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Neutrino Physics
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Neutrinos: Historical Introduction
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• 1914: J. Chadwick observes that the electron spectrum is continuous in 
nuclear β decays  A → B + e−  
 
 
                                                 Electron energy in 
                                                 two-body decays: 
 
 
 
 

- this result is in contradiction with the hypothesis of energy conservation in 
two-body decays 

- this remained a mystery for more than 15 years!
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1910’s: the β decay spectrum is continuous
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Fro. 4. Counting rates for various values of the magnetic
field at the high energy end of the spectrum.
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FIG. 3. Comparison of the counting rates for various
values of the magnetic field without (solid curve) and
with (dotted curve) the partition D in the box. N

detailed study of this endpoint is shown in Fig. 4.
This indicates an upper limit at II=3380+50
gauss. Readings were taken for values of the
magnetic field as great as 4500 gauss and no
increase in the counting rate above the residual
value was found for any field strength above 3400
gauss. This upper limit represents an Imp=6604
&98 corresponding to an energy of (15.34&0.28)
X10' electron volts. The value of p used in
computing the upper limit was one-half the
distance from the side of the wire nearest S2 to
the edge of S2 nearest the wire, which was 1.954
cm. In computing the energy distribution curve,
however, the value used was one-half the distance
from the side of the wire nearest S2 to the center
of S2, a distance of 1.975 cm.
This value of the upper limit is higher than

that obtained by such investigators as Madgwick,
Sargent, Feather and Champion who obtained
values for the endpoint from Hp =5000 to
Hp=5500. On the other hand Terroux found
there was no definite upper limit, while Curie and
d'Espine and Yovanovitch found a band ex-
tending from Hp= 6000 to IIp= 12,000.
The ordinates of the curve of Fig. 2 were

divided by H to give the distribution with respect
to Hp and then divided by sin 0 to give the
distribution with respect to the energy which is
shown in Fig. 5. This curve has a maximum at
3.87X10' electron volts. The average value of
the energy obtained from this curve by graphical

V .tele ctrl volt'si

Fro. 5. Energy distribution curve of the beta-rays.

means is 4.71X10' electron volts. Fig. 6 shows
the experimental curve and the curve obtained
from the Fermi theory. Both curves have been
reduced to unit area and the abscissae are
proportional to the energy instead of being actual
energies. Since all the energy distribution curves
of the simple type of the different radioactive
substances are of the same general form, Fermi's
theory should apply to all. He, however, points
out that the present theory which he has thus far
developed does not apply to radium E.The curve
of Fig, 6 shows this to be the case.
The endpoint of the P-ray spectrum of radium

E has been estimated from the effective range of
the particles in various substances such as paper
and aluminum and has been found to be between
an Hp of 5000 and 5500 corresponding to an
energy of 10.3 to 12.1X10' electron volts. This
method was used by Schmidt, Gray, Douglas,
Feather and Sargent. A kink always appears in
the absorption curve which is taken to be the
effective range of the fastest particles in the
substance. From this it is possible to estimate the
endpoint of the spectrum. It is quite often rather

F.A. Scott, 
Phys.Rev. 48 (1935) 391

E(e) =
m2

A �m2
B +m2

e

2mA
c2
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• 1930 : Wolfgang Pauli postulates 
the existence of a new light, neutral, 
spin 1/2, and non-interacting particle, 
which he calls “neutron” 
- such a particle would explain 

the observed continuous spectrum 
- it is a very hypothetical idea... 

... but which will prove to be correct! 
 

• 1932 : James Chadwick discovers a neutral particle, with a mass 
similar to the proton mass: the “neutron” (n) 

- Fermi renames “neutrino” (ν) Pauli’s neutral particle

5

1930’s: the neutrino hypothesis

W. Pauli, Lecture in Copenhagen, 1929 
CERN PAULI-ARCHIVE-PHO-021-1

J. Chadwick, Proc. R. Soc. Lond. A136 (1932) 692

https://royalsocietypublishing.org/doi/10.1098/rspa.1932.0112
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• 1934: Enrico Fermi gives the first theoretical 
description for nuclear β decays 
- the electron and the neutrino are not pre-existing 

components of the nucleus: a neutron decays into 
a proton, an electron, and a (anti-)neutrino 
 
 
 
 
 

- Fermi describes the transition probability in terms of hadronic and leptonic 
currents (similarly to quantum electrodynamics)

6

1930’s: Fermi’s theory

E.Fermi 
(Los Alamos ID card)

(A,Z) ! (A,Z + 1) + e� + ⌫̄e

n ! p+ e� + ⌫̄e
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Reines & Cowan 
University of California, Irvine

• 1956: Reines and Cowan observe the 
neutrino in inverse β decays 
(Savannah River experiment) 
 

- anti-neutrinos are produced 
in a nuclear reactor 

- e+ annihilation with e− gives 
two 511 keV photons in 
coincidence 

- a neutron captured by Cd 
gives several delayed 
photons (depends on Cd 
concentration ⇒ calibration)

7

1950’s: observation of the neutrino  (I)

⌫̄e + p ! n+ e+

PI-IYSICAI. REVIEW VOLUMF: 117, NUM HER 1 .'f ANUARY i, 1960

Detection of the Free Antineutrino*
F. REINEStt C. I . COWAN, JR., t F. B.HARRISON, A. D. MCGUIRE, AND H. W. KEUSE
Los Alamos Sceerttific Laboratory, UNeeersety of Cateforrtea, Los Alamos, Pete Mexico

(Received July 27, 1959)

The antineutrino absorption reaction p(P, tt+)rI was observed in two 200-liter water targets each placed
between large liquid scintillation detectors and located near a powerful production fission reactor in an
antineutrino Qux of 1.2&(10"cm ' sec '. The signal, a delayed-coincidence event consisting of the annihilation
of the positron followed by the capture of the neutron in cadmium which was dissolved in the water target,
was subjected to a variety of tests. These tests demonstrated that reactor-associated events occurred at
the rate of 3.0 hr ' for both targets taken together, consistent with expectations; the erst pulse of the pair
was due to a positron; the second to a neutron; the signal dependended on the presence of protons in the
target; and the signal was not due to neutrons or gamma rays from the reactor.

INTRODUCTION

HE importance of a direct verification of the
Pauli-Fermi neutrino hypothesis' has long been

recognized, The experiment reported in this paper
was designed to show that the neutrino has an independ-
ent existence, i.e., that it can be detected away from
the site of its creation, by means of the effect it produces
on a counter. In this work, carried out at the Savannah
River Plant of the U. S. Atomic Energy Commission,
we investigated the reaction'

which is the antineutrino-induced inversion of neutron
decay.
The detection scheme is shown schematically in

Fig. 1. An antineutrino (v) from the fission products in
a powerful production reactor is incident on a water
target in which CdC12 has been dissolved. By reaction
(1), the incident P produces a positron (P+) and a
neutron (rt). The positron slows down and annihilates
with an electron in a time short compared with the
0.2-@sec resolving time characteristic of our system,
and the resulting two 0.5-Mev annihilation gamma rays
penetrate the target and are detected in prompt
coincidence by the two large scintillation detectors
placed on opposite sides of the target. The neutron is
moderated by the water and then captured by cadmium
in a time dependent on the cadmium concentration
(in our experiments practically all neutrons are captured
within 10 ttsec of their production) . The multiple
*Work performed under the auspices of the U. S. Atomic

Energy Commission. A preliminary account of the present work
appeared in Science 124, 103 (1956).The antineutrino is generally
understood to be associated with negative beta decay.
t Now at the Department of Physics, Case Institute of Tech-

nology, Cleveland, Ohio.
f. Now at the Department of Physics, Catholic University of

America, Washington, D. C.
W. Pauli, Jr., address to Group on Radioactivity of Tubingen,

December 4, 1930 (unpublished); E. Fermi, Z. Physik 88, 161
(1934).A discussion of the historical development of the neutrino
concept and some pictures of the apparatus used in the present
experiment may be found in an article by F. Reines and C. L.
Cowan, Jr., Phys. Today 10, 12 (1957).' A 6rst attempt to study this reaction was made at the Hanford
Engineering Works in 1953; F. Reines and C. L. Cowan, Jr.,
Phys. Rev. 92, 830 (1953).
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FIG. 1. Schematic diagram of antineutrino experiment.

cadmium-capture gammas are detected in prompt
coincidence by the two scintillation detectors, yielding
a characteristic delayed-coincidence count with the
preceding P+ gammas. The experiment consisted in
showing that:
1. Reactor-associated delayed coincidences of the

kind described above were observable at a rate con-
sistent with that calculated from the P Qux and the
detector efficiency, on the basis of the two-component
neutrino theory.
2. The first prompt-coincidence pulse of the delayed-

coincidence pair was due to positron-annihilation
radiation.
3. The second prompt-coincidence pulse of the

delayed-coincidence pair was due to cadmium capture
of a neutron.
4. The signal was a function of the number of

target protons.
5. The reactor-associated signal was not caused by

gamma rays or neutrons from the reactor.

Throughout the experiment an effort was made to
provide redundant checks of these several points. Since
it may not be easy to repeat the experiment because of
the elaborate equipment required, the results are given

Reines et.al., Phys. Rev. 117 (1960) 159
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rates (flux factor=1. 13, 1.12) gives 1.N&0. 17 hr "

for the top-triad signal rate and 1.24~0.12 hr ' for the
bottom triad. The ratio of signal to accidental back-
ground is about 4:1, and the ratio of signal to reactor-
independent correlated background is about 5:1. The
reactor-associated increase of the accidental background
is less than 0.05 hr ', i.e., less than 1/25 of the signal.
Because of the difference in the distances from the

reactor to the two target tanks, the F counting rate is
expected to be about 10% higher in the upper triad.
After correction for this factor, the ratio of the rates is
1.24+0.17, a value not inconsistent with unity.
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Although it was not the purpose of this experiment
to make a precise determination of the i-interaction
cross section, ' it nevertheless is important to establish
that the counting rates observed were consistent with
the expected cross section. For this purpose it is neces-
sary to know the efficiency with which neutrons and
positrons were detected.

Neutron Detection Ef5ciency

90

o 80
(II
Q 70

60
I- 50—
D
Oo 40-
30

20

IO

REACTOR ON~ 383.5 HR

REACTOR OFF
g'l28. 0 HRli'

(b) BOTTOM TRIAO

An attempt was made to determine the neutron-
detection efficiency by studying the response of the
apparatus to a Pu-Be neutron source. Unfortunately,
the neutrons from this source diGered in two essential
ways from the neutrons produced in our reaction:

(1) The Pu-Be neutrons are of higher energy,
ranging up to about 11 Mev neutrons from our
reaction' are of the order of 10 kev.
(2) The Pu-Be source is a point source, whereas the

v-associated neutrons are produced uniformly through-
out the target volume.
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(b)

FIG. 8. (a) Top triad, series 2 and 3b. Time-delay distribution:
a=0.010, 820+Cd. For reactor on: P Aux factor, 1.13; counts
from 0.75 to 7 @sec, 919; from 11 to 25 @sec, 427. For reactor off:
counts from 0.75 to 7 @sec, 27; from 11 to 25 psec, 40. (b) Bottom
triad, series 2 and 3b. Time-delay distribution: a=0.010, H20
+Cd. For reactor on: P Aux factor, 1.12; counts from 0.75 to
7 @sec, 815; from 11 to 25 @sec, 398. For reactor o8: counts from
0.75 to 7 ysec, 119; from 11 to 15 psec, 145.

For n=0.01, over 95% of the neutrons have been
captured by 11 @sec.4 The counts in the time-delay
interval from 11 to 25 psec were taken to be accidental.
In this series, only the counts in the interval from
0.75 to 7 psec were counted as signals, and the accidental
rate was derived from the counts in the interval from
11 to 25 psec, multiplied by the correction factor 6.25/14.
Subtraction of the reactor-independent time-corre-

lated background (flux factor =0) from the net counting

Reines, Co~van, Harrison, and Carter, Rev. Sci, Instr. 25,
1061 (1954).

The second of these differences was eliminated in
part by placing the source in several positions on top
of the target tank and averaging the response. No
simple, precise approach is available to take account of
the differing spectra.
First the relative neutron-detection efficiencies were

measured for various source positions on the water

TABLE II. Summary of second series.

Triad
v flux
factor

Counts Counts
Run from from Accidental
length 0.75—7 11—25 background
(hr) @sec psec (hr ')

Net rate
(hr ~)

more accurate cross-section measurement made subse-
quently to that reported here is the subject of a paper by l'. Reines
arid C. I,. Co&van, Jr. , 'Phys. Rev. 113, 273 (1959).' Leona, Stevvart, Phys. Rev. 98, 740 (1955).' The neutron spectrum associated ~vith fission- fragment
antineutrinos is discussed in Appendix II.

Top f .13 379.1 919 427 0.50&0.02 1.92~0.09
0 38.8 27 40 0.46a0.07 0.23~0.15

Bottom 1.12 383.5 815 398 0.46~0.02 1.66&0.08
0 128.0 119 145 0.50~0.04 0.42&0.09

OQ AN, Hgklx}&l 10131 AIC4UIH. I' 1 Ai3 I& h. n. t,l .)L

below in more th. an usual detail. In solne instances
checks which did not give definite positive results mere
included because it was believed to be important to
show that such results were not inconsistent with those
expected from antineutrino signals.

EQUIPMENT

A consideration of the cross section for reaction (].)
averaged over the fission antineutrino spectrum
( 10 ' cm') and the available TJ flux ( 10" cm '
sec ') made it apparent that large numbers of target
protons would be required. These were provided by
two plastic target tanks containing 200 liters of water
each, shaped as slabs 7.6 cm deep and 132 cm by 183 cm
in lateral dimensions. Each water tank was sandwiched
between two of the three large liquid scintillation
detectors (Fig. 2). The thickness of the water tanks
was limited by the absorption of the 0.5-Mev positron-
annihilation radiation produced in the antineutrino
reaction. The array of tanks formed two "triads"
with one detector tank in common. The 58-cm depth
of the iscintillation detectors was chosen so as to
absorb''the cadmium-capture gammas with the maxi-
mum eKciency attainable in the space available for
the system. Consideration of light-collection efBciency
and the energy resolution required of the system
resulted in the use of an extremely transparent liquid
scintillation solution containing 3 grams/liter of
terphenyl and 0.3 gram/liter of POPOP in highly
purified triethylbenzene. '
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4 tata FIG. 3. (a). Schematic of ganging yoke for the 55 photomultiplier
tubes at one end of a detector tank. All tubes were connected in
parallel across the high-vojtage, signal, and ground busses. The
200-ohm parasitic resistors suppressed oscillations. (b) Voltage
divider network used on Dumont 6364 photomultiplier tube.
These tubes were selected for low noise and their gains were
matched by using a standard source and choosing an appropriate
value for the gain balance resistor.

