
Neutrons, Neutrinos and Co
Detecting Neutrals



Introduction

Electrically neutral particles do not interact via electromagnetic forces; 
for detection they are thus generally converted into charged particles ...

Apart from the converting material, detectors for neutrals use essentially
same techniques as those for charged particles ...

Photons		 :	 	 Total energy deposited in electromagnetic shower; use 
	 	 	 	 	 	 energy measurement, shower shape and information on
	 	 	 	 	 	 neutrality (e.g. no track) ...

Neutrons	 :	 	 Energy in calorimeter or scintillator (Li, B, 3He) and
	 	 	 	 	 	 information on neutrality (e.g. no track) ...

K0, Λ, ... :  Reconstruction of invariant masses ...

Neutrinos	 :	 	 Identify products of charged and neutral current 
	 	 	 	 	 	 interactions ...

Examples:
[see above]



Detection of Neutrons

Neutron detection via nuclear interaction ...
Interaction used varies with the neutron energy:

High energy

Moderate energy

Low energy

Hadron Calorimeter [see above]

np-Scattering

Exoergic Nuclear Processes

Measure energy deposited in form of hadronic shower;
neutrality of incident particle has little effect on shower process ...

Detection of neutrons by scattering them from material containing
appreciable amounts of hydrogen; recoiling proton is detected ...

Use converter medium with large capture cross-section
for slow neutrons; capture process results in unstable nuclei ...
Subsequent decay products give a detectable signal ...



E(7Li) =
mHe

mLi + mHe

≈ 4
11

Q = 1.01 MeV

E(
4
He) =

mLi

mLi + mHe

≈ 7

11
Q = 1.77 MeV

Detection of Neutrons

Helium:   n + 3He ➛   3H  + 1H   +  0.76 MeV 
Lithium: n + 6Li ➛ 4He + 3H   +  4.79 MeV 
Boron:  n + 10B ➛ 7Li* + 4He   +  2.31 MeV  +  0.48 MeV  (93%)

           ➛ 7Li  + 4He   +  2.78 MeV     ( 7%)

Nuclear reactions used for
neutron detectors ... Q-values

extra γ

Gadolinium:
 n + 155Gd  ➛  Gd*  ➛  γ-ray spectrum  ➛  conversion electron spectrum
 n + 157Gd  ➛  Gd*  ➛  γ-ray spectrum  ➛  conversion electron spectrum 

Uranium: 	 n + 235U  fission fragments + ~160 MeV 
Plutonium:	 n + 239Pu  fission fragments + ~160 MeV 

Kinetic energy 
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Detection of Neutrons

Cross Section 
for neutron capture process ...

3He	 [n,p]
 6Li [n,α]
10B [n,α] 
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3He :  σ(Eth) = 5330 barn
 6Li :  σ(Eth) = 0940 barn
10B :  σ(Eth) = 3840 barn

Interpretation:

x-Section increases with 
time the neutron is close 
to absorbing nucleus ...

   ➛ v-dependence ...



Detection of Neutrons

Scintillation Detectors ...

Detect scintillation light produced
in capture process ...

e.g. Lithium glass:

n + 6Li ➛ 4He + 3H + 4.79 MeV

Density
of 6Li atoms

[1022 cm-3]

Scintillation
efficiency

[in %]

Photon 
wavelength

[nm]

Photons per 
neutron

 

Li-glass 
(Ce)    

1.75 0.45 395 ~ 700000  

LiI (Eu) 1.83 2.8 470 ~ 5100000

ZnS (Ag) - 
LiF

1.18 9.2 450 ~ 160 00000

Common scintillators
used for neutron detection ...



Detection of Neutrons

Gas Detectors ...

Standard Geiger counter with He or BF3 as counting gas ...

e.g. Helium: n + 3He ➛ 3H + 1H + 0.76 MeV
  [About 25000 ionizations produced per neutron; charge ≈ 4 fC]



Ep =
mt

mt + mp
Q

Detection of Neutrons

Gas Detectors ...
Neutron detection signal [wall effect] ...

n + 3He ➛ 3H + 1H + 0.76 MeV
[i.e. Q = 0.76 MeV]

Ep		= 573 keV   	 [p = 1H]

Et		= 191 keV    	[t  = 3H]

using

Range:

Si: Rp ≈ 6 μm; Rt ≈ 5 μm
Gas:	 few mm [1000 x Rsolid]

Wall effect ...➛

Lost 1H energy

Lost 3H energy

Q-value
deposited in gas

Remark: energy spectrum reflects
detector response not neutron energy ...



