
Critical Neutrino Experiments 
Establishing the
Standard Model

Ed Kearns – Boston University



Weinberg (in response to a question): 
“Neutrino masses clearly take us beyond the standard model …”

Critical Neutrino Experiments 
Establishing Our Understanding of the 

Standard Model with Massive Neutrinos
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Prediction
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Weak mixing angle
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recurring theme of this lecture:
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Discovery of neutrino 

oscillations

Confirmations &

Precision measurements

The Neutrino Matrix

The road ahead
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Origin Story of the Neutrino1930

Chadwick, 1914

… a desperate remedy …
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Theoretical Insights

Fermi theory of beta decay

Muons K-capture like electrons

Nuclear beta decay, muon capture,
muon decay are universal
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1995 Nobel Prize: F. Reines

1956 Detection of the Neutrino

400 L water
1400 L Liq. Sc.
110 PMTs
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FIG. 2.Resonant scattering distribution from a scatterer
of ~1850 g of Sm20~.

first approximation. The resonant scattered gamma-ray
distribution is shown in Fig. 2 for a source strength of
20 millicuries. The ratio of the 837-kev to 961-kev

photopeaks is 1.8 which is in agreement with the ratio
of the p rays before scattering, 1.4, corrected for detec-
tion e%ciencies and for the different angular distributions
of the scattered gamma rays at 100'—the mean angle of
scattering. The cross section measured with the solid
source is (5&1)X10 's cm', the major uncertainties
being in the geometry and source strength determina-
tions. The liquid source gave a 20%higher cross section;
the diGerence may be due to a slowing down of the
recoiling nucleus in the solid or a change in its effective
mass.
In order to calculate the lifetime of the transition

one should take into account the natural width of the
emitting level, the Doppler broadening of the emitted
gamma ray due to the neutrino recoil, the possible
slowing down of the recoiling nucleus, the effective
mass, and the temperature broadening of the emi. ssion
and absorption lines. If the recoil and temperature
effects are neglected, a lower limit on the mean life can
be set as 1.7X10 '4 sec. An upper limit is certainly the
slowing-down time in the solid, approximately 2&(10 "
sec, ~ since a stationary nucleus with a level of this
mean life will give a cross section less than 1/100 that
observed. Conversely, therefore, the gamma ray is
emitted in general before the recoil slows down so that
the Doppler broadening due to the neutrino emission
must be taken into account, and the resonance scatter-

ing becomes a sensitive detector of the direction of
neutrino emission. Taking into account the width of
the emitting line and the Doppler shift due to the
recoiling nucleus, assumed to have an effec;tive mass num-
ber equal to 152, the mean life of the 1 level becomes
r= (3&1)X10 "sec. The effect of the temperature of
the source and scatterer has been neglected. The
measured lifetime is thus approximately 150 times
longer than the single proton estimate. This mean life
corresponds, according to the formulation of Bohr and
Mottelson, ' to an octupole deformation parameter,
Ps~0.07, for the 1 state of Sm'".
I would like to thank M. Goldhaber, A. W. Sunyar,

and J. Weneser for many valuable discussions.

$ Work performed under the auspices of the U. S. Atomic
Energy Commission.' L. Grodzins and H. Kendall, Bull. Am. Phys. Soc. Ser. II, 1,
163 (1956).' O. Nathan and M. A. Waggoner, Nuclear Phys. 2, 548 (1957).3L. Grodzins, BulL Am. Phys. Soc. Ser. II, 1, 329 (1956);
Nuclear Data Card 57-1-90 (National Research Council, Wash-
ington, D. C., 1957).'A. de-Shalit and M. Goldhaber, Phys. Rev. 92, 1211 (1953);
Krisyouk, Sergeyer, Latyshev, and Vorobyou, Nuclear Phys. 4,
579 (1957).

5 K. G. Malfors, in Betu- und Gummu-Ruy Spectroscopy, edited
by K. Siegbahn (North Holland Publishing Company Am-
sterdam, 1955), p. 494; F.R. Metzger, Phys. Rev. 101,286 (1956).