FIG. 2. Sketch of detectors inside their lead shield. The detector
tanks marked 1, 2, and 3 contained liquid scintillator solution
which was viewed in each tank by 1105-in. photomultiplier tubes.
The white tanks contained the water-cadmium chloride target,
and in this picture are some 28 cm deep. These were later replaced
by 7.5-cm deep polystyrene tanks, and detectors 1 and 2 were
lowered correspondingly. A drip tank, not shown here, was later
set underneath tank 3 in the event of a leak. Because of the weight
it was necessary to move the lead doors with a hydraulic system.
' Ronzio, Cowant and Reines, Rev. Sci. Instr. 29, 146 (1958).

The tank walls were painted white, and each tank
had 110 5-in. Dumont 6364 ph'otomultipliers (55 on
each end) for collection of the scintillation light.
The tubes were placed an average distance of about
28 cm behind a plastic window and were immersed in
light-matching triethylbenzene which could be made
to scintillate, if desired, by the addition of terphenyl
and POPOP. Model tests indicated. that the non-

• Unambiguous observation of a signal 
associated to the reactor activity 
 
⇒ confirms the existence of the neutrino 

8

1950’s: observation of the neutrino   (II)

Liquid scintillator 
+ photomultipliers

Reines et.al., Phys. Rev. 117 (1960) 159
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• 1958: Parity violation 
- neutrinos are “left handed” (left polarisation), while anti-neutrinos are 

“right handed” ⇒ description of the neutrino with spinors 

• 1960:  is not observed 
⇒ forbidden decay 

- T.D.Lee and C.N.Yang conclude that  
⇒ need a distinct lepton number 
    for each lepton family 

• 1962: Schwartz, Lederman and Steinberger 
observe the muon neutrino   
in the decay   

μ± → e± + γ

νe ≠ νμ

νμ

π+ → μ+ + νμ

9

1950-1960’s: the neutrino “flavour”
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• 1989: the LEP experiments (CERN) show that there are exactly 3 types of light 
neutrinos coupling to SM particles 
 
 
 
 
 
 
 
 
 
 
 
 
 
⇒ this result predicted the existence of the  neutrino ( ), although it had not 

been observed yet

τ ντ

10

1980’s: number of neutrino families

ALEPH, DELPHI, L3, OPAL 
Phys. Lett. B276 (1992) 247
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• 2000: the DONuT experiment (at Fermilab) observes  interactions 
with matter ⇒ first direct observation 
 
 
 
 
 
 
 
 

- neutrinos (of all flavours) are produced with 800 GeV protons on a 
Tungsten fixed target 

- neutrinos are filtered (shielding) 
and detected in an emulsion target

ντ

11

2000: observation of the  neutrino ( )τ ντ

⌫̄⌧ +N ! ⌧+ +X

⌫⌧ +N ! ⌧� +X
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ντ signal candidates (DONuT)

F.L. = 4535 µm
θkink = 93 mrad
p > 2.9 GeV/c
pT  > 0.27 GeV/c

+1.5
 -0.8

+0.14
 -0.07

F.L. = 1800 µm
θkink = 130 mrad
p = 1.9 GeV/c
pT = 0.25 GeV/c

+2.2
 -0.7

+0.29
 -0.09

F.L. = 540 µm
θkink = 13 mrad
p >  21 GeV/c
pT > 0.28 GeV/c

+14
 -  6

+0.19
 -0.08

F.L. = 280 µm
θkink = 90 mrad
p = 4.6 GeV/c
pT = 0.41 GeV/c

+1.6
 -0.4

+0.14
 -0.08

arXiv:hep-ex/0012035
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https://arxiv.org/abs/hep-ex/0012035
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• 1998: Observation of neutrino oscillations at Super-Kamiokande 
- Cherenkov detector 

- 50’000 tons of pure water 
- 39m diameter 
- 41m high 

- >11’000 photo-multiplier tubes 
 
 

13

1998: observation of neutrino oscillations
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Super-Kamiokande 
detector 

View of the photo-multipliers 
in the empty volume
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Super-K: event display
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• Measure the expected rate 
of atmospheric  ... 
 
...but observe a significant 
deficit of  ! 
 
 
 
 
 
 

- this observation is compatible with a  oscillations 

- allowed range of squared-mass difference ( ) : 
 (@90% C.L.)

νe

νμ

νμ ↔ ντ

Δm2

5 × 10−4 < Δm2 < 6 × 10−3 eV2

16

Observation of neutrino oscillations

electrons electrons

• Real data: 
points with error bars 

• Simulation: 
1. without oscillations: 

hashed area 
2. with oscillations: 

continuous line

muons muons
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The neutrino in the Standard Model 
& 

Neutrino mass measurements 
in nuclear β decays
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• Neutrinos only interact weakly ⇒ small cross-section with matter 
⇒ difficult to observe

18

Neutrinos in the standard model (SM)

Electric 
charge

quarks

Weak interaction 
W± , Z0

Electromagnetic 
interaction 

γ

Strong interaction 
gluon

Matter Interactions

spin 1/2 
(+ anti-particles)

spin 1

0 νe νµ ντ

-1 e- µ- τ-

+2/3 u c t

–1/3 d s b
+ Higgs boson

spin 0
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• The quark and charged lepton masses are known to be non-zero, but not those of 
the neutrinos are set to zero in the Standard Model 

• The unique polarisation of the neutrinos suggests that these particles are massless 
 
 
 
 
 
 

• But the observation of oscillations between the three flavours of neutrinos implies 
neutrinos have a non-zero mass 

• Questions: 
⇒ what is the mass of the neutrinos? 
⇒ can we observe right-handed neutrinos (or left-handed anti-neutrinos)? 
⇒ is the neutrino a Majorana fermion (i.e. the neutrino is its own anti-particle)?

19

The problem of the neutrino mass

⃗pν

σ

Boost ⃗p′ ν

σ

For massless particles 
(⇒ velocity = c), one 

cannot find a boost that 
inverts the polarisation
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• Multiple physics processes provide information on the neutrino masses: 

- β decays 
‣ direct mass measurement 

- double β decay (with 2 neutrinos, ββ–2ν or “neutrinoless”, ββ–0ν) 
‣ mass measurement 
‣ allows the distinction between Dirac et Majorana neutrinos 

- neutrino oscillations 
‣ measurement of the mass-squared differences: Δm2

12 ≡ (m1)2 − (m2)2

20

The measurement of the neutrino masses
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• Principle: determine the neutrino mass from the measured highest 
value (“endpoint”) of the electron energy spectrum ( ) in  decaysTmax β

21

Measurement of  :  decays  (I)mν β
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• Electron energy spectrum close to the endpoint: 
 
 
 
 

 kinetic energy of the electron 
 maximum possible value for  if  

• Experimentally, one measures: 
• The fraction of electrons in the interval  near endpoint is 

proportional to  
- maximal sensitivity to  if  is small 
⇒ choice of tritium ( )  decay

T =
Q = T mν = 0

ΔT
(ΔT/Q)3

mν Q
3H β

22

dN

dE
/ (Q� T )

p
(Q� T )2 �m2

⌫

m⌫ = Q� Tmax

3
H ! 3

He + e� + ⌫̄e Q = 18.6 keV (⌧ me)

Measurement of mν : β decays (II)
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(A. Picard et al., Nucl. Instr. Meth. 63 (1992) 345) " 
Magnetic Adiabatic Collimation with Electrostatic Filter 

  inhom. magn. guiding field: 
' gradient force: 

  adiab. transformation E" # E|| 

  due to µ = E"/B = const. 

  momentum of e- || magnetic field  
' el. retarding potential 
' energy analysis 

' high-pass filter with a sharp 
   transmission function, no tails! 

  high resolution: 
$E = E · Bmin / Bmax 

  magn. adiab. collimation 
' large solid angle (2()) 

T. Thümmler - Introduction to direct neutrino mass measurements and KATRIN 

• Principle: 
-  source 
- electrostatic energy filter 

 ( ) 

- electron detector 

3H

Ee > Emin ΔE = 4.8 eV

23

Spectrometer: Magnetic bottle
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• KA(rlsruhe) TRI(thium) N(eutrino) 
• Measurement of  with sensitivity <0.2eV 

- large geometric coverage (⇒ size) 

- high tritium activity (1011 Bq) ; low background rate (<0.1 cps) 
• Construction and calibration until 2018 
• Two data taking campaigns since 2019

m(νe)

24

KATRIN
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• Electron based neutrino mass limit (Feb 2022) 
• Energy scan near the end-point:  

• Fit the end-point spectrum to measure 
the end-point energy, , and   
⇒   

• Limit on  (electron based): 
      @90% C.L.

−40 < E − E0 < 135 eV

E0 mν

m2
ν = 0.26 ± 0.34 eV2

mν

mν < 0.8 eV

25

KATRIN

Nature Phys. 18 (2022) 160

ARTICLES NATURE PHYSICS

gas38. Mono-energetic conversion electrons from the decay of the 
metastable state 83mKr are used to determine spatial and temporal 
variations in the electric potential of the tritium source. These varia-
tions are caused by a weak cold-magnetized plasma, which arises 

from the high magnetic field (2.5 T) and a large number of ions 
and low-energy electrons (~1 × 1012 m−3) in the tritium source. The 
methods of calibration are described in more detail in Methods.

The beamline is equipped with multiple monitoring devices. The 
throughput of tritium gas within the tritium source tube and tritium 
circulation loop is measured by a flow meter. A laser Raman sys-
tem continuously monitors the gas composition, providing a mea-
surement at the ≤0.05%-precision level each minute. A silicon drift 
detector system installed in the transport section and a β-induced 
X-ray system at the rear section39 continuously monitor the tritium 
activity, yielding a result at the 0.03%-precision level each minute. 
The high voltage of the main spectrometer is continuously measured 
at the parts-per-million level with a high-precision voltage divider 
system40,41 and an additional monitoring spectrometer42. The mag-
netic fields are determined with a high-precision magnetic-field 
sensor system43.

The current background level of KATRIN of about 220 mcps 
mainly originates from the spectrometer section. The dominant 
source of background arises from α-decays of 210Po (refs. 44–46) in the 
structural material of the spectrometer vessel. The recoiling 206Pb 
creates highly excited Rydberg states at the inner spectrometer sur-
faces, which can be ionized during propagation in the inner volume 
by thermal radiation. The second source is 219Rn and 220Rn decays 
in the spectrometer volume, creating primary electrons that are 
magnetically trapped and slowly cool down by ionizing the residual 
gas in the spectrometer47–49. The resulting low-energy electrons of 
both sources are accelerated by retarding energy qUana towards the 
focal-plane detector, making them indistinguishable from signal 
electrons using the energy information only.

After the successful commissioning of the complete KATRIN 
beamline in the summer of 2017 (ref. 50), the first tritium opera-
tion was demonstrated with a small tritium activity of 5 × 108 Bq 
in mid-2018 (ref. 51). During the first KATRIN neutrino-mass 
(KNM1) campaign in 2019 (ref. 17), the source was operated in a 
‘burn-in’ configuration at a reduced activity of 2.5 × 1010 Bq, which 
is required when structural materials are exposed to high amounts 
of tritium for the first time. Major technical achievements of the 
second KATRIN neutrino-mass (KNM2) campaign are the oper-
ation of the tritium source at its nominal activity of 9.5 × 1010 Bq 
and improved vacuum conditions by baking of the spectrometer52 
to 200 °C for approximately two weeks that led to a reduction in 
the background by 25% to 220 mcps. The thermal conditioning of 
the surfaces reduces the coverage of weakly bound atoms (which 
contribute to the background) and removes water molecules from 
the cryogenic copper baffles (which improves the capture efficiency 
for radon emanating from the main getter pumps located behind  
the baffles53).

We, thus, increased the β-electron-to-background ratio by a factor 
of 2.7 with respect to the first campaign. In the last 40 eV of the inte-
gral spectrum, we collected a total number of 3.7 × 106 β-electrons. 
Figure 2a compares the spectra of both neutrino-mass campaigns.  
A direct comparison of the experimental parameters is given in 
Table 1.

Measurement of tritium β-decay spectrum
The integral β-decay spectrum is obtained by repeatedly measuring 
the count rate Rdata(qUi) for a set of 39 non-equidistant high-voltage 
settings Ui, creating retarding energy qUi for electrons with charge 
q. The retarding energy is adjusted in the range of qUi ∈ (E0 – 300 eV, 
E0 + 135 eV), where E0 = 18,574 eV is the approximate spectral end-
point. Note that for the spectral fit, only 28 out of those points in the 
range of qUi ∈ [E0 − 40 eV, E0 + 135 eV] are used. Data points further 
below the endpoint are used to monitor the activity stability, com-
plementing the other monitoring devices mentioned above. The 
time spent at each high-voltage set point (called the scan step) var-
ies between 17 and 576 s, which corresponds to a total measurement  
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Fig. 2 | Measured rate at each retarding energy for KNM1 (refs. 17,18) and 
KNM2 campaigns. a, Data points with statistical error (multiplied by a 
factor of 50) and best-fit model (blue and grey lines) individually shown 
for each campaign. The count rates are summed over all the detector rings. 
The graph illustrates a reduced background rate, higher signal strength and 
overall higher statistics (smaller error bars). The fit description is given 
in equation (2). b, Normalized residuals for the fit (blue line) to the data 
from KNM2. The shaded areas indicate statistical and total uncertainties. 
The contribution of systematic uncertainties is derived with the covariance 
matrix method, explained in the main text. c, Data points with statistical 
error (multiplied by a factor of 10) for the 12!detector rings in the KNM2 
campaign. The turquoise lines show the simultaneous fit to all the data 
points. d, Normalized residuals for the fit (turquoise line) to the data of 
the (exemplary) third detector ring. e, Total measurement time at each 
retarding energy for the KNM1 and KNM2 campaigns.
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Consistent results were obtained at each analysis step before pro-
ceeding to the next stage.

Systematic effects. The analytical description R(qUi, rj) of the inte-
gral β-decay spectrum contains various experimental and theo-
retical parameters, such as magnetic fields, column density and 
probability for given molecular excitations, which are known with a 
certain accuracy. Different techniques (based on covariance matri-
ces, Monte Carlo propagation, nuisance parameters and Bayesian 
priors) are applied to propagate these systematic uncertainties in the 
final result. A detailed description of these methods can be found 
in Methods.