Detection of Neutrons

Fast Neutrons ...

Detection relies on observing a neutron-induced  nuclear reactions ...

Capture cross sections for fast-neutron induced reactions are small 
compared to those at low energies; remember: σcap ~ 1/v ...

Two approaches to detect fast neutrons: 

  – Thermalize/moderate & capture as before, 
	 	 	 only providing count rates (i.e. neutron flux) ...

  – Elastic scattering from protons at high energy

	 	 	 Protons are easy to detect in conventional detectors

	 	 	 Observe recoils for time-of-flight (ToF) enables neutron 
	 	 	 energy measurements by measuring the velocity ....
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Counters Based on Neutron Moderation 
•  Moderate neutrons to increase efficiency in conventional slow-neutron 

detectors 
•  Moderation with hydrogenous materials such as polyethylene or paraffin 
•  Optimum thickness between few cm to  

 tens of cm for energies of keV to MeV  
•  Trade-off between sufficient slow down  

 and detection cross section 

Detection of Neutrons

Spring 2010 Radiation Detection & Measurements 15 

Counters Based on Neutron Moderation 
•  Moderate neutrons to increase efficiency in conventional slow-neutron 

detectors 
•  Moderation with hydrogenous materials such as polyethylene or paraffin 
•  Optimum thickness between few cm to  

 tens of cm for energies of keV to MeV  
•  Trade-off between sufficient slow down  

 and detection cross section 

Neutron moderation ...
Moderate neutrons to increase efficiency in conventional 
slow-neutron detectors ...

Moderation with hydrogenous materials such 
as polyethylene or paraffin ... 

Optimum thickness between few cm to tens of cm for 
energies of keV to MeV ...

Trade-off between sufficient slow down and
detection cross section ...

Relative response
vs. energy for different absorber thicknesses
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The Bonner Sphere – Spherical Dosimeter 
• A 12” diameter sphere has – 

coincidentally -similar response curve 
as neutron dose spectrum in tissue (e.g. 
with LiI(Eu) scint. in center) 

• Determine dose equivalent due to 
neutrons with an unknown or variable 
neutron spectrum over large range of 
neutron energies 

Detection of Neutrons

The Bonner Sphere
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The Bonner Sphere – Spherical Dosimeter 

• A 12” diameter sphere has – 
coincidentally -similar response curve 
as neutron dose spectrum in tissue (e.g. 
with LiI(Eu) scint. in center) 

• Determine dose equivalent due to 
neutrons with an unknown or variable 
neutron spectrum over large range of 
neutron energies 

A 12” diameter sphere has – coincidentally – 
a similar response curve as the neutron dose 
spectrum in tissue ... 
[e.g. with LiI(Eu) scint. in center]

Application: 

Determination of dose equivalent due to 
neutrons with an unknown or variable neutron 
spectrum over large range of neutron energies ...



© DJMorrissey, 2oo9 

Fast neutron detection: Long Counter 

NSCL Bucket neutron detectors 

use BF3 (1” diameter, 4” long, 
400Torr) in a parafin filled 

container. 

n + 10B ! (11B)* ! 7Li* + 4He , Q=2.31 MeV, Branch=94%, target abundance = 19.9% 

   ! 7Li + 4He , Q=2.79 MeV, Branch=6% 

Fig. 15.6 Knoll, 3rd Ed. 

* 

Detection of Neutrons

The Long Counter
Neutron energy independent efficiency ...
[flat response detector] ... 

Slow neutron BF3 detector in 
center of device ...
Paraffin as moderator and
B2O3 as absorber (shielding) ...
Long counter only sensitive to 
neutrons from one side ...
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The Long Counter 

•  Goal:  
–  Neutron-energy 

independent efficiency 
(flat-response 
detectors) 

•  Long-counter: 
–  Slow-neutron BF3 

detector in center 
–  Paraffin (moderator) + 

B2O3 (absorber) “shield” 
–  Sensitive only to 

neutrons from one side 
(right) 

Cross Section of long counter
Holes prevent efficiency reduction

for neutrons with energies below 1 MeV

Relative sensitivity of long counter ...
Varied parameter is the distance of the end of the BF3 tube
if shifted in from the front of the moderator face ...



