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O V E R V I E W
• Today: 

• Challenges of studying neutrinos experimentally 

• Neutrino sources 

• Basic categorization of neutrino detectors 

• Quick review of neutrino oscillations 

• “Classical era” of neutrino oscillations 

• reactor and solar neutrino oscillations 

• atmospheric neutrino oscillations 

• Tomorrow: 

• Verifying atmospheric neutrino oscillations 

• accelerator-based experiments 

• Three-flavour mixing 

• νe appearance, CP violation, θ23 octant, mass hierarchy . . .  

• Other relevant measurements and anomalies.



N E U T R I N O  I N T E R A C T I O N  C R O S S  S E C T I O N
• Fundamental challenge of neutrino experiments 

• How to put σ = 10-38 cm2 in perspective? 

• this is the typical cross section for 1 GeV neutrino  

• Recall how to obtain “interaction length” 

• 1/L = σ x n 

• σ = cross section (cm2) 

• n = number density of target particles 

• for normal matter with ρ  ~ O(1 gm/cm3)  n ~ NA/cm3  = 1024/cm3 

• L ~1011 cm = 1014 km ~ 10 light years 

• If we consider lead (r = 11.35 g/cm3) 

• The interaction length of a 1 GeV neutrino is ~1 light year in lead. 

• in comparison, Lrad for a photon is 0.56 cm 

• Illustrates the weakness of the weak interaction at low energy  

• alternatively the massiveness of the W and Z



N E U T R I N O  E C O N O M I C S

• R: rate of neutrino interactions (/sec) 

• φ: flux of neutrinos (neutrinos/cm2/sec) 

• σ: neutrino cross section on target(cm2) 

• V: size of detector (cm3) 

• n: number density of target particles in detector 

• Neutrino experiments need: 

• intense neutrino sources (maximize φ) 

• large detectors (maximize V × n)

R = φ × σ × V × n

H. Bethe and R. Peirels: 

• “there is no practically possible way of observing the neutrino" 



N E U T R I N O  S O U R C E S

• Nuclear decays: 

• solar  

• 3% of sun’s energy radiated as neutrinos 

• 1011 ν/cm2/sec on surface of earth 

• reactor:  

• ~5% of reactor power emitted as antineutrinos 

• 1020 ν/sec emitted by typical GW reactor   

• Typical energy ~O(MeV) 

• only νe charged-current and neutral current interactions visible

• Meson/muon decays 

• e.g. pion decay (π→νμ + μ) 

• atmospheric neutrinos 

• π/K/μ produced in atmosphere by cosmic ray protons 

• accelerator-based neutrinos 

• π/K/μ produced by high energy protons produced by accelerators 

• Typical energy ~O(GeV) 

• can observe charged current interactions of ne, nm, sometimes nt



F I R S T  I D E A :

F. Reines (1995 Nobel Lecture)
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suing.] The initial idea was to view a large pot of liquid scintillator with many
photomultiplier tubes located on its boundary. The neutrinos would then
produce positrons which would ionize causing light flashes which could be
sensed by the photomultipliers and converted to electrical pulses for display
and analysis.

The idea that such a sensitive detector could be operated in the close prox-
imity (within a hundred meters) of the most violent explosion produced by
man was somewhat bizarre, but we had worked with bombs and felt we could
design an appropriate system. In our bomb proposal a detector would be sus-
pended in a vertical vacuum tank in the near vicinity of a nuclear explosion
and allowed to fall freely for a few seconds until the shock wave had passed
(Fig. 1). It would then gather data until the fireball carrying the fission frag-
ment neutrino source ascended skyward. We anticipated a signal consisting
of a few counts assuming the predicted (~ 10-43 c m2/proton) cross section,
but background estimates suggested that our sensitivity could not be guar-
anteed for cross sections < l0-39 cm2/proton, four orders of magnitude short!
It is a tribute to the wisdom of Los Alamos Director, Norris Bradbury, that he
approved the attempt on the grounds that it would nevertheless be - 1000
times as sensitive as the then existing limits.

I recall a conversation with Bethe in which he asked how we proposed to
distinguish a neutrino event from other bomb associated signals. I described
how, in addition to the use of bulk shielding which would screen out gamma

NUCLEAR EXPLOSIVE
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Figure 1. Sketch of the originally proposed experimental setup to detect the neutrino
using a nuclear bomb. This experiment was approved by the authorities at Los Alamos but
was superceded by the approach which used a fission reactor.
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we wandered around the place, and started to discuss what to do that’s inter-
esting in physics. “Let’s do a real challenging problem,” I said. He said,
“Let’s work on positronium.” I said, “No, positronium is a very good thing
but Martin Deutsch has that sewed-up. So let’s not work on positronium.”
Then I said, “Clyde let’s work on the neutrino.” His immediate response was,
“GREAT IDEA.” He knew as little about the neutrino as I did but he was a
good experimentalist with a sense of derring do. So we shook hands and got
off to working on neutrinos.

Need for Direct Detection

Before continuing with this narrative it is perhaps appropriate to recall the
evidence for the existence of the neutrino at the time Clyde and I started on
our quest. The neutrino of Wolfgang Pauli[l] was postulated in order to
account for an apparent loss of energy-momentum in the process of nuclear
beta decay. In his famous 1930 letter to the Tübingen congress, he stated: “I
admit that my expedient may seem rather improbable from the first, becau-
se if neutrons1 existed they would have been discovered long since.
Nevertheless, nothing ventured nothing gained... We should therefore be
seriously discussing every path to salvation.”

All the evidence up to 1951 was obtained “at the scene of the crime” so to
speak since the neutrino once produced was not observed to interact further.
No less an authority than Niels Bohr pointed out in 1930[2] that no eviden-
ce “either empirical or theoretical” existed that supported the conservation
of energy in this case. He was, in fact, willing to entertain the possibility that
energy conservation must be abandoned in the nuclear realm.

However attractive the neutrino was as an explanation for beta decay, the
proof of its existence had to be derived from an observation at a location
other than that at which the decay process occurred - the neutrino had to be
observed in its free state to interact with matter at a remote point.

It must be recognized, however, that, independently of the observation of
a free neutrino interaction with matter, the theory was so attractive in its
explanation of beta decay that belief in the neutrino as a “real” entity was
general. Despite this widespread belief, the free neutrino’s apparent unde-
tectability led it to be described as “elusive, a poltergeist.”

So why did we want to detect the free neutrino? Because everybody said,
you couldn’t do it. Not very sensible, but we were attracted by the challenge.
After all, we had a bomb which constituted an excellent intense neutrino
source. So, maybe we had an edge on others. Well, once again being brash,
but nevertheless having a certain respect for certain authorities, I comment-
ed in this vein to Fermi, who agreed. A formal way to make some of these
comments is to say that, if you demonstrate the existence of the neutrino in
the free state, i.e. by an observation at a remote location, you extend the
range of applicability of these fundamental conservation laws to the nuclear
realm. On the other hand, if you didn’t see this particle in the predicted

‘When the neutron was discovered by Chadwick, Fermi renamed Pauli’s particle the “neutrino”.
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THE NEUTRINO: FROM POLTERGEIST
TO PARTICLE

Nobel Lecture, December 8, 1995

FR E D E R I C K  RE I N E S

Physics Department, University of California, Irvine, California 92717, USA

The Second World War had a great influence on the lives and careers of very
many of us for whom those were formative years. I was involved during, and
then subsequent to, the war in the testing of nuclear bombs, and several of
us wondered whether this man-made star could be used to advance our
knowledge of physics. For one thing this unusual object certainly had lots of
fissions in it, and hence, was a very intense neutrino source. I mulled this
over somewhat but took no action.

