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H
Higgs boson

2012: CERN

“Invisible” particles?
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invisible
in particle 

detectors at 
accelerators

X
DM WIMP, Axion, …

20XX: ?

… but can “appear” in particle 
detectors at accelerators as 

missing transverse energy and 
momentum

Can they be directly detected?
How do they interact?



Neutrino interactions
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Detection of Neutrinos

Neutron detection only via weak interaction ...

Possible reactions:

Charged Current 
Reactions:

Neutral Current 
Reactions:

...

Remark:
Neutral Current νN-interactions not
usable due to small energy transfer
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Neutrino nucleon x-Section:
[examples]

10 GeV neutrinos:   σ = 7⋅10–38 cm2/nucleon

Solar neutrinos [100 keV]:  σ = 7⋅10–45 cm2/nucleon

Interaction probability for 10 m Fe-target: R = σ⋅NA [mol-1/g]⋅d⋅ρ = 3.2⋅10-10

with NA = 6.023⋅1023 g-1; d = 10 m; ρ = 7.6 g/cm3

Interaction probability for earth: R = σ⋅NA [mol-1/g]⋅d⋅ρ ≈ 4⋅10-14

with NA = 6.023⋅1023 g-1; d = 12000 km; ρ = 5.5 g/cm3



Neutrino interactions: ν-e
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Neutrino interactions: ν-nucleon 
• Interaction happens with whole nucleon

ü Nucleon can at best undergo an isospin transition in case of charged 
current (quasi-elastic scattering)

ü In case of neutral current, scattering is perfectly elastic
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Neutrino interactions: quasi-elastic ν-nucleon 

Marco Delmastro Experimental Particle Physics 7

Threshold is different for 
different neutrino 
flavors…

E << mn E > 1 GeV

σ/E ~ constant

Paolo Lipari, Maurizio Lusignoli, 
Francesca Sartogo, “The neutrino cross 
section and upward going muons” 
http://arxiv.org/abs/hep-ph/9411341

cm2



A neutrino interaction…
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ICARUS



Another neutrino interaction…
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ICARUS



Neutrino interaction inclusive cross section
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Neutrinos from the Sun
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Neutrinos from the Sun
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Solar Neutrinos

Solar e Energy Spectrum

[J.N. Bahcall, http://www.sns.ias.edu/~jnb]

C. Giunti Neutrino Mixing 11 Nov 2007 7
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Neutrinos from the Sun



The “solar electron neutrino” problem
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Neutrino oscillation
Imagine we send a neutrino on a long journey. Suppose neutrino is created in the pion decay

so that at birth it is a muon neutrino. Imagine that this neutrino interacts via W exchange in a 
distant detector, turning into a charged lepton. If neutrinos have masses and leptons mix, then this 
charged lepton need not be a muon, but could be, say, a tau. 

• Neutrinos have masses à there is some spectrum of neutrino mass eigenstates νi w/ mass mνi

• Leptons mix à neutrinos of definite flavor, νe, νμ, and ντ , are not mass eigenstates νi. 
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Probability of neutrino oscillation
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For full calculation see for instance Boris Kayser “Neutrino Oscillation Physics” http://arxiv.org/abs/1206.4325



(Simplified) probability of neutrino oscillation
Let’s forget the imaginary part of U (assume neutrinos and antineutrinos 
behave the same) and suppose only 2 flavors…
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Nobel Prize 2002

Raymond
Davis Jr.
[Homestake]

Masatoshi
Koshiba
[Kamiokande]

Riccardo
Giacconi
[X-Ray Sources]

Nobel Prize 2002
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The Nobel Prize in Physics 2002 was divided, one half jointly to 
Raymond Davis Jr. and Masatoshi Koshiba "for pioneering contributions 
to astrophysics, in particular for the detection of cosmic neutrinos" and 
the other half to Riccardo Giacconi "for pioneering contributions to 
astrophysics, which have led to the discovery of cosmic X-ray sources".



The Homestake experiment
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The Homestake experiment
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The Homestake experiment
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The Homestake experiment
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The Homestake Experiment

Experimental details:

37Cl  + νe ➛ 37Ar + e

Neutrino capture:

Detection of 37Ar via e–-capture [37Ar(e,νe)37Cl];  τ ≈ 35 days

results in Auger-electron @ 2.82 keV which after
extraction is detected in proportional counter 

Lifetime: 35 days

-	 615 tons of C2Cl4
-	 Threshold: 814-keV threshold

-  Bubble He gas through to extract Ar 
 [every 2-3 month]   

-	 Ar trapped in cold trap
- Proportional Counter filled with
 Ar gas (7% methane)

-	 Important: 37Cl is 24% abundant.   

The Homestake experiment
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The Homestake Experiment

The
Chlorine
Experiment

The Homestake experiment
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The Homestake Experiment

Some very approximate numbers ...

- 	 615 tons C2Cl4 (Tetrachloroethelene)
- 	 About 5 x 1029 Chlorine Atoms (37Cl)

-  Prediction: 8 x 10-36 ν-reactions/atom/sec
	 i.e.: about 60 37Ar-atoms/month; 
 but: half-life = 35 days ➛ 30 atoms/month

- 	 Expect: 60 atoms every 2 month out of
	 ca. 1030 Tetrachloroethelene molecules

- 	 After 25 years: 

  Expectation: ~ 5000 37Ar-Atoms expected
	 	 Observation: 	~ 2200 37Ar-Atoms produced

37Ar-Extraction
Efficiency: ~ 95%

37Ar-Detection
Efficiency: ~ 45%

[875 counted; 776 after background subtraction]

6 Atoms/Molecule

The Homestake experiment
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oscillations were suggested by Gribov and Pontecorvo (1969) and Wolfen-
stein (1978) and the theory was further developed by Mikheyev and Smirnov
(1985) into what is now known as the MSW effect. Although neutrino oscilla-
tions now seem to be the right answer, it should be remembered that at the
time most physicists viewed this as an elegant theory, but not very likely. Some
of the other possibilities are more fanciful, but all from well respected physi-
cists and astrophysicists. Libby and Thomas (1969) and Salpeter (1970) sug-
gested that quark catalysis could play a role. Kocharov and Starbunov (1970)
suggested that there was an overabundance of 3He in the present Sun.
Cisneros (1969) proposed that the neutrino had a significant magnetic mo-
ment. Bahcall et al. (1972) suggested that neutrinos might decay. Demarque et
al. (1973) suggested that the solar interior rotated rapidly, lowering the cen-
tral pressure and temperature. Prentice (1973) proposed that the Sun was in
a later stage of stellar evolution, such that hydrogen was burned out and the
core was made of helium. Clayton et al. (1975) proposed that the Sun’s ener-
gy did not come from fusion, rather from release of energy from accretion
onto a black hole at the center of the Sun.

The Homestake experiment was the only measurement of the solar neutri-
no flux for a long time. We had to wait 23 years for the Kamiokande experi-
ment to confirm that the solar 8B neutrino flux was low (Hirata et al., 1990;
Fukuda et al., 2001). In the 1990s, two radiochemical experiments that cap-
tured neutrinos using the inverse beta-decay of 71Ga, SAGE (Abazov et al.,
1991; Abdurashitov et al., 1999) and GALLEX (Anselmann et al., 1992; Alt-

75

Figure 14. Pulse-height spectra from the first two runs on the chlorine experiment.  No counts in
excess of background were detected in either run. Figure from Davis et al. (1968).

