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Where we left off last time: 
Neutrino Oscillations: Overall Picture
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Neutrino Oscillations - Status

• Two distinct types of oscillations (with quite different mass splittings) have been 
observed:

• Solar - disappearance of νe, Δm2 ~ 7.6 x 10-5 eV2


• Atmospheric - disappearance of νμ, Δm2 ~ 2.4 x 10-3 eV2


‣ Choice of convention: small splitting between ν1 and ν2, big between ν1/ν2 and ν3 


‣ The data tell us: mixing between ν1 and ν3 is small

‣ In solar oscillations, we observe ν1 → ν2 oscillations, ν1 has to have a big νe 

component


‣ In atmospheric oscillations, we observe ν2 → ν3, with maximal mixing: ν3 is (almost) a 
50-50 mixture of ντ and νμ
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Neutrino-Oscillations: The Resulting Picture

Δm2sol ~ 7.6 x 10-5 eV2

Δm2atm ~ 2.4 x 10-3 eV2

One neutrino has to 
have a mass of at least 

~ 0.05 eV!

• Absolute masses and hierarchy not known yet! Two possible arrangements...
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Solar and atmospheric 
oscillations probe two 
of the three mixing 
angles - the 3rd 
(smallest) needs 
“laboratory” 
experiments
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Measurements with man-made Neutrinos
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Man-made Neutrino Sources

• Two main sources for neutrinos used for oscillation experiments:
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high energy acceleratorsnuclear power reactors
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Reactor Neutrinos

• A rich spectrum of anti-electron neutrinos - Energies in the MeV range
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source: nobelprize.org

source: wikipedia.org
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The Reactor Neutrino Spectrum

• A key component of reactor experiments: Understanding the neutrino flux and 
energy spectrum

• Highly non-trivial: Many fission and complex decay chains involved
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KamLAND: Using Reactors to prove Solar Oscillations

• For few MeV Neutrinos and “Large Mixing Angle” solution of solar 
observations: Need a baseline of ~ 100 km
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The KamLAND Experiment
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The KamLAND Experiment

• Neutrino detection in KamLAND (and other reactor experiments):
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• Two-component signature:

• Prompt signal: Ionisation energy from e+, annihilation photons


• Delayed signal: Photon from neutron capture

Universal feature: Only electron (anti-) neutrinos can be detected in CC reactions -  
Energy threshold for muon neutrinos > 105 MeV: 
Reactor experiments are disappearance experiments
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KamLAND: Proving Solar Oscillations

• Observed clear oscillation signal
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• Consistent with large mixing angle solution for solar observations

neutron emitters 9Li and 8He; the fast neutrons from muons
passing through the surrounding rock; as well as atmospheric
neutrinos.

Figure 3a shows the prompt energy spectrum of !ne candidate
events, observed with 2.9 kton ! year exposure, overlaid with the
expected reactor !ne and background spectra. A total of 1,609
events were observed, which is only B60% of the expected signal
if there are no oscillations. The ratio of the background-
subtracted !ne candidate events to no-oscillation expectation is
plotted in Fig. 3b as a function of L/En. The spectrum indicates
almost two cycles of the periodic feature expected from neutrino
oscillations, strongly disfavouring other explanations of the !ne
disappearance.

The KamLAND results17–19 are highly consistent with the solar
neutrino experiments, and have pinned down the solar neutrino
oscillation solution to the Large Mixing Angle region.
When combined with the results from SNO, they yield
the most precise measurements of tan2 y12 ¼ 0:47 þ 0:06

$ 0:05 and
Dm2

21 ¼ 7:59 þ 0:21
$ 0:21% 10 $ 5 eV2. This is a great example of the

complementarity between different types of experiments. The
SNO and KamLAND’s first results came out within B18 months
of each other, with the solar experiment being more sensitive to
the mixing angle y12 and the reactor experiment to the mass-
squared difference Dm2

21. The observation of the same effect with
two different sources on such different scales provides compelling
evidence for neutrino oscillations.

Searching for the smallest oscillation angle
In contrast to the Cabibbo–Kobayashi–Maskawa matrix in quark
mixing, where all three mixing angles are very small1, the mixing
angles in the neutrino-mixing matrix appear to be large: y23,
measured by the atmospheric51 and long-baseline accelerator52

neutrino experiments, is consistent with 45!, which corresponds
to maximal mixing; and y12, measured by the solar neutrino
experiments and KamLAND, is B33!. It was therefore natural to
expect that the third mixing angle, y13, might be of similar
magnitude.

The cleanest way to measure y13 is through kilometre-baseline
reactor neutrino oscillation experiments. A non-zero y13 will
cause a deficit of the !ne flux at B1–2 km baseline, as indicated in
Fig. 1. The size of the deficit is directly proportional to the value

of sin2 2y13. Unlike accelerator neutrino experiments, the reactor
measurements are independent of the CP phase and y23, and only
slightly dependent on the neutrino MH and matter effect. A high
precision measurement can therefore be achieved.

In the 1990s, two first-generation kilometre-baseline reactor
experiments, CHOOZ53 and PALO VERDE54, were constructed
to measure y13. The CHOOZ detector was built at a distance of
B1,050 m from the two reactors of the CHOOZ power plant of
Électricité de France in the Ardennes region of France. It took
data from April 1997 to July 1998. The PALO VERDE detector
was built at distances of 750, 890 and 890 m from the three
reactors of the Palo Verde Nuclear Generating Station in the
Arizona desert of the United States. It took data between October
1998 and July 2000. Surprisingly, neither experiment was able to
observe the !ne deficit caused by y13 oscillation. As a result, only an
upper limit of sin2 2y13o0.10 at 90% C.L. was obtained53.