Then in 1951, following the tests at Eniwetok Atoll in the Pacific, I decided
I really would like to do some fundamental physics. Accordingly, I ap-
proached my boss, Los Alamos Theoretical Division Leader, J. Carson Mark,
and asked him for a leave in residence so that I could ponder. He agreed, and
I moved to a stark empty office, staring at a blank pad for several months search-
ing for a meaningful question worthy of a life’s work. It was a very difficult
time. The months passed and all I could dredge up out of the subconscious
was the possible utility of a bomb for the direct detection of neutrinos. After
all, such a device produced an extraordinarily intense pulse of neutrinos and
thus the signals produced by neutrinos might be distinguishable from back-
ground. Some handwaving and rough calculations led me to conclude that
the bomb was the best source. All that was needed was a detector measuring
a cubic meter or so. I thought, well, I must check this with a real expert.

It happened during the summer of 1951 that Enrico Fermi was at Los
Alamos, and so I went down the hall, knocked timidly on the door and said,
“I’d like to talk to you a few minutes about the possibility of neutrino detec-
tion.” He was very pleasant, and said, “Well, tell me what’s on your mind?”
I said, “First off as to the source, I think that the bomb is best.” After a
moment’s thought he said, “Yes, the bomb is the best source.” So far, so
good! Then I said, “But one needs a detector which is so big. I don’t know
how to make such a detector.” He thought about it some and said he didn’t
either. Coming from the Master that was very crushing. I put it on the back
burner until a chance conversation with Clyde Cowan. We were on our way
to Princeton to talk with Lyman Spitzer about controlled fusion when the air-
plane was grounded in Kansas City because of engine trouble. At loose ends



N E U T R I N O  D E T E C T O R S

• Large detector/volume needed to gather neutrino interactions 

• neutrino detectors have long been about scalability 

• massive detectors that provide the information we need about the neutrino interactions 

• steel from decommissioned battleships 

• mineral oil/scintillator 

• large extruded PVC cells 

Hans Bethe: you shouldn’t believe everything you read in papers 



B A S I C  D E T E C T O R  T Y P E S

• Cherenkov Detectors 

• detect “fast” particles exceeding 
the velocity of light in a medium 
(e.g. water) 

• cone of radiation detected with 
photosensors 

• multiple particle final states 
identified by multiple rings

• Scintillation detectors 

• typically large volume of liquid 
scintillator 

• ionization converted into large yield 
of optical photons detected  with 
photosensors 

• often used for low energy neutrinos 
where energy resolution and 
backgrounds reduction are critical

• Tracking detectors 

• detector elements “track” charged 
particles based on ionization  

• can allow detailed characterization of 
outgoing particles 

• segmented scintillator bars 

• photographic emission 

• drift ionization in gas or liquid  

• particularly powerful in high energy 
interactions



Q U I C K  R E V I E W  O F  N E U T R I N O  O S C I L L AT I O N S

• Each mass/energy eigenstate evolves with a different frequency 

• After some time, the flavour content changes

• Neutrino flavour states (created or interacting 
via the weak decays are linear combinations 
of mass/energy eigenstates

•Time evolution: flavour content “oscillates” in L(distance)/E(neutrino)

• Amplitudes determined by 
mixing matrix Uij 

• Wavelengths determined by 
mass2 differences Δm2ij

in vacuum

additional effects 
in the presence of matter

in vacuo



N E U T R I N O  O S C I L L AT I O N S

• Typical experiment: 

• prepare a pure beam of να 

• neutrino oscillations then result in να → νβ transitions (α≠β) 

• Two basic types of measurements 

• Deficit of να relative to initial state 

• Appearance of νβ not present in initial state 

• Both have definitive energy dependences

P (⇥� ⇥ ⇥⇥) = sin2 2� � sin2

�
1.27�m2 L(km)

E(GeV)

⇥

Initial flavor composition Oscillation probability appearance of new 
flavor

disappearance of 
initial flavor

L



N E U T R I N O  O S C I L L AT I O N S

• Amplitude of appearance or disappearance gives sin22θ 
• or more generally the matrix elements (Uij) 

• Location of maximum in energy gives Δm2, assuming L is fixed 

• Essential to determine flavour and energy of neutrino

P (⇥� ⇥ ⇥⇥) = sin2 2� � sin2

�
1.27�m2 L(km)

E(GeV)

⇥

Initial flavor composition Oscillation probability appearance of new 
flavor

disappearance of 
initial flavor

L

sin22θ

2L(km)

⇡
1.27�m2(eV2)



R E A C T O R  E X P E R I M E N T S
• detect antineutrinos using “inverse beta decay” process 

• two-step signature pioneered by Reines and Cowan 

• “prompt” signature from positron  

• “delayed” signature from neutron capture  

• Due to low energies involved, large liquid scintillator detectors have 
been the preferred technology 

• large light yield from scintillation for good energy resolution 

• free protons allow neutron detection from capture process  

• photon detection can be enhanced by doping with other nuclei with high 
neutron capture cross section and photon energy emission 

• antineutrino energy can be reconstructed as:

⌫̄e + p ! e+ + n

n+ p ! d+ �(2.2 MeV)

E⌫̄ ⇠ Ee + hEni+ 0.8MeV



K A M L A N D
• Large liquid scintillator detector in the Kamioka mine (2002-2007) 

• 1 kT of liquid scintillator suspended in pure mineral oil 

• 1879 50 cm photomultiplier tubes to detect scintillation light 

• detect antineutrinos from 55 nuclear reactors in Japan 

• 80% of antineutrinos produced by reactors between 130-220 km

Patrick Decowski / Nikhef

from 54 Reactor Cores in Japan

KL
Reactor neutrino flux: 
 ~6x106 cm-2s-1
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• Known distances to reactors allow νe disappearance vs. L/E to be measured



R E S U LT S

• Energy-dependent deficit of νe measured 

• Plotting deficit (ratio to expectation without oscillations) versus L/E shows oscillation pattern  

• large amplitude: sin22θ12 ~ 0.85 

• 1st maximum of oscillation at L/E ~16000 km/GeV: mass splitting of Δm2
21 ~ 7.5 x10-5 eV2

3

TABLE II: Estimated backgrounds after selection efficiencies.

Background Contribution
Accidentals 80.5± 0.1
9Li/8He 13.6± 1.0
Fast neutron & Atmospheric ν <9.0
13C(α,n)16Ogs, np → np 157.2± 17.3
13C(α,n)16Ogs, 12C(n,n′)12C∗ (4.4 MeV γ) 6.1± 0.7
13C(α,n)16O 1st exc. state (6.05 MeV e+e−) 15.2± 3.5
13C(α,n)16O 2nd exc. state (6.13 MeV γ) 3.5± 0.2
Total 276.1± 23.5

the scattered neutron but the cross sections are not known
precisely. A 210Po13C source was employed to study the
13C(α,n)16O reaction and tune a simulation using the cross
sections from Ref. [10, 11]. We find that the cross sections for
the excited 16O states from Ref. [10] agree with the 210Po13C
data after scaling the 1st excited state by 0.6; the 2nd excited
state requires no scaling. For the ground-state we use the cross
section from Ref. [11] and scale by 1.05. Including the 210Po
decay-rate, we assign an uncertainty of 11% for the ground-
state and 20% for the excited states. Accounting for ϵ(Ep),
there should be 182.0± 21.7 13C(α,n)16O events in the data.