The Homestake Experiment

Pulse height Spectra from 
first runs [1968]

2.82 keV

The Homestake experiment
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mann et al., 1999) showed that there was a discrepancy between the measured
flux of lower energy neutrinos from the pp reaction and that expected from
the standard solar model. The gallium experiments were off by a factor of two
or so.

The solar neutrino problem appears to have been solved with the first an-
nouncement of results from the Sudbury Neutrino Observatory, SNO. The
MSW effect (Wolfenstein, 1978; Mikheyev and Smirnov, 1985), the possibility
that neutrinos change flavor as they pass through matter, has been an attrac-
tive solution to the solar neutrino problem for several years now. The theory
was given added support in 1998, when the SuperKamiokande team reported
oscillations of high energy atmospheric neutrinos from cosmic showers
(Fukuda et al., 1998). In 2001, the Sudbury Neutrino Observatory team re-
leased data in which they showed that they had detected electron neutrinos
and in combination with data from SuperKamiokande, showed that neutri-
nos oscillate between different flavors (Ahmad et al., 2001). In 2002, addi-
tional SNO data proved beyond doubt that neutrinos oscillate and that the to-
tal neutrino flux agrees with theoretical predictions (Ahmad et al., 2002).

Figure 16 shows a comparison of all solar neutrino experiments with the
standard solar model. Note that only the SNO detection of all neutrinos
matches the model. When we started the Homestake solar neutrino experi-
ment, we thought we understood how the Sun worked and that a measure-
ment of the solar neutrino flux would confirm the theory. This clearly did not
turn out as planned. The collision between solar neutrino experiments and

76

Figure 15. A summary of all of the runs made at Homestake after implementation of rise-time
counting. Background has been subtracted. Over a period of 25 years, 2200 atoms of 37Ar were
detected, corresponding to an average solar neutrino flux of 2.56 SNU. The gap in 1986 
occurred when both perchloroethylene circulation pumps failed. Based on data from Cleveland
et al. (1998).

The Homestake Experiment

Result of 25 years of running
[after implementation of rise time counting]

2.56 SNU

The Homestake experiment
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Super-Kamiokande

Superkamiokande Detector

1 Neutrino-interaction
every 1.5 hours

50 Million liter
ultra-pure water

Water tank 
1.6 km below ground

Neutrino detection
via Cherenkov light

Super-Kamiokande
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Super-Kamiokande
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Super-Kamiokande
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Super-Kamiokande

21

Total 3.43 × 107

A. Noise reduction
(a) 2.66 × 107

(b) 2.51 × 107

(c) 2.50 × 107

(d) 2.50 × 107

(e) 2.48 × 107

(f) 1.81 × 107

B. Spallation cut
1.29 × 107

C. Ambient B.G. cut
(a) 3.61 × 106

(b) 2.72 × 106

(c) 1.86 × 106

D. Gamma cut
2.96 × 105

E. 16N cut
2.87 × 105

TABLE VII: The summary of number of events remaining
after each reduction step

E (signal events) and ui(cos θsun) is the background shape
in energy bin i. Each of the ni events in energy bin i is
assigned the background factor bij = ui(cos θij) and the
signal factor sij = p(cos θij , Ej).

The signal shape p(cos θsun, E) is obtained from the
known, strongly forward-peaked angular distribution of
neutrino-electron elastic scattering with smearing due to
multiple scattering and the detector’s angular resolution.
The background shape ui(cos θsun) has no directional cor-
relation with the neutrino direction, but deviates from a
flat shape due to the cylindrical shape of the SK de-
tector: the number of PMT’s per solid angle depends
on the SK zenith angle. In order to calculate the ex-
pected background shape, we use the angular distribu-
tion of data itself. The presence of solar neutrinos in the
sample biases mostly the azimuthal distribution, so at
first we fit only the zenith angle distribution and assume
the azimuthal distribution to be flat. We generate toy
Monte Carlo directions according to this fit and calcu-
late cos θsun. We also fit both zenith and azimuthal dis-
tributions, approximately subtracting the solar neutrino
events from the sample and repeat the toy Monte Carlo
calculation. We compare the obtained number of solar
neutrino events from both background shapes and as-
sign the difference as a systematic uncertainty. Since the
azimuthal distributions don’t deviate very significantly
from flat distributions, we quote the solar neutrino events
obtained from the first shape (assuming a flat azimuthal
distribution). The dotted area in Figure 40 shows this
background shape. The systematic uncertainty due to
the background shape is 0.1% for the entire data sample
(5.0-20.0 MeV). If the data sample is divided into a day
and a night sample, the systematic uncertainty is 0.4%.
The amount of background contamination is much less
above 10 MeV than it is near the SK–I energy thresh-
old (5.0 MeV), so small differences in background shape

between the two methods become important only in the
lowest energy bins: between 5.0 and 5.5 MeV, the sys-
tematic uncertainty is estimated to be 1.2%, between 5.5
and 6.0 MeV 0.4%, and above 6.0 MeV 0.15%.

5-20 MeV
Super-Kamiokande
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FIG. 40: Angular distribution of solar neutrino event candi-
dates. The shaded area indicates the elastic scattering peak.
The dotted area is the contribution from background events.

B. Observed solar neutrino flux

Figure 40 shows the cos θsun distribution for 1496 days
of SK–I data. The best fit value for the number of
signal events due to solar neutrinos between 5.0 MeV
and 20.0 MeV is calculated by the maximum likeli-
hood method in Eq. (8.1), and the result for SK–I is
22, 404 ± 226 (stat.)+784

−717 (sys.). The corresponding 8B
flux is:

2.35 ± 0.02 (stat.) ± 0.08 (sys.) × 106 cm−2s−1.

The systematic errors for the solar neutrino flux, sea-
sonal variation and day-night differences for the energy
range 5.0 MeV to 20.0 MeV are shown in Table VIII. The
detailed explanations are written in each topic’s section,
but the total systematic error for the solar neutrino flux
measurement is estimated to be +3.5%

−3.2%.

C. Time variations of solar neutrino flux

1. Day-Night difference

The day time flux and night time flux of solar neutrinos
in SK–I are calculated using events which occurred when
the solar zenith angle cosine was less than and greater
than zero, respectively. The observed flux are:

Φday = 2.32 ± 0.03 (stat.)+0.08
−0.07 (sys.) × 106 cm−2s−1

Φnight = 2.37 ± 0.03 (stat.)+0.08
−0.08 (sys.) × 106 cm−2s−1

SK-I: 8B Solar Neutrino Flux 

[May 31st, 1996 – July 15, 2001]

22400 ± 230

νe + e ➛ νe + e [ES]

[comparably high x-sec. due to Z-exchange]

Super-Kamiokande
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Super-Kamiokande
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Super-Kamiokande
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Super-Kamiokande

Muon event
[603 MeV]

Observation of
clean Cherenkov ring
with sharp edges

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount
of light observed in PMTs

νμ



Super-Kamiokande
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Super-Kamiokande

Electron event
[492 MeV]

Observation of
Cherenkov ring
with fuzzy edge
[from e.m. shower]

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount
of light observed in PMTs

Flight direction
close to view direction



Super-Kamiokande

Solar neutrino
[12.5 MeV]

Unusually nice,
well-defined

Flight direction from
timing measurements
[blue: early; red: late]

Energy from amount
of light observed in PMTs

Super-Kamiokande
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Nobel Prize 2015
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The Nobel Prize in Physics 2015 was 
awarded jointly to Takaaki Kajita and 
Arthur B. McDonald "for the discovery 
of neutrino oscillations, which shows 
that neutrinos have mass."

