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§ Neutrinos are fermions. à spin ½ 

§ no electric or color charge à no bound states

§ but: weak charge à nuclear & weak decays

§ virtually but not completely massless à (almost?) no gravitational effect
[Σmν < 0.23eV ≈ 5x10-7 me]

§ three kinds (flavors) of neutrinos à νe – νμ – ντ
are produced/absorbed in weak
interactions along with e–, μ–, τ–

§ each neutrino has (is?) its antiparticle:
same properties but different chirality

§ neutrinos =  left-handed

§ antineutrinos =  right-handed

§ flavor and mass eigenstates are different
à neutrino oscillations

Neutrinos in a nut-shell
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The many uses of the neutrino ...
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à Gateway to particle physics
– weak interaction
– flavor physics
– mass generation
– BSM physics

à Impact on cosmology
– (hot?) dark matter
– structure formation
– nucleosynthesis

à Probes in astronomy
– stellar physics
– black hole formation
– cosmic accelerators



focused to neutrino oscillations:
§ Lecture 1: Neutrino oscillations

from first hints to discovery and current day
§ Lecture 2: Neutrino masses

absolute mass, Majorana mass, mass ordering

§Lecture 3: Astrophysical neutrinos
Sun, Supernovae and cosmic accelerators

Contents of these lectures
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Neutrino physics

Lecture 1: Neutrino oscillations



Neutrino oscillations

1968 2002

§ What is the oscillation mechanism?
o standard vacuum oscillations
o oscillations in matter à MSW effect

§ How do oscillation experiments work?
o discovery: from Solar Neutrino Puzzle to SNO
o detecting flavor conversion/oscillation patterns
o example: long-baseline neutrino oscillations
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Pontecorvo – The ‘inventor’ of ν oscillations

1957

“… the neutrino may be a particle mixture and ... 
there is a possibility of real transitions neutrino to
antineutrino in vacuum, provided that the lepton
(neutrino) charge is not conserved.”

1968

“If the lepton charge is not an exactly conserved
quantum number, and the neutrino mass is
different from zero, oscillations similar to those in 
K0 beams become possible in neutrino beams.”

“From an observational point of view
the ideal object is the sun.“
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Neutrinos from the Sun
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from Learn Something New Every Day:
http://www.lsned.com/neutrino/



Neutrinos from the Sun
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65 billion!

from Learn Something New Every Day:
http://www.lsned.com/neutrino/



Net fusion reaction:    4p  à 4He + 2e+ + 2νe [+26.7 MeV]

Hydrogen burning in the Sun
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electromagnetic luminosity
L¤ = 3.85x1026 W

neutrino luminosity
Lv ≈ 2% L¤

flux at Earth
Φγ ≈ 4x1021 /m2s
→	Sγ = 1367 W/m2

Φ! =
"!

#"#→%&
×2

≈ 6.6x1014 /m2s

Expected solar neutrino flux
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H. Bethe

W. Fowler

Net fusion reaction:    4p  à 4He + 2e+ + 2νe [+26.7 MeV]

Overview of the solar pp-chain

Michael Wurm (JGU Mainz) 12Neutrino physics



based on Standard Solar Model (SSM) by John Bahcall

(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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John N. Bahcall
(1934 – 2005)

Solar neutrino spectrum
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from CNO cycle
(see Lecture 3)



based on Standard Solar Model (SSM) by John Bahcall

(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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Solar neutrino detection with 37Cl

Chlorine

⌫e +
37Cl ! 37Ar + e�

Detection reaction

threshold: 814 keV
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The Davis experiment

§ Location: Homestake mine (US)
§ depth: 1478 m
§ avoids conversion of

37Cl to 37Ar by cosmic rays

§ Target material:
§ perchloroethylene
§ 615 tons of C2Cl4
§ ~6x1030 atoms of 37Cl
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Detection mechanism

37Cl 37Ar 37Cl
νe νe

e+
e-

Neutrino reaction:

reaction threshold: 814 keV
à mainly 7Be and 8B neutrinos

à SSM-predicted rate: ~1.5 d-1

Rate measurement:

– every few weeks, chemical
extraction of 37Ar from the tank

– detection of β+ re-decays of 37Ar 
(T1/2=35d) in counting tubes

⌫e +
37Cl ! 37Ar + e�
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Argon extraction from Chlorine tank

Ray Davis: 
“Mostly plumbing“
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Homestake solar neutrino result

SNU = solar neutrino unit
1 reaction per 1036 target atoms and second

SSM prediction
(1.5 per day)

average of Chlorine
measurements

(0.5 per day)
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Birth of the solar neutrino puzzle

n Φobs ≈ 1/3 ΦSSM

Proposed explanations
§ the experiment is wrong
§ the solar model is wrong
§ the neutrinos are wrong

?
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LECTURE QUIZ

Question 1

How many solar neutrinos are passing
through your thumbnail every second?

X : 60 thousand

Y : 60 million

Z : 60 billion
Note down the first
letter of the solution word.



Neutrino masses and mixing
QM: For massive neutrinos (mν<0.23eV) with differing masses,

§ the three neutrino flavor-eigenstates
(taking part in weak interactions)

can be a superposition of

§ the three mass-eigenstates
(propagating through space)

§ The relative fractions of mass in flavor states (and
vice versa) are described by a 3x3-mixing matrix

2

4
⌫e
⌫µ
⌫⌧

3

5 =

2

4
Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

U⌧1 U⌧2 U⌧3

3

5

2

4
⌫1
⌫2
⌫3

3

5

mass-
states

flavor-
states

PMNS-mixing matrix corresponds
to a 3D-rotation between flavor
and mass eigenspaces
à cf. CKM-matrix in quark-sector
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Neutrino masses and mixing

ν1
ν2

Weak interaction
creates neutrino in
flavor-eigenstate.

e.g. β+-decay
e+

ν3

νe

n production

W+

p

n 66%
17%
17%

P=100%
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Neutrino masses and mixing

ν1
ν2

Weak interaction
creates neutrino in
flavor-eigenstate.

e.g. β+-decay
e+

ν3

νe

n production

W+

p

n 66%
17%
17%

P=100%

Different masses create a 
phase difference over time.

as coherent superposition
of mass-eigenstates.

n propagation
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Neutrino masses and mixing

ν1
ν2

Weak interaction
creates neutrino in
flavor-eigenstate.

e.g. β+-decay
e+

ν3

νe

Different masses create a 
phase difference over time.

as coherent superposition
of mass-eigenstates.

ν1
ν2
ν3

ν?

.

as flavor-eigenstate:
Superposition of mass
eigenstate has changed 
because of phase factors.

n production n propagation n detection

W+

p

n

Finite probability to detect 
a different neutrino-flavor!

66%
17%
17%

P =20% : νe
40% : νµ
40% : ντ

P=100%

Δ21

Δ32
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Neutrino oscillations
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Solar neutrinos: Two-flavor approximation
✓

⌫e
⌫µ

◆
=

✓
cos ✓ sin ✓
� sin ✓ cos ✓
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◆
2x2 mixing:

mass statesflavor states
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electron neutrinos
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fusion processes

e+

37Ar
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electron neutrinos
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neutrinos propagate à oscillate
partial flavor transition νeà νμ

à rate deficit!
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Oscillation pattern

oscillation amplitude
depends on sin22θ

oscillation length
is given by 4π/Δm2

oscillation phase depends on L/E:
à

detector resolution and
wave packet decoherence
averages out pattern
for large distances

à

P (⌫e ! ⌫e) = 1� sin2(2✓12) sin
2
⇣�m2

21L

4E

⌘

Pee = 1� 1

2
sin2(2✓12)
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Three-flavor mixing

• �m2
atm = �m2

32 ⇡ �m2
31 ⇡ (2.4± 0.2) · 10�3 eV2

• �m2
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21 ⇡ (7.5± 0.6) · 10�5 eV2
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Solar neutrino experiments of the 80/90‘s

further confirmation of the solar neutrino deficit: Gallex/GNO + SAGE
§ detection reaction:

§ threshold: 233 keV
à pp measurement

à 50 % deficit observed

⌫e +
71Ga ! 71Ge + e�

(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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(Super-)Kamiokande
§ detection reaction:

§ threshold: ~5 MeV
à only 8B neutrinos

à 70 % deficit observed

H2O



Sudbury Neutrino Observatory (SNO)

§ Water Cherenkov detector
Underground water tank to
measure neutrino interactions by
final-state charged particles

§ Location: Sudbury mine
depth: 2000 m à 6000 mwe

§ Target mass: 1 kt of D2O
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Neutrino detection in SNO

10,000 photomultiplier tubes

Event detection:
Cherenkov light e—

v

v
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Detection reactions in heavy water

d

νe

(CC) on deuterons

– sensitive only to νe

à determine total neutrino flux (all flavors) and νe-flux separately

e-

pp

(NC) on deuterons

– sensitive to all flavors

elastic scattering
on electrons (ES)

– mostly νe, but also νμ,τ

d

νx

νx

np

d

g

νx

νx

e- e-

t
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2002: SNO result on flavor conversion

à total flux (all flavors) as predicted by SSM, νe flux suppressed by oscillations
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Φ!" = 2.39 ± 0.27



SNO result – self-consistency check

à Larger cross-section
for electron neutrinos

Elastic scattering (ES):

all three measurements are mutually consistent à neutrinos change flavor!
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Nobel Prize in Physics 2015
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à νμ disappear with the correct
L/E dependence of oscillations à νe disappear and re-appear as νμ,τ+

à ν‘s undergo flavor oscillations!
à at least 2 ν states have mass!



SNO result and neutrino oscillations?

à oscillation amplitude Peµ ≥ 65%

SNO result Transition probability

à for distance Sun—Earth,
oscillations average out

Peµ = ½ sin22θ < 0.5

à high conversion probability in SNO needs solar matter effect

!
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Matter effect on neutrino oscillations
a.k.a. the MSW-effect (1985)

Mikheyev

Smirnov

Wolfenstein

Forward-scattering of ν‘s in matter:

§ NC the same for all flavors

§ CC on electrons only for νe

à νe pick up an effective mass
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Oscillation parameters in matter
à Modified mass-squared difference and mixing angle in matter:
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à full flavor conversion is 
possible if weak matter potential
matches resonance condition!



Energy dependence of solar v oscillations

Extended Data Figure 2 | Survival probability of electron-neutrinos
produced by the different nuclear reactions in the Sun. All the numbers are
from Borexino (this paper for pp, ref. 17 for 7Be, ref. 18 for pep and ref. 19
for 8B with two different thresholds at 3 and 5 MeV). 7Be and pep neutrinos are
mono-energetic. pp and 8B are emitted with a continuum of energy, and the
reported P(ne R ne) value refers to the energy range contributing to the

measurement. The violet band corresponds to the 61s prediction of
the MSW-LMA solution25. It is calculated for the 8B solar neutrinos,
considering their production region in the Sun which represents the
other components well. The vertical error bars of each data point
represent the 61s interval; the horizontal uncertainty shows the neutrino
energy range used in the measurement.

RESEARCH ARTICLE

Macmillan Publishers Limited. All rights reserved©2014

vacuum

matter

based on Borexino data (2014)

mixing angle from SNO/Super-K data on 8B-v‘s: Pee = sin2θ12à θ12 ≈ 33°
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LECTURE QUIZ

Question 2

What variables does the
oscillation phase depend on?

U : energy and mixing angle

V : mixing angle and distance

W : distance and energy
Note down the 7th
letter of the solution word.