To mitigate background arising from the cosmogenic beta
delayed-neutron emitters 9Li and 8He, we apply a 2 s veto
within a 3-m-radius cylinder around well-identified muon
tracks passing through the LS. For muons that either deposit
a large amount of energy or cannot be tracked, we apply a 2 s
veto of the full detector. We estimate that 13.6± 1.0 events
from 9Li/8He decays remain by fitting the time distribution of
identified 9Li/8He since the prior muons. Spallation-produced
neutrons are suppressed with a 2 ms full-volume veto after a
detected muon. Some neutrons are produced by muons that
are undetected by the OD or miss the OD but interact in the
nearby rock. These neutrons can scatter and capture in the LS,
mimicking the νe signal. We also expect background events
from atmospheric neutrinos. The energy spectrum of these
backgrounds is assumed to be flat to at least 30 MeV based on
a simulation following [12]. The atmospheric ν spectrum [13]
and interactions were modeled using NUANCE [14]. We ex-
pect fewer than 9 neutron and atmospheric ν events in the
data-set. We observe 15 events in the energy range 8.5 –
30 MeV, consistent with the limit reported previously [15].

The accidental coincidence background above 0.9 MeV is
measured with a 10-ms-to-20-s delayed-coincidence window
to be 80.5± 0.1 events. Other backgrounds from (γ,n) inter-
actions and spontaneous fission are negligible.

Anti-neutrinos produced in the decay chains of 232Th and
238U in the Earth’s interior are limited to prompt ener-
gies below 2.6 MeV. The expected geo-neutrino flux at the
KamLAND location is estimated with a geological reference
model [9], which assumes a radiogenic heat production rate
of 16 TW from the U and Th-decay chains. The calculated νe

fluxes for U and Th-decay, including a suppression factor of
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FIG. 1: Prompt event energy spectrum of νe candidate events.
All histograms corresponding to reactor spectra and expected back-
grounds incorporate the energy-dependent selection efficiency (top
panel). The shaded background and geo-neutrino histograms are cu-
mulative. Statistical uncertainties are shown for the data; the band on
the blue histogram indicates the event rate systematic uncertainty.

0.57 due to neutrino oscillation, are 2.24×106 cm−2s−1 (56.6
events) and 1.90×106 cm−2s−1 (13.1 events), respectively.

With no νe disappearance, we expect 2179± 89 (syst)
events from reactors. The backgrounds in the reactor energy
region listed in Table II sum to 276.1± 23.5; we also expect
geo-neutrinos. We observe 1609 events.

Figure 1 shows the prompt energy spectrum of selected
νe events and the fitted backgrounds. The unbinned data is
assessed with a maximum likelihood fit to two-flavor neu-
trino oscillation (with θ13 = 0), simultaneously fitting the geo-
neutrino contribution. The method incorporates the abso-
lute time of the event and accounts for time variations in
the reactor flux. Earth-matter oscillation effects are included.
The best-fit is shown in Fig. 1. The joint confidence in-
tervals give ∆m2

21 = 7.58+0.14
−0.13(stat)+0.15

−0.15(syst) × 10−5 eV2

and tan2 θ12 = 0.56+0.10
−0.07(stat)+0.10

−0.06(syst) for tan2 θ12<1. A
scaled reactor spectrum with no distortion from neutrino os-
cillation is excluded at more than 5σ. An independent anal-
ysis using cuts similar to Ref. [2] gives ∆m2

21 = 7.66+0.22
−0.20 ×

10−5 eV2 and tan2 θ12 = 0.52+0.16
−0.10.

The allowed contours in the neutrino oscillation parame-
ter space, including ∆χ2-profiles, are shown in Fig. 2. Only
the so-called LMA-I region remains, while other regions pre-
viously allowed by KamLAND at ∼2.2σ are disfavored at
more than 4σ. For three-neutrino oscillation, the data give
the same result for ∆m2

21, but a slightly larger uncertainty on
θ12. Incorporating the results of SNO [16] and solar flux ex-
periments [17] in a two-neutrino analysis with KamLAND as-
suming CPT invariance, gives ∆m2

21 = 7.59+0.21
−0.21 × 10−5 eV2

and tan2 θ12 = 0.47+0.06
−0.05.

To determine the number of geo-neutrinos, we fit the nor-
malization of the νe energy spectrum from the U and Th-
decay chains simultaneously with the neutrino oscillation pa-
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FIG. 2: Allowed region for neutrino oscillation parameters from
KamLAND and solar neutrino experiments. The side-panels show
the ∆χ2-profiles for KamLAND (dashed) and solar experiments
(dotted) individually, as well as the combination of the two (solid).

rameters using the KamLAND and solar data. There is a
strong anti-correlation between the U and Th-decay chain
geo-neutrinos and an unconstrained fit of the individual con-
tributions does not give meaningful results. Fixing the Th/U
mass ratio to 3.9 from planetary data [18], we obtain a
combined U+Th best-fit value of (4.4± 1.6)×106 cm−2s−1

(73± 27 events), in agreement with the reference model.
The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at
the Earth’s center [19], assuming that the reactor produces a
spectrum identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,
including the subtraction of geo-neutrinos, to no-oscillation
expectation is plotted in Fig. 3 as a function of L0/E. The
spectrum indicates almost two cycles of the periodic feature
expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,
providing the most precise value of ∆m2

21 to date and im-
proving the precision of tan2 θ12 in combination with solar ν
data. The indication of an excess of low-energy anti-neutrinos
consistent with an interpretation as geo-neutrinos persists.

The KamLAND experiment is supported by the Japanese
Ministry of Education, Culture, Sports, Science and Technol-
ogy, and under the United States Department of Energy Office
grant DEFG03-00ER41138 and other DOE grants to individ-
ual institutions. The reactor data are provided by courtesy of
the following electric associations in Japan: Hokkaido, To-
hoku, Tokyo, Hokuriku, Chubu, Kansai, Chugoku, Shikoku
and Kyushu Electric Power Companies, Japan Atomic Power
Co. and Japan Nuclear Cycle Development Institute. The
Kamioka Mining and Smelting Company has provided ser-
vice for activities in the mine.

 (km/MeV)
eν

/E0L
20 30 40 50 60 70 80 90 100

Su
rv

iv
al

 P
ro

ba
bi

lit
y

0

0.2

0.4

0.6

0.8

1
eνData - BG - Geo 

Expectation based on osci. parameters
determined by KamLAND

FIG. 3: Ratio of the background and geo-neutrino-subtracted νe

spectrum to the expectation for no-oscillation as a function of
L0/E. L0 is the effective baseline taken as a flux-weighted aver-
age (L0 = 180 km). The energy bins are equal probability bins of the
best-fit including all backgrounds (see Fig. 1). The histogram and
curve show the expectation accounting for the distances to the indi-
vidual reactors, time-dependent flux variations and efficiencies. The
error bars are statistical only and do not include, for example, corre-
lated systematic uncertainties in the energy scale.
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S N O

• Large (heavy) water Cherenkov detector 2 km underground in Sudbury, ON 

• “Sudbury Neutrino Observatory” 

• 1 kton of heavy water (D2O) in an acrylic vessel suspended in light water (H2O) 

• viewed by 9456 20 cm photomultiplier tubes

• Operated in three phases 

• “D2O” 

• “Salt” 

• “NCD”
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• Charged particle passing through a dielectric medium (n > 1) induces a EM disturbance that 
propagates at speed cn=c/n 

• If v >cn, the disturbance piles up 

• electromagnetic “shock wave” emitted with angle θC 

• This is Cherenkov (Č) radiation

v=1.2 x cn
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• Analogous to other (mechanical) 
systems where a disturbance exceeds 
the propagation velocity 

• e.g. “sonic boom” from supersonic object
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• Considerations of “spatial singularity”: 