Takaaki Kajita Arthur B. McDonald 



The SNO experiment
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The SNO experiment
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The SNO experiment
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C. Niebuhr                                    Vorlesung 12

Neutrino Reaktionen in SNO

! !

C. Niebuhr                                    Vorlesung 12

Was kann SNO messen?

C. Niebuhr                                    Vorlesung 12

Winkelverteilung relativ zur Sonne

C. Niebuhr                                    Vorlesung 12

Evidenz für Neutrino Oszillationen von SNO

The SNO ExperimentThe SNO experiment
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B. AHARMIM et al. PHYSICAL REVIEW C 75, 045502 (2007)

The first reaction, elastic scattering (ES) of electrons, has
been used to detect solar neutrinos in other water Cherenkov
experiments. It has the great advantage that the recoil electron
direction is strongly correlated with the direction of the
incident neutrino, and hence the direction to the Sun (cos θ!).
This ES reaction is sensitive to all neutrino flavors. For νes,
the elastic scattering reaction has both charged and neutral
current components, making the cross section for νes ∼
6.5 times larger than that for νµs or ντ s.

Deuterium in the heavy water provides loosely bound
neutron targets for an exclusively charged current (CC)
reaction, which, at solar neutrino energies, occurs only for
νes. In addition to providing exclusive sensitivity to νes, this
reaction has the advantage that the recoil electron energy is
strongly correlated with the incident neutrino energy, and thus
it can provide a precise measurement of the 8B neutrino energy
spectrum. The CC reaction also has an angular correlation
with the Sun that falls as (1 − 0.340cos θ!) [24] and has a
cross section roughly 10 times larger than the ES reaction for
neutrinos within SNO’s energy acceptance window.

The third reaction, also unique to heavy water, is a purely
neutral current (NC) process. This has the advantage that it
is equally sensitive to all neutrino flavors and thus provides
a direct measurement of the total active flux of 8B neutrinos
from the Sun. Like the CC reaction, the NC reaction has a
cross section nearly 10 times as large as the ES reaction.

For both the ES and CC reactions, the recoil electrons are
detected directly through their production of Cherenkov light.
For the NC reaction, the neutrons are not seen directly but are
detected in a multistep process. When a neutrino liberates a
neutron from a deuteron, the neutron thermalizes in the D2O
and may eventually be captured by another deuteron, releasing
a 6.25-MeV γ ray. The γ ray either Compton scatters an
electron or produces an e+e− pair, and the Cherenkov radiation
of these secondaries is detected.

To determine whether neutrinos that start out as νes in the
solar core convert to another flavor before detection on Earth,
we have two methods: comparison of the CC reaction rate
to the NC reaction rate or comparison of the CC rate to the
ES rate. The NC-CC comparison has the advantage of high
sensitivity. When we compare the total flux to the νe flux,
we expect the former to be roughly three times the latter if
both solar neutrino experiments and standard solar models are
correct. In addition, many uncertainties in the cross sections
for the two processes will largely cancel.

The comparison of CC to ES has the advantage that
recoil electrons from both reactions provide neutrino spec-
tral information. The spectral information can ultimately
be used to show that any excess in the ES reaction over
the CC reaction is not caused by a difference in the ef-
fective neutrino energy thresholds used to analyze the two
reactions [25,26]. The CC-ES comparison also has the
advantage that the strong angular correlation of the ES
electrons with the direction to the Sun demonstrates that
any excess seen is not due to some unexpected nonsolar
background. Lastly, the CC-ES comparison can be made by
using both SNO’s ES measurement and the high-precision ES
measurement made by the Super-Kamiokande Collaboration
[5]. This provides a high sensitivity cross-check for the

0
0.025

0.05
0.075

0.1

5 10 15
0

0.05

0.1

0.15

5 10 15
0

0.05
0.1

0.15
0.2

5 10 15

0
0.025

0.05
0.075

0.1

0 0.5 1 1.5
0

0.02

0.04

0.06

0 0.5 1 1.5
0

0.05

0.1

0.15

0 0.5 1 1.5

0

0.02

0.04

-1 0 1
0

0.2

0.4

-1 0 1

CC ES NC

T/MeV

Pr
ob

ab
ili

ty
 p

er
 b

in

(R/RAV)3

cosθo.

0
0.01
0.02
0.03
0.04

-1 0 1

FIG. 2. (Color online) The energy (top row), radial (middle row),
and directional (bottom row) distributions used to build probability
density functions to fit the SNO signal data. Teff is the effective kinetic
energy of the γ from neutron capture or the electron from the ES or
CC reactions, and R is the reconstructed event radius, normalized to
the 600-cm radius of the AV.

CC-NC comparison with different backgrounds and systematic
uncertainties.

The goal of the SNO experiment is to determine the relative
sizes of the three signals (CC, ES, and NC) and to compare
their rates. We cannot separate the signals on an event-by-event
basis; instead, we “extract” the signals statistically by using
the fact that they are distributed distinctly in the following
three derived quantities: the effective kinetic energy Teff of
the γ ray resulting from the capture of a neutron produced
by the NC reaction or the recoil electron from the CC or ES
reactions, the reconstructed radial position of the interaction
(R3), and the reconstructed direction of the event relative to
the expected direction of a neutrino arriving from the Sun
(cos θ!). We measure the radial positions in units of AV radii,
so that R3 ≡ (Rfit/RAV)3 = 1.0 when an event reconstructs at
the edge of the heavy-water volume.

Figure 2 shows simulated distributions for each of the
signals. The top row shows the energy distributions for each of
the three signals. The strong correlation between the electron
energy and the incident neutrino energy for the CC interaction
produces a spectrum that resembles the initial 8B neutrino
spectrum, whereas the recoil spectrum for the ES reaction
is much softer. The NC reaction is, within the smearing of
the Compton scattering process and the resolution of the
detector, essentially a line spectrum, because the γ produced
by the neutron capture on deuterium always has an energy
of 6.25 MeV.

The distributions of reconstructed event positions R3,
normalized to the radius of the acrylic vessel, RAV, are shown
in the middle row of Fig. 2. We see here that the CC reaction,
which occurs only on deuterons, produces events distributed
uniformly within the heavy water, whereas the ES reaction,
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The first reaction, elastic scattering (ES) of electrons, has
been used to detect solar neutrinos in other water Cherenkov
experiments. It has the great advantage that the recoil electron
direction is strongly correlated with the direction of the
incident neutrino, and hence the direction to the Sun (cos θ!).
This ES reaction is sensitive to all neutrino flavors. For νes,
the elastic scattering reaction has both charged and neutral
current components, making the cross section for νes ∼
6.5 times larger than that for νµs or ντ s.