Three-flavor mixing in 2022
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atmospheric
mixing

(maximum: 45°?)

solar
mixing

(large 33°)

reactor mixing &
CP violation

(small θ13=8.4°,  δ = -!
"
?)

flavor
states

mass
states



What parameters are still unknown?
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atmospheric
mixing

(maximum: 45°?)

solar
mixing

(large 33°)

reactor mixing &
CP violation

(small θ13=8.4°,  δ = -!
"
?)

flavor
states

mass
states

�m2
atm

�m2
sol

⌫1

⌫2

⌫3

m2

inverted ordering

Open issues
§ octant of θ23 (≶45°)
§ value of CP-phase
§ mass ordering

(sign of Δm2
32)

§ are there more than 3
light neutrino states?



Effects of the leptonic CP phase

Full three-flavor oscillation probability:

same for neutrinos and antineutrinos
à conserves CP-symmetry
à flavor disapperance & appearance
different for neutrinos and antineutrinos
à violates CP-symmetry
à only appearance oscillations!

νL νL

νR

_

νR
_

C

C

PP

à Neutrinos themselves violate both P and C-parities.

à In oscillations:
CP conservation:

CP violation:
but

P (⌫↵ ! ⌫�) = P (⌫̄↵ ! ⌫̄�)

P (⌫↵ ! ⌫�) 6= P (⌫̄↵ ! ⌫̄�)

P (⌫↵ ! ⌫�) = P (⌫̄� ! ⌫̄↵)
CPT
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CP violation
... is one of the three preconditions of creating matter-antimatter asymmetry:

à matter access is tiny, but CP violation in the quark sector is not sufficient

CP violation in neutrino oscillations opens the door for leptonic CP violation
à can still be 1000x larger than in the quark sector
à Leptogenesis: Leptonic CP asymmetry can be transferred to baryon sector
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T2K: Tokai-to-Kamioka
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Long-baseline νμ beam experiments

π+ à μ+ + νμ
Far Detector

µ

e

1st atmospheric
osc. maximum

L13 ≈ 2km x E/MeV

Search modes: §Disappearance oscillations: νμ à νμ à θ23, Δm2
32

§Appearance oscillations: νμà νe à θ13, δCP

P (⌫µ ! ⌫µ) = 1� sin2 2✓23 sin
2
⇣�m2

32

4E

⌘
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Neutrino target

proton beam
power: 750kW
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§ production of charged pions
(and kaons) by interactions
of protons on carbon

§ light material favors
higher-energy pions

§ pions are beamed in
forward direction

§ beams are typically pulsed
à BG reduction

graphite target



Focussing horns
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§ magnetic fields improve
forward-focussing of pions

§ de-selects other particles
(especially wrong-sign pions)



Inclined decay pipe
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§ evacuated pipe for 𝜋# → 𝜇# + 𝜈$
(neutrino mode)

§ try to balance pion and muon decay
not wanted: 𝜇# → 𝑒# + 𝜈% + �̅�$

§ tunnel has to be inclined to compensate
curvature of Earth surface à expensive!!



T2K Near Detectors for 𝛎 spectrum

§ some intrinsic beam contamination with νe flavor
§ polarity of beam horn switched to obtain νμ-beam
§ near detector (ND280) to measure beam direction

and composition, cross-sections ... (reduce systematics)

_
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T2K: Off-axis beam

Michael Wurm (JGU Mainz) 51

νμ-beam energy spectrum

§ on-axis: wide-band beam

§ off-axis: narrower beam spectrum,
increased peak intensity

à increased event rate at correct L/E
à less high-energy background

1°

2°

3°

0°



Super-Kamiokande experiment
dimensions: 45m x 45m – target mass: 50 kton – light readout: 11,200 20‘‘-PMTs 
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Super-Kamiokande during filling
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Neutrino detection by Cherenkov effect

µ—

vµ

W

16O
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Muon (neutrino) signal

The shape (“fuzziness“) of the rings 
is used to discriminate νµ and νe:
à µ‘s produce long, straight tracks

and sharp Cherenkov rings.
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Electron (neutrino) signal

The shape (“fuzziness“) of the rings is
used to discriminate νμ and νe:
à e‘s undergo multiple scattering

and produce washed-out rings.
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νμà νe oscillation probability
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Oscillation probability for νe appearance
in a νμ neutrino beam:
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νμà νe oscillation probability
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Oscillation probability for νe appearance
in a νμ neutrino beam:
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νμà νe oscillation probability
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Oscillation probability for νe appearance
in a νμ neutrino beam:

J = cos �13 sin 2�12 sin 2�13 sin 2�23
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atmospheric oscillations

solar oscillations

≈ 0

neutrino-antineutrino asymmetry term

leptonic
CP violation
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Short-baseline νe appearance probability

oscillation baseline L [km]
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à term with CP phase shifts
amplitude and position of
1st oscillation maximum

à neutrinos and antineutrino
shifts are inverted
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T2K results on 𝜈𝜇 → 𝜈𝑒 appearance

neutrino mode antineutrino mode
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data points
oscillation signal
background

energy [GeV] comparison to rate predictions:

CC-QE

CC-1𝛑

energy [GeV]



T2K results
on θ13 and δCP

§ order 3σ preference for
negative non-zero value of 𝛅CP

§ result on θ13 favors larger value
than reactor experiments

§ normal ordering preferred
over interted ordering (1-2σ)
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Future experiments for CP-phase
§ running projects:
o T2K: J-PARC à Super-Kamiokande (285 km)
o NOvA: Fermilab à Soudan (800 km)

§ future projects:
o LBNF/DUNE: Fermilab à Homestake (1300 km)
o T2HK: J-PARC à Hyper-Kamiokande (285 km)
o ESS-SB: Lund à ? (360/450 km)
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NOvA

DUNE



LECTURE QUIZ

Question 3

What property of the Cherenkov signals
does Super-Kamiokande use for
electron/muon discrimination?

A: ring fuzziness

B : number of rings

C : ring brightness Note down the eighth
letter of the solution word.



Current best values of oscillation parameters

1𝛔 uncertainties

§ Δm2
21 2.8%

§ Δm2
32 1.1%

§ sin2θ12 4.3%

§ sin2θ13 2.9%

§ sin2θ23 3.6%

NO – Normal Ordering, IO – Inverted Ordering

à all angles & Δm2‘s determined

à large & well-known value of θ13:
o simplifies future osc. experiments
o indication for non-zero δ≈-90°

à other unknowns
o no preference for octant of θ23
o mass hierarchy unknown
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NuFit 5.1
(assuming normal
mass hierarchy)

0.2 0.25 0.3 0.35 0.4

sin
2

!
12

0

5

10

15

"
#

2

6.5 7 7.5 8 8.5

"m
2

21
 [10

-5
 eV

2
]

0.4 0.45 0.5 0.55 0.6 0.65

sin
2

!
23

0

5

10

15

"
#

2

-2.6 -2.5 -2.4

"m
2

32
   [10

-3
 eV

2
]   "m

2

31

2.4 2.5 2.6

0.018 0.02 0.022 0.024 0.026

sin
2

!
13

0

5

10

15

"
#

2

0 90 180 270 360

$
CP

NO, IO (w/o SK-atm)
NO, IO (with SK-atm)

NuFIT 5.1 (2021)



Leptonic unitarity triangle

Unitarity triangle based on the 1st and 3rd column of PMNS matrix

§ unitarity is assumed (not yet a test of unitarity!)

§ still far from the knowledge we have on UT in quark sector

Michael Wurm (JGU Mainz) 66Neutrino physics



Summary of Lecture 1
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§ Neutrinos feature properties unlike all other
constituents of the Standard Model of particle physics.

§ The discovery of neutrino flavor oscillations
explains anomalies as the Solar Neutrino Problem

§ They prove as well that neutrinos have non-zero mass
à first extension of the original Standard Model.

§ Unlike the quark sector, neutrino mixing is a large effect.

§ Current oscillation experiments investigate CP-violating
phase δCP and the mass ordering (see next Lecture).

Neutrino physics



Thanks for your attention!
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Questions?