The neutrino-mass result presented here is dominated by 
statistical uncertainty. The largest systematic uncertainties are 
related to background properties and source electric potential. 
First, radon decays in the main spectrometer lead to a non-
Poissonian background-rate overdispersion49 of about 11%, 
effectively increasing the statistical uncertainty. Second, mecha-
nisms for background generation may show a retarding-poten-
tial dependence of the background, parametrized by a slope 
(mqU

bg

 = ( 0 ± 4.74) mcps keV–1). Third, a removal of stored elec-
trons from a known Penning trap between the spectrometers57 
after each scan step can lead to a slowly increasing background 
rate during each scan (mt

scan

bg

 = (3 ± 3) µcps s–1) and thus to a scan-
step-duration-dependent background contribution. Finally, spa-
tial and temporal variations in the source electric potential modify 
the spectral shape and therefore lead to a relevant systematic 
uncertainty for the neutrino-mass measurement. The impact of all 
the systematic effects on the neutrino mass is listed in Table 2 and 
described in detail in Methods.

Best-fit result and upper limit
The χ2 minimization reveals an excellent goodness of fit with a χ2 
per degree of freedom of 0.9, corresponding to a p value of 0.8. For 
the best fit of the neutrino mass squared, we find 

m

2

ν

= 0.26

+0.34

−0.34

 eV2 
based on the Monte Carlo propagation technique (Fig. 3). The inde-
pendent analysis methods agree within about 5% of the total uncer-
tainty. The total uncertainty on the fit is dominated by the statistical 
error followed by uncertainties in the background parameters and 

source electric potential. The full breakdown of uncertainties can be 
found in Table 2.

Based on the best-fit result, we obtain an upper limit of 
mν < 0.9 eV at 90% CL using the Lokhov–Tkachov method58. The 
Feldman–Cousins technique59 yields the same limit for the obtained 
best fit. This result is slightly higher than the sensitivity of 0.7 eV 
due to the positive fit value, which is consistent with ~0.8σ statistical 
fluctuation assuming a true neutrino mass of zero. We also perform 
a Bayesian analysis of the dataset, with a positive flat prior on m2

ν

. 
The resulting Bayesian limit at 90% credibility is mν < 0.85 eV.

The ring-averaged fitted effective endpoint is 
E0 = (18,573.69 ± 0.03) eV. The Q value defines the energy release in 
a nuclear reaction. Taking into account the centre-of-mass molecu-
lar recoil of T2 (1.72 eV), as well as the absolute electric source poten-
tial ϕsrc (σ(ϕsrc) = 0.6 V) and work function of the main spectrometer 
ϕMS (σ(ϕMS) = 0.06 eV), we find a Q value of (18,575.20 ± 0.60) eV, 
which is consistent with the previous KATRIN neutrino-mass cam-
paign, namely, (18,575.20 ± 0.50) eV (ref. 51), and the calculated Q 
value from 3He−3H atomic-mass difference of (18,575.72 ± 0.07) eV 
(ref. 60). The good agreement underlines the stability and accuracy 
of the absolute energy scale of the apparatus.

We combined the neutrino-mass results from this work with the 
previously published KATRIN (KNM1) results17,18. A simultaneous 
fit of both datasets yields m2

ν

 = (0.1 ± 0.3) eV2 and a corresponding 
upper limit of mν < 0.8 eV at 90% CL, based on the Lokhov–Tkachov 
or Feldman–Cousins technique. The same result is obtained when 
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Fig. 3 | Distribution of fitted m2

ν

 and E0 values. The distribution is obtained 
by the Monte Carlo propagation technique (Methods). The best fit is 
defined as the one-dimensional weighted median of the distribution. The 
endpoint is calculated using the weighted mean of the 12!ring-wise effective 
endpoints, taking into account the correlations between the 12!values for 
each sample. The 1σ (black line) and 2σ (blue line) contours are indicated.
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Fig. 4 | Comparison of best-fit values and total uncertainties with 
previous neutrino-mass experiments. The error bars are generated 
from combined statistical and systematic uncertainties. References: Los 
Alamos (1991)67, Tokyo (1991)68, Zürich (1992)69, Mainz (1993)70, Beijing 
(1993)71, Livermore (1995)72, Troitsk (1995)73, Mainz (1999)13, Troitsk 
(1999)74, Mainz (2005)75, Troitsk (2011)76, KATRIN (2019)17,18 and KATRIN 
(2021); this work, KATRIN (combined): KATRIN (2019) combined with 
KATRIN (2021). Note that the published gaseous tritium results from 
Los Alamos and Livermore were analysed using different molecular 
final-state distributions compared with current state-of-the-art final-state 
distributions. These earlier distributions have been shown to contribute to 
the reported negative m2

ν

 central values77.
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• electron neutrino based 
- KATRIN experiment:  

• muon neutrino based 
- measured in pion decay at rest   

- depends on knowledge of pion and muon masses 

- limit:   
Assamagan et.al., Phys. Rev. D 53 (1996) 6065 
(experiment at PSI) 

• tau neutrino based 
- measured in tau hadronic decays 

- limit:   
ALEPH experiment, Eur. Phys. J. C 2 (1998) 395

m(νe) < 0.8 eV/c2

π+ → μ+νμ

m(νμ) < 0.17 MeV/c2

m(ντ) < 18.2 MeV/c2

26

Neutrino masses: direct measurements

m(νe) < 0.8 eV
m(νμ) < 170 keV
m(ντ) < 18.2 MeV
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Neutrino mass measurements 
in neutrinoless double β decays
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• Rare decays allowed in the standard model ( - ): 

• If the neutrino is a Majorana fermion, the annihilation of neutrinos is 
possible ( - ): 

- Leptonic number violation ΔL=2 
• Decay rate 

 

-  : nuclear factor (poorly known) 

-  : effective Majorana mass

ββ 2ν

ββ 0ν

FN

m2β

28

Absolute mass scale: double-  decayβ

(A,Z) ! (A,Z + 2) + 2e� + 2⌫̄e

(A,Z) ! (A,Z + 2) + 2e�

(⌧0⌫1/2)
�1 = FN

|m2� |2

m2
e

m2� =
3X

j=1

U2
ejm⌫j
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• All the energy is carried by the electrons 
 
⇒ count number of  events with total 

energy  after subtracting background 

• Two complementary techniques: 
 
 
 
 
 
 
 
 

ββ
Qββ

Source = Detector 
(Calorimetry) 

high efficiency

Source ≠ Detector 
(Event reconstruction) 

good background rejection

29

 decay experimental principleββ

A.Hicheur, Cours de Master "Neutrinos et MatiA.Hicheur, Cours de Master "Neutrinos et Matièère noire", Printemps 2009re noire", Printemps 2009 1717

DDéésintsintéégration gration �� double: technique(s) expdouble: technique(s) expéérimentale(s)rimentale(s)
““InhomogInhomogèènene””

Source Source �� DDéétecteurtecteur

•• Source sous forme de film finSource sous forme de film fin

•• ÉÉlectrons analyslectrons analyséés par diffs par difféérentes rentes 
techniques de techniques de trajectomtrajectomèètrie trie 
(scintillateurs, chambres (scintillateurs, chambres àà ddéérive, semirive, semi--
conducteurs)conducteurs)

�� Rejet topologique du bruit de fondRejet topologique du bruit de fond

�� CorrCorréélations angulaires et E(e) lations angulaires et E(e) 
individuelleindividuelle

�� �� isotopes testables, même montageisotopes testables, même montage

�� Petite quantitPetite quantitéé dd’’isotope disponibleisotope disponible

�� Faible efficacitFaible efficacitéé et faible ret faible réésolution en solution en 
éénergienergie

Source Source �� DDéétecteur (calorimtecteur (caloriméétrie)trie)

•• Le dLe déétecteur mesure la somme des tecteur mesure la somme des 
éénergiesnergies

•• Scintillateurs, bolomScintillateurs, bolomèètres, diodes SC, tres, diodes SC, 
TPC (chambres TPC (chambres àà projection temporelle)projection temporelle)

�� Bonne efficacitBonne efficacitéé

�� Grandes quantitGrandes quantitéés analysabless analysables

�� Pas dPas d’’intersticesinterstices

�� Analyse topologique limitAnalyse topologique limitéée, faible e, faible 
rejet de bruit de fondrejet de bruit de fond

““HomogHomogèènene””

Detector

β1

β2

Two-neutrinos and neutrinoless double beta decays

















Two-neutrino double beta decay (——2‹)

(A, Z) ≠æ (A, Z + 2) + 2e≠ + 2‹̄e

⌅ second-order weak process
T ——2‹

1/2 ≥ 1020 years

⌅ allowed by Standard Model and observed
⌅ input to nuclear physics model

Neutrinoless double beta decay (——0‹)

(A, Z) ≠æ (A, Z + 2) + 2e≠

⌅ violates lepton number conservation
⌅ requires a Majorana neutrino (‹ = ‹̄)
⌅ new physics : m—— , V+A, Majoron, SUSY...

CHAUVEAU Emmanuel Double beta decays study with NEMO 3 and SuperNEMO 2 / 20

) E(e�1 ) + E(e�2 ) = Q��
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• Measured lifetime: 
 
 
 
 

-  number of nuclei in the source 

-  measurement duration 

-  number of observed  decays 

-  efficiency factor

Nnuclei =

tmeas =

Nββ = ββ

ϵ =

30

 decay: experimental determinationββ

⌧0⌫1/2 = ln 2 · ✏ ·Nnuclei · tmeas

N��
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• One experiment claims observation: Heidelberg/Moscow 
• NEMO-3 and Cuoricino: had the best limits for many years 

 
                                        [⇒ find most recent results in PDG (http://pdg.lbl.gov)]
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ββ-0ν decay experiments
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Exposure Sensitivity T 0‹
1/2 m—— Experiment

(kg ◊ yr) (◊1025 yr) (◊1025 yr) (eV)
48Ca 13.5 1.8 ◊ 10≠3 > 5.8 ◊ 10≠3 < 3.5 ≠ 22 ELEGANT VI [360]

76Ge
127.2 18 > 18 < 0.08 ≠ 0.18 GERDA [355]

26.0 4.8 > 2.7 < 0.20 ≠ 0.43 Majorana
Demonstrator [361]

82Se 5.29 5.0 ◊ 10≠1 > 3.5 ◊ 10≠1 < 0.31 ≠ 0.64 CUPID-0 [362]
96Zr (≠) (≠) > 9.2 ◊ 10≠4 < 7.2 ≠ 19.5 NEMO-3 [363]

100Mo 1.17 (≠) > 1.5 ◊ 10≠1 < 0.31 ≠ 0.54 CUPID-Mo [364]
116Cd (≠) (≠) > 2.2 ◊ 10≠2 < 1.0 ≠ 1.7 Aurora [365]
128Te (≠) (≠) > 1.1 ◊ 10≠2 (≠) Arnaboldi et al. [366]
130Te 1038.4ù 2.8 > 2.2 < 0.09 ≠ 0.31 CUORE [367]

136Xe 504† 5.6 > 10.7 < 0.06 ≠ 0.17 KamLAND-Zen [303]
234.1 5.0 > 3.5 < 0.09 ≠ 0.29 EXO-200 [368]

150Nd 0.19 (≠) > 2.0 ◊ 10≠3 < 1.6 ≠ 5.3 NEMO-3 [369]
3H —-endpoint measurement m— < 0.8 KATRIN [304]

Table 11: Comparison of current experimental limits of 0‹—— searches in di�erent isotopes. Limits
are given at the 90% C.L. Fields with (≠) indicate where values are not provided in the listed
reference. ù is the natTeO2 exposure and † lists the complete xenon dissolved in scintillator. For
comparison, the limit from the direct measurement of m— is shown as well.

be reduced as much as possible and irreducible backgrounds must be thoroughly studied and
understood. While the sensitivity of an experiment improves with increased energy resolu-
tion, energy alone will not be su�cient in next-generation experiments to claim a discovery.
It will be crucial to also demonstrate that the observed signal at Q—— is inconsistent with
observed backgrounds. At least two experiments are required to unambiguously demonstrate
observation of 0‹—— and several technological developments should be pursued in parallel by
the global community. While current and next-generation experiments are focusing on max-
imizing their discovery potential, tracking calorimeters are required to study the underlying
physical principles driving 0‹—— once an observation has been made.

The purity and low background rates of double beta decay experiments also allow to
search for a variety of exotic processes, including axions, Majorons, low mass dark matter,
exotic nuclear decay or electron decay [370]. Also precision studies of 2‹—— are sensitive to
new physics [371–373].

The projected final sensitivity of next generation experiments is 1027
≠1028 years. Depend-

ing on isotope and selected NME this sensitivity calculates to e�ective Majorana neutrino
masses ranging from m—— ¥ 5 ≠ 20 meV. Experiments will reach their final sensitivity in
the second half of the decade 2030 ≠ 2040. However, despite the discovery potential of next
generation experiments, even larger multi-tonnes detectors and technological breakthroughs

79

http://pdg.lbl.gov
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• Data taking: 
- 1990–2003 at Gran Sasso, Italy 

• 5 high-purity Germanium crystals 
- enriched in 76Ge at 87% 
- 10.96 kg of active mass 

-  

• Calorimetric technique 
- good energy resolution 
- poor background rejection 

• HM claims 4.2σ evidence for ββ-0ν  
-  @ 99.73% C.L. 

-  @ 99.73% C.L. 

• Controversial result...

Qββ = 2039 keV

τ1/2 = (68 − 418) × 1023 yr
mν = (0.24 − 0.58) eV

32

Heidelberg-Moscow:  results2β − 0ν

2000 2020 2040 2060 2080 2100
Energy in electrons in keV

0

5

10

15

20

25

co
un
ts

8 9 10 11 12 13
background/keV

0

1

2

3

4

5

ev
id
en
ce
fo
r0
ν2
β
in
σ

Figure 8: Fig. 8a: the latest HM data [13] (71.7kg · yr) used to claim a 4.2σ evidence for 0ν2β.
Fig. 8b: the statistical significance of the 0ν2β signal, as function of the assumed flat component of
the background.

combined constraint is mνe/h < 1.0 eV at 99% C.L. This constraint is stronger than the β-decay
constraint (but holds under the additional assumption that neutrinos are Majorana particles) and is
weaker than the cosmological constraint (but needs no assumptions about cosmology).

In all above discussions we employed the bound on |mee| from HM data, as published by the HM
collaboration [38].

Remarks on the hint for 0ν2β. While the HM collaboration used their data to set a bound on
|mee|, some members of the HM collaboration reinterpreted the data as an evidence for 0ν2β [12].
According to this claim, the latest HM data [13] plotted in fig. 8a contain a 4.2σ evidence for a 0ν2β
peak (indicated by the arrow). In these latest results the peak is more visible than in latest published
HM data [38], partly thanks to higher statistics (increased from 53.9 to 71.7 kg yr) and partly thanks
to an ‘improved analysis’ [13]).