~ Goldhaber, Grodzins, and Sunyar )Phys. Rev. 109, 1015
(1958)g, following Letter.
r K. Iakovac, Proc. Phys. Soc. (London) A67, 601 (1954).' A. Bohr and B.Mottelson, Nuclear Phys. 4, 529 (1957).

Helicity of Neutrinos"
M. GQLDHABER, L. GRoDzINs, A&D A. W. SUNYAR
Brookhuven E'utionu/ Luborutory, Upton, 1Vem Fork

(Received December 11, 1957)

COMBINED analysis of circular polarization and
resonant scattering of p rays following orbital

electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Ku'",
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme, ' 0—,we hand
that the neutrino is "left-handed, " i.e., a„p„=—1
(negative helicity) .
Our method may be illustrated by the following

simple example: take a nucleus 2 (spin I=O) which
decays by allowed orbital electron capture, to an
excited state of a nucleus B(I=1),from which a p ray
is emitted to the ground state of B(I=O). The condi-
tions necessary for resonant scattering are best fulfilled
for those p rays which are emitted opposite to the
neutrino, which have an energy comparable to that of
the neutrino, and which are emitted before the recoil
energy is lost. Since the orbital electrons captured by a
nucleus are almost entirely s electrons (E, Lr, . elec-
trons of spin S=—',), the substates of the daughter nucleus
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The magnet response was tested with the brems-
strahlung from a Sr"+Y"source, for which the helicity
is negative, ' rrr p, =—1. Eu"' runs were made with
both solid and dissolved sources (HC1 solution), and
both gave similar results. The eGective path length of
the 960-kev p ray in the magnet was somewhat un-
certain, partly because of the extent of the source and
partly because of a lack of knowledge of the field
distribution in the return path. Ke estimate that the
average path is equivalent to 3&0.3 mean free paths in
fully magnetized iron. From this we expect an effect of
3=&0.025 with an accuracy of 10%, if the 960-kev
y rays are 100% circularly polarized, with the —sign
corresponding to positive helicity (spin parallel to their
direction of propagation) and the + sign to negative
helicity. Thus we And that in our case the p rays are
(68&14%) circularly polarized, and that their helicity
is negative. As a further check, 3 runs were carried out
with a shorter magnet of length 3-', in. with the source
on top of the magnet. In this case also a negative
helicity was found, the circular polarization being
(66&15%).
From the energy of the neutrinos emitted, the width

of the p-ray line, and the fact that the circular polariza-
tion varies with the direction of emission of the p ray
relative to the neutrino as coso, we calculate that a
circular polarization, which in the ideal case discussed
above would be 100%,would be reduced to 75%.This
should be further reduced to a slight extent because of
the e feet of thermal motion and because some p rays
are emitted after the recoil has changed momentum.
Thus our result seems compatible with spin 0—for
Eu'", and 100% negative helicity of the neutrinos
emitted in orbital electron capture. '
In all formulations of P-decay theory no distinction

is made between the neutrino emitted in orbital electron
capture and that emitted in P+ decay. Taken together
with the fact that the helicity of the positrons in a
Gamow-Teller transition is positive4 or with the fact
that positrons are emitted from oriented nuclei in the
direction in which the nuclear spin is pointing, ' our
result indicates that the Gamow-Teller interaction is
axial vector (A) for positron emitters, in agreement with
the conclusions of Hermannsfeldt et al. ' These authors
show that all recoil experiments with p+ emitters are
compatible with AU, but not with TS interactions
which have been reported for P emitters (largely based
on He' recoil experiments). ' The A U combination may
be compatible with lepton conservation and a universal
Fermi interaction as pointed out by Sudarshan and
Marshak' and by Feynman and Gell-Mann. ' This view
is strengthened by the recent results showing positive
helicity for the positrons from p+ decay. " It would
therefore seem desirable to apply the method described
here to a p emitter in order to determine the helicity
of the antineutrino. Although the analysis of such an
experiment is considerably more complicated, it may
prove possible to reach a decision between A and T,