• k = wavenumber, so that p=ħk 

• expect light to be emitted “flat” in k 

• wavelength spectrum is 1/λ2

P R O P E RT I E S  O F  C H E R E N K O V  R A D I AT I O N

• Frank-Tamm Equation 

• For water, n ~1.34, sin2θC = 0.44 

• “~160 photons/cm for β=1 particle in 1 eV interval of  photon energy” 

• ~250 photons emitted/cm in the visible light region 

• “Collapse” of Č cone: as v~cn (threshold), θC and sin2θC goes to zero 
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N E U T R I N O  I N T E R A C T I O N S  AT  S N O
• Three channels observed: 

• “CC”: νe + d → e- + p + p 

• sensitive only to ne from the sun 

• “NC”: νx + d → νx + n + p  (n + d → t + γ(6.25 MeV)) 

• equally sensitive to all neutrino flavours (νe, νµ, ντ) 

• “ES”:  νx + e- → νx + e- 

• interactions in all neutrino flavors, but higher for νe (σ(νe) ~ 6.5 x σ(νµ) or σ(ντ)) 

6.75 MeV will be consistent with the integrated Super-
Kamiokande ES-derived 8B flux above a threshold of 8.5
MeV [16]. Adjusting the ES threshold [5] this derived
flux difference is 0.53±0.17×106 cm−2s−1, or 3.1σ. The
probability of a downward fluctuation ≥ 3.1σ is 0.13%.
These data are therefore evidence of a non-electron active
flavor component in the solar neutrino flux. These data
are also inconsistent with the “Just-So2” parameters for
neutrino oscillation [18].

Figure 3 displays the inferred flux of non-electron fla-
vor active neutrinos (φ(νµτ )) against the flux of electron
neutrinos. The two data bands represent the one stan-
dard deviation measurements of the SNO CC rate and
the Super-Kamiokande ES rate. The error ellipses rep-
resent the 68%, 95%, and 99% joint probability contours
for φ(νe) and φ(νµτ ). The best fit to φ(νµτ ) is:

φ(νµτ ) = 3.69 ± 1.13 × 106 cm−2s−1.
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FIG. 3. Flux of 8B solar neutrinos which are µ or τ flavor
vs. the flux of electron neutrinos as deduced from the SNO
and Super-Kamiokande data. The diagonal bands show the
total 8B flux φ(νx) as predicted by BPB01 (dashed lines) and
that derived from the SNO and Super-Kamiokande measure-
ments (solid lines). The intercepts of these bands with the
axes represent the ±1σ errors.

The total flux of active 8B neutrinos is determined to
be:

φ(νx) = 5.44 ± 0.99 × 106 cm−2s−1.

This result is displayed as a diagonal band in Fig. 3, and
is in excellent agreement with predictions of standard
solar models [7,8].

Assuming that the oscillation of massive neutrinos
explains both the evidence for electron neutrino flavor

change presented here and the atmospheric neutrino data
of the Super-Kamiokande collaboration [19], two separate
splittings of the squares of the neutrino mass eigenvalues
are indicated: < 10−3eV2 for the solar sector [17,18] and
≃ 3.5 × 10−3eV2 for atmospheric neutrinos. These re-
sults, together with the beta spectrum of tritium [22],
limit the sum of mass eigenvalues of active neutrinos to
be between 0.05 and 8.4 eV, corresponding to a constraint
of 0.001 < Ων < 0.18 for the contribution to the critical
density of the Universe [20,21].

In summary, the results presented here are the first
direct indication of a non-electron flavor component in
the solar neutrino flux, and enable the first determination
of the total flux of 8B neutrinos generated by the Sun.

This research was supported by the Natural Sciences
and Engineering Research Council of Canada, Industry
Canada, National Research Council of Canada, Northern
Ontario Heritage Fund Corporation and the Province of
Ontario, the United States Department of Energy, and
in the United Kingdom by the Science and Engineer-
ing Research Council and the Particle Physics and As-
tronomy Research Council. Further support was pro-
vided by INCO, Ltd., Atomic Energy of Canada Limited
(AECL), Agra-Monenco, Canatom, Canadian Microelec-
tronics Corporation, AT&T Microelectronics, Northern
Telecom and British Nuclear Fuels, Ltd. The heavy wa-
ter was loaned by AECL with the cooperation of Ontario
Power Generation.

∗ Deceased.
† Permanent address: TRIUMF, 4004 Wesbrook Mall,

Vancouver, BC V6T 2A3, Canada.
‡ Permanent address: Birkbeck College, University of Lon-

don, Malet Road, London WC1E 7HX, UK.
§ Permanent address: Rutherford Appleton Laboratory,

Chilton, Didcot, Oxon, OX11 0QX, and University of
Sussex, Physics and Astronomy Department, Brighton
BN1 9QH, UK.

[1] B.T. Cleveland et al., Astrophys. J. 496, 505 (1998).
[2] K.S. Hirata et al., Phys. Rev. Lett. 65, 1297 (1990);

K.S. Hirata et al., Phys. Rev. D 44, 2241 (1991), 45

2170E (1992); Y. Fukuda et al., Phys. Rev. Lett. 77,
1683 (1996).

[3] J.N. Abdurashitov et al., Phys. Rev. C 60, 055801,
(1999).

[4] W. Hampel et al., Phys. Lett. B 447, 127 (1999).
[5] S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001).
[6] M. Altmann et al., Phys. Lett. B 490, 16 (2000).
[7] J.N. Bahcall, M. H. Pinsonneault, and S. Basu, astro-

ph/0010346 v2. The reference 8B neutrino flux is 5.05×
106 cm−2s−1.
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fluxes. The CC and ES results reported here are consis-
tent with the earlier SNO results [2] for Teff≥6.75 MeV.
The excess of the NC flux over the CC and ES fluxes
implies neutrino flavor transformations.

A simple change of variables resolves the data di-
rectly into electron (φe) and non-electron (φµτ ) compo-
nents [13],

φe = 1.76+0.05
−0.05(stat.)+0.09

−0.09 (syst.)

φµτ = 3.41+0.45
−0.45(stat.)+0.48

−0.45 (syst.)

assuming the standard 8B shape. Combining the sta-
tistical and systematic uncertainties in quadrature, φµτ

is 3.41+0.66
−0.64, which is 5.3σ above zero, providing strong

evidence for flavor transformation consistent with neu-
trino oscillations [8, 9]. Adding the Super-Kamiokande
ES measurement of the 8B flux [10] φSK

ES = 2.32 ±
0.03(stat.)+0.08

−0.07 (syst.) as an additional constraint, we

find φµτ = 3.45+0.65
−0.62, which is 5.5σ above zero. Fig-

ure 3 shows the flux of non-electron flavor active neutri-
nos vs the flux of electron neutrinos deduced from the
SNO data. The three bands represent the one standard
deviation measurements of the CC, ES, and NC rates.
The error ellipses represent the 68%, 95%, and 99% joint
probability contours for φe and φµτ .

Removing the constraint that the solar neutrino energy
spectrum is undistorted, the signal decomposition is re-
peated using only the cos θ⊙ and (R/RAV)3 information.
The total flux of active 8B neutrinos measured with the
NC reaction is

φSNO
NC = 6.42+1.57

−1.57(stat.)+0.55
−0.58 (syst.)

which is in agreement with the shape constrained value
above and with the standard solar model prediction [11]
for 8B, φSSM = 5.05+1.01

−0.81.
In summary, the results presented here are the first di-

rect measurement of the total flux of active 8B neutrinos
arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
the NC reaction rate under the hypothesis of flavor trans-
formation. The total flux of 8B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.
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TABLE II: Systematic uncertainties on fluxes. The experi-
mental uncertainty for ES (not shown) is -4.8,+5.0 percent.
† denotes CC vs NC anti-correlation.