This claim is controversial, mainly because one needs to fully understand the background before
being confident that a signal has been seen. In order to allow a better focus on this key issue, we
present fig. 8b, which should be uncontroversial. It shows the statistical significance8 of the 0ν2β
signal as a function of the true background level b, assumed to be quasi-flat close to the Q-value of
0ν2β, Q ≈ 2039 keV. The crucial issue is: how large is b? The HM collaboration earlier claimed [38]
b = (13.6 ± 0.7)events/(71.7 kg yr · keV). In such a case the statistical significance of the signal would
be less than 1σ, see fig. 8b. This can be considered as the upper bound on b computed assuming that
all events in a wider range around Q come from a quasi-flat background.

A statistically significant hint for 0ν2β is obtained if one can show that b is lower. The continuous
line in fig. 8a shows a fit of HM data using a tentative model of the background [12], assumed to have
a quasi-flat component b (mainly due to ‘natural’ and ‘cosmogenic’ radioactivity) plus some peaks due
to faint γ lines of 214Bi, which is a radioactive impurity present in the apparatus (from the 238U decay
chain). Their positions and intensities can be estimated from tables of nuclear decays; however they
are modified by O(1) factors by detector-related effects which depend on the unknown localization of
214Bi (see [13] and ref.s therein). The fit in fig. 8a is performed by allowing the intensity of each line
to freely vary. In this way part of the background is interpreted as 214Bi peaks, thereby reducing the

8Defined in Gaussian approximation as (χ2
no signal −χ2

best fit)
1/2 where χ2 = −2 lnL and L is the likelihood computed

combining statistical Poissonian uncertainties with other systematic uncertainties.

16

Are these 
backgrounds 
understood?

ββ–0ν?
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• Taking data 2003–2011 in Modane (France) 
• Source separate from tracking and calorimeter detectors 

- good background rejection 
- limited efficiency and 

energy resolution

33

 decay: NEMO32β

Fig. 1. Schematical view of the NEMO 3 detector.

topes from the 238U and 232Th decay chains. The dominant mechanisms leading
to the 2e− topology are (see Fig. 2):

- β decay accompanied by an internal conversion;
- β decay followed by Møller scattering;
- β-γ cascades in which a γ-ray undergoes Compton scattering.

The first mechanism is the dominant one. Particularly troublesome are the iso-
topes with large Qβ values such as 208Tl (Qβ=4.99 MeV) and 214Bi (Qβ=3.27 MeV).
Fortunately, for these isotopes there are good estimates of the activities ob-
tained from identifiable topologies (eα for 214Bi, eγγ and eγγγ for 208Tl).

4
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NEMO3 detector
The NEMO 3 detector (2)
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Unique features

X Multi-source detector : 7 —— isotopes
X Particles identification : –, —≠, —+, “

X Kinematics of —— decay : E1, E2, cos ◊, �t
∆ Topological signature of events
∆ Background rejection + measurement
∆ Study of ——0‹, ——2‹, ——*, ...
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• 100Mo ( ) 

- 15 events observed 
- 18.0±0.6 background 

events expected 
- efficiency = 4.7% 
- exposure = 34.3 kg·yr 

Qββ = 3034 keV

35

NEMO3: ββ–0ν results

[Phys. Rev. D 92, 072011 (2015)]

10

FIG. 8: Transverse and longitudinal view of a reconstructed double � data event. Tracks are reconstructed from a single
vertex in the source foil, with an electron-like curvature in the magnetic field, and are each associated to an energy deposit in
a calorimeter block.

netic field. This allows the separation of di↵erent non
double � background processes by exploiting di↵erences
in their event topologies and final states. We distin-
guish three background components, as illustrated in
Figure 9, namely the external background, the internal
background, and the background from radon. We first
measure the external background. Then, the radon and
thoron backgrounds inside the tracking detector are mea-
sured, setting the external backgrounds to their measured
values. Finally, the internal 208Tl and 214Bi contami-
nations inside the �� source foils are determined, with
all other backgrounds fixed. A full description of the
background analysis and preliminary background mea-
surements with part of the NEMO-3 data set are given
in Ref. [10]. Here, we report the results of the background
measurements using the full data set.

A. External background

External background is produced by the interaction of
external � rays originating from the natural radioactivity
of the detector outside of the source, by external neu-
trons undergoing neutron capture that results in emis-
sion of � rays, or by cosmic rays. If an external � ray
is not detected by a scintillator, it can reach the source
foil without being tagged. It can then mimic a �� event
by creating an e+e� pair, if the two photons from a sub-
sequent positron annihilation remain undetected or the
sign of the positron track curvature is incorrectly mea-
sured. Double or single Compton scattering followed by
Møller scattering can also lead to a double �-like topol-
ogy. The di↵erent mechanisms are illustrated in Figure 9.

We measure the external background using both exter-
nal (�, e�) and crossing-electron events, as illustrated in
Figure 10. External (�, e�) events are selected requiring
one isolated scintillator hit, assumed to be from the �
ray, and one electron track coming from the source foil
and associated with a di↵erent scintillator. The time dif-
ference between the scintillator hits must agree with the
hypothesis that an external � ray has hit the first scintil-
lator block before producing a Compton electron in the
foil.

Crossing electrons leave a track that traverses the de-
tector and is associated with a scintillator hit on either
side with a time-of-flight and a curvature consistent with
a crossing electron. In this topology, an external � hits
the first scintillator block from outside and then creates
an electron by Compton scattering in the last few mil-
limeters of the scintillator closest to the tracking detector.
This Compton electron crosses the detector including the
foil before hitting the second scintillator, depositing its
entire energy.

The external background is modelled by fitting the
data in both channels assuming contaminations of 214Bi
from 238U and 208Tl from 232Th decays, 40K inside the
PMTs, scintillators, iron shield and iron structure, cos-
mogenic 60Co inside the mechanical structure, and exter-
nal � rays from the laboratory environment.

The 208Tl and 214Bi contaminations inside the PMTs
are the dominant components of the external background
in the range Etot > 2 MeV. Their activities have been set
to the values quoted in our previous background measure-
ment with part of the NEMO-3 data set [10]. Activities
of other components in the MC simulation are fitted to
the data using a combined fit to the distributions of the

21

FIG. 19: Distribution of Etot for two-electron events with Etot > 2 MeV for the copper, 130Te, and natural tellurium foils
(a,c,e), and for 100Mo foils (b,d,f), for Phase I (a,b) and Phase II (c,d), and combined (e,f). The combined data correspond to
an exposure of 13.5 kg·yr for the copper, 130Te, and natural tellurium foils, and 34.3 kg·yr for the 100Mo foils. The data are
compared to the sum of the expected background from 2⌫�� decays of 100Mo, radon, external backgrounds, and from internal
214Bi and 208Tl contaminations inside the foils. Only the 2⌫�� background contribution is fitted to the data, while the other
background components are set to the measured values given in Section V. Lower panels show residuals between data and
expected background, normalized to the Poisson error, ignoring bins with 0 events.

-  @ 90% C.L. 

-
τ1/2 > 1.1 × 1024 yr
mν < (0.33 − 0.62) eV
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• Data taking since 2017 in Gran Sasso 
• TeO2 crystals 
• Active isotope: 130Te 

- abundance = 27.8% 

-  

• Calorimetric technique 
(source = detector) 
- bolometric technique: 

measure energy as temperature 
variation in the medium 

-  

- good energy resolution (≈ 5 keV) 
- no electron identification

Qββ = 2528 keV

ΔT/ΔE ≈ 10 − 20 μK/MeV
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ββ decay: CUORE

CUORE detector 
= 19 crystal towers

300K

40K

4K

800mK

50mK

10mK

Pulse Tube
Dilution Unit

Modern
Lead

Detector

Roman
Lead

TeO2 crystal

Ge-NTD

Si heater

Wires
cover

Cu frame

PTFE supports

1m

Figure 1. The CUORE detector. Left: Rendering of the 6-stage cryostat, with the pulse tubes and dilution unit, the internal
low-radioactivity modern and Roman lead shields, and the array of 988 TeO2 crystals (light blue). Top right: The detector after
installation. The plastic ring was used during assembly for radon protection. Bottom right: One of the calorimeters
instrumented with an NTD Ge thermistor which measures the temperature increase induced by absorbed radiation. The Si
heater is used to inject pulses for thermal gain stabilization. The polytetrafluorethylene (PTFE) supports and the gold wires
instrumenting the NTD and the heater provide the thermal link between the crystal and the heat bath, i.e. the Cu frames17.

converts thermal pulses into electric signals and a heater19

to inject reference heat pulses for thermal gain stabiliza-
tion20. Thermal signals can be induced by electrons emitted
in 0nbb decays but also other background radiation, e.g. g
and a particles from residual radioactive contaminants or
cosmic ray muons.

CUORE is protected by several means against back-
grounds that can mimic a 0nbb decay. It is located under-
ground at the Laboratori Nazionali del Gran Sasso (LNGS) of
INFN, Italy, under a rock overburden equivalent to ⇠3600 m
of water which shields from hadronic cosmic rays and re-
duces the muon flux by six orders of magnitude. Environ-
mental g backgrounds are suppressed by a 30-cm layer of
low-radioactivity lead above the detector (Fig. 1), a 6-cm-

thick lateral and bottom shield of 210Pb-depleted ancient
lead recovered from a Roman shipwreck21 (Extended Data
Fig 2), and a 25-cm-thick lead shield outside the cryostat.
Environmental neutrons are suppressed by a 20-cm layer of
polyethylene and a thin layer of boric acid outside of the
external lead shield. Finally, radioactive contaminants in
the crystals and in the adjacent structures are minimized by
careful screening of material for radio-purity and use of high-
efficiency cleaning procedures and manipulation protocols22.

Cryogenic innovation and performance

Dilution refrigerator technology was originally proposed in
the ’50s23 and underwent considerable development in the

2/16
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• TeO2 crystals (742 kg) 
• 206 kg active mass 
• Cooled to approximately 10 mK

37

CUORE detector

Particle energy converted into phonons ! temperature variation #T =E/C

Need very low heat capacity:                                                                    TeO2 

crystals (dielectric, diamagnetic) @~8mK

Detector response in this configuration:  ~ 0.2 mK / MeV~0.2 mV/MeV 

Heat bath 

Weak thermal coupling

Thermometer:

NTD Ge thermistor

R ~ 100 M(

Absorber Crystal

TeO2  C~10-9 J/K

Energy release

9

source = detector

3

II. DETECTOR DESIGN & DATA COLLECTION

The CUORE-0 experiment is a segmented array of 52
bolometric detectors arranged into a tower of 13 floors
with 4 bolometers per floor (see Fig. 1(a)). Each bolome-
ter has three primary components: an energy absorber,
a temperature sensor, and a weak thermal link to the
copper frame that acts both as the structural tower sup-
port and the thermal bath (see Fig. 1(b)). When energy
is deposited in the absorber, its temperature increases
suddenly by

�T = E/C(T ), (1)

where C(T ) is the (temperature-dependent) heat capac-
ity and E is the amount of energy deposited. As the en-
ergy slowly leaks out into the thermal bath, the bolome-
ter gradually returns to its initial temperature. This tem-
perature pulse is converted to a voltage pulse by the ther-
mometer (see Fig. 1(c)) and by measuring its amplitude
we can determine the amount of energy deposited in the
bolometer.
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FIG. 1. (a) CUORE-0 tower array rendering. The tower
consists of 13 floors of 4 bolometers, mounted in a copper
frame. (b) Schematic of a single CUORE-0 bolometer showing
the thermistor (T), the heater (H), and the weak thermal link
(L) between TeO2 crystal and copper thermal bath (not to
scale). (c) An example of a bolometer signal with an energy
of approximately 2615 keV. The rise and fall times of this
signal are 0.05 s and 0.2 s respectively. Figure from [21].

In CUORE-0, the energy absorber is a 750 g
5⇥ 5⇥ 5 cm3 natTeO2 crystal which we cool to an
operating temperature of T0 ⇡ 12mK. The typi-
cal heat capacity at this temperature corresponds to
�T/�E ⇠ 10� 20µK/MeV. The natural isotopic abun-
dance of 130Te is aI = 34.167% [22], thus the crystal acts

as both the source of the decays of interest and detector
of their energy. In this “source = detector” configuration,
Monte Carlo simulations show that ⇡ 88% of 0⌫�� decay
events deposit all of their energy in the crystal in which
the decay occurred. Thus the signal we are searching for
is a monoenergetic peak at the Q-value of the 130Te decay,
Q�� = 2527.518± 0.013 keV [23]. This energy is above
that of the majority of the naturally occurring environ-
mental � radiation, but between the prominent 2615 keV
line from the decay of 208Tl and its Compton edge. In
this region, the primary backgrounds are due to multi-
scattered � events and degraded ↵ decays which reach our
detectors from the surfaces of materials near the crystals.
A detailed description of the relevant backgrounds can be
found in [24].

The CUORE-0 tower has a total active mass of 39.1 kg
for a total 130Te mass of 10.9 kg. The tower is cooled in
the cryostat that housed the Cuoricino experiment. The
cryogenic installation, shielding, and anti-radon system
are identical to Cuoricino (see [20] for details) and the
backgrounds associated with this infrastructure is simi-
larly unchanged (see Sec. VII).

We monitor the temperature of each bolometer by
measuring the resistance of a neutron transmutation
doped (NTD) Ge thermistor glued to each crystal. The
NTD has a resistivity that is exponentially dependent on
its temperature, making it a very sensitive thermome-
ter [25–27]. We further instrument each crystal with a
silicon resistor, which we use as a Joule heater to pro-
duce fixed-energy reference pulses for stabilizing the gain
of the bolometers against temperature variations. Each
bolometer is held in the copper frame with a set of poly-
tetrafluoroethylene (PTFE) supports. These, as well as
the 25µm gold wires that instrument the NTD and Joule
heater, form the weak thermal link to the thermal bath.