The null results from CHOOZ and PALO VERDE, combined
with the measured values of y23 and y12, motivated many
phenomenological speculations of neutrino-mixing patterns such
as bimaximal and tribimaximal mixing55,56. In most of these
theories, y13 is either zero or very small. A direct consequence of a
vanishing y13 is that the CP violation in the leptonic sector, even
if large, can never be observed in the neutrino oscillation
experiments. The importance of knowing the precise value of y13
provoked a series of worldwide second-generation kilometre-
baseline reactor experiments in the twenty-first century, including
Double Chooz23 in France, RENO22 in Korea and Daya Bay20 in
China, to push the sensitivity to y13 considerably below 10!.
Table 1 summarizes some of the key parameters of the five
aforementioned experiments.

A common technology used in both the first- and second-
generation experiments is the gadolinium-loaded liquid scintil-
lator as the !ne detection target. Gd has a high thermal neutron
capture cross-section. With B0.1% gadolinium loading, the
neutron capture time is reduced to B28 from B200ms for the
unloaded scintillator (as used in KamLAND). Furthermore, Gd
de-excitation after the neutron capture releases an 8-MeV
gamma-ray cascade, which gives a delayed signal well above
natural radioactivity (in contrast, neutron capture on a proton
releases a single 2.2-MeV g). The accidental coincidence back-
ground is therefore drastically reduced.
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Figure 3 | Results from KamLAND. (a) The data points show the measured prompt energy spectrum of !ne candidate events. The shaded histograms show
the expected backgrounds. The expected reactor spectra without oscillation and with best-fit oscillation are shown as the dashed histogram. All histograms
incorporate the energy-dependent selection efficiency, which is shown on the top. Only B60% of reactor !ne’s are observed relative to the no-oscillation
expectation. (b ) The data points show the ratio of the background-subtracted !ne spectrum to the expectation for no-oscillation as a function of L0/En. L0 is
the effective baseline taken as a flux-weighted average (L0 ¼ 180 km). The spectrum indicates almost two cycles of periodic feature as expected from

neutrino oscillations. The oscillation survival probability using the best estimates of y12 and Dm2
21

!! !! is given by the blue curve. The curve deviates from the

perfect sinusoidal L/E dependence since KamLAND has multiple baselines. Panels a,b are reproduced, with permission, from ref. 19. Copyright 2008 by the
American Physical Society.
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events, observed with 2.9 kton ! year exposure, overlaid with the
expected reactor !ne and background spectra. A total of 1,609
events were observed, which is only B60% of the expected signal
if there are no oscillations. The ratio of the background-
subtracted !ne candidate events to no-oscillation expectation is
plotted in Fig. 3b as a function of L/En. The spectrum indicates
almost two cycles of the periodic feature expected from neutrino
oscillations, strongly disfavouring other explanations of the !ne
disappearance.
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to maximal mixing; and y12, measured by the solar neutrino
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expect that the third mixing angle, y13, might be of similar
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The cleanest way to measure y13 is through kilometre-baseline
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cause a deficit of the !ne flux at B1–2 km baseline, as indicated in
Fig. 1. The size of the deficit is directly proportional to the value
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measurements are independent of the CP phase and y23, and only
slightly dependent on the neutrino MH and matter effect. A high
precision measurement can therefore be achieved.

In the 1990s, two first-generation kilometre-baseline reactor
experiments, CHOOZ53 and PALO VERDE54, were constructed
to measure y13. The CHOOZ detector was built at a distance of
B1,050 m from the two reactors of the CHOOZ power plant of
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was built at distances of 750, 890 and 890 m from the three
reactors of the Palo Verde Nuclear Generating Station in the
Arizona desert of the United States. It took data between October
1998 and July 2000. Surprisingly, neither experiment was able to
observe the !ne deficit caused by y13 oscillation. As a result, only an
upper limit of sin2 2y13o0.10 at 90% C.L. was obtained53.

The null results from CHOOZ and PALO VERDE, combined
with the measured values of y23 and y12, motivated many
phenomenological speculations of neutrino-mixing patterns such
as bimaximal and tribimaximal mixing55,56. In most of these
theories, y13 is either zero or very small. A direct consequence of a
vanishing y13 is that the CP violation in the leptonic sector, even
if large, can never be observed in the neutrino oscillation
experiments. The importance of knowing the precise value of y13
provoked a series of worldwide second-generation kilometre-
baseline reactor experiments in the twenty-first century, including
Double Chooz23 in France, RENO22 in Korea and Daya Bay20 in
China, to push the sensitivity to y13 considerably below 10!.
Table 1 summarizes some of the key parameters of the five
aforementioned experiments.

A common technology used in both the first- and second-
generation experiments is the gadolinium-loaded liquid scintil-
lator as the !ne detection target. Gd has a high thermal neutron
capture cross-section. With B0.1% gadolinium loading, the
neutron capture time is reduced to B28 from B200ms for the
unloaded scintillator (as used in KamLAND). Furthermore, Gd
de-excitation after the neutron capture releases an 8-MeV
gamma-ray cascade, which gives a delayed signal well above
natural radioactivity (in contrast, neutron capture on a proton
releases a single 2.2-MeV g). The accidental coincidence back-
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Figure 3 | Results from KamLAND. (a) The data points show the measured prompt energy spectrum of !ne candidate events. The shaded histograms show
the expected backgrounds. The expected reactor spectra without oscillation and with best-fit oscillation are shown as the dashed histogram. All histograms
incorporate the energy-dependent selection efficiency, which is shown on the top. Only B60% of reactor !ne’s are observed relative to the no-oscillation
expectation. (b ) The data points show the ratio of the background-subtracted !ne spectrum to the expectation for no-oscillation as a function of L0/En. L0 is
the effective baseline taken as a flux-weighted average (L0 ¼ 180 km). The spectrum indicates almost two cycles of periodic feature as expected from

neutrino oscillations. The oscillation survival probability using the best estimates of y12 and Dm2
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Going beyond the leading Oscillation