which is independent of the "classical" recoil ex-
periments.
We wish to thank J. Weneser for many valuable

discussions. t
*Work performed under the auspices of the U. S. Atomic

Energy Commission.
r L. Grodzins, Phys. Rev. 109, 1015 (1958),preceding Letter.
s Goldhaber, Grodzins, and Sunyar, Phys. Rev. 106, 826 (1957).' It is worthwhile to inquire how our conclusions are affected

if the less plausible spin-parity assignments of 1W are assumed for

Eu'" . For the case of a 1 ~1=+0+ transition, J. Weneser
(unpublished) 6nds

(o..uv)Ls IGorl'~~2IGorl IGvl]
IGorl'+IGrl'

where GGT=MGTCGT and Gy=3f FCp. This has been calculated
on the simplifying assumption that the two-component neutrino
theory and time-reversal invariance hold I see T. D. Lee and
C. N. Yang, Phys. Rev. 105, 1671 (1957)g. For a neutrino helicity
of —1 the photon helicity varies from +0.5 to —1.0, and for a
neutrino helicity of +1 the photon helicity varies from —0.5 to+1.0. Considering the reduction factors discussed above, the
experimentally found helicity of the p rays is in agreement with
the assumption of neutrinos of negative helicity, even if Eu'"m
has spin-parity 1—.In the other very unlikely case of a 1+assign-
ment to Eu'", we could not at present draw a definite conclusion
concerning the neutrino helicity. The theory for 6rst forbidden
transitions is being investigated by A. M. Bincer.

4 L. A. Page and M. Heinberg, Phys. Rev. 106, 1220 (1957).
5 Ambler, Hayward, Hoppes, Hudson, and Wu, Phys. Rev. 106,

1361 (1957); Postma, Huiskamp, Miedema, Steenland, Tolhoek,
and Gorter, Physica 23, 259 (1957).' Hermannsfeldt, Maxson, Stahelin, and Allen, Phys. Rev. 107,
641 (1957).
r B.M. Rustad and S. L. Ruby, Phys. Rev. 97, 991 (1955).'E. C. G. Sudarshan and R. Marshak, Phys. Rev. (to be

published).
R. P. Feynman and M. Gell-Mann, Phys. Rev. 109, 193

(1958).
"Culligan, Frank, Holt, Kluyver, and Massam, Nature 180,

751 (1957).
t Pote added in proof,—According to a private communication

from Professor V. L. Telegdi, a refinement of the experiment of
Burgy, Epstein, Krohn, Novey, Raboy, Ringo, and Telegdi, I Phys.
Rev. 107, 1731 (1957)g favors V—A for the P interaction.

Axial Symmetry of Nuclear
Wave Functions

R. K. NEsBET
Department of Physics, Boston University, Boston, 3IIassachzssetts

(Received November 25, 1957)

' 'N connection with recent work deriving the principal
. . results of the Bohr-Mottelson theory from the nu-
clear shell model with axially symmetrical (spheroidal)
potential, ' it should be pointed out that there is a
simple theorem which relates the spheroidal potential
to the a priori Hartree-Fock method. This theorem
follows trivially from results given in a somewhat
different context in earlier papers. "
The Hartree-Fock method, for the present purpose,

is to be thought of as a variational calculation which
attempts to find the single Slater determinant (a nor-
malized many-particle wave function constructed as an
antisymmetrized product of single-particle wave func-
tions) for which the mean value of the tota, l energy is a

1957 Helicity of the Neutrino

Neutrinos are left handed
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5 GeV protons
Beryllium target neutrinos

10´ 1-ton modules
1�Aluminum plates with spark gap
Coincidence counters (A) and
Anticoincidence counters (B,C,D)

34 single muon events and only 6 showers Þ p®µn is nµ not ne

1988 Nobel Prize: Lederman, Schwartz, Steinberger

1962 The Two Neutrino Experiment
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Charged current

Neutral current

In the Standard Model:
No flavor changing neutral currents! (FCNC)

Muon neutrino reactions:
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1973 Discovery of Neutral Currents
Gargamelle (CERN)