Deuterium in the heavy water provides loosely bound
neutron targets for an exclusively charged current (CC)
reaction, which, at solar neutrino energies, occurs only for
νes. In addition to providing exclusive sensitivity to νes, this
reaction has the advantage that the recoil electron energy is
strongly correlated with the incident neutrino energy, and thus
it can provide a precise measurement of the 8B neutrino energy
spectrum. The CC reaction also has an angular correlation
with the Sun that falls as (1 − 0.340cos θ!) [24] and has a
cross section roughly 10 times larger than the ES reaction for
neutrinos within SNO’s energy acceptance window.

The third reaction, also unique to heavy water, is a purely
neutral current (NC) process. This has the advantage that it
is equally sensitive to all neutrino flavors and thus provides
a direct measurement of the total active flux of 8B neutrinos
from the Sun. Like the CC reaction, the NC reaction has a
cross section nearly 10 times as large as the ES reaction.

For both the ES and CC reactions, the recoil electrons are
detected directly through their production of Cherenkov light.
For the NC reaction, the neutrons are not seen directly but are
detected in a multistep process. When a neutrino liberates a
neutron from a deuteron, the neutron thermalizes in the D2O
and may eventually be captured by another deuteron, releasing
a 6.25-MeV γ ray. The γ ray either Compton scatters an
electron or produces an e+e− pair, and the Cherenkov radiation
of these secondaries is detected.

To determine whether neutrinos that start out as νes in the
solar core convert to another flavor before detection on Earth,
we have two methods: comparison of the CC reaction rate
to the NC reaction rate or comparison of the CC rate to the
ES rate. The NC-CC comparison has the advantage of high
sensitivity. When we compare the total flux to the νe flux,
we expect the former to be roughly three times the latter if
both solar neutrino experiments and standard solar models are
correct. In addition, many uncertainties in the cross sections
for the two processes will largely cancel.

The comparison of CC to ES has the advantage that
recoil electrons from both reactions provide neutrino spec-
tral information. The spectral information can ultimately
be used to show that any excess in the ES reaction over
the CC reaction is not caused by a difference in the ef-
fective neutrino energy thresholds used to analyze the two
reactions [25,26]. The CC-ES comparison also has the
advantage that the strong angular correlation of the ES
electrons with the direction to the Sun demonstrates that
any excess seen is not due to some unexpected nonsolar
background. Lastly, the CC-ES comparison can be made by
using both SNO’s ES measurement and the high-precision ES
measurement made by the Super-Kamiokande Collaboration
[5]. This provides a high sensitivity cross-check for the
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FIG. 2. (Color online) The energy (top row), radial (middle row),
and directional (bottom row) distributions used to build probability
density functions to fit the SNO signal data. Teff is the effective kinetic
energy of the γ from neutron capture or the electron from the ES or
CC reactions, and R is the reconstructed event radius, normalized to
the 600-cm radius of the AV.

CC-NC comparison with different backgrounds and systematic
uncertainties.

The goal of the SNO experiment is to determine the relative
sizes of the three signals (CC, ES, and NC) and to compare
their rates. We cannot separate the signals on an event-by-event
basis; instead, we “extract” the signals statistically by using
the fact that they are distributed distinctly in the following
three derived quantities: the effective kinetic energy Teff of
the γ ray resulting from the capture of a neutron produced
by the NC reaction or the recoil electron from the CC or ES
reactions, the reconstructed radial position of the interaction
(R3), and the reconstructed direction of the event relative to
the expected direction of a neutrino arriving from the Sun
(cos θ!). We measure the radial positions in units of AV radii,
so that R3 ≡ (Rfit/RAV)3 = 1.0 when an event reconstructs at
the edge of the heavy-water volume.

Figure 2 shows simulated distributions for each of the
signals. The top row shows the energy distributions for each of
the three signals. The strong correlation between the electron
energy and the incident neutrino energy for the CC interaction
produces a spectrum that resembles the initial 8B neutrino
spectrum, whereas the recoil spectrum for the ES reaction
is much softer. The NC reaction is, within the smearing of
the Compton scattering process and the resolution of the
detector, essentially a line spectrum, because the γ produced
by the neutron capture on deuterium always has an energy
of 6.25 MeV.

The distributions of reconstructed event positions R3,
normalized to the radius of the acrylic vessel, RAV, are shown
in the middle row of Fig. 2. We see here that the CC reaction,
which occurs only on deuterons, produces events distributed
uniformly within the heavy water, whereas the ES reaction,
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The first reaction, elastic scattering (ES) of electrons, has
been used to detect solar neutrinos in other water Cherenkov
experiments. It has the great advantage that the recoil electron
direction is strongly correlated with the direction of the
incident neutrino, and hence the direction to the Sun (cos θ!).
This ES reaction is sensitive to all neutrino flavors. For νes,
the elastic scattering reaction has both charged and neutral
current components, making the cross section for νes ∼
6.5 times larger than that for νµs or ντ s.

Deuterium in the heavy water provides loosely bound
neutron targets for an exclusively charged current (CC)
reaction, which, at solar neutrino energies, occurs only for
νes. In addition to providing exclusive sensitivity to νes, this
reaction has the advantage that the recoil electron energy is
strongly correlated with the incident neutrino energy, and thus
it can provide a precise measurement of the 8B neutrino energy
spectrum. The CC reaction also has an angular correlation
with the Sun that falls as (1 − 0.340cos θ!) [24] and has a
cross section roughly 10 times larger than the ES reaction for
neutrinos within SNO’s energy acceptance window.

The third reaction, also unique to heavy water, is a purely
neutral current (NC) process. This has the advantage that it
is equally sensitive to all neutrino flavors and thus provides
a direct measurement of the total active flux of 8B neutrinos
from the Sun. Like the CC reaction, the NC reaction has a
cross section nearly 10 times as large as the ES reaction.

For both the ES and CC reactions, the recoil electrons are
detected directly through their production of Cherenkov light.
For the NC reaction, the neutrons are not seen directly but are
detected in a multistep process. When a neutrino liberates a
neutron from a deuteron, the neutron thermalizes in the D2O
and may eventually be captured by another deuteron, releasing
a 6.25-MeV γ ray. The γ ray either Compton scatters an
electron or produces an e+e− pair, and the Cherenkov radiation
of these secondaries is detected.

To determine whether neutrinos that start out as νes in the
solar core convert to another flavor before detection on Earth,
we have two methods: comparison of the CC reaction rate
to the NC reaction rate or comparison of the CC rate to the
ES rate. The NC-CC comparison has the advantage of high
sensitivity. When we compare the total flux to the νe flux,
we expect the former to be roughly three times the latter if
both solar neutrino experiments and standard solar models are
correct. In addition, many uncertainties in the cross sections
for the two processes will largely cancel.