• Oscillations of reactor (and solar) neutrinos are dominated by the 1->2 
transition - but that is not all:
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Illustrated for mono-energetic anti-electron neutrinos with E = 4 MeV

slow (dominant) oscillation: 
given by Δm212


fast (sub-dominant) oscillation: 
given by Δm213 (~ Δm223)


~ factor 32 in oscillation speed
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Daya Bay: Measuring Θ13
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Daya Bay Detectors

• Liquid scintillator detectors (20t)

• Gd doped to improve neutron 

capture for secondary signal


• Water-based veto

�15
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2018, 13: Neutrinos II



Frank Simon (fsimon@mpp.mpg.de)

Daya Bay Oscillation Signal
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hypothetical signal with 
monoenergetic neutrinos

expected signal taking 
energy spectrum into 
account

 15

Oscillation Results with 1958 Days

Nothing abnormal found with two far ADs whose rates deviate from best-fit
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• See a clear rate and shape distortion that fits well to the 3-neutrino 
hypothesis:
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Daya Bay Result
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Oscillation Results with 1958 Days
• Measure sin22θ13 and |Δm2ee| to 3.4% and 2.8% respectively

P ve → ve( ) = 1− sin2 2θ13 sin2 1.267Δmee
2 L

E
− solar term

effective mass 
splitting

Results are cross-checked by a few independent analyses

preliminary preliminary

results with 
1958 days

 sin2 2θ13 = 0.0856 ± 0.0029

|Δmee
2 |= (2.52 ± 0.07)×10−3  eV2

The statistical uncertainty 
contributes about 60% 
(50%) of the total θ13 
(Δm2ee) uncertainty.

poster
#6 (W)

Daya Bay is not alone: Other experiments: Double Chooz (France), RENO (Korea)
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The Next Generation of Reactor Experiments

• JUNO: Measure the mass ordering of neutrinos
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8He isotopes are mostly produced by the muons accompanied by
large electromagnetic or hadronic showers68. In KamLAND, if a
shower muon is tagged, the whole detector is vetoed for 2 s. Such
a veto strategy will lead to a significant signal loss at JUNO and
RENO-50. Since the lateral distance of the isotopes from the
parent muon trajectory is approximately exponential68, a small
veto region along the muon track can efficiently remove the
background with minimal loss of signals. Thus, the ability to track
the shower muons is essential, which demands new developments
in the muon veto system and improvements on the simulations
and reconstructions.

JUNO will observe B60 reactor !ne events per day. The
expected energy spectrum is shown in Fig. 5. The sensitivity of
the MH determination at JUNO is estimated to exceed 3s (for
the statistical interpretations see refs 69,70) in 6 years63,71.
Assuming that the effective mass-squared difference measured by
the ongoing accelerator experiments can achieve 1.5–1%
precision72, the MH sensitivity at JUNO can be improved to
3.7–4.4s (ref. 63). RENO-50 has similar sensitivity reaches. In
addition to the MH determination, both JUNO and RENO-50
have great potentials in the precision measurements of the
neutrino oscillation parameters. The experiments expect to
measure Dm2

21; Dm2
31

!! !! and sin2y12 to precisions better than
1%. This offers a major step towards the unitarity test of the
neutrino mixing matrix73 and is important to guide the directions
of future experiments and theories.

The next-generation medium-baseline reactor experiments
provide a unique opportunity to determine the neutrino MH
with the precision measurement of the reactor neutrino spectrum.
Most systematic effects are well understood and studied, although
the technical challenges are significant. The MH sensitivity is
expected to reach 3–4s . The reactor measurements are indepen-
dent of y23, the CP-violating phase and the matter effect.
Combining with the future long-baseline accelerator74,75 and
atmospheric76,77 neutrino oscillation programmes, we will once
again have complementary measurements of the neutrino MH
with different types of experiments. Such complementarity has
proved essential in the history of establishing the phenomenon of
neutrino oscillations.

Searching for sterile neutrinos
Precision electroweak measurements of the decay width of the Z
boson determine the number of active light neutrinos. The
result, 2.92±0.05 (ref. 78), is obviously compatible with the
three neutrino flavours. The three-neutrino framework has
been extremely successful in explaining neutrino oscillation
results, since only two oscillation frequencies, corresponding
to the two mass-squared differences (Dm2

21 ! 7:6"10# 5 eV2

and Dm2
31 ! 2:4"10# 3 eV2), were observed by the solar,

atmospheric, accelerator and reactor neutrino oscillation
experiments. However, in the 1990s, the LSND experiment79,80

reported an anomalous event excess in the !nm ! !ne appearance
channel, which could be interpreted as an oscillation with the
Dm2B1 eV2. Such a scale is clearly incompatible with the above
Dm2

21 and Dm2
31. Since the LSND result contradicted the three-

neutrino framework, it is often referred to as the ‘LSND anomaly’.
The LSND anomaly indicates the existence of additional fourth

or more neutrino families with masses mB1 eV. Since these
additional neutrinos cannot couple to Z bosons, they must lack
weak interactions and are therefore sterile. Sterile neutrinos are
observable only through their sub-dominant mixing with the
familiar active neutrinos. The light sterile neutrinos, coinciden-
tally, are also among the leading candidates to resolve outstanding
puzzles in astrophysics and cosmology81–84. On the other hand,
the light sterile neutrinos are generally not ‘natural’ in the
theories that extend the neutrino Standard Model. For example,
the popular type-I see-saw model85–88, which provides an elegant
explanation of the small neutrino masses and the matter-
antimatter asymmetry of the universe89, predicts only heavy
sterile neutrinos (m41010 eV). If the light sterile neutrinos
indeed exist, as LSND indicates, they would suggest new frontiers
in both experimental and theoretical physics.