Single event discovery … background estimate 0.03 ± 0.02

Statistical analysis (including Monte Carlo) …
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https://home.cern/about/experiments/gargamelle
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T2K - JPARC

CERN-62-07

Magnetic Horn
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The Massless Neutrino in the Standard Model
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The Neutrino as a Probe

Neutrino cross section grows with energy
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The Neutrino as a Probe

Demonstration that the weak coupling
to quarks and leptons is universal

H. Deden et al., Charge-changing interactions 277 

nels have x < 1. On the other hand, the parameter x '  = q2/(q2 + W2), so that elastic 
events (W = M) are treated on the same footing as other resonances, and can popu- 
late the region 0 < x'  < 1. In principle, it should of course be possible to remove 
elastic events from the sample and consider inelastics only. This is undesirable in 
that the scaling concept is intended to apply to a complete set of final hadron states~ 
and in practice difficult because there are experimental problems in discriminating 
cleanly between elastic and inelastic events. 

(iv) The distorting effects of Fermi smearing and measurement errors are particu- 
larly severe for elastic events, when they are plotted as a function of the Bjorken 
variable x. The effects of errors on the distributions in x '  are however greatly re- 
duced, for both elastic and inelastic events. 

In presenting the distributions in x ' ,  we have arbitrarily defined functions ff'2(x') 
and F3(x') which are obtained from eq. (4) simply by replacing x everywhere by x' .  
Fig. 3 gives values of F2(x', E) for various energy ranges. The agreement, within 
errors of 10-20%, between the shape and magnitude of F2(x',E ) and the SLAC 
data, for all E values, suggests that x '  is a relevant scaling variable to employ in the 
low-energy region. 

A point to note is that the elastic events themselves yield a distribution in x '  
which is of similar shape to the scaling curve at low energy (E < 2 GeV) although 
somewhat broader at higher energy. Such behaviour is generally expected on the 
basis of the fall-offwith q2 of the elastic form factors, for x '  > 0.1, and because of 
the Pauli principle in complex nuclei, which inhibits the elastic cross section at 
small x ' .  

1.4 - / • All events, E : 1-11 GeV 
[~ o Elastic events 
#// - -  3.6 F~N(x), SLAC 

1.2 ~ |  ~]/ ---With Fermi smearing and 
T ~r " ~ , ~  rneasurem¢nt errors 

¢~"C~')v°0.8 t~ ' 

0.6- 

0.4- i \ 

0.2- +%+ 
o:2 0;4 o'.6 08 i:o 

x'= q2 (2My*M2) 

Fig. 4. ~2N(x ') computed from a]! events irrespective of neutfino/antineutrJno energy. At small 
x', the data are binned in small intervals AX' to indicate the fall in #'2. Within the statistical 
errors, the form of F2 for x' < 0.1 is independent of energy. 

Gargamelle

1975
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The Neutrino as a Probe

Demonstration that the weak coupling
to quarks and leptons is universal

CDHS

neutrino

antineutrino

1979
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Paschos-Wolfenstein

The Neutrino as a Probe
NuTeV
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One of four…2000 Detection of the Tau Neutrino
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Three NeutrinosThe ALEPH, DELPHI, L3, OPAL and SLD Collaborations / Physics Reports 427 (2006) 257 –454 277
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Fig. 1.13. Measurements of the hadron production cross-section around the Z resonance. The curves indicate the predicted cross-section for two,
three and four neutrino species with SM couplings and negligible mass.

Assuming that the only invisible Z decays are to neutrinos coupling according to SM expectations, the number of
light neutrino generations, N!, can then be determined by comparing the measured R0

inv with the SM prediction for
"!!/"ℓℓ:

R0
inv = N!

(
"!!

"ℓℓ

)

SM
. (1.50)

The strong dependence of the hadronic peak cross-section on N! is illustrated in Fig. 1.13. The precision ultimately
achieved in these measurements allows tight limits to be placed on the possible contribution of any invisible Z decays
originating from sources other than the three known light neutrino species.