Detection of Neutrons

Cascade Detector ...
Setup: Multi Boron Layers on GEM foils ...

GEMs: 

	 - 	can be operated to be transparent 
	 	 for produced charges ...
	 - 	can be cascaded ...
	 -	 each can carry two Boron layers ... 
	 -	 last one is operated as an 
	 	 amplification layer ...

The GEMs inherently introduce 
high rate capability ...
[107 Hz/cm2]

n + 10B ➛ 7Li* + 4He +  2.31 MeV (93%)
 ➛ 7Li + 4He +  2.78 MeV ( 7%)

Capture Process:

Cascade
Neutron Detector



Detection of Neutrons

Cascade Detector ...
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1-D Readout-
Structure

CASCADE-Detector-Module 100 x 100 mm2

CASCADE-Detector:

Several GEM-modules are 
stacked together with 
readout structure and 
drift electrodes to form a 
detector module

CASCADE-GEM Module: 
GEM-foil glued 
onto a frame
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Structure

CASCADE-Detector-Module 100 x 100 mm2

CASCADE-Detector:

Several GEM-modules are 
stacked together with 
readout structure and 
drift electrodes to form a 
detector module

CASCADE-GEM Module: 
GEM-foil glued 
onto a frame
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Our first 200mm x 200mm detector at PF1a/ILL

CASCADE Module

Several GEM-modules 
stacked together with readout 
structure and drift electrodes 

to form a detector module

CASCADE-GEM Module
GEM-foil glued onto a frame

First 200 x 200  mm2

Cascade neutron detector



νe + e− → νe + e−

νµ + e− → νµ + e−

ντ + e− → ντ + e−

ν̄e + e− → µ− + ν̄µ

ν̄e + e− → τ− + ν̄τ

νe + n → e− + p

ν̄e + p → e+ + n

νµ + n → µ− + p

ν̄µ + p → µ+ + n

ντ + n → τ− + p

ν̄τ + p → τ+ + n

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

ν

n

e

p

ν

e

ν

e

W
– Z0

Neutral 
Current 

Charged 
Current 

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



Neutrinos from the Sun [pp chain]

p + e- + p ➛ 2H + νe

2H + p ➛ 3He + γ

3He + p ➛ 4He + e+ + νe

3He + 4He ➛ 7Be + γ

7Be + e- ➛ 7Li + γ + νe

7Li + p ➛ α + α

3He + 3He ➛ 4He + 2p

99.75 % 0.25 %

85% ~15%

0.02 %15.07 %

~10-5 %

7Be + p ➛ 8B + γ

8B ➛ 8Be* + e+ + νe

p + p ➛ 2H + e+ + νe

[pp-neutrinos] [pep-neutrinos] 

[hep-neutrinos] 

[8B-neutrinos] 

[7Be-neutrinos] 

[also: CNO cycle]



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



Solar Electron Neutrino Problem

Eν > 5 ΜeV Eν > 0.2 ΜeV Eν > 5 ΜeV

Total Rates: Solar Standard Model vs. Experiment
[Bahcall+ Serenelli, 2005]

Eν > 5 ΜeVEν > 0.8 ΜeV
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The Homestake Experiment

ca.
2500 m

South
Dakota

Wyoming

The 
Homestake Mine



The Homestake Experiment



The Homestake Experiment



The Homestake Experiment



The Homestake Experiment



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

The
Chlorine
Experiment



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



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



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



Nobel Prize 2002

Raymond
Davis Jr.
[Homestake]

Masatoshi
Koshiba
[Kamiokande]

Riccardo
Giacconi
[X-Ray Sources]



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



Super-Kamiokande

Mounting of
Photomultiplier Tubes

Total:    11,146   20″ pmts
    1,885     8″ pmts



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 !sun) 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 !ij) and the
signal factor sij = p(cos !ij , Ej).