The LSND anomaly so-far remains experimentally uncon-
firmed, despite many efforts. However, there are several hints
supporting LSND’s findings, even though none are really
conclusive. The MiniBooNE experiment, designed at a similar
L/E baseline as LSND using accelerator neutrinos, observed event
excess in the nm-ne and !nm ! !ne appearance channels that have
been interpreted as consistent with LSND90,91. The GALLEX92
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Neutrinos at Accelerators

⇤�, K� � µ� + ⇥̄µ

• Neutrino production:

• Analogous to air showers: hadronic showers on impact of highly energetic 

protons on production target

• Production of pions, kaons that decay in a decay tunnel:


• Tunnel not long enough for substantial decay of muons: Essentially pure νμ beam


• There have been many different experiments with accelerator neutrinos

• Study of the weak interaction


• Measurement of the quark composition of nuclei

• Discovery of the ντ

• Confirmation of atmospheric measurements


• Evidence for non-zero θ13


• First hints for CP violation

�19
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2018, 13: Neutrinos II



Frank Simon (fsimon@mpp.mpg.de)

Making A Neutrino Beam

• Pions focused by specialized magnet 
systems:  
“Neutrino Horns”
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Long Baseline Experiments

• Neutrino beam produced with accelerator

• Reference measurement with a “Near Detector”


• Detection of neutrinos in a “Far Detector”


‣ Choice of distance and energy depends the region of the mixing matrix that 
can be probed
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The composition of the beam changes from source to detector

From a pure νμ beam to a mixture of νμ , ντ and a few νe (θ13 ≠ 0) 
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T2K: Neutrino Beam to SuperK

• Goal: precise measurement of atmosph. oscillation, θ13, possible CP violation

• Runs since 2010 (with 1 year down time  

due to Tohoku Earthquake)
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Ken Sakashita, KEK Seminar

T2K is an “off-axis”- Beam: Aims not directly at the  
far detector -results in sharper energy distribution

At T2K: optimal energy 0.6 GeV
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T2K - The Choice of the Right Baseline

• Almost complete disappearance of νµ:
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Also optimal for a 
measurement of θ13! 

  

Reminder of results of ν
μ 
disappearance 8Benjamin Quilain

● World leading constraint on Θ
23

 

● Tension w/ MINOS : T2K favours maximal mixing 
and higher |∆m²

32
|value

● ν
μ  

disappearance results @ T2K (using unbinned & binned likelihood methods)

● Joint ν
μ  

disappearance / ν
e  

appearance results sin²(Θ
23 

) |∆m²
32

|

NH 0.524+0.057 (251+11 ) x 10-5 eV²/c4 

IH 0.523 ± 0.065 (249 ± 0.12) x 10-5 eV²/c4 

Clear observation of disappearance

Normal hierarchy

-12-0.059
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Atmospheric & Accelerators: The Global Picture

• Super-K atmospheric compared to accelerator long baseline: 
all fits together, accelerators give the most precise results by now
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CNGS / OPERA - Confirmation 

• One of the goals: Direct observation of oscillations of νμ to ντ in a νμ Long 
Baseline Beam (CERN → Gran Sasso)
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• Magnetic spectrometer for 
track and energy 
reconstruction, in between 
blocks of photo emulsion for 
precise reconstruction of 
tracks at the interaction vertex


• If an interesting event is 
observed in the 
spectrometer, the 
corresponding block is 
extracted and examined
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OPERA: First ντ Candidate
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ντ produces τ, fast decay into μ and νs

➫ Proof, that the atmospheric oscillation is νμ → ντ 

νμ Beam

OPERA Press Release, 31.05.2010

In total 4 
additional ντ 
have been 
observed - 
“5 -sigma 
discovery”: 
matches 
expectations
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Frank Simon (fsimon@mpp.mpg.de)

Measuring θ13 at Accelerators

• θ13 describes ν1 → ν3 oscillations: Squared mass differences (almost) as in the 
atmospheric case, but transitions involving νe (large νe component in ν1!)

• With a νμ beam, θ13 is accessible through the subdominant oscillation from  

νμ to νe (the dominant oscillation is νμ to ντ)

�27
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2018, 13: Neutrinos II

Oscillation probability:

Strongly suppressed 
compared to  
νμ → ντ oscillations: Looking 
for small effects!

%
 b

ea
m

 
length scale depends on ν energy

here: shown for the NOνA 
experiment at FNAL

Important: Energy matched to baseline

Narrow energy distribution

K. Arms, CIPANP2009
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T2K - Oscillation Results

• Observation of νμ → νe oscillations :
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11 events (3.2 σ that θ13 is not 0)

T2K was first - but best results currently from Daya Bay (see above)
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Searching for CP Violation in the ν - Sector

• CP Violation: A difference between matter and antimatter
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• In the SM: Generated by the complex phase in the mixing matrix (Quarks, νs), 
if δ ≠ 0


• Shows up in differences in oscillation behavior between neutrinos and anti-
neutrinos!

E ~ 0.6 GeV 
L ~ 295 km 

Neutrino oscillations at T2K

P (⌫µ ! ⌫e) ' sin2 2✓13 ⇥ sin2 ✓23 ⇥
sin2[(1� x)�]

(1� x)2

� ↵ sin �CP ⇥ sin2 2✓12 sin 2✓13 sin 2✓23 ⇥ sin�
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x
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(1� x)

↵ cos �CP ⇥ sin 2✓12 sin 2✓13 sin 2✓23 ⇥ cos�
sin[x�]

x

sin[(1� x)�]

(1� x)

+O(↵2) ↵ = |�m2
21

�m2
31

| ⇠ 1

30
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31

Phys. Rev. D64 (2001) 053003

• Precise measurement of sin22Ɵ23

• Test of CPT by comparing measured νµ → νµ  with  νµ → νµ

P (⌫µ ! ⌫µ) ' 1� (cos4 ✓13 sin
2 2✓23) sin

2

✓
�m2

31
L

4E

◆

CP violating

CP conserving

_ _

Leading term

• The leading term defines the octant Ɵ23>45° or Ɵ23<45°
• All mass splittings and mixing angles have been measured to be non-zero: 

second order term can violate the CP symmetry if sinδCP ≠ 0  

“+” for antineutrino

9
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First Results from T2K - 2016

• Running both with neutrinos 
and anti-neutrinos: 
Observed less anti-νe than 
expected in any scenario: 
hints at maximal CP 
violation
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5

1-Track) and at least one other track enters the TPC (CC
N-Track).