The comparison of CC to ES has the advantage that
recoil electrons from both reactions provide neutrino spec-
tral information. The spectral information can ultimately
be used to show that any excess in the ES reaction over
the CC reaction is not caused by a difference in the ef-
fective neutrino energy thresholds used to analyze the two
reactions [25,26]. The CC-ES comparison also has the
advantage that the strong angular correlation of the ES
electrons with the direction to the Sun demonstrates that
any excess seen is not due to some unexpected nonsolar
background. Lastly, the CC-ES comparison can be made by
using both SNO’s ES measurement and the high-precision ES
measurement made by the Super-Kamiokande Collaboration
[5]. This provides a high sensitivity cross-check for the
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FIG. 2. (Color online) The energy (top row), radial (middle row),
and directional (bottom row) distributions used to build probability
density functions to fit the SNO signal data. Teff is the effective kinetic
energy of the γ from neutron capture or the electron from the ES or
CC reactions, and R is the reconstructed event radius, normalized to
the 600-cm radius of the AV.

CC-NC comparison with different backgrounds and systematic
uncertainties.

The goal of the SNO experiment is to determine the relative
sizes of the three signals (CC, ES, and NC) and to compare
their rates. We cannot separate the signals on an event-by-event
basis; instead, we “extract” the signals statistically by using
the fact that they are distributed distinctly in the following
three derived quantities: the effective kinetic energy Teff of
the γ ray resulting from the capture of a neutron produced
by the NC reaction or the recoil electron from the CC or ES
reactions, the reconstructed radial position of the interaction
(R3), and the reconstructed direction of the event relative to
the expected direction of a neutrino arriving from the Sun
(cos θ!). We measure the radial positions in units of AV radii,
so that R3 ≡ (Rfit/RAV)3 = 1.0 when an event reconstructs at
the edge of the heavy-water volume.

Figure 2 shows simulated distributions for each of the
signals. The top row shows the energy distributions for each of
the three signals. The strong correlation between the electron
energy and the incident neutrino energy for the CC interaction
produces a spectrum that resembles the initial 8B neutrino
spectrum, whereas the recoil spectrum for the ES reaction
is much softer. The NC reaction is, within the smearing of
the Compton scattering process and the resolution of the
detector, essentially a line spectrum, because the γ produced
by the neutron capture on deuterium always has an energy
of 6.25 MeV.

The distributions of reconstructed event positions R3,
normalized to the radius of the acrylic vessel, RAV, are shown
in the middle row of Fig. 2. We see here that the CC reaction,
which occurs only on deuterons, produces events distributed
uniformly within the heavy water, whereas the ES reaction,
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The first reaction, elastic scattering (ES) of electrons, has
been used to detect solar neutrinos in other water Cherenkov
experiments. It has the great advantage that the recoil electron
direction is strongly correlated with the direction of the
incident neutrino, and hence the direction to the Sun (cos θ!).
This ES reaction is sensitive to all neutrino flavors. For νes,
the elastic scattering reaction has both charged and neutral
current components, making the cross section for νes ∼
6.5 times larger than that for νµs or ντ s.

Deuterium in the heavy water provides loosely bound
neutron targets for an exclusively charged current (CC)
reaction, which, at solar neutrino energies, occurs only for
νes. In addition to providing exclusive sensitivity to νes, this
reaction has the advantage that the recoil electron energy is
strongly correlated with the incident neutrino energy, and thus
it can provide a precise measurement of the 8B neutrino energy
spectrum. The CC reaction also has an angular correlation
with the Sun that falls as (1 − 0.340cos θ!) [24] and has a
cross section roughly 10 times larger than the ES reaction for
neutrinos within SNO’s energy acceptance window.

The third reaction, also unique to heavy water, is a purely
neutral current (NC) process. This has the advantage that it
is equally sensitive to all neutrino flavors and thus provides
a direct measurement of the total active flux of 8B neutrinos
from the Sun. Like the CC reaction, the NC reaction has a
cross section nearly 10 times as large as the ES reaction.

For both the ES and CC reactions, the recoil electrons are
detected directly through their production of Cherenkov light.
For the NC reaction, the neutrons are not seen directly but are
detected in a multistep process. When a neutrino liberates a
neutron from a deuteron, the neutron thermalizes in the D2O
and may eventually be captured by another deuteron, releasing
a 6.25-MeV γ ray. The γ ray either Compton scatters an
electron or produces an e+e− pair, and the Cherenkov radiation
of these secondaries is detected.

To determine whether neutrinos that start out as νes in the
solar core convert to another flavor before detection on Earth,
we have two methods: comparison of the CC reaction rate
to the NC reaction rate or comparison of the CC rate to the
ES rate. The NC-CC comparison has the advantage of high
sensitivity. When we compare the total flux to the νe flux,
we expect the former to be roughly three times the latter if
both solar neutrino experiments and standard solar models are
correct. In addition, many uncertainties in the cross sections
for the two processes will largely cancel.

The comparison of CC to ES has the advantage that
recoil electrons from both reactions provide neutrino spec-
tral information. The spectral information can ultimately
be used to show that any excess in the ES reaction over
the CC reaction is not caused by a difference in the ef-
fective neutrino energy thresholds used to analyze the two
reactions [25,26]. The CC-ES comparison also has the
advantage that the strong angular correlation of the ES
electrons with the direction to the Sun demonstrates that
any excess seen is not due to some unexpected nonsolar
background. Lastly, the CC-ES comparison can be made by
using both SNO’s ES measurement and the high-precision ES
measurement made by the Super-Kamiokande Collaboration
[5]. This provides a high sensitivity cross-check for the
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FIG. 2. (Color online) The energy (top row), radial (middle row),
and directional (bottom row) distributions used to build probability
density functions to fit the SNO signal data. Teff is the effective kinetic
energy of the γ from neutron capture or the electron from the ES or
CC reactions, and R is the reconstructed event radius, normalized to
the 600-cm radius of the AV.

CC-NC comparison with different backgrounds and systematic
uncertainties.

The goal of the SNO experiment is to determine the relative
sizes of the three signals (CC, ES, and NC) and to compare
their rates. We cannot separate the signals on an event-by-event
basis; instead, we “extract” the signals statistically by using
the fact that they are distributed distinctly in the following
three derived quantities: the effective kinetic energy Teff of
the γ ray resulting from the capture of a neutron produced
by the NC reaction or the recoil electron from the CC or ES
reactions, the reconstructed radial position of the interaction
(R3), and the reconstructed direction of the event relative to
the expected direction of a neutrino arriving from the Sun
(cos θ!). We measure the radial positions in units of AV radii,
so that R3 ≡ (Rfit/RAV)3 = 1.0 when an event reconstructs at
the edge of the heavy-water volume.

Figure 2 shows simulated distributions for each of the
signals. The top row shows the energy distributions for each of
the three signals. The strong correlation between the electron
energy and the incident neutrino energy for the CC interaction
produces a spectrum that resembles the initial 8B neutrino
spectrum, whereas the recoil spectrum for the ES reaction
is much softer. The NC reaction is, within the smearing of
the Compton scattering process and the resolution of the
detector, essentially a line spectrum, because the γ produced
by the neutron capture on deuterium always has an energy
of 6.25 MeV.