1.5.3. Asymmetry and polarisation
Additional observables are introduced to describe the cos #dependent terms in Eq. (1.34) as well as effects related

to the helicities of the fermions in either the initial or final state. These observables quantify the parity violation of
the neutral current, and therefore differentiate the vector- and axial-vector couplings of the Z. Their measurement
determines sin2 #f

eff .
Since the right- and left-handed couplings of the Z to fermions are unequal, Z bosons can be expected to exhibit a net

polarisation along the beam axis even when the colliding electrons and positrons which produce them are unpolarised.
Similarly, when such a polarised Z decays, parity non-conservation implies not only that the resulting fermions will
have net helicity, but that their angular distribution will also be forward–backward asymmetric.

When measuring the properties of the Z boson, the energy-dependent interference between the Z and the purely
vector coupling of the photon must also be taken into account. This interference leads to an additional asymmetry
component which changes sign across the Z-pole.

Considering the Z exchange diagrams and real couplings only,2 to simplify the discussion, the differential cross-
sections specific to each initial- and final-state fermion helicity are:

d$Ll

dcos#
∝ g2

Leg
2
Lf(1 + cos#)2, (1.51)

d$Rr

dcos#
∝ g2

Reg
2
Rf(1 + cos#)2, (1.52)

2 As in the previous section, the effects of radiative corrections, and mass effects, including the imaginary parts of couplings, are taken into
account in the analysis. They, as well as the small differences between helicity and chirality, are neglected here to allow a clearer view of the helicity
structure. It is likewise assumed that the magnitude of the beam polarisation is equal in the two helicity states.

1989 - 2000

This result is critical to interpreting observations of neutrino oscillation.
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Neutrino Puzzles

Solar Neutrino Puzzle

Too few neutrinos
from the Sun

First puzzle found,
second one solved

Atmospheric Neutrino
Anomaly

Ratio of muon neutrinos
to electron neutrinos
Is wrong

Second puzzle found,
first one solved
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€ 

   4 p→
4 He +2e+ +

   γ + 2ν e

€ 

p + p→  2H + e+ + ν e

€ 

7Be + e− →  7Li + ν e

€ 

8B→  8Be + e+ + ν e

7Be
7Be

8B

hep

pep

pp http://www.sns.ias.edu/~jnb/

Solar Neutrinos
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SSM

30 years of Ray Davis’ Homestake experiment   - 800 solar neutrinos

J/y t W/Z SN1987a top
quark

Quarks neutrino
oscillation

Higgs
boson

2002 Nobel Prize: 
Ray Davis

1970 –
1994
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SSM

data

cos qsun

e-

νe

θsun

neutrino scattering 
off atomic electrons

directional detection

Kamiokande
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Kamiokande-I Kamiokande-II

2002 Nobel Prize: 
Masatoshi Koshiba

1982 1985
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30-60 tons of gallium

ne+ 71Ga → 71Ge + e-

En > 0.23 MeV

pp neutrino flux 
predicted to ∼2%

SSM

SSM

Gallex/GNO &SAGE

Gallex/GNO

SAGE

1990’s

continues to 2016
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SSM

data

Solar Neutrinos – circa 1995

∼47% of SSM
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Neutrino Flavor Mixing?
Large
Mixing
Angle

Small Mixing
Angle

LOW
(mass and
probability)

Vacuum
”Just So”

Matter Effects: Mikheyev, Smirnov, Wolfenstein (MSW)
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42 m high, 39 m diameter
50000 tons of water (22.5 kton fiducial)
11000 50-cm PMTs
Outer detector (1900 smaller PMTs)
1 km under a mountain
Energy threshold (solar) ∼ 5 MeV
10 atmospheric neutrinos per day

Super-Kamiokande

© David Fierstein, originally published in Scientific American, August 1999

1996 -

42 m high, 39 m diameter
50000 tons of water (22.5 kton fiducial)
11000 50-cm PMTs
Outer detector (1900 smaller PMTs)
1 km under a mountain
Energy threshold (solar) ∼ 5 MeV
10 atmospheric neutrinos per day
Far detector for K2K and T2K