Source CC Uncert. NC Uncert. φµτ Uncert.
(percent) (percent) (percent)

Energy scale † -4.2,+4.3 -6.2,+6.1 -10.4,+10.3
Energy resolution † -0.9,+0.0 -0.0,+4.4 -0.0,+6.8
Energy non-linearity † ±0.1 ±0.4 ±0.6
Vertex resolution † ±0.0 ±0.1 ±0.2
Vertex accuracy -2.8,+2.9 ±1.8 ±1.4
Angular resolution -0.2,+0.2 -0.3,+0.3 -0.3,+0.3
Internal source pd † ±0.0 -1.5,+1.6 -2.0,+2.2
External source pd ±0.1 -1.0,+1.0 ±1.4
D2O Cherenkov † -0.1,+0.2 -2.6,+1.2 -3.7,+1.7
H2O Cherenkov ±0.0 -0.2,+0.4 -0.2,+0.6
AV Cherenkov ±0.0 -0.2,+0.2 -0.3,+0.3
PMT Cherenkov † ±0.1 -2.1,+1.6 -3.0,+2.2
Neutron capture ±0.0 -4.0,+3.6 -5.8,+5.2
Cut acceptance -0.2,+0.4 -0.2,+0.4 -0.2,+0.4
Experimental uncertainty -5.2,+5.2 -8.5,+9.1 -13.2,+14.1
Cross section [7] ±1.8 ±1.3 ±1.4

2928 events in the energy region selected for analysis, 5
to 20 MeV. Fig. 2(a) shows the distribution of selected
events in the cosine of the angle between the Cherenkov
event direction and the direction from the sun (cos θ⊙)
for the analysis threshold of Teff≥ 5 MeV and fiducial
volume selection of R ≤ 550 cm, where R is the recon-
structed event radius. Fig. 2(b) shows the distribution of
events in the volume-weighted radial variable (R/RAV)3,
where RAV = 600 cm is the radius of the acrylic ves-
sel. Figure 2(c) shows the kinetic energy spectrum of the
selected events.

In order to test the null hypothesis, the assumption
that there are only electron neutrinos in the solar neu-
trino flux, the data are resolved into contributions from
CC, ES, and NC events above threshold using pdfs in Teff,
cos θ⊙, and (R/RAV)3, derived from Monte Carlo calcu-
lations generated assuming no flavor transformation and
the standard 8B spectral shape [6]. Background event
pdfs are included in the analysis with fixed amplitudes
determined by the background calibration. The extended
maximum likelihood method used in the signal decompo-
sition yields 1967.7+61.9

−60.9 CC events, 263.6+26.4
−25.6 ES events,

and 576.5+49.5
−48.9 NC events [12], where only statistical un-

certainties are given. Systematic uncertainties on fluxes
derived by repeating the signal decomposition with per-
turbed pdfs (constrained by calibration data) are shown
in Table II.

Normalized to the integrated rates above the kinetic
energy threshold of Teff≥ 5 MeV, the flux of 8B neutri-
nos measured with each reaction in SNO, assuming the
standard spectrum shape [6] is (all fluxes are presented
in units of 106 cm−2s−1):

φSNO
CC = 1.76+0.06

−0.05(stat.)+0.09
−0.09 (syst.)

φSNO
ES = 2.39+0.24

−0.23(stat.)+0.12
−0.12 (syst.)

φSNO
NC = 5.09+0.44

−0.43(stat.)+0.46
−0.43 (syst.).

Electron neutrino cross sections are used to calculate all
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FIG. 2: (a) Distribution of cos θ⊙ for R ≤ 550 cm. (b) Dis-
tribution of the volume weighted radial variable (R/RAV)3.
(c) Kinetic energy for R ≤ 550 cm. Also shown are the
Monte Carlo predictions for CC, ES and NC + bkgd neutron
events scaled to the fit results, and the calculated spectrum
of Cherenkov background (Bkgd) events. The dashed lines
represent the summed components, and the bands show ±1σ
uncertainties. All distributions are for events with Teff≥5
MeV.



B O T T O M  L I N E  F R O M  S N O

• Total neutrino flux from the sun is consistent 
with expectation (106/cm2/sec) 

• Only a fraction of this is νe, the rest νµ,ντ 

• Solution to the solar neutrino problem: 

• experiments sensitive to only νe observe only 
a small fraction (1/3) of the total neutrinos 

• SNO showed that the other 2/3 are there in 
the form of νµ and ντ

5

fluxes. The CC and ES results reported here are consis-
tent with the earlier SNO results [2] for Teff≥6.75 MeV.
The excess of the NC flux over the CC and ES fluxes
implies neutrino flavor transformations.

A simple change of variables resolves the data di-
rectly into electron (φe) and non-electron (φµτ ) compo-
nents [13],

φe = 1.76+0.05
−0.05(stat.)+0.09

−0.09 (syst.)

φµτ = 3.41+0.45
−0.45(stat.)+0.48

−0.45 (syst.)

assuming the standard 8B shape. Combining the sta-
tistical and systematic uncertainties in quadrature, φµτ

is 3.41+0.66
−0.64, which is 5.3σ above zero, providing strong

evidence for flavor transformation consistent with neu-
trino oscillations [8, 9]. Adding the Super-Kamiokande
ES measurement of the 8B flux [10] φSK

ES = 2.32 ±
0.03(stat.)+0.08

−0.07 (syst.) as an additional constraint, we

find φµτ = 3.45+0.65
−0.62, which is 5.5σ above zero. Fig-

ure 3 shows the flux of non-electron flavor active neutri-
nos vs the flux of electron neutrinos deduced from the
SNO data. The three bands represent the one standard
deviation measurements of the CC, ES, and NC rates.
The error ellipses represent the 68%, 95%, and 99% joint
probability contours for φe and φµτ .

Removing the constraint that the solar neutrino energy
spectrum is undistorted, the signal decomposition is re-
peated using only the cos θ⊙ and (R/RAV)3 information.
The total flux of active 8B neutrinos measured with the
NC reaction is

φSNO
NC = 6.42+1.57

−1.57(stat.)+0.55
−0.58 (syst.)

which is in agreement with the shape constrained value
above and with the standard solar model prediction [11]
for 8B, φSSM = 5.05+1.01

−0.81.
In summary, the results presented here are the first di-

rect measurement of the total flux of active 8B neutrinos
arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
the NC reaction rate under the hypothesis of flavor trans-
formation. The total flux of 8B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.
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fluxes. The CC and ES results reported here are consis-
tent with the earlier SNO results [2] for Teff≥6.75 MeV.
The excess of the NC flux over the CC and ES fluxes
implies neutrino flavor transformations.

A simple change of variables resolves the data di-
rectly into electron (φe) and non-electron (φµτ ) compo-
nents [13],

φe = 1.76+0.05
−0.05(stat.)+0.09

−0.09 (syst.)

φµτ = 3.41+0.45
−0.45(stat.)+0.48

−0.45 (syst.)

assuming the standard 8B shape. Combining the sta-
tistical and systematic uncertainties in quadrature, φµτ

is 3.41+0.66
−0.64, which is 5.3σ above zero, providing strong

evidence for flavor transformation consistent with neu-
trino oscillations [8, 9]. Adding the Super-Kamiokande
ES measurement of the 8B flux [10] φSK

ES = 2.32 ±
0.03(stat.)+0.08

−0.07 (syst.) as an additional constraint, we

find φµτ = 3.45+0.65
−0.62, which is 5.5σ above zero. Fig-

ure 3 shows the flux of non-electron flavor active neutri-
nos vs the flux of electron neutrinos deduced from the
SNO data. The three bands represent the one standard
deviation measurements of the CC, ES, and NC rates.
The error ellipses represent the 68%, 95%, and 99% joint
probability contours for φe and φµτ .