The signal shape p(cos !sun, 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 !sun) 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 !sun. 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 di!erence 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 di!erences 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

!Sun

cos !Sun

E
v
e

n
t/

d
a

y
/b
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-1.0 -0.5  0.0  0.5  1.0
  0 

  1 

  2 

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 !sun 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 di!erences 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 di!erence

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:

"day = 2.32 ± 0.03 (stat.)+0.08
!0.07 (sys.) ! 106 cm!2s!1

"night = 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

The sun seen
through the earth
in neutrino light



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

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



Solar Electron Neutrino Problem

Eν > 5 ΜeV Eν > 0.2 ΜeV Eν > 5 ΜeV

Total Rates: Solar Standard Model vs. Experiment
[Bahcall+ Serenelli, 2005]

Eν > 5 ΜeVEν > 0.8 ΜeV
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– 7–

Table 2: Results from the seven solar-neutrino experiments.
Recent solar model calculations are also presented. The first and
the second errors in the experimental results are the statistical
and systematic errors, respectively. SNU (Solar Neutrino Unit)
is defined as 10!36 neutrino captures per atom per second.

37Cl!37Ar 71Ga!71Ge 8B ! flux
(SNU) (SNU) (106cm!2s!1)

Homestake
(CLEVELAND 98)[20] 2.56 ± 0.16 ± 0.16 — —

GALLEX
(HAMPEL 99)[21] — 77.5 ± 6.2+4.3

!4.7 —
GNO

(ALTMANN 05)[22] — 62.9+5.5
!5.3 ± 2.5 —

GNO+GALLEX
(ALTMANN 05)[22] — 69.3 ± 4.1 ± 3.6 —

SAGE
(ABDURASHI. . .02)[23] — 70.8+5.3+3.7

!5.2!3.2 —
Kamiokande

(FUKUDA 96)[24] — — 2.80 ± 0.19 ± 0.33†

Super-Kamiokande
(HOSAKA 05)[25] — — 2.35 ± 0.02 ± 0.08†

SNO (pure D2O)
(AHMAD 02)[4] — — 1.76+0.06

!0.05 ± 0.09‡

— — 2.39+0.24
!0.23 ± 0.12†

— — 5.09+0.44
!0.43

+0.46
!0.43

"

SNO (NaCl in D2O)
(AHARMIM 05)[11] — — 1.68 ± 0.06+0.08

!0.09
‡

— — 2.35 ± 0.22 ± 0.15†

— — 4.94 ± 0.21+0.38
!0.34

"

BS05(OP) SSM [13] 8.1 ± 1.3 126 ± 10 5.69(1.00± 0.16)
Seismic model [18] 7.64 ± 1.1 123.4 ± 8.2 5.31 ± 0.6

" Flux measured via the neutral-current reaction.
† Flux measured via !e elastic scattering.
‡ Flux measured via the charged-current reaction.

response with intense man-made 51Cr neutrino sources, and ob-

served good agreement between the measured 71Ge production

rate and that predicted from the source activity, demonstrating
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37Cl ➙ 37Ar
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8B ν-flux
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BS05:  ~ 5.7 SNU
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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 !!).
This ES reaction is sensitive to all neutrino flavors. For "es,
the elastic scattering reaction has both charged and neutral
current components, making the cross section for "es "
6.5 times larger than that for "µs or "# 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
"es. In addition to providing exclusive sensitivity to "es, 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 !!) [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 $ ray. The $ 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 "es 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 "e 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 $ 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 $ 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 !!). 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 $ 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 !!).
This ES reaction is sensitive to all neutrino flavors. For "es,
the elastic scattering reaction has both charged and neutral
current components, making the cross section for "es "
6.5 times larger than that for "µs or "# 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
"es. In addition to providing exclusive sensitivity to "es, 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 !!) [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 $ ray. The $ 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 "es 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 "e 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 $ 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 $ 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 !!). 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 $ 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 !!).
This ES reaction is sensitive to all neutrino flavors. For "es,
the elastic scattering reaction has both charged and neutral
current components, making the cross section for "es "
6.5 times larger than that for "µs or "# 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
"es. In addition to providing exclusive sensitivity to "es, 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 !!) [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 $ ray. The $ 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 "es 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 "e 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 $ 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 $ 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 !!). 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 $ 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 !!).
This ES reaction is sensitive to all neutrino flavors. For "es,
the elastic scattering reaction has both charged and neutral
current components, making the cross section for "es "
6.5 times larger than that for "µs or "# 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
"es. In addition to providing exclusive sensitivity to "es, 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 !!) [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 $ ray. The $ 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 "es 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 "e 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 $ 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 $ 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 !!). 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 $ 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 " 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 ±1# errors. The bands intersect at the fit
values for $e and $µ" , 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 %2, 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
%2s are calculated with the marginal distributions. These “%2”
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 !e and !µ" directly. This is a simple change
of variables to the standard signal extraction. Fitting for the