The distributions of reconstructed event positions R3,
normalized to the radius of the acrylic vessel, RAV, are shown
in the middle row of Fig. 2. We see here that the CC reaction,
which occurs only on deuterons, produces events distributed
uniformly within the heavy water, whereas the ES reaction,
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FIG. 41. (Color) Flux of 8B solar neutrinos that are µ or τ flavor
vs flux of electron neutrinos deduced from the three neutrino reactions
in SNO. The diagonal bands show the total 8B flux as predicted by
the BP2000 SSM [78] (dashed lines) and that measured with the NC
reaction in SNO (solid band). The intercepts of these bands with
the axes represent the ±1σ errors. The bands intersect at the fit
values for φe and φµτ , indicating that the combined flux results are
consistent with neutrino flavor transformation with no distortion in
the 8B neutrino energy spectrum.

in interpreting these results. Although the signal-extraction
fit has three free parameters, one should not subtract three
degrees of freedom for each χ2, since the fit is a global fit to
all three distributions. Furthermore, the actual signal extraction
is a fit to the three-dimensional data distribution, whereas the
χ2s are calculated with the marginal distributions. These “χ2”
values demonstrate that the weighted sum of the signal pdfs
provides a good match to the marginal energy, radial, and
angular distributions.

Figure 42 shows the marginal radial, angular, and energy
distributions of the data along with Monte Carlo predictions
for CC, ES and NC + background neutron events, scaled by
the fit results.

2. Results of fitting for flavor content

An alternative approach to doing a null hypothesis test for
neutrino flavor conversion, as discussed in Sec. VIII D, is to fit
for the fluxes of νe and νµτ directly. This is a simple change
of variables to the standard signal extraction. Fitting for the

TABLE XXI. χ 2 values between data
and fit for the energy, radial, and angular
distributions, for the fit using the constraint
that the effective kinetic energy spectrum
results from an undistorted 8B shape.

Distribution Number of bins χ 2

Energy 42 34.58
Radius 30 39.28
Angle 30 19.85
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FIG. 42. (Color) (a) Distribution of cos θ! for Rfit ! 550 cm.
(b) Distribution of the radial variable R3 = (Rfit/RAV)3. (c) Kinetic
energy for Rfit ! 550 cm. Also shown are the Monte Carlo predictions
for CC, ES, and NC + background neutron events scaled to the fit
results and the calculated spectrum of β-γ background (Bkgd) events.
The dashed lines represent the summed components, and the bands
show ±1σ statistical uncertainties from the signal-extraction fit. All
distributions are for events with Teff " 5 MeV.

flavor content instead of the three signal fluxes, we find

φ(νe) = 1.76 ± 0.05 × 106 cm−2s−1,

φ(νµτ ) = 3.41 ± 0.45 × 106 cm−2s−1.

The statistical correlation coefficient between these values
is −0.678. We will discuss the statistical significance of
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FIG. 41. (Color) Flux of 8B solar neutrinos that are µ or τ flavor
vs flux of electron neutrinos deduced from the three neutrino reactions
in SNO. The diagonal bands show the total 8B flux as predicted by
the BP2000 SSM [78] (dashed lines) and that measured with the NC
reaction in SNO (solid band). The intercepts of these bands with
the axes represent the ±1σ errors. The bands intersect at the fit
values for φe and φµτ , indicating that the combined flux results are
consistent with neutrino flavor transformation with no distortion in
the 8B neutrino energy spectrum.

in interpreting these results. Although the signal-extraction
fit has three free parameters, one should not subtract three
degrees of freedom for each χ2, since the fit is a global fit to
all three distributions. Furthermore, the actual signal extraction
is a fit to the three-dimensional data distribution, whereas the
χ2s are calculated with the marginal distributions. These “χ2”
values demonstrate that the weighted sum of the signal pdfs
provides a good match to the marginal energy, radial, and
angular distributions.

Figure 42 shows the marginal radial, angular, and energy
distributions of the data along with Monte Carlo predictions
for CC, ES and NC + background neutron events, scaled by
the fit results.

2. Results of fitting for flavor content

An alternative approach to doing a null hypothesis test for
neutrino flavor conversion, as discussed in Sec. VIII D, is to fit
for the fluxes of νe and νµτ directly. This is a simple change
of variables to the standard signal extraction. Fitting for the

TABLE XXI. χ 2 values between data
and fit for the energy, radial, and angular
distributions, for the fit using the constraint
that the effective kinetic energy spectrum
results from an undistorted 8B shape.

Distribution Number of bins χ 2

Energy 42 34.58
Radius 30 39.28
Angle 30 19.85
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FIG. 42. (Color) (a) Distribution of cos θ! for Rfit ! 550 cm.
(b) Distribution of the radial variable R3 = (Rfit/RAV)3. (c) Kinetic
energy for Rfit ! 550 cm. Also shown are the Monte Carlo predictions
for CC, ES, and NC + background neutron events scaled to the fit
results and the calculated spectrum of β-γ background (Bkgd) events.
The dashed lines represent the summed components, and the bands
show ±1σ statistical uncertainties from the signal-extraction fit. All
distributions are for events with Teff " 5 MeV.

flavor content instead of the three signal fluxes, we find

φ(νe) = 1.76 ± 0.05 × 106 cm−2s−1,

φ(νµτ ) = 3.41 ± 0.45 × 106 cm−2s−1.

The statistical correlation coefficient between these values
is −0.678. We will discuss the statistical significance of
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where ε ≡ 1/6.48 is the ratio of the average ES cross
sections above Teff = 5 MeV for νµτ and νe. Table XXX(b)
shows the asymmetries of φe and φtot with this additional
constraint from the ES rate measurements. This analysis
allowed for an asymmetry in the total flux of 8B neutrinos
(nonzero Atot), with the measurements of Ae and Atot being
strongly anticorrelated. Figure 46 shows the Ae versus Atot
joint probability contours. Forcing Atot = 0, as predicted by
active-only models, yielded the result in Table XXX(c) of
Ae = 7.0 ± 4.9(stat.)+1.3

−1.2% (syst.)
Prior to SNO, the only day-night measurements of solar

neutrinos were those from the Super-Kamiokande experiment.
Because Super-Kamiokande measures the elastic scattering
rate, which is sensitive to a linear combination of electron
and nonelectron neutrino rates, its measurements alone cannot
separately determine Ae and Atot. However, the SNO results
can be used to break this covariance in the Super-Kamiokande
results. The Super-Kamiokande (SK) Collaboration measured
AES(SK) = 3.3 ± 2.2%(stat.)+1.3

−1.2% (syst.) [5]. The ES mea-
surement includes a neutral current component, which reduces
the asymmetry for this reaction relative to Ae [82]. AES(SK)
may be converted to an equivalent electron flavor asymmetry
by using the total neutrino flux measured by SNO, yielding
Ae(SK) = 5.3 ± 3.7+2.0

−1.7 [Table XXX(d)]. This value is in
good agreement with SNO’s direct measurement of Ae, as
seen in Fig. 46. Taking a weighted average of the SNO and
Super-Kamiokande measurements of Ae yields an asymmetry
of Ae = 6.0 ± 3.2%.

