Neutrino Oszillationen

Neutrinos  — 

�m2 ⌘ m2
2 �m2

1

Δm²

P (⌫µ ! ⌫µ) = 1� sin2(2✓) sin2
✓
�m2L

4E

◆



60

Neutrino Oszillationen

Neutrinos  — 

P (⌫µ ! ⌫µ) = 1� sin2(2✓) sin2
✓
�m2L

4E

◆



60

Neutrino Oszillationen

Neutrinos  — 

sin²(2θ)

P (⌫µ ! ⌫µ) = 1� sin2(2✓) sin2
✓
�m2L

4E

◆



60

Neutrino Oszillationen

Neutrinos  — 

P (⌫µ ! ⌫µ) = 1� sin2(2✓) sin2
✓
�m2L

4E

◆



60

Neutrino Oszillationen

Neutrinos  — 

oscillations only reduction

no effect

P (⌫µ ! ⌫µ) = 1� sin2(2✓) sin2
✓
�m2L

4E

◆
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Messprinzip
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Entfernung
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 → ursprüngliche Energie
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Massen


■  Absolute Neutrino-Massen unbekannt

▶Reihenfolge der Massen ebenso (Massenhierarchie)


■Wie erhalten Neutrinos ihre Masse 

▶… und warum diese so klein ist


Weitere Eigenschaften 


■Bislang nur linkshändige Neutrinos nachgewiesen

▶  gibt es rechtshändige (sterile) Neutrinos?


■Sind Neutrinos verantwortlich für das Fehlen von Antimaterie in der Natur?

Offene Fragen der Neutrinophysik

Dirac CP	violationMajorana



Offene Fragen der Neutrinoastrophysik

Geoneutrinos 
Beitrag	des	Erdmantels 
Uran-Thorium-Verhältnis

Solare	Neutrinos 
Metallizität	im	Sonnenkern 
(Kohlenstoff,	Stickstoff	etc.)

Supernova-Neutrinos 
Ablauf	des	Kernkollaps 
Bildung	eines	Neutronsterns 
oder	Schwarzen	Lochs

Kosmische	Neutrinos

Quellen	der	UHE 
kosmischen	Strahlung

Diffuse	Supernova-Neutrinos 
erster	Nachweis 
Zeitabhängigkeit	Supernova	Rate 
mittleres	SN-Neutrino-Spektrum

Kosmische	 
Neutrino-Hintergrund

erster	Nachweis	…



Physik jenseits 
des Standardmodels 

z.B. sterile  
Neutrinos

Neutrinophysik 
v Oszillationen


v Massen(anordnung) 
CP Verletzung

Beobachtung 
astrophysikalischer 

Quellen 
Supernovae, 
Sonne, Erde,

AGN, GRB,… Neutrinos

Project 8

ANNIE

IceCube

Neutrinophysik in Mainz

JUNO
DUNE



Backup


77Neutrinos  — 

Vielen Dank!
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Materieeffekte

Wechselwirkung der 
 Elektron-Neutrinos 𝜈e 

mit den Elektronen der Erde 
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Woher kommt das heiße Wasser?

Geisterteilchen sichtbar machen  — 

Bohrturm

Heißwasser 
anlage

3km Schlauch

Leistung:

5 Megawatt

= 5000 x
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Digitales Optisches Modul (DOM)

Druckglaskugel bis 500 bar

Optisches Gel

Mumetall- 
Abschirmung

LEDs + 
Blitzschaltung

Hochspannungs

-versorgung

Druckstecker 
(bis 500 bar)

DOM 
Hauptplatine

Photomultiplier