When fitting, the data are binned according to the mo-
mentum of the muon candidate, pµ and cos✓µ, where ✓µ
is the angle of the muon direction relative to the central
axis of the detector, roughly 1.7� away from the incident
(anti)neutrino direction. A binned maximum likelihood
fit is performed in which the neutrino flux and interac-
tion model parameters are allowed to vary. Nuisance pa-
rameters describing the systematic errors in the ND280
detector model – the largest of which is pion interaction
modelling – are marginalised in the fit.

The fitted pµ and cos✓µ distributions for the FGD2
CC0⇡ and CC 1-Track categories are shown in Fig. 2. Ac-
ceptable agreement between the post-fit model and data
is observed for both kinematic variables, with a p-value
of 0.086. The best-fit fluxes are increased with respect
to the original flux model by 10-15% near the flux peak.
This is driven by the pre-fit deficit in the prediction for
the CC0⇡ and CC Other samples. The fitted value for
the axial mass in the CCQE model is 1.12 GeV/c2, com-
pared to 1.24 GeV/c2 in a previous fit where the 2p-2h
model and RPA corrections were not included [14]. The
fit to ND280 data reduces the uncertainty on the event-
rate predictions at the far detector due to uncertainties
on the flux and ND280-constrained interaction model pa-
rameters from 10.9%(12.4%) to 2.9%(3.2%) for the ⌫e(⌫̄e)
candidate sample.
Far Detector Data — At the far detector, events are
extracted that lie within [�2, 10]µs relative to the beam
arrival. Fully contained events within the fiducial volume
are selected by requiring that no hit cluster is observed
in the outer detector volume, that the distance from the
reconstructed vertex to the inner detector wall is larger
than 2m, and that the total observed charge is greater
than the equivalent quantity for a 30MeV electron. The
CCQE component of our sample is enhanced by select-
ing events with a single Cherenkov ring. The ⌫µ/⌫̄µ
CCQE candidate samples are then selected by requiring
a µ-like ring using a PID-likelihood, zero or one decay
electron candidates and muon momentum greater than
200MeV/c to reduce pion background. Post selection,
135 and 66 events remain in the ⌫µ and ⌫̄µ candidate sam-
ples respectively, while if |�m2

32| = 2.509⇥ 10�3 eV2/c4

and sin2 ✓23 = 0.528 (i.e. maximal disappearance), 135.5
and 64.1 events are expected. The ⌫e/⌫̄e CCQE candi-
date samples are selected by requiring an e-like ring, zero
decay electron candidates, not ⇡0-like and reconstructed
energy less than 1.25GeV. The total number of events
remaining in these samples is presented in Table I with
their respective expectation for di↵erent values of �CP ,
sin2 2✓13 = 0.085, |�m2

32| = 2.509 ⇥ 10�3 eV2/c4, and
sin2 ✓23 = 0.528. The ⌫e (⌫̄e) contamination in the ⌫̄e (⌫e)
sample is 17.4 (0.5) %, and the proportion of the sample
expected to correspond to oscillated ⌫̄e (⌫e) events is 46.4
(80.9) % for �CP = �⇡/2. A more detailed description
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FIG. 2. The FGD2 data, pre-fit predictions and post-fit pre-
dictions binned in pµ (left) and cos✓µ (right) for the neutrino
mode CC0⇡ (top), antineutrino mode CC 1-Track µ+ (mid-
dle) and antineutrino mode CC 1-Track µ� (bottom) cate-
gories. The overflow bins are integrated out to 10000 MeV/c
and -1.0 for pµ and the cos✓µ respectively.

of the candidate event selections can be found in previ-
ous publications [14]. The reconstructed neutrino energy
spectra for the ⌫e and ⌫̄e samples is shown in Fig. 3. The
⌫̄e signal events are concentrated in the forward direc-
tion with respect to the beam, unlike the backgrounds.
Therefore, incorporating reconstructed lepton angle in-
formation in the analysis increases the sensitivity.
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FIG. 3. The reconstructed neutrino energy at the far detec-
tor for the ⌫e (left) and ⌫̄e (right) candidate samples is shown
together with the expected distribution without oscillation
(blue histogram) and the best fit (red histogram).

The systematic errors concerning the detector be-
haviour are estimated using atmospheric neutrino and

6

cosmic-ray muon events. A sample of hybrid data-MC
events is also used to evaluate uncertainties regarding ⇡0

rejection. Correlations between the uncertainties for the
four samples are considered.

TABLE I. Number of ⌫e and ⌫e events expected for various
values of �CP and both mass orderings compared to the ob-
served numbers.

Normal �CP = �⇡/2 �CP = 0 �CP = ⇡/2 �CP = ⇡ Observed

⌫e 28.7 24.2 19.6 24.1 32

⌫e 6.0 6.9 7.7 6.8 4

Inverted �CP = �⇡/2 �CP = 0 �CP = ⇡/2 �CP = ⇡ Observed

⌫e 25.4 21.3 17.1 21.3 32

⌫e 6.5 7.4 8.4 7.4 4

The fractional variation of the number of expected
events for the four samples owing to the various sources
of systematic uncertainty are shown in Table II. A more
in-depth description of the sources of systematic uncer-
tainty in the fit is given in [14], although this reference
does not cover the updates discussed in previous sections.

TABLE II. Systematic uncertainty on the predicted event
rate at the far detector.