We bias each NTD through two low-noise load resistors
and measure the output voltage signal using a specially
designed low-noise room temperature preamplifier, a pro-
grammable gain amplifier, and a 6-pole Thomson-Bessel
low-pass filter with a programmable cuto↵ frequency set
to 12Hz. The data-acquisition system (DAQ) continu-
ously samples each waveform at 125 S/s with ±10.5V dy-
namic range and 18 bit resolution. We trigger each data
stream in software and store events in 5 second windows:
the one second of data preceding the trigger and the four
seconds after. Particle pulses — pulses coming from en-
ergy deposits in the crystals — have typical rise times
of ⇠0.05 s and two decay time components, a fast decay
time of ⇠0.2 s and a slower decay time of ⇠1.5 s. The for-
mer decay time is determined by the heat capacity of the
crystal and the thermal conductivity to the thermal bath,
and the latter decay time by the heat capacity of the of
the auxiliary components (i.e. the PTFE spacers and
nearby copper frame). The rise time is determined pri-
marily by the roll-o↵ of the Bessel filter. Typical trigger
thresholds range from 30 keV to 120 keV. Every 200 s, we
collect 5 second waveforms simultaneously on all chan-
nels with no signal trigger and use these to study the

Example: signal 
from 2.615 MeV 
energy deposition

Phys. Rev. C 93, 045503 (2016)
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Figure 4. Physics spectrum for 1038.4 kg·yr of TeO2 exposure. We separately show the effects of the base cuts, the
anti-coincidence (AC) cut, and the pulse shape discrimination (PSD). The most prominent background peaks in the spectrum
are highlighted. Top right inset: the ROI after all selection cuts, with the best-fit curve (solid red), the best-fit curve with the
0nbb rate fixed to the 90% CI limit (blue), and background-only fit (black) superimposed.

sponding median exclusion sensitivity of T 0n
1/2 > 2.8 ·1025 yr

(90% credibility interval (CI)). The fit with the signal-plus-
background model shows no evidence for 0nbb decay. We
find the best fit at G0n = (0.9±1.4) ·10�26 yr�1 and set a
limit on the process half-life of T 0n

1/2 > 2.2 ·1025 yr (90% CI).
Systematic uncertainties are included as nuisance parameters
and affect both the best fit and the limit by 0.8% (Extended
Data Tab. 1). Compared to the sensitivity, the probability of
getting a stronger limit is 72%. This represents, to our knowl-
edge, the current world-leading 0nbb sensitivity for 130Te,
having improved in accordance with our increased exposure
since our previous result32, and although the actual limit is
weaker, it is well within the range of possible outcomes due
to statistical fluctuations.

Under the common assumption of a light neutrino ex-
change mechanism, the 130Te half-life limit converts to a
limit on the effective Majorana mass of mbb < 90-305 meV,
with the spread induced by different nuclear matrix element
calculations34–40. This limit on mbb is among the strongest
in the field, proving the competitiveness of the cryogenic
calorimeter technique used in CUORE. CUORE will con-
tinue to take data until it reaches its designed 130Te exposure
of 1000 kg·yr.

Impact

We have demonstrated for the first time that the cryogenic
calorimeter technique is scalable to tonne-scale detector
masses and multi-year measurement campaigns, while main-
taining low radioactive backgrounds. Next generation calori-
metric 0nbb decay searches exploiting these developments
are planned. Among these, CUPID (CUORE Upgrade with
Particle IDentification)41 will utilize the same cryogenic in-

frastructure as CUORE, replacing the TeO2 crystals with
scintillating Li100

2 MoO4 crystals and exploiting the scintilla-
tion light for > 100-fold active suppression of the a back-
ground42, 43. In parallel, the AMoRE collaboration aims
to build a large mass calorimetric 0nbb decay experiment
in Korea44. In general, the possibility to cool large detec-
tor payloads paired with the low energy thresholds achiev-
able by cryogenic calorimeters will benefit next-generation
projects at the frontier of particle physics, such as dark matter
searches like SuperCDMS45 and CRESST46, and low-energy
observatories exploiting CEnNS for solar and supernova
neutrino studies47 and neutrino flux monitoring of nuclear
reactors48.

A quite serendipitous impact is that the cryogenic inno-
vations pioneered by CUORE for 0nbb decay appear to be a
solution-in-waiting for the challenges faced by the relatively
young, but rapidly growing field of quantum information
technology. The need to cool increasingly large arrays of
qubits to . 100 mK means there is now a commercial mar-
ket for large, high-cooling-power dilution refrigerators with
some featuring technological solutions derived from CUORE.
Moreover, the recent realization that ionizing radiation from
natural radioactivity will be a limiting factor for the coher-
ence time of quantum processors with an increasing number
of qubits49 suggests the one-time niche, low-radioactivity
ultra-low temperature cryogenics pioneered for 0nbb decay
may become mainstream in large-scale quantum comput-
ing50.

Online Content

Methods, additional Extended Data and Source Data are
available in the online version of the paper.
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• TeO2 exposure = 1038.4 kg·yr ;  130Te exposure = 288.8 kg·yr 

• Results (limit @90% C.L.): ,  τ0ν
1/2 > 2.2 × 1025 yr mββ < (0.090 − 0.350) eV

38

CUORE: ββ-0ν results

60Co ββ–0νNature 604, 53-58 (2022) 
arXiv:2104.0690

https://dx.doi.org/https://doi.org/10.1038/s41586-022-04497-4
https://arxiv.org/abs/2104.06906
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• Plans to achieve τ1/2 ≳ 1028 yr 
... and mν ≲ 0.01 eV

39

2β decay: future experiments
December 12, 2016 1:25 WSPC/INSTRUCTION FILE DBDR9

26

Table 2. High-sensitivity DBD experiments in futures. A:natural abundance. Qββ : Q value for
the 0+ →0+ and low BG ground state transition. G0ν : kinematic (phase space volume) factor
(gA = 1.25 and R = 1.2 fm A1/3).

isotope A Qββ G0ν Future experiments
[%] [MeV] [10−15 y−1] experiments

76Ge 7.8 2.039 2.36 GERDA, Majorana Demonstrator
82Se 9.2 2.992 10.2 SuperNEMO, MOON
100Mo 9.6 3.034 15.9 AMoRE, LUMINEU, CUPID, MOON
116Cd 7.5 2.804 16.7 AURORA COBRA
130Te 34.5 2.529 14.2 CUORE
136Xe 8.9 2.467 14.6 EXO, KamLAND-Zen, NEXT, Panda X-III
150Nd 5.6 3.368 63.0 SuperNEMO, SON+, DCBA

developed.
SuperNEMO studies the IH mass region by large tracking chambers and PL

scintillation detectors with 100 kg 82Se isotopes.193–195 It uses 20 modules, each
module with 5 kg ββ isotopes. The detector is based on NEMO-3, but the energy
resolution and the BG level have been much improved. The expected sensitivity
with the BG rate 12/(t y) is T1/2 = 1 × 1026 y, corresponding to the ν mass
of 50-140 meV. SuperNEMO demonstrator with 7 kg 82Se is in preparation. The
sensitivity is T1/2=6 ×1024 y (200-500 meV). The energy resolution is around 4%
at E=3 MeV.

AMoRE aims to study 100Mo in the region of IH mass (5 ×1026 y) by using 200
kg 40Ca100MoO4 low-temperature detectors at Y2L.196 PSD with the phonon and
photon signals is used to separate α BGs from electron signals. The pilot experiment
with a 1.5 kg 48depCa100MoO4 detector is going on at Y2L.

LUMINEU is developing cryogenic scintillation bolometers of Li2MoO4 and
ZnMoO4 to study 100Mo.197–199 High purity crystals with PSD make it possible
to get low BG level of around 0.3 /(keV t y) and good energy resolution of around
5 keV.

CUPID ( CUORE Upgrade with PI) is a proposed ton-scale bolometer exper-
iment with the ν-mass sensitivity of the order of 10 meV.200 The collaboration is
starting 40 crystals of Li2MoO4 with 6 kg 100Mo.201

COBRA and AURORA study 116Cd. COBRA uses a large amount of high
energy-resolution CZT(CdZnTe) semiconductors at room temperature.202 The CO-
BRA collaboration tests 64 CZT 1 cm3 detectors at LNGS. The energy resolution
is ∆E=1.1% at 2.6 MeV. Pixelization is a major step forward. Recent results of
the COBRA demonstrator has been reported.203 AURORA uses a 116CdWO4 and
the current half-life limit is 1.9×1023 y204

CUORE uses 988 natural TeO2 crystals with the natural Te isotopes (741 kg
TeO2, 206 kg 130Te) to study 130Te at the IH ν-mass region.177, 205 By improving

J.D. Vergados, H. Ejiri, F. Simkovic, “Neutrinoless 
double beta decay and neutrino mass”, arXiv:1612.02924
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Figure 7: Predictions for |mee| assuming a hierarchical (fig. 7a) and inverted (fig. 7b) neutrino spec-
trum. In fig. 7c we update the upper bound on the mass of quasi-degenerate neutrinos implied by 0ν2β
searches. The factor h ≈ 1 parameterizes the uncertainty in the nuclear matrix element (see sect.
2.1). In fig. 7d we plot the 99% CL range for mee as function of the lightest neutrino mass, thereby
covering all spectra. The darker regions show how the mee range would shrink if the present best-fit
values of oscillation parameters were confirmed with negligible error.
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K
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Neutrino mass generation in 
the Standard Model
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• Known facts: 
- neutrinos oscillate 
- (at least 2) neutrinos have masses 
- neutrino masses are tiny relative to other standard model fermions 

( ) 
 

• Questions: 
- how is the neutrino mass generated? 
- how can we explain it is so small? 

- is the neutrino mass hierarchy normal or inverted? 

- is CP conserved in the neutrino sector?

mν < 1eV

Status and Questions

seesaw 
mechanism}

current + future 
experiments

next generation 
experiments
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• Within each family, the masses 
differ by 102 or less 

• Neutrinos ( ) 
increase the differences by 
several orders of magnitude 

• A natural explanation for the 
light neutrino mass is provided 
by the seesaw mechanism

m < 10−9 GeV

43

Generation of mass: seesaw mechanism

A.Hicheur, Cours de Master "Neutrinos et MatiA.Hicheur, Cours de Master "Neutrinos et Matièère noire", Printemps 2009re noire", Printemps 2009
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GGéénnéérationration de la masse des de la masse des �� (1)(1)
LL’’observation de lobservation de l’’oscillation des oscillation des �� a changa changéé la donne: les la donne: les ��

oscillent/se moscillent/se méélangent donc ils ont une masse (nlangent donc ils ont une masse (néécessairement)cessairement)

1)1) Introduire un neutrino droit puis procIntroduire un neutrino droit puis procééder comme pour les quarks. der comme pour les quarks. 

a)a) Le neutrino droit doit être Le neutrino droit doit être ««ststéérilerile»» (ne pas interagir) pour tenir compte de (ne pas interagir) pour tenir compte de 
ll’’expexpéérience rience �� premier problpremier problèème: condition sans raison profondeme: condition sans raison profonde

b)b) DeuxiDeuxièème problme problèème: couplage de me: couplage de YukawaYukawa du du �� trtrèès faibles faible � hihiéérarchie en rarchie en 
masse masse ««non naturellenon naturelle»» au sein dau sein d’’une même gune même géénnéération de fermionsration de fermions

Comment (rComment (réé)introduire ceci dans la th)introduire ceci dans la thééorie?orie?

Au sein dAu sein d’’une même une même 
ggéénnéération de fermions, ration de fermions, 
les masses sles masses s’é’étalent sur talent sur 
deux ordres de grandeur deux ordres de grandeur 
au maximumau maximum

LL’’ajout des neutrinos avec ajout des neutrinos avec 
un couplage de un couplage de YukawaYukawa
traditionnel ntraditionnel n’’est pas est pas 
naturel (m<~10naturel (m<~10--99 GeVGeV!)!)du

e

μ
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• The SM lagrangian satisfies the SU(3)×SU(2)L×U(1) symmetry 

• But mass terms break the SU(2)L×U(1) symmetry 
 

• Generate mass with the Higgs mechanism 

- introduce a doublet scalar Higgs field Φ 

- couple to fermions with 

- the potential is minimum at 

- the Yukawa term becomes 

- and we identify the mass of the fermion field as

44

Masses in the standard model

� ̄ = �m( ̄R L +  ̄L R)

�y ̄� 

�yv ̄ 

� = v 6= 0

m ⇠ yv
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• Physical states are mass eigenstates  
• Interactions act on flavour eigenstates  

 
⇒ mass eigenstates are superpositions 

     of flavour states 
 
⇒ this offers a possibility for “mixing” between 
flavour eigenstates 

• Mixing observed in neutral mesons: 
 
 
… and among neutrinos 
⇒ therefore neutrinos must be massive to allow mixing!

ψ′ 

ψ ≠ ψ′ 

45

Consequences of the Higgs mechanism

K0 , K̄0 , D0 , D̄0 , B0 , B̄0

θ ψ1

ψ2
ψ′ 2 ψ′ 1
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• Option 1: (if  is a Dirac particle) 
- introduce a right-handed neutrino  and define the mass like for the other 

fermions (e.g. quarks) : 
- problems: 

-  must be “sterile”, i.e. it does not interact, to be consistent with experiments 
⇒ no theoretical motivation 

- the mass is set by hand to a value un-natural (⇒ fine tuning) to the other 

members of the corresponding family 

• Option 2: (if ν is a Majorana particle; νR=νcL ) 
- mass term in the Lagrangian : 
- consequences: 

- a sterile neutrino is not necessary 
- the problem of mass hierarchy is still present

ν
νR

νR
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Introducing a ν mass

�m⌫̄⌫

�mL

2
(⌫̄cL⌫L + ⌫̄L⌫

c
L)
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• Option 3: 
- combine Dirac and Majorana mass terms 

 
 
 
 

- Dirac mass from Higgs mechanism ⇒  

-  in the SM, but could be set to  

- no constraint on  from SM 

- can be set to GUT scale:  

- Remark: can be generalised to multiple families ⇒ 

mD ∼ v ∼ 100 GeV

mL = 0 mL ≪ mD

mR

mR ∼ 1014 − 1016 GeV

mij
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Dirac-Majorana mass term

Dirac term Majorana Left term Majorana Right term

�mD(⌫̄R⌫L + ⌫̄L⌫R)�
mL

2
(⌫̄cL⌫L + ⌫̄L⌫

c
L)�

mR

2
(⌫̄cR⌫R + ⌫̄R⌫

c
R)



F. Blanc, Spring 2025

• Lagrangian mass term can be rewritten as: 

• Diagonalisation (with mL=0; mD≪mR) gives 

• Consequences: 
-  
⇒ small ν mass is generated naturally 

-  is an effective Majorana particle 
- hierarchy problem is solved! 
- (quasi-) Lepton number conserved at low energies

mν ≈ 104/1014 = 0.1 eV

ν
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Dirac-Majorana mass term
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• We started with: 
- ;   only; Lepton number conserved 

• We now have a better description of experimental data with: 
- ;  and ; 

- lepton number violation (but near conservation at low energy) 

• Our understanding suggests that the small ν mass is a consequence of 
physics at very high energy (seesaw mechanism) 

• Better understanding will come from experiments: 
- oscillations; CP violation?; Majorana vs. Dirac;  processes 
- cosmic neutrinos...

mν = 0 νL

mν > 0 νL νR

ΔL ≠ 0

49

Neutrino mass: summary
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Cosmic neutrinos
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• Atmospheric neutrinos 
• Solar neutrinos 
• Neutrinos from 

SuperNovae (SN) 
• Ultra-high-energy 

(UHE) neutrinos

51

Cosmic neutrinos

103 106 109 1012 1015 1018 1021

Energy [eV]

νsolar
νSN νatm νUHE

Figure 1: Neutrino sources and corresponding energies and fluxes on Earth, taken from Ref. [1].
The abbreviations are Big Bang Nucleosynthesis (BBN), Cosmic Neutrino Background (CNB) and
DSNB (Di�use Supernova Neutrino Background). Nuclear solar neutrinos are produced by pp and
CNO cycles, thermal solar neutrinos are produced from processes like bremsstrahlung or plasmon
decay. See later sections for more on the various neutrino sources.