Removing the constraint that the solar neutrino energy
spectrum is undistorted, the signal decomposition is re-
peated using only the cos θ⊙ and (R/RAV)3 information.
The total flux of active 8B neutrinos measured with the
NC reaction is

φSNO
NC = 6.42+1.57

−1.57(stat.)+0.55
−0.58 (syst.)

which is in agreement with the shape constrained value
above and with the standard solar model prediction [11]
for 8B, φSSM = 5.05+1.01

−0.81.
In summary, the results presented here are the first di-

rect measurement of the total flux of active 8B neutrinos
arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
the NC reaction rate under the hypothesis of flavor trans-
formation. The total flux of 8B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.
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In summary, the results presented here are the first di-
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arriving from the sun and provide strong evidence for
neutrino flavor transformation. The CC and ES reaction
rates are consistent with the earlier results [2] and with
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formation. The total flux of 8B neutrinos measured with
the NC reaction is in agreement with the SSM prediction.
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S U P E R - K A M I O K A N D E

• 50 kt water Cherenkov detector with 1000 m of overburden 

• light water (no D2O like SNO) 

• 32 kt inner volume viewed by 11,129 50 cm PMTs 

• typically events at least 2 m from the PMTs are used in analysis. This defines a 22.5 kton “fiducial volume’. 

• Outer “veto” volume viewed by 1,885 20 cm PMTs 

• tag particles entering from outside the detector or particles exiting the detector



S O L A R  D ATA  F R O M  S U P E R - K A M I O K A N D E
• Very high statistics of elastic scattering events due to large volume 

• ~20x SNO 

• Allows detailed study of: 

• energy dependence of solar neutrino deficit 

• none observed . . . .  

• seasonal dependence 

• expected R2 dependence observed . . . . .

3

The detector simulation’s reliability was tested using the
well-known β decay of 16N, which is produced in situ by
an (n, p) reaction on 16O. Fast neutrons for this reaction
are produced using a portable deuterium-tritium neutron
generator (DTG) [13]. The energy scale measured by the
DTG agrees with that from the LINAC within ±0.3%.
The total systematic uncertainty in the absolute energy
scale, including possible long term variation and direction
dependence, is ±0.6%.

We compare our solar neutrino measurements against
reference fluxes and neutrino spectra in order to search
for signatures of neutrino oscillations. For Erecoil ≥

5.0 MeV, solar neutrinos are expected to come almost
exclusively from the β decay of 8B, with a slight ad-
mixture of neutrinos from 3He-proton (hep) fusion. For
the absolute flux of 8B and hep neutrinos, we take the
BP2000 [6] SSM as our reference. The β decay spectrum
of the 8B neutrinos is dominated by the transition to a
broad excited state of 8Be, which decays immediately to
two α particles. Bahcall et al. [14] use a neutrino spec-
trum deduced from a comparison of world data on 8Be
α decay [15, 16, 17] with the direct measurement of the
positron spectrum from 8B decay measured by Napoli-
tano, Freedman, and Camp [18]. Energy-dependent sys-
tematic errors are deduced from a combination of exper-
imental uncertainties and the theoretical uncertainties in
radiative and other corrections that must be made to
convert the charged particle data into a neutrino spec-
trum [14]. Recently, Ortiz et al. [19] have made an im-
proved measurement of the 8B spectrum based on 8Be α
decay in which some of the major sources of systematic
errors present in previous measurements were reduced
or eliminated. We have adopted the neutrino spectral
shape and experimental uncertainties from this measure-
ment. These experimental uncertainties were then added
in quadrature with the theoretical uncertainties given by
Bahcall et al. [14].

The solar neutrino signal is extracted from the data
using the cos θsun distribution (Fig. 1). The angle θsun is
that between the recoil electron momentum and the vec-
tor from the sun to the Earth. The solar neutrino flux is
obtained by a likelihood fit of the signal and background
shapes to the cos θsun distribution in data. The signal
shape is obtained from the known angular distribution
and detector simulation, while the background shape is
nearly flat in cos θsun. In the 8B flux measurement, the
data are subdivided into 19 energy bins in the range 5.0–
20.0 MeV (binning as in Fig. 3). The likelihood function
is defined as follows:

L =

19∏

j=1

e−(Yj ·S+Bj)

Nj !

Nj∏

i=1

[Bj · Fb(cos θi, Ei) + Yj · S · Fs(cos θi, Ei)]

(1)
S is the total number of signal events, while Nj, Bj , and
Yj represent the number of observed events, the number
of background events, and the expected fraction of signal
events in the j-th bin, respectively. Fb and Fs are the
probability for the background and signal events as a
function of cos θsun and energy (Ei) of each event. The
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FIG. 1: cos θsun distribution for reconstructed energy
E = 5.0–20.0 MeV. The points represent observed data, the
histogram shows the best-fit signal level plus background, and
the nearly horizontal line shows the estimated background.
The peak at cos θsun = 1 is due to solar neutrinos.

likelihood function is maximized with respect to S and
Bj . For the energy spectrum measurement, each term in
the product over bins is maximized separately.

The best-fit value of S is 18, 464±204 (stat.)+646
−554 (sys.),

which is 45.1 ± 0.5 (stat.) +1.6
−1.4 (sys.)% of the reference

prediction. The corresponding 8B flux is:

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

The total systematic error is +3.5%
−3.0%

, with the largest

sources coming from the reduction cut efficiency (+2.2%
−1.7%

),
energy scale and resolution (±1.4%), systematic shifts in
the event vertex (±1.3%), and the angular resolution of
the recoil electron momentum (±1.2%).

Fig. 2 shows the solar neutrino flux as a function of
the solar zenith angle θz (the angle between the vertical
axis at SK and the vector from the sun to the Earth).
Numerical values are shown in Table II. The day-time
solar neutrino flux Φd is defined as the flux of events
when cos θz ≤ 0, while the night-time flux Φn is that
when cos θz > 0. The measured fluxes are:

Φd = 2.28 ± 0.04 (stat.)+0.08
−0.07 (sys.) × 106 cm−2s−1

Φn = 2.36 ± 0.04 (stat.)+0.08
−0.07 (sys.) × 106 cm−2s−1

Some neutrino oscillation parameters predict a non-zero
difference between Φn and Φd due to the matter effect in
the Earth’s mantle and core [20]. The degree of this dif-
ference is measured by the day-night asymmetry, defined
as A = (Φn−Φd)/Φaverage, where Φaverage = 1

2
(Φn+Φd).

We find:

A = 0.033 ± 0.022 (stat.)+0.013
−0.012 (sys.)

Including systematic errors, this is 1.3 σ from zero asym-
metry. Many sources of systematic errors cancel out
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FIG. 2: The solar zenith angle (θz) dependence of the solar
neutrino flux (error bars show statistical error). The width
of the night-time bins was chosen to separate solar neutrinos
that pass through the Earth’s dense core (cos θz ≥ 0.84) from
those that pass through the mantle (0 < cos θz < 0.84). The
horizontal line shows the flux for all data.
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FIG. 3: The measured 8B + hep solar neutrino spectrum
relative to that of Ortiz et al. normalized to BP2000. The
data from 14 MeV to 20 MeV are combined into a single bin.
The horizontal solid line shows the measured total flux, while
the dotted band around this line indicates the energy cor-
related uncertainty. Error bars show statistical and energy-
uncorrelated errors added in quadrature.

in the day-night asymmetry measurement. The largest
sources of error in the asymmetry are the energy scale and
resolution (+0.012

−0.011) and the non-flat background shape of
the cos θsun distribution (±0.004).