Source [%] ⌫µ ⌫e ⌫µ ⌫e

ND280-unconstrained cross section 0.7 3.0 0.8 3.3

Flux and ND280-constrained cross section 2.8 2.9 3.3 3.2

SK detector systematics 3.9 2.4 3.3 3.1

Final or secondary hadron interactions 1.5 2.5 2.1 2.5

Total 5.0 5.4 5.2 6.2

Oscillation Analysis — The oscillation parameters
sin2 ✓23, �m2

32, sin
2 ✓13 and �CP are estimated by per-

forming a joint maximum-likelihood fit of the four far
detector samples. The oscillation probabilities are calcu-
lated using the full three-flavor oscillation formulae [40].
Matter e↵ects are included with an Earth density of
⇢ = 2.6 g/cm3 [41].

As described previously, the priors for the beam flux
and neutrino interaction cross-section parameters are ob-
tained from the fit with the near detector data. The
priors [8] for the solar neutrino oscillation parameters
– whose impact is almost negligible – are sin2 2✓12 =
0.846± 0.021, �m2

21 = (7.53± 0.18)⇥ 10�5 eV2/c4, and
in some fits we use sin2 2✓13 = 0.085±0.005 [8], called the
“reactor measurement”. Flat priors are used for sin2 ✓23,
�m2

32, and �CP .
We use a procedure analogous to [15]: after integrat-

ing over the prior distributions of the nuisance param-
eters a marginal likelihood, that depends only on the
relevant oscillation parameters, is obtained. We define
�2� lnL = �2 ln[L(o)/Lmax] as the ratio between the
marginal likelihood at the point o of the relevant oscilla-
tion parameter space and the maximum marginal likeli-

hood.
We have conducted three analyses using di↵erent far

detector event quantities and di↵erent statistical ap-
proaches. All of them use the neutrino energy recon-
structed in the CCQE hypothesis (Erec) for the

( )

⌫µ sam-
ples. The first analysis uses Erec and the reconstructed
angle between the lepton and the neutrino beam direc-
tion, ✓lep, of the

( )

⌫e candidate samples and provides con-
fidence intervals using a hybrid Bayesian-frequentist ap-
proach [42]. These results are shown in the following
figures. The second analysis is fully Bayesian and uses
the lepton momentum, plep, and ✓lep for the

( )

⌫e samples
to compute credible intervals using the posterior proba-
bility. The third analysis uses only Erec spectra for the

( )

⌫e
samples and a Markov Chain Monte Carlo method [43]
to provide Bayesian credible intervals. This analysis per-
forms a simultaneous fit of both the near and far detector
data, providing a validation of the extrapolation of the
flux, cross section and detector systematic parameters
from the near to far detector. All three methods are in
good agreement.
An indication of the sensitivity to �CP and the mass

ordering can be obtained from Table I. If CP violation
is maximal (�CP = ±⇡/2), the predicted variation of the
total number of events with respect to the CP conserva-
tion hypothesis (�CP = 0,⇡) is about 20%. The di↵erent
mass orderings induce a variation of the number of ex-
pected events of about 10%.
A series of fits are performed where one or two os-

cillation parameters are determined and the others are
marginalised. Confidence regions are set using the con-
stant �2� lnL method [8]. In the first fit confidence
regions in the sin2 ✓23 � |�m2

32| plane (Fig. 4) were
computed using the reactor measurement of sin2 ✓13.
The best-fit values are sin2 ✓23 = 0.532 and |�m2

32| =
2.545 ⇥ 10�3 eV2/c4 (sin2 ✓23 = 0.534 and |�m2

32| =
2.510 ⇥ 10�3 eV2/c4) for the normal (inverted) order-
ing. The result is consistent with maximal disappear-
ance. The T2K data weakly prefer the second octant
(sin2 ✓23 > 0.5) with a posterior probability of 61%.
Confidence regions in the sin2 ✓13 � �CP plane are com-

puted independently for both mass ordering hypotheses
(Fig. 5) without using the reactor measurement. The ad-
dition of antineutrino samples at Super-K gives the first
sensitivity to �CP from T2K data alone. There is good
agreement between the T2K result and the reactor mea-
surement for sin2 ✓13. For both mass-ordering hypothe-
ses, the best-fit value of �CP is close to �⇡/2.
Confidence intervals for �CP are obtained using the

Feldman-Cousins method [48]. The parameter sin2 ✓13
is marginalised using the reactor measurement. The
best-fit value is obtained for the normal ordering and
�CP = �1.791, close to maximal CP violation (Fig. 6).
For inverted ordering the best-fit value of �CP is �1.414.
The hypothesis of CP conservation (�CP = 0,⇡) is ex-
cluded at 90% C.L. and �CP = 0 is excluded at more
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IceCube[47] confidence regions.
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FIG. 5. The 68% (90%) constant �2� lnL confidence re-
gions in the �CP � sin2 ✓13 plane are shown by the dashed
(continuous) lines, computed independently for the normal
(black) and inverted (red) mass ordering. The best-fit point
is shown by a star for each mass ordering hypothesis. The
68% confidence region from reactor experiments on sin2 ✓13 is
shown by the yellow vertical band.

than 2�. The �CP confidence intervals at 90% C.L. are
(�3.13, �0.39) for normal ordering and (�2.09,�0.74) for
inverted ordering. The Bayesian credible interval at 90%,
marginalising over the mass ordering, is (�3.13,�0.21).
The normal ordering is weakly favored over the inverted
ordering with a posterior probability of 75%.

Sensitivity studies show that, if the true value of �CP

is �⇡/2 and the mass ordering is normal, the fraction of
pseudo-experiments where CP conservation (�CP = 0,⇡)
is excluded with a significance of 90% C.L. is 17.3%, with
the amount of data used in this analysis.
Conclusions — T2K has performed the first search for

 (radians)CPδ
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FIG. 6. �2� lnL as a function of �CP for the normal (black)
and inverted (red) mass ordering. The vertical lines show the
corresponding allowed 90% confidence intervals, calculated
using the Feldman-Cousins method. sin2 ✓13 is marginalised
using the reactor measurement as prior probability.