XII. SUMMARY AND CONCLUSIONS

We have detailed here the results from the Sudbury Neutrino
Observatory’s Phase I data set. The Phase I data were taken
with an integral exposure to solar 8B neutrinos of 0.65
kiloton-year. Heavy water, without any additives, was both
the target and detection medium. The heavy water provided
us with three neutrino detection reactions: a charged current
reaction exclusive to the νe, a neutral current reaction sensitive
to all flavors, and an elastic scattering reaction that is primarily
sensitive to νe but has a small sensitivity to other flavors. Under
the assumption that the solar 8B flux is composed entirely of νes
and that its spectrum is undistorted, we find that the measured
fluxes using each of the three reactions are

φCC = 1.76+0.06
−0.05 (stat.)+0.09

−0.09 (syst.) × 106 cm−2s−1,

φES = 2.39+0.24
−0.23 (stat.)+0.12

−0.12 (syst.) × 106 cm−2s−1,

φNC = 5.09+0.44
−0.43 (stat.)+0.46

−0.43 (syst.) × 106 cm−2s−1.

The flux of neutrinos measured by φNC is significantly larger
than that measured by φCC, thus leading to the conclusion
that neutrinos of flavors other than νe must be a substantial
component of the solar flux. Resolving these fluxes directly
into flavor components yields

φ(νe) = 1.76+0.05
−0.05 (stat.)+0.09

−0.09 (syst.) × 106 cm−2s−1,

φ(νµτ ) = 3.41+0.45
−0.45 (stat.)+0.48

−0.45 (syst.) × 106 cm−2s−1,

showing that φ(νµτ ) is 5.3σ away from zero. The total flux of
8B neutrinos, as measured by φNC, is in excellent agreement
with the predictions of standard solar models.

We have also looked for an asymmetry in the day and
night neutrino fluxes, as would be expected for neutrino
oscillations driven by the MSW effect. We find that the
day-night asymmetry in the electron neutrino flux is

Ae = 7.0 ± 4.9 (stat.)+1.3
−1.2% (syst.)

when we constrain the day-night asymmetry in the total flux
to be zero.

These results collectively represent the first solar-model-
independent measurements of the solar 8B neutrino flux and
the first inclusive appearance measurement of neutrino oscil-
lations. In addition, they provide the first direct confirmation
of the predictions of the SSM and have thus solved the
long-standing solar neutrino problem.
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APPENDIX A: APPROACH TO ESTIMATION OF MIXING
PARAMETERS FOR TWO-NEUTRINO OSCILLATIONS

In Sec. X, the measurements of the rates of the three event
types—CC, NC, and ES—were made under the assumption
that the 8B energy spectrum is undistorted. These measure-
ments thus provide a null hypothesis test that neutrinos from
the Sun change flavor on their way to detectors on Earth. As
shown in Sec. X, this null hypothesis was rejected at 5.3σ . To
derive constraints on mixing parameters, however, we must
explicitly take into account the oscillation model, which may
alter the shape of the neutrino spectra.

In our Phase I Day-Night paper [18], we reported our first
constraints on the mixing parameters including data from SNO
and other solar neutrino experiments. For that analysis, we
start from the day and night energy spectra reported here in
Sec. XI, rather than using the null hypothesis results of
Sec. X or the asymmetry reported in Sec. XI. In this section,
we describe the methods used in the Day-Night paper [18] to
extract these bounds.

A. Outline of method

To generate MSW contours using the data presented in this
article, we use a “forward fitting” technique [83]. We make
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where ε ≡ 1/6.48 is the ratio of the average ES cross
sections above Teff = 5 MeV for νµτ and νe. Table XXX(b)
shows the asymmetries of φe and φtot with this additional
constraint from the ES rate measurements. This analysis
allowed for an asymmetry in the total flux of 8B neutrinos
(nonzero Atot), with the measurements of Ae and Atot being
strongly anticorrelated. Figure 46 shows the Ae versus Atot
joint probability contours. Forcing Atot = 0, as predicted by
active-only models, yielded the result in Table XXX(c) of
Ae = 7.0 ± 4.9(stat.)+1.3

−1.2% (syst.)
Prior to SNO, the only day-night measurements of solar

neutrinos were those from the Super-Kamiokande experiment.
Because Super-Kamiokande measures the elastic scattering
rate, which is sensitive to a linear combination of electron
and nonelectron neutrino rates, its measurements alone cannot
separately determine Ae and Atot. However, the SNO results
can be used to break this covariance in the Super-Kamiokande
results. The Super-Kamiokande (SK) Collaboration measured
AES(SK) = 3.3 ± 2.2%(stat.)+1.3

−1.2% (syst.) [5]. The ES mea-
surement includes a neutral current component, which reduces
the asymmetry for this reaction relative to Ae [82]. AES(SK)
may be converted to an equivalent electron flavor asymmetry
by using the total neutrino flux measured by SNO, yielding
Ae(SK) = 5.3 ± 3.7+2.0

−1.7 [Table XXX(d)]. This value is in
good agreement with SNO’s direct measurement of Ae, as
seen in Fig. 46. Taking a weighted average of the SNO and
Super-Kamiokande measurements of Ae yields an asymmetry
of Ae = 6.0 ± 3.2%.

XII. SUMMARY AND CONCLUSIONS

We have detailed here the results from the Sudbury Neutrino
Observatory’s Phase I data set. The Phase I data were taken
with an integral exposure to solar 8B neutrinos of 0.65
kiloton-year. Heavy water, without any additives, was both
the target and detection medium. The heavy water provided
us with three neutrino detection reactions: a charged current
reaction exclusive to the νe, a neutral current reaction sensitive
to all flavors, and an elastic scattering reaction that is primarily
sensitive to νe but has a small sensitivity to other flavors. Under
the assumption that the solar 8B flux is composed entirely of νes
and that its spectrum is undistorted, we find that the measured
fluxes using each of the three reactions are

φCC = 1.76+0.06
−0.05 (stat.)+0.09

−0.09 (syst.) × 106 cm−2s−1,

φES = 2.39+0.24
−0.23 (stat.)+0.12

−0.12 (syst.) × 106 cm−2s−1,

φNC = 5.09+0.44
−0.43 (stat.)+0.46

−0.43 (syst.) × 106 cm−2s−1.

The flux of neutrinos measured by φNC is significantly larger
than that measured by φCC, thus leading to the conclusion
that neutrinos of flavors other than νe must be a substantial
component of the solar flux. Resolving these fluxes directly
into flavor components yields

φ(νe) = 1.76+0.05
−0.05 (stat.)+0.09

−0.09 (syst.) × 106 cm−2s−1,

φ(νµτ ) = 3.41+0.45
−0.45 (stat.)+0.48

−0.45 (syst.) × 106 cm−2s−1,

showing that φ(νµτ ) is 5.3σ away from zero. The total flux of
8B neutrinos, as measured by φNC, is in excellent agreement
with the predictions of standard solar models.

We have also looked for an asymmetry in the day and
night neutrino fluxes, as would be expected for neutrino
oscillations driven by the MSW effect. We find that the
day-night asymmetry in the electron neutrino flux is

Ae = 7.0 ± 4.9 (stat.)+1.3
−1.2% (syst.)

when we constrain the day-night asymmetry in the total flux
to be zero.