Fig. 3 shows the measured recoil electron energy spec-
trum relative to the Ortiz et al. spectrum normalized to
BP2000. (See Table III for numerical values.) A fit to an
undistorted energy spectrum gives χ2/d.o.f. = 19.0/18.
Energy-correlated systematic errors are considered in the
definition of χ2 [10]. The energy-correlated systematic
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FIG. 4: Seasonal variation of the solar neutrino flux. The
curve shows the expected seasonal variation of the flux in-
troduced by the eccentricity of the Earth’s orbit. Error bars
show statistical errors only.

error (shown in Fig. 3 as a band around the total flux) is
due to uncertainties that could cause a systematic shift in
the energy spectrum. The sources of this error are uncer-
tainties in the energy scale, resolution, and the reference
8B spectrum against which the data are compared.

The seasonal dependence of the solar neutrino flux
is shown in Fig. 4. (See Table IV for numerical val-
ues.) The points represent the measured flux, and the
curve shows the expected variation due to the orbital
eccentricity of the Earth (assuming no neutrino oscilla-
tions, and normalized to the measured total flux). The
data are consistent with the expected annual variation
(χ2/d.o.f. = 3.7/7). Systematic errors are included in
the calculation of χ2. The total systematic error on the
relative flux values in each seasonal bin is ±1.3%, the
largest sources coming from energy scale and resolution
(+1.2%
−1.1%

) and reduction cut efficiency (±0.6%).
The hep neutrino flux given by BP2000 is 9.3 ×

103 cm−2 s−1 [6], which is three orders of magnitude
smaller than the 8B neutrino flux. Although the theo-
retically calculated hep flux is highly uncertain because
of many delicate cancellations in calculating the astro-
physical S factor, a recent calculation by Marcucci, et
al. [21] shows that the flux is unlikely to be drastically
larger than the value given in BP2000. The effect of hep
neutrinos on solar neutrino measurements at SK is ex-
pected to be small. However, since the end-point of the
hep neutrino spectrum is 18.77 MeV compared to about
16 MeV for the 8B spectrum, the high energy end of the
Erecoil spectrum should be relatively enriched with hep
neutrinos. An unexpectedly large hep flux may distort
the Erecoil spectrum. In our measurement of the hep flux,
we extract the number of events in the window Erecoil =
18–21 MeV from a cos θsun distribution like the one shown
in Fig. 1. This window was chosen because it optimizes
the significance of the hep flux measurement in MC as-
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error (shown in Fig. 3 as a band around the total flux) is
due to uncertainties that could cause a systematic shift in
the energy spectrum. The sources of this error are uncer-
tainties in the energy scale, resolution, and the reference
8B spectrum against which the data are compared.

The seasonal dependence of the solar neutrino flux
is shown in Fig. 4. (See Table IV for numerical val-
ues.) The points represent the measured flux, and the
curve shows the expected variation due to the orbital
eccentricity of the Earth (assuming no neutrino oscilla-
tions, and normalized to the measured total flux). The
data are consistent with the expected annual variation
(χ2/d.o.f. = 3.7/7). Systematic errors are included in
the calculation of χ2. The total systematic error on the
relative flux values in each seasonal bin is ±1.3%, the
largest sources coming from energy scale and resolution
(+1.2%
−1.1%

) and reduction cut efficiency (±0.6%).
The hep neutrino flux given by BP2000 is 9.3 ×

103 cm−2 s−1 [6], which is three orders of magnitude
smaller than the 8B neutrino flux. Although the theo-
retically calculated hep flux is highly uncertain because
of many delicate cancellations in calculating the astro-
physical S factor, a recent calculation by Marcucci, et
al. [21] shows that the flux is unlikely to be drastically
larger than the value given in BP2000. The effect of hep
neutrinos on solar neutrino measurements at SK is ex-
pected to be small. However, since the end-point of the
hep neutrino spectrum is 18.77 MeV compared to about
16 MeV for the 8B spectrum, the high energy end of the
Erecoil spectrum should be relatively enriched with hep
neutrinos. An unexpectedly large hep flux may distort
the Erecoil spectrum. In our measurement of the hep flux,
we extract the number of events in the window Erecoil =
18–21 MeV from a cos θsun distribution like the one shown
in Fig. 1. This window was chosen because it optimizes
the significance of the hep flux measurement in MC as-

• No evidence of oscillatory 
behaviour in energy or distance . . . 

• Just an overall deficit . . . 
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T H E  S O L U T I O N
• SNO observes that ~2/3 of νe from the sun have converted to νµ,  ντ 

• SK however observes that there is no energy dependence or 
distance dependence of the νe survival probability 

• KamLAND, on the other hand, sees a very clear oscillatory 
behaviour with Δm2 = 7.6x10-5 eV2 

• The strong matter effects in the sun make νe (electron neutrinos) ~ 
energy eigenstate 

• As the neutrino propagates through the sun and out into the 
vacuum of space, they stay as an energy eigenstate corresponding 
to ν2 (the heavier of the mass eignestates) 

• ν2 is an energy eigenstate. It doesn’t oscillate! 

• flavour content is “locked in” on its transit to earth 

• no E or L dependence . . . . .
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FIG. 2: Allowed region for neutrino oscillation parameters from
KamLAND and solar neutrino experiments. The side-panels show
the ∆χ2-profiles for KamLAND (dashed) and solar experiments
(dotted) individually, as well as the combination of the two (solid).

rameters using the KamLAND and solar data. There is a
strong anti-correlation between the U and Th-decay chain
geo-neutrinos and an unconstrained fit of the individual con-
tributions does not give meaningful results. Fixing the Th/U
mass ratio to 3.9 from planetary data [18], we obtain a
combined U+Th best-fit value of (4.4± 1.6)×106 cm−2s−1

(73± 27 events), in agreement with the reference model.
The KamLAND data, together with the solar ν data, set an

upper limit of 6.2 TW (90% C.L.) for a νe reactor source at
the Earth’s center [19], assuming that the reactor produces a
spectrum identical to that of a slow neutron artificial reactor.

The ratio of the background-subtractedνe candidate events,
including the subtraction of geo-neutrinos, to no-oscillation
expectation is plotted in Fig. 3 as a function of L0/E. The
spectrum indicates almost two cycles of the periodic feature
expected from neutrino oscillation.

In conclusion, KamLAND confirms neutrino oscillation,
providing the most precise value of ∆m2

21 to date and im-
proving the precision of tan2 θ12 in combination with solar ν
data. The indication of an excess of low-energy anti-neutrinos
consistent with an interpretation as geo-neutrinos persists.

The KamLAND experiment is supported by the Japanese
Ministry of Education, Culture, Sports, Science and Technol-
ogy, and under the United States Department of Energy Office
grant DEFG03-00ER41138 and other DOE grants to individ-
ual institutions. The reactor data are provided by courtesy of
the following electric associations in Japan: Hokkaido, To-
hoku, Tokyo, Hokuriku, Chubu, Kansai, Chugoku, Shikoku
and Kyushu Electric Power Companies, Japan Atomic Power
Co. and Japan Nuclear Cycle Development Institute. The
Kamioka Mining and Smelting Company has provided ser-
vice for activities in the mine.
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FIG. 3: Ratio of the background and geo-neutrino-subtracted νe

spectrum to the expectation for no-oscillation as a function of
L0/E. L0 is the effective baseline taken as a flux-weighted aver-
age (L0 = 180 km). The energy bins are equal probability bins of the
best-fit including all backgrounds (see Fig. 1). The histogram and
curve show the expectation accounting for the distances to the indi-
vidual reactors, time-dependent flux variations and efficiencies. The
error bars are statistical only and do not include, for example, corre-
lated systematic uncertainties in the energy scale.
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AT M O S P H E R I C  N E U T R I N O S
• Atmospheric neutrinos are produced by the interaction of cosmic ray protons on nuclei in the atmosphere 

• Naively, expect a 2:1 ratio of muon (anti)neutrino to electron (anti)neutrino ratio in the absence of oscillations  

• can we test this by identifying muon neutrinos and electron neutrinos? 