CP violation in neutrino oscillations using ⌫µ ! ⌫e ap-
pearance and ⌫µ ! ⌫µ disappearance channels in neu-
trino and antineutrino mode. The one-dimensional con-
fidence interval at 90% for �CP spans the range (�3.13,
�0.39) in the normal mass ordering. The CP conserva-
tion hypothesis (�CP = 0,⇡) is excluded at 90% C.L. The
data related to the measurements and results presented
in this Letter can be found in Reference[49].
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T2K - Hot off the Press Update

• Significance pointing 
towards CP violation 
firm up - strong 
dependence on 
mass ordering 
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Future Measurements of CP Violation

• The “next big thing” in neutrino physics - with future experiments to make 
definitive measurements
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• DUNE at Fermilab - to start taking data in 2026

• x4 higher mean energy than T2K: longer baseline (good to constrain hierarchy)


• Also in discussion T2HK: Much larger water-Cherenkov detector in the beam 
from Tokai, same baseline as T2K
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Neutrinos are still mysterious

• The standard three-flavor neutrino picture is by now quite well understood

• Missing: mass ordering, CP phase δ


• There are intriguing puzzles both in reactor and accelerator-based 
experiments:

• “Reactor Anomaly”: Deficit of electron anti-neutrinos already at very short 

baselines - Oscillations or problems in the reactor modeling?


• Possible indications for very short  
baseline oscillations of muon neutrinos 
(LSND, MiniBooNE)
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L/E

• Average	Iwxy of	each	bin	is	used
• MiniBooNE	neutrino,	MiniBooNE	antineutrino	and	LSND	
are	consistent in	appearance	probability	and	L/E 17

MiniBooNE	
% + %̅ best	fitHints for sterile neutrinos?


Future experiments will (hopefully) tell…
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Now History: Neutrino Speed

• Measurement of the neutrino flight time - Synchronisation of clocks at   
CERN and Opera via GPS
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First Attempt - Spectacular Result

• September 2011: Opera observes, that the neutrinos are 60 ns too fast (with 
an uncertainties of 10 ns).
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Technique: “edges” of the neutrino distribution in Opera, relative to the  
proton pulse -at CERN - statistical method, possible uncertainties  from 
beam focusing (time structure of the neutrino pulse) 
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The Confirmation

• New measurements with pulsed beam, beam pulses 3 ns FWHM - direct 
measurement of flight time!

�36
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2018, 13: Neutrinos II

Confirms original results: beam 
structure as cause excluded


Uncertainty now only 4 ns (for a 
“signal” of 60 ns)

... but N.B.: There are corrections of 40 µs for signal running times in the 
electronics!
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The Resolution

• As most had expected - It was a 
measurement error: An optical 
fiber of the timing system was not 
correctly plugged in - Resulted in 
a slower signal rise on the 
corresponding photo diode, the 
clock is a bit later due to later 
passing of threshold, 
voila...
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Now: The time of 
flight is bang on, 
within a few ns!
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Neutrinos from Cosmic Sources
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Cosmic Neutrinos
• Few events: 

• Huge detectors required


• Very good shielding: The full earth 


• does not work for the highest energies: neutrino cross section rises with 
energy, above  ~100 TeV neutrinos are absorbed by earth
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Supernova Neutrinos
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Neutrinos are initially the first particles that can leave the explosion zone, all 
others are absorbed in the extremely dense, collapsing material: The neutrino 
signal reaches Earth before the optical signal!

‣ A large fraction of the gravitational energy of the star is emitted in the form 

of neutrinos, the typical energies are in the few 10 MeV range

• Neutrinos from the core collapse of a star - Production of all neutrino flavors

Formation of a neutron star:
A + e� � A⇥ + �e

Thermal production of electron - positron pairs in the accretion disc, followed 
by neutrino production (all flavors)

� + � � e+ + e� e+ + e� � � + �̄
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Supernova SN1987a

• Supernova explosion 1987 in the Large Magelanic Cloud
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Kamiokande Signal
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PRL 58, 1490 (1987)

A neutrino burst with a 
duration of ~10 s, seen 
at the same time also in 
the IMB experiment

11 events in 
Kamiokande, 

8 in IMB

Only      : highest 
detection 
probability,  lowest 
energy threshold

• A confirmed extraterrestrial signal
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Cosmic Neutrinos: Expectations
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cosmogenic neutrinos: 
Produced in decays of 
pions from GZK events: 
Could give hints on 
sources and production 
mechanisms of highest-
energy cosmic rays

in principle a 
“guaranteed discovery” 
with enough sensitivity
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Detectors for Neutrino Astronomy

• Different detection techniques, depend on energy and sensitivity 

• Energies in the TeV - PeV range:

• Cherenkov detectors: large signal, relatively low energy threshold, requires a high 

sensor density due to light absorption


• Amanda/IceCube: Antarctic ice as Cherenkov medium


• Antares/Baikal/KM3NeT: Deep sea (or lake) - water as Cherenkov medium


• Energies above 1017 - 1019 eV:

• Optical detection of neutrino-induced air showers: Auger, EUSO, ...