2.2 Reactor Neutrinos
2.2.1 Introduction

Reactor antineutrinos (‹̄e)1 were used to discover neutrinos in 1956. However, the reactor
neutrino flux itself is still not fully understood, due to the well known anomalies observed
in both its absolute flux and spectral shape.

In commercial light-water reactors, where low-enriched (3≠5%) 235U is used as fuel, there
are four main isotopes, 235U, 239Pu, 238U, and 241Pu, which contribute to the production of
more than 99% ‹̄e from beta decays in the decay chain of these isotopes’ fission products. On
average, each fission releases about 200 MeV energy [2, 3] and produces six ‹̄e with energy
up to about 10 MeV.

The reactor neutrino flux is calculated or simulated by using the following equation:

�(E‹) = Pth
qisotopes

i fi ◊ Ei

isotopesÿ

i

fi ◊ „i(E‹), (1)

where Pth, fi, Ei, and „i(E‹) represent, respectively, reactor thermal power, fission fraction of
1In this section, reactor antineutrinos will be called reactor neutrinos for brevity.

14

Rev. Mod. Phys. 92 (2020) 045006, arXiv:1910.11878

arXiv: 2111.07586
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• Cosmic rays interact in the high atmosphere 
and produce neutrinos 
-  and  in ratio 1:2 

• Useful for neutrino oscillation measurements 
• Observed in all neutrino experiments 
• Background to UHE neutrino studies

νe νμ

52

1. Atmospheric neutrinos
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• Upward “beam” is a clean neutrino source 
• Downward beam is polluted with muons

53

Upward vs. downward

From aboveFrom below

ν dominate

μ± dominate
θ

http://antares.in2p3.fr

http://antares.in2p3.fr
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• Neutrinos of a few MeV are produced in fusion processes inside stars 
- neutrino production 

dominated by the  
chain (see next slides)  

• Neutrinos emitted by 
the Sun are clearly 
visible in earth-bound 
detectors 

• Neutrino small 
cross-section 
⇒ probe the Sun’s 
inner structure 
 

pp
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2. Solar neutrinos
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FIG. 17: Solar angle distribution for 3.49 to 19.5 MeV. θsun
is the angle between the incoming neutrino direction rν and
the reconstructed recoil electron direction rrec. θz is the solar
zenith angle. Black points are data while the histogram is
the best fit to the data. The dark (light) shaded region is the
solar neutrino signal (background) component of this fit.

the number of background events in the i-th energy bin,
respectively. Yi is the fraction of signal events in the i-
th energy bin, calculated from solar neutrino simulated
events. The background weights bij = βi(cos θsunij ) and
the signal weights sij = σ(cos θsunij , Eij) are calculated
from the expected shapes of the background and solar
neutrino signal, respectively (probability density func-
tions). The background shapes βi are based on the zenith
and azimuthal angular distributions of real data, while
the signal shapes σ are obtained from the solar neutrino
simulated events. The values of S and Bi are obtained
by maximizing the likelihood. The histogram of Fig. 17
is the best fit to the data, the dark (light) shaded region
is the solar neutrino signal (background) component of
that best fit. The systematic uncertainty for this method
of signal extraction is estimated to be 0.7%.

1. Vertex shift systematic uncertainty

The systematic uncertainty resulting from the fiducial
volume cut comes from event vertex shifts. To calcu-
late the effect on the elastic scattering rate, the recon-
structed vertex positions of solar neutrino MC events are
artificially shifted following the arrows in Fig. 3, and the
number of events passing the fiducial volume cut with
and without the artificial shift are compared. Fig. 18
shows the energy dependence of the systematic uncer-
tainty coming from the shifting of the vertices. The in-
crease below 4.99 MeV comes from the reduced fiducial
volume (smaller surface to volume ratio), not from an
energy dependence of the vertex shift. The systematic
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FIG. 18: Vertex shift systematic uncertainty on the flux. The
increase below 4.99 MeV comes from the tight fiducial volume
cut. (see text)

uncertainty on the total rate is ±0.2%.

2. Trigger efficiency systematic uncertainty

The trigger efficiency depends on the vertex position,
water transparency, number of hit PMTs, and response
of the front-end electronics. The systematic uncertainty
from the trigger efficiency is estimated by comparing Ni-
calibration data (see section II C) with MC simulation.
For 3.49-3.99 MeV and 3.99-4.49 MeV, the difference be-
tween data and MC is −3.43±0.37% and −0.86±0.31%,
respectively [12]. Above 4.49 MeV the trigger efficiency
is 100% and its uncertainty is negligible. The resulting
total flux systematic uncertainty due to the trigger effi-
ciency is ±0.1%.

3. Angular resolution systematic uncertainty

The angular resolution of electrons is defined as the an-
gle which includes 68% of events in the distribution of the
angular difference between their reconstructed direction
and their true direction. The MC prediction of the angu-
lar resolution is checked and the systematic uncertainty
is estimated by comparing the difference in the recon-
structed and true directions of LINAC data and LINAC
(see [9]) simulated events. This difference is shown in Ta-
ble IV for various energies. To estimate the systematic
uncertainty on the total flux, the signal shapes sang+ij and
sang-ij are varied by shifting the reconstructed directions of
the simulated solar neutrino events by the uncertainty in
the angular resolution. These new signal shapes are used
when extracting the total flux, and the resulting ±0.1%
change in the extracted flux is taken as the systematic
uncertainty from angular resolution.

Background
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Super-Kamiokande 
Phys. Rev. D94 (2016) 052010
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Neutrino picture of the Sun
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http://apod.nasa.gov/apod/ap980605.html
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Solar neutrinos: pp chain

Net reaction: 
 4p + 2e− → 4He + 2νe + Q

Q = 26.7 MeV

4p + 2e− → 4He + 2νe + Q
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• ν flux dominated by pp chain: 
- Flux on Earth  

• Deficit of neutrinos detected relative to prediction of the 
Solar Standard Model (SSM) 
- Understood now as 

being due to ν 
oscillations 

• Confront SSM with: 
- neutrino flux 
- helio-seismology 

 
⇒ strong constraints 
on Sun inner structure 

≈ 6 × 1010 cm−2 s−1

57

Solar neutrino energy spectrum

14. Neutrino masses, mixing, and oscillations 21

Figure 14.2: The solar neutrino spectrum predicted by the SFII-GS98 standard
solar model [126]. In addition to the standard fluxes, the line spectra of the ecCNO
neutrinos [120] are added. The neutrino fluxes are given in units of cm−2s−1MeV−1

for continuous spectra and cm−2s−1 for line spectra. The numbers associated with
the neutrino sources show theoretical errors of the fluxes. This figure is taken from
Ref. 131.

Positrons annihilate with electrons. Therefore, when considering the solar thermal energy
generation, a relevant expression is

4p + 2e− → 4He + 2νe + 26.73 MeV − Eν , (14.24)

where Eν represents the energy taken away by neutrinos, the average value being
⟨Eν⟩ ∼ 0.6 MeV.

The fluxes of the solar neutrinos are predicted by the calculations based on the
Standard Solar Model (SSM), which describes the internal solar structure and follows
its evolution from zero age to the present. A variety of input information is needed for
the evolutionary calculations in the SSM, including the luminosity, age, radius, and mass
of the Sun, its surface abundances of elements, radiative opacities, and nuclear reaction
rates relevant to the pp chain and CNO cycle. Bahcall and his collaborators defined the
SSM as the solar model which is constructed with the best available physics and input
data [121,122,123]. Therefore, SSM calculations have been rather frequently updated in
response to the changes or improvements of relevant physics and input data: there have
been efforts over several decades to improve the SSM [121–127]. Observation of solar
neutrinos directly addresses the theory of stellar structure and evolution, which is the

December 11, 2017 13:44
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A.Chlorine 

- Principle: 

- Ethreshold = 0.814MeV (⇒ sensitive to 8B) 

- 37Ar detected by “radiochemical” methods: proportional chambers count Auger e− 
produced in e−-capture process (τ=35day) 

- Homestake (1970-1994): 1st observation of Solar neutrinos, with 1/3 of the 
expected rate... 

B.Gallium 

- Principle: 

- Ethreshold = 0.233MeV (⇒ sensitive to all sources) 

- 71Ge extracted chemically, and decay to 71Ga measured 

- Gallex/GNO (1991-1997), SAGE (1990-) 

• All observed a deficit of Solar neutrinos (30% – 80% of expectation)

58

Solar neutrino experiments (I)

⌫e +
37Cl ! 37Ar + e�

⌫e +
71Ga ! 71Ge + e�
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C.Water Cherenkov detectors: 

- (Super-)Kamiokande 

-  

- SNO: 

- 99.92% pure D2O 

- reactions: 

CC: 

NC: 

NC equally sensitive to all ν flavours 

- gamma detected in 

-  

- deficit seen in CC processes, but no deficit seen in NC processes 
⇒ consistent with  oscillations!

Ethreshold = 4.7 MeV

Ethreshold = 2.2 MeV

νe → νμ , ντ
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Solar neutrino experiments (II)

SNO

⌫↵ + d ! p+ n+ ⌫↵ , ↵ = e, µ, ⌧
⌫e + d ! p+ p+ e�

n+ d ! 3
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2 100 m
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CHERENKOV 
RADIATION

PROTECTING ROCK
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Both electron neutrinos 
alone and all three types of 
neutrinos together give�sig�
nals in WKH�heavy water tank.
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• ν produced and ejected in star’s core collapse 
- e.g. SN type II (8-60 solar masses): 

- Iron core of star (a) 
reaches Chandrasekhar 
mass and collapses (b) 

- Inner part compresses 
into a degenerate 
neutron (fermionic) gas 
through e– capture (c), 
on which the in-falling 
material bounce (d) 

- A shock wave is 
generated, in which 
neutrinos are 
produced (e) 
 

• Neutrinos produced in following cycle during collapse: 
 
                                                                                 Eν ≈ 10 – 40MeV
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3. SuperNovae neutrinos
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• 24 February 1987, in the Large Magellanic Cloud (≈50 kpc) 
• Observed in 3 neutrino detectors: 

- Kamiokande (Japan) 
- IMB (USA) 
- Baksan (Russia)

61

SuperNovae SN1987A

Energy and arrival time 
evolution at Kamiokande
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SN1987A in LMC

http://www.nasaimages.org

SN1987A 16years later

http://www.nasaimages.org
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• Mass: 
- Model-independent limit   

- Model-dependent limit:  
[Phys. Rev. D 65 (2002) 063002] 

- mixing ⇒ valid for all ν species 

• Lifetime: 
no decay over 50 kpc 
⇒  

• Electric charge: 
- the galactic magnetic field 

increases the path length of 
charged particles ⇒ higher time 
spread due to E spectrum 
⇒  

m(νe) < 30 eV
m(νe) < 5.7 eV

τ(νe) > 1.6 × 105(mν /Eν) yr

q(νe) < 10−17 e

63

SN1987A: constraints on neutrino physics

CERN Courier, Jan 30, 2007
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• In general, violent events are source of high-energy particles: 
- Active Galactic Nuclei (AGN) 
- Associated to Gamma Ray Bursts 
- Intergalactic shock waves

64

4. High-energy astroparticles
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• Astroparticle energy spectrum  
• At , protons bend in the galactic 

magnetic field and loose memory of direction 
• “GZK” cutoff when charged particles interact 

with Cosmic Microwave Background (CMB) 
 
 
 
 
→ production of “GZK neutrinos” at 
energies  

• UHE neutrinos: 
- oscillations ⇒ all flavours reach Earth 

- not affected by GZK cutoff 
- point to source

≈ E−2.7

E < 1019 eV

≈ 1018 − 1020 eV

65

Ultra High Energy neutrinos
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• Principle: 
- detect Cherenkov light emitted by  and  produced in neutrino 

interactions with matter 
- placed in deep water or deep ice 

 

• Past, current and future experiments: 
- AMANDA (1997-2003), at South Pole 
- Baïkal/NT200, Russia 
- ANTARES, Mediterranean Sea  
- IceCube, South Pole 
- [ KM2NET (ANTARES+NESTOR+NEMO) ]

μ± e±

66

Neutrino telescopes

detector 
properties νe νμ

direction poor good

energy good poor
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• Located 2400m deep, near Toulon, France 
• 12 cables × 25 optical modules 
• 900 photomultipliers 
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Antares http://antares.in2p3.fr/

http://antares.in2p3.fr
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Antares detector
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Event propagation

neu
trin

o

muon

interaction with nucleus

Cherenkov light

Record propagation time of 
the Cherenkov wave front 
⇒ reconstruct muon direction 

and momentum
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• On 12 February 2025, the KM3NeT collaboration announced the 
observation of a neutrino of energy 2.2+5.7

−1.1 × 1017 eV

71

Observations of highest energy neutrino

Nature | Vol 638 | 13 February 2025 | 377

The detector was in this configuration from 23 September 2022 until 11 
September 2023, when seven further lines were installed. After remov-
ing data acquired in the detector commissioning phase and during 
detector calibration periods, 287.4 days of data taking were selected for 
analysis with this configuration. During this period, about 110 million 
events were triggered and KM3-230213A is the highest-energy event 
observed. KM3-230213A is visualized in Fig. 1. A total of 28,086 hits 
were registered by the 21 detection lines. Owing to the large amount of 
detected light, the PMTs closest to the muon trajectory are saturated. 
As expected for very-high-energy muons, at least three large showers, 
probably because of energy-loss processes, are observed along the 
track (more details are provided in the Supplementary Materials).