TABLE XXI. % 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 % 2

Energy 42 34.58
Radius 30 39.28
Angle 30 19.85
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for CC, ES, and NC + background neutron events scaled to the fit
results and the calculated spectrum of '-( background (Bkgd) events.
The dashed lines represent the summed components, and the bands
show ±1# 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

$(!e) = 1.76 ± 0.05 " 106 cm#2s#1,

$(!µ" ) = 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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in interpreting these results. Although the signal-extraction
fit has three free parameters, one should not subtract three
degrees of freedom for each %2, 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
%2s are calculated with the marginal distributions. These “%2”
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 !e and !µ" directly. This is a simple change
of variables to the standard signal extraction. Fitting for the

TABLE XXI. % 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 % 2

Energy 42 34.58
Radius 30 39.28
Angle 30 19.85
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FIG. 42. (Color) (a) Distribution of cos &! 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 '-( background (Bkgd) events.
The dashed lines represent the summed components, and the bands
show ±1# 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

$(!e) = 1.76 ± 0.05 " 106 cm#2s#1,

$(!µ" ) = 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 " ! 1/6.48 is the ratio of the average ES cross
sections above Teff = 5 MeV for !µ# and !e. Table XXX(b)
shows the asymmetries of $e and $tot 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 !e, a neutral current reaction sensitive
to all flavors, and an elastic scattering reaction that is primarily
sensitive to !e but has a small sensitivity to other flavors. Under
the assumption that the solar 8B flux is composed entirely of !es
and that its spectrum is undistorted, we find that the measured
fluxes using each of the three reactions are

$CC = 1.76+0.06
"0.05 (stat.)+0.09

"0.09 (syst.) # 106 cm"2s"1,

$ES = 2.39+0.24
"0.23 (stat.)+0.12

"0.12 (syst.) # 106 cm"2s"1,

$NC = 5.09+0.44
"0.43 (stat.)+0.46

"0.43 (syst.) # 106 cm"2s"1.

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

$(!e) = 1.76+0.05
"0.05 (stat.)+0.09

"0.09 (syst.) # 106 cm"2s"1,

$(!µ# ) = 3.41+0.45
"0.45 (stat.)+0.48

"0.45 (syst.) # 106 cm"2s"1,

showing that $(!µ# ) is 5.3% away from zero. The total flux of
8B neutrinos, as measured by $NC, 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 5.3% . 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 " ! 1/6.48 is the ratio of the average ES cross
sections above Teff = 5 MeV for !µ# and !e. Table XXX(b)
shows the asymmetries of $e and $tot 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 !e, a neutral current reaction sensitive
to all flavors, and an elastic scattering reaction that is primarily
sensitive to !e but has a small sensitivity to other flavors. Under
the assumption that the solar 8B flux is composed entirely of !es
and that its spectrum is undistorted, we find that the measured
fluxes using each of the three reactions are

$CC = 1.76+0.06
"0.05 (stat.)+0.09

"0.09 (syst.) # 106 cm"2s"1,

$ES = 2.39+0.24
"0.23 (stat.)+0.12

"0.12 (syst.) # 106 cm"2s"1,

$NC = 5.09+0.44
"0.43 (stat.)+0.46

"0.43 (syst.) # 106 cm"2s"1.