SK-I, II, III, IV and currently preparing for SK-Gd

28



Smoking Guns
Energy spectrum distortion     Day/Night Effect: Regeneration in Matter

Seasonal Variation     
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Energy spectrum distortion     Day/Night Effect

Seasonal Variation     

LMA

Super-K Solar Result (2001)
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Creighton Nickel Mine in Sudbury Ontario
1 kton of heavy water (D2O)
9500 PMTs
2100 meters deep – 6000 mwe 3 muons per hour!
Clean detector: low radioactivity
Three phases: pure D2O, NaCl salt, Neutral Current Detectors

SNO – Sudbury Neutrino Observatory

2015 Nobel Prize: 
Art McDonald

1999 –
2006
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cos Θsun

€ 

ν e + d→ p + p + e−      Charged Current (CC)
ν x + e− →ν x + e−          Elastic Scattering (ES)
ν x + d→ p + n + ν x      Neutral Current (NC)

ES

CC

NC

Heavy Water: D2O
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Solar Neutrinos

Would measure
here if no n mixing.
Standard Solar Model prediction.

SNO Solar Result (2001)

cos qsun

PRC 72, 055502 (2005) 
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R =
(⌫µ/⌫e)DATA

(⌫µ/⌫e)M.C.

Atmospheric Neutrino Anomaly

0

0.5

1

1.5

NUSEX Frejus IMB
sub-
GeV

Kam.
sub-
GeV

Kam.
multi-
GeV

Water CherenkovIron tracking

1986-1998
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R =
(⌫µ/⌫e)DATA

(⌫µ/⌫e)M.C.

⌫µ ! ⌫e

⌫µ ! ⌫⌧

. . . . .

– – –

 

θ

θ

θ

ZENITH
(perpendicular to

earth surface)

Super-K

Osc
illa

tin
g neu

tri
no

ATMOSPHERE

ZENITH

INCOMING
COSMIC RAYS

© David Fierstein, originally published in Scientific American, August 1999

downup

1994

Kamiokande

Atmospheric Neutrino Anomaly

35



SK Collaboration in 2012

1st Super-K paper – March 1998 

NUSEX Frejus IMB
multi-
GeV

Soudan2 IMB
sub-
GeV

Kam.
sub-
GeV

Kam.
multi-
GeV

Super-K
sub-
GeV

Super-K
multi-
GeV

0

0.5

1

1.5

25.5 kton yr (414 days data)
Sub-GeV only
Two independent analyses
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2nd Super-K paper – May 1998

downup

Charge(pe)
    >15.0
13.1-15.0
11.4-13.1
 9.8-11.4
 8.2- 9.8
 6.9- 8.2
 5.6- 6.9
 4.5- 5.6
 3.5- 4.5
 2.6- 3.5
 1.9- 2.6
 1.2- 1.9
 0.8- 1.2
 0.4- 0.8
 0.1- 0.4
    < 0.1

µν

νμ

Partially-contained 
muon neutrino 

event
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Discovery of Neutrino Oscillations

2015 Nobel Prize: 
Takaaki Kajita
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no evidence for electron neutrino appearance

survival
probability

Eν = 3 GeV
Eν = 9 GeV
Eν = 15 GeV

strong evidence for
muon neutrino 
disappearance

3rd Super-K paper –
August 1998
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cos zenith

N
um

be
r o

f E
ve

nt
s

-1 0 1
0

1000

Sub-GeV e-like
 9775 Events

Super-Kamiokande I-IV
306 kt y

-1 0 1
0

1000

-likeµSub-GeV 
10147 Events

Prediction

τν → µν

-1 -0.5 0
0

200

µUpStop 
 1370 Events

-1 0 1
0

200

400

Multi-GeV e-like
 2653 Events

-1 0 1
0

500

1000

-like + PCµMulti-GeV 
 5485 Events

-1 -0.5 0
0

500

1000

µUpThrough 
 5896 Events

2017
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20171998

41Ed Kearns -- SLAC Summer Institute 2018



Long-Baseline Neutrino Experiments

MN WI

IL IN

MI

Fermilab

MINOS

J-PARC

Super-K

CERN

Gran Sasso

K2K (1999-2004)
and
T2K (2011+)