• Acoustic detection of neutrino-induced showers in water, ice, salt:


• Sound waves through heating of the material


• Cherenkov radio waves from electromagnetic showers induced by νe


• high range, sufficient signal for extreme energies


• First tests with RICE in Antarctic ice, now preparing ARIANNA for higher 
sensitivity
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Antares

• 2.5 km 
deep off 
the 
southern 
coast of 
France 
(Toulon, 
between 
Marseille 
and Saint 
Tropez)
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Amanda/IceCube
IceCube: 1 km3 instrumented volume
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Amanda/IceCube: Neutrinos at the South Pole
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Amanda/IceCube: Neutrinos at the South Pole

• Detectors for Cherenkov light: 
DOM (Digital-Optical Module)


• Total: 80 strings with 60 DOMs each
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IceCube Event

• Arrival time of light at individual 
detectors allows the 
determination of the muon 
direction and with that the 
direction of the neutrino
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Highest Energies - First Observation 2012

• IceCube has observed two events:
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(visible energy in the detector, neutrino energy higher)

• Both events are “down-going” (as expected)


• Requires specialized event selection to exclude atmospheric neutrinos

Quite a few events observed by now (60 > 60 TeV) - highest energy 5.9 PeV
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Neutrinos at Highest Energies
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FIG. 2. Deposited energies of observed events with predic-
tions. The hashed region shows uncertainties on the sum of all
backgrounds. Muons (red) are computed from simulation to
overcome statistical limitations in our background measure-
ment and scaled to match the total measured background
rate. Atmospheric neutrinos and uncertainties thereon are
derived from previous measurements of both the ⇡/K and
prompt components of the atmospheric ⌫µ spectrum [9]. A
gap larger than the one between 400 and 1000 TeV appears
in 43% of realizations of the best-fit continuous spectrum.

above IceCube. Evidence for an accompanying cosmic
ray air shower was observed, in the IceTop surface ar-
ray and sub-threshold early hits in our veto region, for
only two southern events (28 and 32). These appear to
have been part of the remnant muon background. The
absence of detected air showers in the remainder of the
southern hemisphere events, along with their overall rate,
high energies, and the preponderance of shower events,
generically disfavors any purely atmospheric explanation
(Figs. 2, 3).

Following [11], we fit the data in arrival angle and de-
posited energy to a combination of background muons,
atmospheric neutrinos from ⇡/K decay, atmospheric neu-
trinos from charmed meson decay, and an isotropic 1:1:1
astrophysical E

�2 test flux, as expected from charged
pion decays in cosmic ray accelerators [28–31]. The fit
included all those events with 60TeV < Edep < 3PeV,
a range in which the expected muon background is re-
duced below 1 event in the 3-year sample and impreci-
sions in modeling the muon background and threshold
region are minimized. The normalizations of all back-
ground and signal neutrino fluxes were left free in the
fit, while the penetrating muon background was con-
strained with a Gaussian prior reflecting our veto ef-
ficiency measurement. We then obtain a best-fit per-
flavor astrophysical flux (⌫ + ⌫̄) in this energy range
of E2

�(E) = 0.95 ± 0.3 ⇥ 10�8 GeV cm�2 s�1 sr�1 and
background normalizations within the expected ranges.
Quoted errors are 1� uncertainties based on a profile like-
lihood scan. This model describes the data well, with

FIG. 3. Arrival angles of events with Edep > 60 TeV, as used
in our fit and above the majority of the cosmic ray muon back-
ground. The increasing opacity of the Earth to high energy
neutrinos is visible at the right of the plot. Vetoing atmo-
spheric neutrinos by muons from their parent air showers de-
presses the atmospheric neutrino background on the left. The
data are described well by an astrophysical isotropic E�2 neu-
trino flux (gray line). Colors as in Fig. 2. Variations of this
figure with other energy thresholds are in the online supple-
ment.

FIG. 4. Extraterrestrial neutrino flux (⌫ + ⌫̄) as a function
of energy. Vertical error bars indicate the 2�L = ±1 con-
tours of the flux in each energy bin, holding all other val-
ues, including background normalizations, fixed. These pro-
vide approximate 68% confidence ranges. An increase in the
prompt atmospheric background to the level of the 90% CL
limit from the northern hemisphere ⌫µ spectrum [9] would re-
duce the inferred astrophysical flux at low energies to the level
shown for comparison in light gray. The best-fit power law is
E2�(E) = 1.5⇥ 10�8(E/100TeV)�0.3GeVcm�2s�1sr�1.

both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫µ spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.
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both the energy spectrum (Fig. 2) and arrival directions
(Fig. 3) of the events consistent with expectations for an
origin in a hard isotropic 1:1:1 neutrino flux. The best-
fit atmospheric-only alternative model, however, would
require a prompt normalization 3.6 times higher than
our current 90% CL upper limit from the northern hemi-
sphere ⌫µ spectrum [9]. Even this extreme scenario is
then disfavored by our fit at 5.7� with respect to a model
allowing an astrophysical contribution.

Effectivity of the exclusion of 
atmospheric neutrinos

• Atmospheric neutrinos 
excluded at 5.7 σ

• Data consistent with a 

cosmic neutrino flux of E-2

Up to now no individual sources 
identified, no correlation with 
known objects - but anisotropic 
distribution
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Summary

• Neutrino experiments using reactor and accelerator neutrinos have 

• confirmed the observations with solar and atmospheric neutrinos with high precision


• made a precise measurement of the third mixing angle Θ13


• provided first indications for a non-zero CP violating phase


• Upcoming experiments will


• determine the neutrino mass ordering (JUNO + DUNE)


• discover and measure CP violation in the neutrino sector if it exists (DUNE, HyperK)


• Cosmic neutrinos have been observed


• from the core-colapse supernova SN1987A


• PeV neutrinos from so-far unknown (but extraterrestrial) origin

• Watch out for an announcement by ICECUBE on Thursday - multi-messenger 

neutrino astronomy
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Thanks for attending the lecture - and have a great Summer! 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Lecture Overview

�53
Teilchenphysik mit kosmischen und erdgebundenen Beschleunigern: 
SS 2018, 13: Neutrinos II

09.04. Einführung / Introduction
16.04. Ground-based Accelerators
23.04. Cosmic Accelerators
30.04. Detectors in Astroparticle Physics
07.05. The Standard Model 
14.05. QCD and Jets at e+e- Colliders
21.05. Holiday - No Lecture
28.05. Precision Experiments with low-energy accelerators
04.06. Dark Matter & Dark Energy
11.06. Cosmic Rays I
18.06. Cosmic Rays II
25.06. Gravitational Waves, Neutrino Introduction
02.07. Neutrinos I
09.07. Neutrinos II