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

$(!e) = 1.76+0.05
"0.05 (stat.)+0.09

"0.09 (syst.) # 106 cm"2s"1,

$(!µ# ) = 3.41+0.45
"0.45 (stat.)+0.48

"0.45 (syst.) # 106 cm"2s"1,

showing that $(!µ# ) is 5.3% away from zero. The total flux of
8B neutrinos, as measured by $NC, 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 5.3% . 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 " ! 1/6.48 is the ratio of the average ES cross
sections above Teff = 5 MeV for !µ# and !e. Table XXX(b)
shows the asymmetries of $e and $tot 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 !e, a neutral current reaction sensitive
to all flavors, and an elastic scattering reaction that is primarily
sensitive to !e but has a small sensitivity to other flavors. Under
the assumption that the solar 8B flux is composed entirely of !es
and that its spectrum is undistorted, we find that the measured
fluxes using each of the three reactions are

$CC = 1.76+0.06
"0.05 (stat.)+0.09

"0.09 (syst.) # 106 cm"2s"1,

$ES = 2.39+0.24
"0.23 (stat.)+0.12

"0.12 (syst.) # 106 cm"2s"1,

$NC = 5.09+0.44
"0.43 (stat.)+0.46

"0.43 (syst.) # 106 cm"2s"1.

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

$(!e) = 1.76+0.05
"0.05 (stat.)+0.09

"0.09 (syst.) # 106 cm"2s"1,

$(!µ# ) = 3.41+0.45
"0.45 (stat.)+0.48

"0.45 (syst.) # 106 cm"2s"1,

showing that $(!µ# ) is 5.3% away from zero. The total flux of
8B neutrinos, as measured by $NC, 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 5.3% . 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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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



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 ...



Cryogenic Detectors

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

Assume thermal equilibrium:

Converte 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
Direct Detection Techniques

Phonons

Charge

NaI: DAMA/LIBRA 
NaI: ANAIS
CsI: KIMS

Light

LXe: XMASS
LAr, LNe: 
DEAP/CLEAN

LXe: XENON 
LXe: LUX
LXe: ZEPLIN
LAr: WARP 
LAr: ArDM

Ge, Si: CDMS
Ge: EDELWEISS

CaWO4,  Al2O3: 
CRESST

C, F, I, Br: 
PICASSO, COUPP
Ge: Texono, CoGeNT
CS2,CF4, 3He: DRIFT 
DMTPC, MIMAC 
Ar+C2H6: Newage

Al2O3: CRESST-I

WIMP WIMP

Basic Principles of mK Cryogenic Detectors

• A deposited energy E will produce a temperature rise !T given by:

!T =
E

C(T )
e
"
t

# ,       # =
C(T )

G(T )

C(T) = heat capacity of absorber

G(T)=thermal conductance of the link 

between the absorber and the 

reservoir at temperature T0

Normal metals: the electronic part 

of C(T) ! T, and dominates the heat capacity  

at low temperatures

Superconductors: the electronic part is 

proportional to exp(-Tc/T)

Tc = superconducting transition temperature

and is negligible compared to lattice 

contributions  for T<<Tc

"

E

"

T0

T-sensor
Absorber

C(T)

G(T)

24

Room Temperature Scintillation Experiments

• To enhance the probability of visible light emission: add impurities = “activators”

• NaI (Tl): 20 eV to create e--hole pair, scintillation efficiency ~ 12%

!1 MeV yields 4 x 104 photons, with average energy of 3 eV

!dominant decay time of the scintillation pulse: 230 ns, !max = 415 nm

• No discrimination between electron- and nuclear recoils on event-by-event basis

• Experiments: DAMA-LIBRA/Italy, NAIAD/UK, ANAIS/Spain, KIMS/Korea 

band

gap

conduction band

valence band

scintillation

photon activator

ground state

activator 

excited states

electron

11

• Electron-hole pairs in a semiconductor

• 2.96 eV/e--h pair at 77 K

• motion of e--h in Efield => signal

!  relatively slow detectors (µs)

!  energy thresholds: ~ 2-10 keVee

• In general operated in vacuum-tight cryostats to suppress                                                                      

thermal conductivity between the crystal and the surrounding air

!  typical energy resolutions: 1 keV at 10 keV, 2-3 keV at 1 MeV

!  about 1/3 of energy of a nuclear recoil goes into ionization 

Germanium Ionization Experiments
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Dark Matter Detection

Example: CDMS
[Soudan Underground Lab]

5 towers each with 6 Ge/Si detectors 
operated at T ≈ 20 mK ...

Idea: 

	 WIMPs (and neutrons) scatter off nuclei
 Most background noise sources (γ,e) scatter off electrons
	 Different response to nuclear recoils than to electron recoils

Double readout: 

	 Temperature change (Phonons)
	 Charge readout (Ionization)
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