The muon trajectory is reconstructed from the measured times and 
positions of the first hits recorded on the PMTs, using a maximum- 
likelihood algorithm, described in Methods. KM3-230213A is the event 
with the best track log-likelihood among all those collected in this detec-
tor configuration, indicative of a highly relativistic muon travelling 
several hundreds of metres through the detector. The direction of KM3-
230213A is reconstructed as near-horizontal, originating 0.6° above 
the horizon at an azimuth of 259.8° (azimuth angles increase clock-
wise, with north at 0°). The uncertainty on the direction is estimated  
to be 1.5° (68% confidence level), dominated by the present systematic 
uncertainty on the absolute orientation of the detector. The origin of 
this uncertainty is described in Methods. A dedicated sea campaign 

N
100 m

N

100 m

1,800

1,600

1,400

1,200

1,000

800

600

400

200

0

Ti
m

e 
(n

s)

23
24

25

15

10 11
16

20

26 27

22

12

5

32

28

23

24

20

30

25

19

14

15

13

9

10

11
12

5

16

21

26

22

27 28

32

21

13

19

14

9

30

a

b

Fig. 1 | Views of the event. a, Side and top views of the event. The reconstructed 
trajectory of the muon is shown as a red line, along with an artist’s representation 
of the Cherenkov light cone. The hits of individual PMTs are represented by 
spheres stacked along the direction of the PMT orientations. Only the first  
five hits on each PMT are shown. As indicated in the legend, the spheres are 
coloured according to the detection time relative to the first triggered hit. The 
size of the spheres is proportional to the number of photons detected by the 

corresponding PMT. The locations of the secondary cascades, discussed in 
the Supplementary Material, are indicated by the black spheres along the muon 
trajectory. The north direction is indicated by a red arrow. A 100-m scale and 
the Eiffel Tower (330 m height, 125 m base width) are shown for size comparison. 
b, Zoomed-in view of the optical modules that are close to the first two observed 
secondary showers in the event. Here light-blue spheres represent hits that 
arrive within −5 to 25 ns of the expected Cherenkov arrival times.
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Article

Observation of an ultra-high-energy cosmic 
neutrino with KM3NeT

The KM3NeT Collaboration* ✉

The detection of cosmic neutrinos with energies above a teraelectronvolt (TeV) offers 
a unique exploration into astrophysical phenomena1–3. Electrically neutral and 
interacting only by means of the weak interaction, neutrinos are not deflected by 
magnetic fields and are rarely absorbed by interstellar matter: their direction 
indicates that their cosmic origin might be from the farthest reaches of the Universe. 
High-energy neutrinos can be produced when ultra-relativistic cosmic-ray protons or 
nuclei interact with other matter or photons, and their observation could be a 
signature of these processes. Here we report an exceptionally high-energy event 
observed by KM3NeT, the deep-sea neutrino telescope in the Mediterranean Sea4, 
which we associate with a cosmic neutrino detection. We detect a muon with an 
estimated energy of 120−60

+110 petaelectronvolts (PeV). In light of its enormous energy 
and near-horizontal direction, the muon most probably originated from the 
interaction of a neutrino of even higher energy in the vicinity of the detector. The 
cosmic neutrino energy spectrum measured up to now5–7 falls steeply with energy. 
However, the energy of this event is much larger than that of any neutrino detected  
so far. This suggests that the neutrino may have originated in a different cosmic 
accelerator than the lower-energy neutrinos, or this may be the first detection of a 
cosmogenic neutrino8, resulting from the interactions of ultra-high-energy cosmic 
rays with background photons in the Universe.

Cosmic neutrinos may be produced either in the vicinity of the cosmic- 
ray source or along the cosmic-ray propagation path, leading to the 
production of secondary unstable particles, which subsequently decay 
into neutrinos. Cosmic rays interacting in the Earth’s atmosphere pro-
duce atmospheric neutrinos, which form an experimental background 
to cosmic neutrinos. To detect cosmic neutrinos, very-large-volume 
neutrino observatories monitor natural bodies of water or ice for the 
Cherenkov light induced by the passage of the charged particles that 
result from neutrino interactions in or near the detector. The KM3NeT 
research infrastructure comprises two detector arrays of optical sen-
sors deep in the Mediterranean Sea4. The ARCA detector is located 
offshore Portopalo di Capo Passero, Sicily, Italy, at a depth of about 
3,450 m and connected by means of an electro-optical cable to the 
shore station of the INFN, Laboratori Nazionali del Sud (LNS). The 
geometry of ARCA is optimized for the study of high-energy cosmic 
neutrinos. The ORCA detector is located at a depth of about 2,450 m, 
offshore Toulon, France, and is optimized for the study of neutrino 
oscillations. Both detectors are under construction but already opera-
tional. Once completed, they will comprise 345 (230 for ARCA and 115 
for ORCA) vertical detection lines, each holding 18 optical modules. 
Each module hosts 31 3-inch photomultiplier tubes (PMTs) pointing 
in all directions and ensuring 4π coverage9. Both detectors can iden-
tify all flavours of neutrino interactions: those producing long-lived 
muons, denominated ‘tracks’, and those producing electromagnetic 
and hadronic cascades at the neutrino interaction vertex, denominated  
‘showers’.

Of interest in this article are neutrino interactions that produce 
high-energy muons, which can travel several kilometres in seawater 
before being absorbed. These muons lose energy as they propagate 
mainly because of stochastic radiative processes such as bremsstrahl-
ung, pair production and photonuclear reactions. The average energy 
loss per unit path length is proportional to the muon energy. Elec-
tromagnetic cascades arise from these stochastic energy losses; the 
number of charged particles that produce Cherenkov radiation in the 
cascades is proportional to the amount of energy lost by the muon in 
the process. The recorded time of arrival and time-over-threshold of 
the signals on the PMTs (denoted as ‘hits’) are used to reconstruct the 
muon direction and energy.

Although atmospheric neutrinos are more abundant at lower ener-
gies (≈TeV), cosmic neutrinos should become dominant at energies 
above 100 TeV. The neutrino energy is thus a crucial parameter for 
establishing a cosmic origin. The IceCube Collaboration announced the 
discovery of PeV cosmic neutrinos in 2013 (ref. 10). The most energetic 
neutrinos reported so far are a 6.05 ± 0.72 PeV electron antineutrino 
observed at the energy of the Glashow resonance11 and a muon neutrino 
above 10 PeV from the observation of a 4.4-PeV muon5.

The neutrino event KM3-230213A
An extremely high-energy muon traversing the ARCA detector was 
observed on 13 February 2023 at 01:16:47 UTC. This event is referred to 
here as KM3-230213A. At that time, 21 detection lines were in operation. 
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via magnetic tape. More interesting events are sent by satel-
lite to the IceCube data warehouse in Madison, WI. Essen-
tially, IceCube consists of 5160 freely running sensors send-
ing time-stamped, digitized waveforms of the light they
detect to the surface. The local clocks in the sensors are kept
calibrated with nanosecond precision. This information al-
lows the scientists to reconstruct neutrino events and infer
their arrival directions and energies.

The complete IceCube detector will observe several hun-
dred neutrinos per day,14,15 with energies above 100 GeV; the
DeepCore infill array will identify a smaller sample with
energies as low as 10 GeV. These “atmospheric neutrinos”
come from the decay of pions and kaons produced by the
collisions of cosmic-ray particles with nitrogen and oxygen
in the atmosphere. Atmospheric neutrinos are a background
for cosmic neutrinos, at least for energies below 1000 TeV,
but their flux is calculable and can be used to prove that the
detector is performing as expected. At the highest energy, a
small charm component is anticipated; its magnitude is un-
certain and remains to be measured. As in conventional as-
tronomy, IceCube looks beyond the atmosphere for cosmic
signals.

In parallel, the development of the technology for com-

missioning a large detector deployed in sea or fresh water !in
a lake" continued.16 Water can have excellent optical quality,
with a long scattering length that can lead to a very good
angular resolution. The decay of radioactive potassium-40
typically contributes a steady 40 kHz background rate in a
10 in. photomultiplier tube !PMT". Bioluminescence also
contributes bursts of background light that result in detector
dead time. Currents are also an issue; it is necessary to track
the position of the optical sensors. In contrast, Antarctic ice
has a shorter scattering length than water, but the attenuation
length is longer. With appropriate reconstruction algorithms,
it is possible to place the optical sensors farther apart in ice
than in water. Furthermore, the only background in the sterile
ice is that introduced by the detector itself.

As has already been mentioned, the original effort to
build a large detector was by the DUMAND collaboration.6

They proposed to build a substantial deep-ocean detector at a
site about 40 km off the coast of the island of Hawaii, in
4800 m of water. Buoyant strings of PMTs were to be an-
chored to the seabed and connected to the shore by an un-
derwater cable. The challenges were formidable for the
1980s technology: high pressures, corrosive salt water and
large backgrounds from bioluminescence, and radioactive
40K. DUMAND was canceled after a pressure vessel leaked
during the very first string deployment.

Another effort by a Russian and German collaboration in
Lake Baikal, in Siberia, is still taking data,7 taking advantage
of the deep, pure water. The detector was built in stages,
starting with 36 optical modules; the current “main” detector
consists of 192 phototubes on eight strings. A later extension
added three “sparse” strings 200 m from the main detector,
providing an instrumented mass of 10 Mtons for extremely
high-energy cascades. The ice that covers Lake Baikal for
two months every spring is a convenient platform for detec-
tor construction and repair.

After extensive research and development efforts by the
ANTARES !Astronomy with a Neutrino Telescope and
Abyss Environmental Research", NESTOR !Neutrino Ex-
tended Submarine Telescope with Oceanographic Research",
and NEMO !Neutrino Mediterranean Observatory" collabo-
rations in the Mediterranean, there is optimism that the tech-
nological challenges to building neutrino telescopes in deep
seawater have now been met.16 Construction of the
ANTARES detector, located at a depth of 2400 m close to
the shore near Toulon, France, has been completed.9 The
detector consists of 12 strings, each equipped with 75 optical
sensors mounted in 25 triplets. ANTARES’s performance has
been verified by the first observation of atmospheric neutri-
nos. Like AMANDA, it is a proof of concept for KM3NeT
!Cubic Kilometer Neutrino Telescope", a kilometer-scale de-
tector in the Mediterranean Sea, complementary to IceCube
at the South Pole.

B. The science

Neutrino astronomy predates kilometer-scale detectors.17

The first searches for extraterrestrial neutrinos were in the
1960s, in two deep mines: India’s Kolar Gold Field and
South Africa’s East Rand mine. Because of the large back-
ground radiation at ground level, from cosmic rays interact-

FIG. 1. !Color" !Top" Conceptual design of a large neutrino detector. A
neutrino, selected by the fact that it traveled through the Earth, interacts with
a nucleus in the ice and produces a muon that is detected by the wake of
Cherenkov photons it leaves inside the detector. A high-energy neutrino has
a reduced mean free path !!"", and the secondary muon an increased range
!!#", so the probability for observing a muon !#!" increases with energy; it
is about 10−6 for a 1 TeV neutrino !Ref. 13". !Bottom" Actual design of the
IceCube neutrino detector with 5160 optical sensors viewing a kilometer
cubed of natural ice. The signals detected by each sensor are transmitted to
the surface over the 86 cables to which the sensors are attached. IceCube
encloses its smaller predecessor, AMANDA.
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focused dynodes and runs at a gain of 107 at a nominal
1500 V. Most of the PMTs are run at a gain of 107. The
typical high voltages range from 1300 to 1500 V. A mu-metal
shield surrounds the PMT and reduces the ambient !Earth’s"
magnetic field in the PMT by about a factor of 2.

The PMT bases are conventional resistive dividers, with
the Hamamatsu-recommended ratios and a total resistance of
130 M!. High resistances were used to minimize power
consumption. Capacitors are placed across the last six dyn-
ode stages to maintain the voltages in the presence of large
pulses; their recharging time constants are of the order of 1 s.
The capacitors are sized so that the PMT loses less than 20%
gain for a 106 photoelectron pulse.

The high voltage !HV" is supplied by custom-designed57

Cockroft–Walton power supply. It is both low-power
!"300 mW" and low-noise !"1 mV". The output voltage is
digitally controlled and may be adjusted from the surface.

The PMTs operate with the cathode grounded; the an-
odes are at a high potential. The anode signals are coupled to
the data acquisition electronics with a bifilar wound toroidal
transformer. A transformer was used instead of a capacitor
because it has much lower stored energy for an equivalent
frequency response. The transformers were designed to have
a frequency response from 8 kHz to over 100 MHz, down to
−40 °C. A square wave input produces an output signal with

a decay time of more than 15 #s, far longer than the lengths
of a single event !except for possible slow magnetic mono-
poles". The first 1200 DOMs were built with an earlier de-
sign, with a 1.5 #s time constant. During data analysis, this
droop is removed with a digital filter. The only problem oc-
curs when the ADCs overflow or “bottom out,” in which case
some information is lost. The system response to a single
photoelectron !SPE" is a pulse with roughly triangular wave-
forms, with an average amplitude of about 10 mV and a
width of 5 ns.

Figure 11 shows the charge spectrum produced by the
PMT running at a gain of 107 in response to a low-amplitude
LED !emitting much less than 1 photoelectron/pulse". The
single photoelectron peak is described by a Gaussian with a
resolution of about 30%. However, about 15% of the SPE
produce a much smaller output, less than 0.3 of the peak
charge. This low-charge tail is from real SPE.

Figure 12 shows the arrival times of single photoelectron
pulses. For single photoelectrons, the time resolution is about
2 ns, although a tail of late-arriving pulses is clearly visible,
with peaks around 30, 75, and 130 ns late; about 4% of the
pulses come more than 25 ns after the expected arrival time.

FIG. 9. !Color" Absorption !left" and scattering !right" lengths of light in South Polar ice as a function of depth and wavelength, from 300 to 600 nm
!Ref. 53".

Cable Penetrator Assembly

High Voltage Generator &
Digital Control Assembly

Mu-Metal Magnetic
Shield Cage

Glass Pressure
Sphere

PMT High Voltage Base Board

LED

Flasher Board

Main board

Delay board

PMT

FIG. 10. !Color" Schematic drawing of a digital optical module.
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FIG. 11. !Color online" The single photoelectron charge spectrum observed
in the PMT at a gain of 107. Reprinted from R. Abbasi et al., Nucl. Instrum.
Methods Phys. Res. A 618, 139 !2010".
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• 4200 optical modules on 86 “strings” 

• 2450m long strings, separated by 125m 
- optical modules at depths 

1450 – 2450m (“InIce”) 

• 320 surface (“IceTop”) optical module to 
identify air showers 

• data taken with 22 (IC-22), 40 (IC-40), 
and 79 (IC-79) strings
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sensitivity for low-energy events, especially upward-going
muons. A proposed “topological” trigger will be optimized
for low-energy horizontal muons. Other triggers are under
development for DeepCore.