• look for muon production (from νµ) and electron production (from νe).

⇡+ ! µ+ + ⌫µ
,! e+ + ⌫e + ⌫̄µ

⇡� ! µ� + ⌫̄µ
,! e� + ⌫̄e + ⌫µ

p+N ! ⇡± +X



PA RT I C L E  I D E N T I F I C AT I O N
• Other processes as charged particles passes through media 

• Ionization loss: steady energy transfer by ionizing atoms. 

• Bremsstrahlung: 

• photon emission from acceleration of particle in field of atomic nucleus 

• Photon can then Compton scatter, pair produce 

• electrons/positrons from this can in emit more photons 

• “Electromagnetic shower” 

• Č Ring can tell us: 

• position/direction/energy of the particle “track reconstruction” 

• identify the particle as non-showering (μ, π, p) vs. e/γ



PA RT I C L E  I D E N T I F I C AT I O N  I N  S K

• particle identification variable to separate electron-like and muon-like 
Cherenkov rings in the Super-Kamiokande detector 

• can separate electrons and muons (hence νe and νµ) at the 99% level

0

25

50

75

100 DATA µ-like e-like

0

25

50

75

100

-8 -6 -4 -2 0 2 4 6 8
PID Parameter

MC
µ-like e-like

CC νe
CC νµ

NC

nu
m

be
r o

f e
ve

nt
s 

/ 2
5.

5 
kt

on
 y

r

Figure 1: Distribution of the particle identification (PID) parameter for single-ring atmospheric neutrino
events for both data and Monte Carlo samples in Analysis A. If the PID parameter of an event is positive
(negative), the event is classified as e-like (µ-like). For the Monte Carlo, the contributions from charged
current and the neutral current events are also shown.
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F U RT H E R  E V I D E N C E • Neutrino oscillations should have a 
dependence on the path length from 
production to detection. 

• For atmospheric neutrinos, is related to 
the “zenith angle” of the neutrino

• Zenith angle distribution of deficit agrees with neutrino oscillations



A N O T H E R  L O O K

• Plot deficit directly as a function of L/E using subset of interaction where “pointing” accuracy is good. 

• Location of minimum tells us Δm2:  1.27 x Δm2(eV2) x 600 km/GeV = π/2 → Δm2 ~ 2.5 x 10-3 eV2 

• “Depth” of minimum tells us sin22θ: sin22θ ~ 1 (maximal mixing)

P (⇥� ⇥ ⇥⇥) = sin2 2� � sin2
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W H AT  D O  W E  K N O W ?

• From solar measurement: 

• νe component of ν2 is ~1/3  → sin2 θ12 = 1/3  

• θ12 ~ 35 degrees 

• From KamLAND 

• sin22θ12 = 0.85 → θ12 ~34 degrees 

• Δm2
21 ~ 7.5x 10-5 eV2
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• From atmospheric measurment 

• νµ disappearance is ~maximal 

• θ23 ~ 45 degrees 

• Δm2
ba ~ 2.5 x10-5 eV2 

• excess of νe not observed: 

• νy is primarily ντ
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The Nobel Prize in Physics 2015
The Royal Swedish Academy of Sciences has decided to award the Nobel Prize in Physics for 2015 to 

The Nobel Prize in Physics 2015 recognises Takaaki 
Kajita in Japan and Arthur B. McDonald in Canada, 
for their key contributions to the experiments which 
demonstrated that neutrinos change identities. This 
metamorphosis requires that neutrinos have mass. 
The discovery has changed our understanding of the 
innermost workings of matter and can prove crucial 
to our view of the universe. 
Around the turn of the millennium, Takaaki Kajita presented 
the discovery that neutrinos from the atmosphere switch 
between two identities on their way to the Super-Kamiokande 
detector in Japan.

Meanwhile, the research group in Canada led by 
Arthur B. McDonald could demonstrate that the neutrinos 
from the Sun were not disappearing on their way to Earth. 
Instead they were captured with a different identity when 
arriving to the Sudbury Neutrino Observatory.

A neutrino puzzle that physicists had wrestled with for 
decades had been resolved. Compared to theoretical 
calculations of the number of neutrinos, up to two thirds 
of the neutrinos were missing in measurements performed 
on Earth. Now, the two experiments discovered that the 
neutrinos had changed identities.

The discovery led to the far-reaching conclusion that 
neutrinos, which for a long time were considered massless, 
must have some mass, however small.

For particle physics this was a historic discovery. Its Standard 
Model of the innermost workings of matter had been 
incredibly successful, having resisted all experimental chal-

lenges for more than twenty years. However, as it requires 
neutrinos to be massless, the new observations had clearly 
showed that the Standard Model cannot be the complete 
theory of the fundamental constituents of the universe. 

The discovery rewarded with this year’s Nobel Prize 
in Physics have yielded crucial insights into the all but 
hidden world of neutrinos. After photons, the particles 
of light, neutrinos are the most numerous in the entire 
cosmos. The Earth is constantly bombarded by them. 

Many neutrinos are created in reactions between cosmic 
radiation and the Earth’s atmosphere. Others are produced 
in nuclear reactions inside the Sun. Thousands of billions of 
neutrinos are streaming through our bodies each second. 
Hardly anything can stop them passing; neutrinos are 
nature’s most elusive elementary particles.

Now the experiments continue and intense activity is 
underway worldwide in order to capture neutrinos and 
examine their properties. New discoveries about their deepest 
secrets are expected to change our current understanding of 
the history, structure and future fate of the universe.

Takaaki Kajita, Japanese citizen. Born 1959 in Higashimatsuyama, Japan. 
Ph.D. 1986 from University of Tokyo, Japan. Director of Institute for Cosmic 
Ray Research and Professor at University of Tokyo, Kashiwa, Japan.

www.icrr.u-tokyo.ac.jp/about/greeting_eng.html

Arthur B. McDonald, Canadian citizen. Born 1943 in Sydney, Canada. 
Ph.D. 1969 from Californa Institute of Technology, Pasadena, CA, USA. 
Professor Emeritus at Queen’s University, Kingston, Canada.

www.queensu.ca/physics/arthur-mcdonald

Prize amount: 8 million Swedish krona, to be shared equally between the laureates. 
Further information: http://kva.se and http://nobelprize.org
Press contact: Hans Reuterskiöld, Press Officer, Phone +46 8 673 95 44, +46 70 673 96 50, hans.reuterskiold@kva.se
Experts: Olga Botner, member of the Nobel Committee for Physics, +46 18 471 38 76, +46 73 390 86 50, olga.botner@physics.uu.se 
Lars Bergström, Secretary of the Nobel Committee for Physics, +46 8 553 787 25, lbe@fysik.su.se

The Royal Swedish Academy of Sciences, founded in 1739, is an independent organisation whose overall objective is to promote the sciences and 
strengthen their influence in society. The Academy takes special responsibility for the natural sciences and mathematics, but endeavours to promote 
the exchange of ideas between various disciplines.

Metamorphosis in the particle world

6 October 2015

“for the discovery of neutrino oscillations, which shows that neutrinos have mass”
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