Projections for next-generation experiments

oscillation
parameters

2015 2025?

precision

sin2θ12 5.4 % 0.67%

sin2θ23 ~10 % ~7 %

sin22θ13 5.8 % ~3%

Δm2
21 2.6 % 0.59%

|Δm2
ee| 2.6 % 0.44%

JUNO

+ inputs from other experiments

DB+DC+RENO

atm., LBL

à substantial increase
in precision

§ will be comparable to
present CKM matrix

§ are there more than
three neutrino flavors?

Michael Wurm (JGU Mainz) 69Neutrino physics



KamLAND: Long-baseline reactor νe oscillations

KamLAND detector @ Kamioka
§ large detector: 1kt of liquid scintillator

at Kamioka mine
§ most Japanese reactors

at ~200km baseline

à sensitive to oscillations via
solar parameters θ12, Δm2

21
target:
1kt LS

nylon
balloon

inert
buffer

PMTs

_
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KamLAND: νe detection_

Prompt signal: 103—4 pe
Kinetic energy of positron: E(ν) – Q
+ annihilation:  + 2m(e±) 
à E(e+) = E(ν) – 0.8 MeV

Threshold: 
Q = m(n)+m(e+)-m(p)

= 1.8 MeV

Delayed signal: ~2.5x103 pe
coincidence tag (Δt, distance)
à background rejection

τ~250µs
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KamLAND result

Prompt event energy spectrum
§ large rate deficit found
§ signature of the L/E dependence

of oscillation probability

oscillation in L/E representation
best-fit oscillation parameters

two-flavor oscillations:
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Combined KamLAND and solar ν data

§ solar neutrino data more sensitive on mixing angle
§ KamLAND data determines Δm2

best-fit oscillation parameters
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2018: T2K result on νμ disappearance
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no oscillation

complete 𝜈# → 𝜈$
disappearance



Data on atmospheric νμ oscillations
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NuFit 3.2
(assuming normal
mass hierarchy)



T2K+NovA median sensitivity for non-zero 𝛅CP

sensitivity for non-zero CP phase depends on:
§ true value of δCP, octant of θ23 and mass ordering (8-fold degeneracy)
§ significance of current results profits from the maximum (?) CP phase oberserved

arXiv:1306.2500
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Atmospheric neutrinos
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Atmoshperic neutrino production

p, He, Fe

!+

µ+

!+

"µ

"µ

"!"

_

§ High-energy cosmic rays collide with
nitrogen in the Earth‘s atmosphere

§ Charged mesons decay into neutrinos:

à Flavor ratio:
At GeV energies, the expected
ratio of νµ to νe is Rth = 2.
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Angular distribution of atmospheric ν‘s

§ Neutrinos are the only
particles to cross the Earth 
from the antipodes.

§ Arrival direction described
by zenith angle:

cosθ = +1 for zenith
cosθ =  -1 for nadir
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Angular distribution of atmospheric ν‘s

§ Neutrinos are the only
particles to cross the Earth 
from the antipodes.

§ Arrival direction described
by zenith angle:

cosθ = +1 for zenith
cosθ =  -1 for nadir

à In first approximation,
the atmospheric ν flux
should be independent
of the zenith angle θ.

p, He, Fe

!+

µ+

!+

"µ

"µ

"!"

_

"µ

"µ

µ
µ

µ

µ

Michael Wurm (JGU Mainz) 80Neutrino physics



1998: Super-Kamiokande result
§ At low neutrino energies, the measured ratio Rexp

of νµ : νe was lower than the expectation:

§ At high neutrino energies, asymmetry in angular distribution

§ down-going (cosθ=1):
baseline: ~20 km
à no oscillations

§ up-going (cosθ=-1):
baseline ≤ 13,000 km
à νμ disappearance

§ no νe excess observed:
à νμ à ντ (?)

§ surprise: large amplitude!
à today: θ23 ≈ 45°
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Later SK data on atmospheric ν‘s

§ oscillation-like L/E structure found

§ evidence (4.6σ) for ντ-appearance in the detector

§ still unclear whether sin22θ23<1 (θ23≠45°)
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Solar neutrino signal in SK

e—

v

v

Elastic neutrino-electron scattering
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