MINOS (2005-present )
and
NOnA (2013+)

OPERA and ICARUS
(2008-2012)

Confirmed (K2K) and precisely measured (MINOS) muon neutrino disappearance
Found electron neutrino appearance (T2K, MINOS)

Studying CP Violation and Mass Ordering with neutrinos and antineutrinos (T2K, NOvA)
Found Tau neutrino appearance (OPERA)

1999 -
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KamLAND – Solar Sector with Antineutrinos

KamLAND

€ 

ν e + p→ e+ + n 1 kton liquid scintillator
reuse the Kamiokande cavern
sensitive to combined flux
from numerous reactors

2005
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The Neutrino Matrix

€ 

ν e

ν µ

ντ
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=

Ue1 Ue2 Ue3

Uµ1 Uµ2 Uµ3

Uτ1 Uτ 2 Uτ 3
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& & 
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( 

) 
) ) 

ν1
ν 2
ν 3
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& 
& & 

' 

( 

) 
) ) massflavor

Pontecorvo-Maki-Nakagawa-Sakata Matrix (PMNS or MNS)
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Neutrino Mixing 
=> 

Neutrino Mass
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The Neutrino Matrix
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€ 

U =

1 0 0
0 c23 s23

0 −s23 c23
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€ 

cij ≡ cosθij ,  sij ≡ sinθij
Three mixing angles plus one complex phase.



  

€ 

θ23 = 45−8
+0

θ12 = 33.9−2.2
+2.4 

θ13 <13Until summer 2011

Neutrino Mixing Angles
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Three Flavor Neutrino Oscillation in Matter

CP violating

CP conserving

for anti-neutrinos, sign of x and sin dcp is changed

� =
�m2

21

�m2
31
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Chooz

No evidence for reactor neutrino 
disappearance at short distances (km)

2010
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2011
T2K MINOS
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Daya Bay€ 

ν e + p→ e+ + n

1 10 100 1000 104 105
0.0

0.2

0.4

0.6

0.8

1.0

P s
ur
vi
va
l

Baseline [m]

sin22θ13=0.19
sin22θ13=0.06
sin22θ13=0.03

2012 Theta-13 is definitely non-zero!

Also RENO and Double Chooz
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Δ
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sin2(θ12)
0.1 0.2 0.3 0.4 0.5

Preliminary

KamLAND

SNO

Super-K

sin2(Θ12)=0.309+0.014
 -0.013 sin2(Θ13)=0.027+0.016

 -0.014

sin2(Θ12)=0.310+0.021
 -0.017 sin2(Θ13)=0.027+0.024

 -0.028

sin2(Θ12)=0.326+0.044
 -0.037 sin2(Θ13)=0.010+0.033

 -0.034
si

n2 (θ
13

)

  0.0

0.05

  0.1

0.015

  0.2

sin2(θ12)
0.0 0.1 0.2 0.3 0.4 0.5

SK preliminary

Reactor q13

KamLAND

co
m
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ne

d

without reactor q13 constraint

2s tension in Dm2
12

between solar and KamLAND
Mixing angles in good agreement

with reactor (Daya Bay, RENO, Double Chooz)

”Solar” Mixing Parameters2017
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20171998
”Atmospheric” Mixing Parameters
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v Determine the mass ordering
v Leaning towards normal ordering

v Measure phase d – seek CP violation
v Could be maximal

v Refine measurements, especially: is q23 ≠ 45°?
v Unstable results

v Absolute mass scale
v Sum masses < 0.3 eV

v Is the neutrino mass term Dirac or Majorana?
vNo idea!

v Resolve current puzzles and anomalies!
vGet out the popcorn!

v Use the neutrino detectors for other good science:
Baryon number violation, astrophysics, dark matter

Neutrino history is being written now