When a trigger occurs, all data within a !10 "s trigger
window is saved, becoming an event. If multiple trigger win-
dows overlap, then all of the data from the ORed time inter-
vals are saved as a single event.

IceTop uses two different trigger criteria, based on the
number of hit stations. A station is a pair of nearby tanks. A
station is considered hit if the high-gain DOM fired in one
tank, in coincidence with the lower-gain DOM in the other.
This was implemented in a hardware by cross-wiring the
local coincidence circuitry. Higher energy events !above
about 300 TeV" were collected with a trigger that required
eight hit stations; a prescaled lower energy trigger requires
three stations to be hit.

All of the triggered data are reconstructed by an on-line
filter system, and selected events are transmitted via satellite
to the Northern Hemisphere.64 The filters use simple physics-
based criteria, “first guess” reconstruction algorithms, and
simplified maximum likelihood fitting. Current filters select
upward-going muons, cascades !#e, #$, and all-flavor neutral-
current interactions", extremely high-energy events, starting
and stopping events, and air showers seen in IceTop. For the
40-string running, these filters selected about 6% of the
events, comprising about 32 Gbytes/day. All of the data, in-
cluding the data selected for satellite transmission, are stored
on tapes at the South Pole station. The tapes are sent north
during the Austral summer.

I. Event reconstruction

The first stage of event reconstruction converts the PMT
waveforms into photon arrival times, as shown in Fig. 21.
The first step is to calibrate the waveform, converting ADC
counts and ATWD fADC time bins into absolute times and
voltages. The next step is to extract photon arrival times.
This is done with several methods; the “standard” approach
is to perform a Bayesian peak unfolding; the algorithm
searches for PMT-like pulses !with the correct shape" and
removes them from the waveform, one by one.

These photon arrival times are used in maximum likeli-
hood fitting event reconstruction. IceCube can reconstruct
the three different neutrino flavors based on the event topol-
ogy. Figure 22 shows examples of three different types of
interactions.

The top panel shows a kilometer-long muon track !or
multiple parallel muons from a shower" traversing the detec-
tor. The long lever arm provides good directional reconstruc-
tion, better than 1°. The muon energy can be estimated by
the track length !for muons that start and stop in the detector"
or from the specific energy loss; at energies above 1 TeV,
muon energy loss !dE /dx" is proportional to the muon
energy.

Figure 22 !middle" shows a cascade from a simulated #e
event. The light is nearly pointlike. Although most of the
light is emitted near the Cherenkov angle, many of the pho-
tons scatter before being detected, partially washing out the
angular information.

Figure 22 !bottom" shows a simulated few-PeV #$ inter-
action forming a classic “double-bang” topology. One
“bang” occurs when the #$ interacts. That interaction also
produces a $, which travels a few hundred meters before
decaying, and producing a second bang. Several other $ de-
cay modes are under study in IceCube.

Other topologies are also of interest. A #" can interact in
the detector, producing a hadronic shower from the struck
nucleus, plus the " track. If the neutrino interaction vertex
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FIG. 21. !Color" The ATWD digitizer output from a typical event; multiple
photoelectrons are clearly visible. Each time sample is 3.3 ns. The waveform
is decomposed into a list of photon arrival times, which is used for event
reconstruction !Ref. 65".

FIG. 22. !Color" Simulated events of the three types of neutrino interactions
in IceCube: !a" #"N→"X !top", !b" #eN→cascade !middle", and !c" a
double bang, from #$N→$ cascade1→cascade1cascade2 !bottom". Each
circle represents one active optical module; the size of the circles shows the
number of detected photons, while the color represents the time, from red
!earliest" to blue !latest". In the top panel, the white shows the stochastic
muon energy deposition along its track !Ref. 14".
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• Analysis of extra-terrestrial neutrinos 
- reject atmospheric neutrinos and search for point sources 

• A few candidate clusters to be associated with known sources 
- but no statistically significant cluster 
- a transient source has been observed (in conjunction with γ-ray flare from a 

Blazar) [Science 361 (2018) 147]
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IceCube sky survey
The Astrophysical Journal, 732:18 (16pp), 2011 May 1 Abbasi et al.

Figure 16. Equatorial skymap (J2000) of pre-trial significances (p-value) of the all-sky point-source scan. The galactic plane is shown as the solid black curve.

Figure 17. Equatorial skymap (J2000) of upper limits of Feldman–Cousins 90% confidence intervals for a flux Φ/dE ∝ E−2 of νµ + ν̄µ. The galactic plane is shown
as the solid black curve.
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Figure 18. Median sensitivity to a point-source flux dΦ/dE ∝ E−2 of νµ + ν̄µ

as a function of declination, shown for the 22-string IceCube southern and
northern sky analyses (Abbasi et al. 2009a, 2009b), this 40-string analysis, and
preliminary estimated sensitivities for one year for the ANTARES experiment,
primarily sensitive in the GeV–TeV energy range (Coyle 2010), and the final
IceCube configuration (using the event selection based on this work for the
up-going region). For the a priori source list, upper limits of Feldman–Cousins
90% confidence intervals for a flux dΦ/dE ∝ E−2 of νµ + ν̄µ are shown. In
addition, we show the discovery potential for this work.

in Figure 18 is a preliminary comparison to the ANTARES
experiment (Coyle 2010). ANTARES is primarily sensitive to
GeV–TeV energy neutrinos in the southern sky, so the coverage
in energy is quite complementary to this IceCube analysis.

The Milagro TeV source stacking search resulted in a final
p-value of 32% with best-fit ns = 7.6 (total number of signal
events above background) and spectral index γ = 2.6. The
starburst galaxy stacking search resulted in an underfluctuation
with best-fit ns = 0 and a final p-value of 100%, since we do
not allow negative values of ns. Finally, the CGs stacking search
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Figure 19. Mean number of dΦ/dE ∝ E−2 signal events at the final cut
level required for a discovery at 5σ in 50% of trials and the mean number of
background events in a circular bin with a radius of 1◦ vs. sine of the declination.

yielded a final p-value of 78% with ns = 1.8. These results,
along with sensitivities and upper limits, are summarized in
Table 4.

9. IMPLICATIONS FOR MODELS OF ASTROPHYSICAL
NEUTRINO EMISSION

The IceCube Neutrino Observatory aims to further our under-
standing of astrophysical phenomena, constraining models even
in the absence of a detection. Figure 20 shows our sensitivity to
some specific predictions. The model of Morlino et al. (2009)
is for SNR RX J1713.7-3946. This analysis is largely insen-
sitive to spectra which cut off below 100 TeV in the southern
sky. Applying this emission model at the location of the Crab

14

No significant clustering

Galactic

�

�

�

�
�

�

�

�

�

�

�

�� �

�
�

�
�

�

�

�

�� ��

�

�
�

�

�

�

�
�

�

��

�

�
�

�

�

�

��

�

�

�

�

�

�

�
�

�

�

�

�
�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�
�

�

�

�

�

�

�

�

�

�

�

�

�
�

�

�

�

� �

�

�
�

�

�

�

�

�

�

�

�

�
�

�

�
�

�

�

�

�

�

�

�

�

�
�

�

�

�

�

�

�
�
� �

�

�

�

�

�

�
�

Arrival directions of most energetic neutrino events

North

Galactic Plane
180o

-90o

Earth
absorption

South
TXS 0506+056

76.4�76.8�77.2�77.6�78.0�78.4�

Right Ascension

4.6�

5.0�

5.4�

5.8�

6.2�

6.6�

D
ec

lin
at

io
n

best-fit direction IC170922A

IC170922A 50%

IC170922A 90%

best-fit direction IC170922A

IC170922A 50%

IC170922A 90%

0
1
2
3
4
5
6
7
8
9
10

F
er

m
i-

L
A

T
C

ou
nt

s/
P

ix
el

Figure 14: The current sky map of highly energetic neutrino events detected by IceCube. Shown are
upgoing track events [130,187], the high-energy starting events (HESE) and cascades [161,188,189],
and additional track events published as public alerts [190]. The distribution of the events is largely
isotropic. The location of the first compelling neutrino source, blazar TXS 0506+056, is marked
with a star. Shown in the inset are the related Fermi Large Area Telescope (LAT) measurements
of the region centred on TXS 0506+056 from September 2017 [148]. The uncertainty ellipses of the
IceCube neutrino event IC-170922A are shown for reference.

2.8 Geoneutrinos
2.8.1 Introduction

Geoneutrinos are antineutrinos produced by natural radioactivity in the Earth [191]. Most
geoneutrinos come from the decay of 40K and relatively smaller contributions come from
the decays of 232Th and 238U. Together these three nuclear isotopes account for more than
99% of the heat generated by Earth’s radioactivity. The distribution of radiogenic heating
between the crust, mantle, and core gives unique insights about the formation and evolu-
tion of Earth. The direct connection between geoneutrinos and radiogenic heating makes
antineutrino detectors important instruments for geophysical research.

The geoneutrino generating elements (K, Th, U) are lithophilic, according to the Gold-
schmidt classification. They exhibit geochemical a�nity for the Earth’s outer rocky crust
and mantle layers but not for the metallic core. Their distributions, which are not fully
known, throughout these silicate layers smooths over the e�ect of neutrino oscillations on
the geoneutrino fluxes. An average oscillation probability provides an accuracy at the level
of a few percent [192], which is comparable to the uncertainties in the oscillation parameters.
For comparison, these uncertainties are small compared with those introduced by the geolog-
ical modeling. Assessments of the concentrations of K, Th, and U in the largely inaccessible
rocky layers of the Earth typically come with non-Gaussian uncertainties at the level of tens
of percent. These uncertainties carry through to the predicted geoneutrino fluxes. Geoneu-
trino flux measurements, with their statistical and systematic uncertainties presently at the
level exceeding 10%, fail to inform on neutrino oscillations and other neutrino properties.
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6

itatively, larger normalizations, higher maximum accel-
erating energies, and stronger source evolutions generate
larger cosmogenic neutrino fluxes [11, 12, 56]. In con-
trast, when the injected cosmic-ray primaries are heavy
nuclei, photo-disintegration becomes the dominant pro-
cess over photo-pion production and the neutrino flux is
suppressed [6, 13, 57]. All model predictions shown in
Fig. 1 (except [20]) assume a pure-proton composition
with moderate source redshift evolutions comparable to
the SFR. The maximum acceleration energy varies be-
tween 1011 GeV and 1012 GeV.

For each aforementioned model, we performed a like-
lihood ratio test (Eq. 2). The resulting p-values, and
the upper limits at 90 % CL are presented in Tab. I. Al-
though three events were observed, the best fit �GZK for
all tested models is zero. This indicates the data can
be su�ciently explained by astrophysical neutrinos. All
tested cosmogenic models assuming a pure proton com-
position of UHECRs are rejected at 95 % CL. This in-
dicates that regardless of the di↵erences between those
models, if the SFR is driving the source evolution of
UHECRs, a proton-only composition can be excluded.

Proton fraction constraints — Given the measured
UHECR flux, the non-observation of neutrinos imposes
constraints on the sources. This approach is complemen-
tary to many existing models, which focus on accurately
describing the cosmic-ray energy spectrum and composi-
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FIG. 1. Di↵erential upper limit (90% CL) on the neu-
trino flux. The di↵erential limit is compared to the IceCube
9 year result [23], the limit by Auger [58], and cosmogenic
neutrino flux models [10, 11, 13, 20] and a UHE astrophys-
ical model [53]. The model from [20] assumes � = 2.5,
Emax = 1020 eV, m = 3.4 and a 10% proton fraction. The
Auger limit is re-scaled to all-flavor, decade-wide bins for com-
parison.

TABLE I. A selection of cosmogenic neutrino models, the
model rejection factor (MRF [59]) at 90% CL, and associated
p-value. The analysis strongly (p < 0.05) constrains several
previously allowed models of the cosmogenic neutrino flux.
Cosmogenic models assuming a proton-only composition are
marked with a star.

Model MRF (90% CL) p-value

Ahlers 2010⇤ [10] (1 EeV) 0.28 0.003
Ahlers 2012⇤ [13] 0.65 0.043
Kotera SFR⇤ [11] 0.49 0.027
van Vliet [20]
(fp = 0.1,m = 3.4,↵ = �2.5)

2.72 0.268

Murase AGN [53]
(� = �2.0, ⇠CR = 3)

0.47 0.057

Murase AGN [53]
(� = �2.3, ⇠CR = 100)

0.62 0.019

tion, and thus also obtain an estimation of the accompa-
nying cosmogenic neutrino flux [15, 19, 60, 61].

The CRPropa package [62] is used to model cosmogenic
fluxes (following [20]). In the simulation, protons and
secondary neutrinos are propagated to Earth including
energy losses from photo-pion production and pair pro-
duction on the CMB and EBL [63], neutron decay and
cosmological adiabatic losses. Identical sources are dis-
tributed homogeneously and isotropically with a power-
law injection spectrum (�(E) / E↵ exp(�E/Emax))
with spectral index ↵ 2 [�1.0, �3.0] and exponential cut-
o↵ at Emax 2 [4 ⇥ 1010 GeV, 1014 GeV]. Two di↵erent
models for cosmological source evolution are tested

SE1(z) =

(
(1 + z)m, z  z0

(1 + z0)m, z > z0 (3)

with z0 = 1.5 up to zmax = 4 [20], and a more conserva-
tive model of SE2(z) = (1 + z)m with zmax = 2, where
m denotes the source evolution parameter. The simu-
lation is normalized to the all-particle cosmic-ray flux
measured by Auger at 1010.55 GeV [64]. We normal-
ize to the highest energy data point below the observed
GZK-suppression, such that the cosmic-ray flux at the
suppression energy is saturated. This defines the flux
corresponding to a proton fraction at Earth (fp) of 100%
above energies of ' 30 EeV.

Fig. 2 shows the construction of the fp constraints
[65]. The light-colored histograms show the simulated
proton flux saturating the Auger measurement and the
secondary neutrino flux. The source parameters ↵ and
Emax are chosen to minimize the integral neutrino energy
flux to obtain a conservative prediction for a given value
of m. The flux shown in the figure is in tension with
IceCube data, and thus fp can be constrained based on
the determined upper limit.

This procedure is repeated for di↵erent values of the
source evolution parameter m, and the resulting con-
straints are shown in Fig. 3 for the source evolution
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