These results collectively represent the first solar-model-
independent measurements of the solar 8B neutrino flux and
the first inclusive appearance measurement of neutrino oscil-
lations. In addition, they provide the first direct confirmation
of the predictions of the SSM and have thus solved the
long-standing solar neutrino problem.
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APPENDIX A: APPROACH TO ESTIMATION OF MIXING
PARAMETERS FOR TWO-NEUTRINO OSCILLATIONS

In Sec. X, the measurements of the rates of the three event
types—CC, NC, and ES—were made under the assumption
that the 8B energy spectrum is undistorted. These measure-
ments thus provide a null hypothesis test that neutrinos from
the Sun change flavor on their way to detectors on Earth. As
shown in Sec. X, this null hypothesis was rejected at 5.3σ . To
derive constraints on mixing parameters, however, we must
explicitly take into account the oscillation model, which may
alter the shape of the neutrino spectra.

In our Phase I Day-Night paper [18], we reported our first
constraints on the mixing parameters including data from SNO
and other solar neutrino experiments. For that analysis, we
start from the day and night energy spectra reported here in
Sec. XI, rather than using the null hypothesis results of
Sec. X or the asymmetry reported in Sec. XI. In this section,
we describe the methods used in the Day-Night paper [18] to
extract these bounds.

A. Outline of method

To generate MSW contours using the data presented in this
article, we use a “forward fitting” technique [83]. We make
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when we constrain the day-night asymmetry in the total flux
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independent measurements of the solar 8B neutrino flux and
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lations. In addition, they provide the first direct confirmation
of the predictions of the SSM and have thus solved the
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TPC as neutrino detectors
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http://cds.cern.ch/record/117852/files/CERN-EP-INT-77-8.pdf

Why LAr for neutrino detectors? 
• Excellent insulator, very weakly 

electronegative: free electrons produced 
by ionization drift long distances

• Produces many electron-ion pairs: 
measurement of energy deposited in 
liquid; 

• Good scintillator: measurement of energy 
of luminous flash produced by event, 
event localization

• Available in sufficient quantity



ICARUS (Imaging Cosmic And Rare Underground Signals)
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ICARUS

Marco Delmastro Experimental Particle Physics 49

http://icarus.lngs.infn.it/photos/NeutrinoEventsGallery/



OPERA (Oscillation Project with Emulsion-tRacking Apparatus)
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Dark Matter: astronomical evidence and candidates
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arXiv:1903.03026

https://arxiv.org/abs/1903.03026


WIMP detection: cryogenic experiments
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m� �MK

Cryogenic Detectors

Motivation: WIMP detection ...

WIMPs = Weakly interacting massive particles ...
Dark matter particles; must be neutral, i.e. must neither interact via electromagnetic nor strong 
interactions; WIMPs must be heavy, i.e. non-relativistic (cold dark matter) in order to allow for 
galaxy formation ...

Assumed mass range: 10 GeV - 10 TeV 

Mass limits dependent on cross section ... 
[e.g.: σχp = 1.6 · 10−7 pb yields mWIMP > 60 GeV]

Detection via elastic χp-scattering ...

Assume WIMP velocity: vχ ≈ 300 km/s, i.e. β=10–3 ...
Solar system speed w.r.t. to milky way: v = 250 km/s
Velocity of earth moving w.r.t solar system: v = 30 km/s 

Maximum energy transfer:

MK = 100 GeV

➛ TKmax ≈ 100 keV
T max

K = 2
m2

� MK c2

(m� + MK)2
�2 ⇡ 2MKv2

�



Cryogenic Detectors

How to detect WIMPs ...

Transferred energy of recoiling nuclei generally much smaller (< 10 %) ...
Need detector that allows nuclei detection below keV range ...
 

Energy resolution requires: Nexcite ≫ 1
i.e. Eexcite ≪ 1 eV

Remember:  Gases  –  ionzation energy ≈ 30 eV
    Silicon –  electron/hole pair creation ≈ 3 eV

Better possibilities:

	 Phonon excitation: 
	 Maximum phonon energy in Si is 60 meV; roughly 2/3 
	 of the energy required for electron-hole formation goes 
	 into phonon excitation ...

	 Superconducting detectors: 
 In superconductors the energy gap 2∆ is equivalent to 
	 the band gap in semiconductors; absorption of energy
 > 2∆  (typically 1 meV) can break up a Cooper pair ...

Cryogenic detectors:

Detect low energies 
with very good resolution ...

How to detect WIMP?

Marco Delmastro Experimental Particle Physics 55



Cryogenic detectors
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Cryogenic Detectors

Introduction to Radiation Detectors and Electronics, 29-Apr-99 Helmuth Spieler
XIII. Cryogenic Detectors LBNL

2

2. Phonon Detectors

Basic configuration:

Assume thermal equilibrium:

If all absorbed energy E is converted into phonons, the
temperature of the sample will increase by

where C the heat capacity of the sample (specific heat x mass).

At room temperature the specific heat of Si is 0.7 J/gK, so

E= 1 keV, m= 1 g    !   "T= 2.10-16 K,

which isn’t practical.

What can be done?

a) reduce mass

b) lower temperature to reduce heat capacity
“freeze out” any electron contribution, so
phonon excitation dominates.

Debye model of heat capacity:

Example: m= 15 µg

T= 0.1 K

Si ! C= 4.10-15 J/K

E= 1 keV   !   "T= 0.04 K

C
ET ="

3

#
$
%

&
'
(
)

*
TC

Phonon Detectors ...

Assume thermal equilibrium:

Convert absorbed energy 
into phonons:

C: 	heat capacity of the sample 
 [specific heat × mass]
E:	 deposited energy

∆T = E/C

Optimal detector: low heat capacity

Example 1: Si-detector at room temperature ...
Cspec = 0.7 J/gK; E = 1 keV; m = 1 g  ➛  ∆T = 2⋅10-16 K

Not very practical ...
Need lower specific heat and mass ...

Example 2: Si-detector at low temperature ...
Cspec ∝ (T/Θ)3; Cspec = 2⋅10-15 K; T = 0.1 K; 
E = 1 keV;  m = 15 μg

➛  ∆T = 0.04 K [possible!]

Basic configuration
of cryogenic calorimeter

Resolution:

n = CT/kT = C/k

σ0 = kT√n = √(CkT2)
σE = εPh√(E/εPh) = √(kTE)

σ =  σ0 + σE

Yields: σ < 0.2 eV
[Si Semiconductor detector:  σ = 20 eV]



Dark matter detection overview
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A Dark Matter detection example: XENON 1T
• XENON1T

ü Gran Sasso (Italy) underground lab
ü 3.2 tonnes of ultra-pure liquefied xenon, 2.0 t of which serve as a 

target for particle interaction
ü Signal = light + ionisation free electrons from a Xe
ü Detector = Photomultipliers + TPC
ü Possible fake = β-decays from Tritium contamination in Xe

• 2020 excess…
ü Excess of 53 events over 232 expected observed…

• https://arxiv.org/abs/2006.09721
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https://arxiv.org/abs/2006.09721


A Dark Matter detection example: XENON 1T
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Limits and projected sensitivities
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Spin-Independent limits and sensitivities, from “Direct Detection of WIMP Dark Matter: Concepts and Status” by 
Marc Schumann ( arXiv:1903.03026v2). For Spin-Dependent sensitivities see full review paper.

https://arxiv.org/abs/1903.03026
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M. Klasen, M. Pohl, G. Sigl
Indirect and direct search for dark matter 

https://arxiv.org/abs/1507.03800

https://arxiv.org/abs/1507.03800

