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• the discovery of neutrino mass

• open questions

• theoretical challenges

• experimental probes: neutrinoless double 
beta decay and long baseline neutrino 
oscillation

Outline

• summary



3

• neutrino mass is physics beyond the standard 
model

• fermion mass terms in quantum field theory are constrained by 
gauge invariance

• in the renormalizable standard model, there is no mass term for 
the neutrino 
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flux of νe surviving at Earth flux of νe produced in Sun >

Theory was critical to establishing the solar neutrino puzzle
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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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technical staff for their strong contributions.

∗ Permanent Address: Birkbeck College, University of
London, Malet Road, London WC1E 7HX, UK

† Deceased
[1] H.H. Chen, Phys. Rev. Lett. 55, 1534 (1985).

0 1 2 3 4 5 6
0

1

2

3

4

5

6

7

8

)-1 s-2 cm6 (10eφ

)
-1

 s
-2

 c
m

6
 (1

0
τ
µ
φ SNO

NCφ

SSMφ

SNO
CCφ

SNO
ESφ

FIG. 3: Flux of 8B solar neutrinos which are µ or τ flavor vs
flux of electron neutrinos deduced from the three neutrino re-
actions in SNO. The diagonal bands show the total 8B flux as
predicted by the SSM [11] (dashed lines) and that measured
with the NC reaction in SNO (solid band). The intercepts
of these bands with the axes represent the ±1σ errors. The
bands intersect at the fit values for φe and φµτ , indicating
that the combined flux results are consistent with neutrino
flavor transformation assuming no distortion in the 8B neu-
trino energy spectrum.
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predicted by the SSM [11] (dashed lines) and that measured
with the NC reaction in SNO (solid band). The intercepts
of these bands with the axes represent the ±1σ errors. The
bands intersect at the fit values for φe and φµτ , indicating
that the combined flux results are consistent with neutrino
flavor transformation assuming no distortion in the 8B neu-
trino energy spectrum.

[2] Q.R. Ahmad et al., Phys. Rev. Lett. 87, 071301 (2001).
[3] The SNO collaboration, Nucl. Instr. and Meth. A449,

172 (2000).
[4] M.R. Dragowsky et al., Nucl. Instr. and Meth. A481,

284 (2002).
[5] M.-Q. Liu, H.W. Lee, and A.B. McDonald, Nucl. Inst.

Meth. A329, 291 (1993).
[6] C.E. Ortiz et al., Phys. Rev. Lett. 85, 2909 (2000).
[7] Cross section uncertainty includes gA uncertainty (0.6%),

difference between NSGK (S. Nakamura, T. Sato, V.
Gudkov and K. Kubodera, Phys. Rev. C63 (2001)
034617) and BCK (M. Butler, J.-W. Chen and X. Kong,
Phys. Rev. C63 (2001) 035501) in SNO’s calculations
(0.6%), radiative correction uncertainties (0.3% for CC,
0.1% for NC, A. Kurylov, M. J. Ramsey-Musolf and P.
Vogel, Phys. Rev. C65 (2002) 055501), uncertainty as-
sociated with neglect of real photons in SNO (0.7% for
CC), and theoretical cross section uncertainty (1%, S.
Nakamura et al., arXiv:nucl-th/0201062, (to be pub-
lished)).

[8] Z. Maki, N. Nakagawa, and S. Sakata, Prog. Theor. Phys.
28, 870 (1962).

[9] V. Gribov and B. Pontecorvo, Phys. Lett. B28, 493
(1969).

[10] S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001).
[11] John N. Bahcall, M.H. Pinsonneault, and Sarbani Basu,

Astrophys. J. 555, 990 (2001).
[12] We note that this rate of neutron events also leads to a

lower bound on the proton lifetime for “invisible” modes
(based on the free neutron that would be left in deu-
terium (V.I. Tretyak and Yu.G. Zdesenko, Phys. Lett.
B505, 59 (2001) ) in excess of 1028 years, approximately

Experiment establishes neutrino flavor conversion

|⌫1i = cos ✓|⌫ei+ sin ✓|⌫µ,⌧ i|⌫ei

A. McDonald
Nobel prize 2015

⌫e d ! p p e�

⌫e,µ,⌧ d ! p n ⌫e,µ,⌧

⌫e,µ,⌧ e
� ! ⌫e,µ,⌧ e

�

charged current (CC):

neutral current (NC):

elastic scattering

confirms νe deficit



5

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.

This research was supported by: Canada: NSERC, In-
dustry Canada, NRC, Northern Ontario Heritage Fund
Corporation, Inco, AECL, Ontario Power Generation;
US: Dept. of Energy; UK: PPARC. We thank the SNO
technical staff for their strong contributions.

∗ Permanent Address: Birkbeck College, University of
London, Malet Road, London WC1E 7HX, UK

† Deceased
[1] H.H. Chen, Phys. Rev. Lett. 55, 1534 (1985).

0 1 2 3 4 5 6
0

1

2

3

4

5

6

7

8

)-1 s-2 cm6 (10eφ

)
-1

 s
-2

 c
m

6
 (1

0
τ
µ
φ SNO

NCφ

SSMφ

SNO
CCφ

SNO
ESφ

FIG. 3: Flux of 8B solar neutrinos which are µ or τ flavor vs
flux of electron neutrinos deduced from the three neutrino re-
actions in SNO. The diagonal bands show the total 8B flux as
predicted by the SSM [11] (dashed lines) and that measured
with the NC reaction in SNO (solid band). The intercepts
of these bands with the axes represent the ±1σ errors. The
bands intersect at the fit values for φe and φµτ , indicating
that the combined flux results are consistent with neutrino
flavor transformation assuming no distortion in the 8B neu-
trino energy spectrum.

[2] Q.R. Ahmad et al., Phys. Rev. Lett. 87, 071301 (2001).
[3] The SNO collaboration, Nucl. Instr. and Meth. A449,

172 (2000).
[4] M.R. Dragowsky et al., Nucl. Instr. and Meth. A481,

284 (2002).
[5] M.-Q. Liu, H.W. Lee, and A.B. McDonald, Nucl. Inst.

Meth. A329, 291 (1993).
[6] C.E. Ortiz et al., Phys. Rev. Lett. 85, 2909 (2000).
[7] Cross section uncertainty includes gA uncertainty (0.6%),

difference between NSGK (S. Nakamura, T. Sato, V.
Gudkov and K. Kubodera, Phys. Rev. C63 (2001)
034617) and BCK (M. Butler, J.-W. Chen and X. Kong,
Phys. Rev. C63 (2001) 035501) in SNO’s calculations
(0.6%), radiative correction uncertainties (0.3% for CC,
0.1% for NC, A. Kurylov, M. J. Ramsey-Musolf and P.
Vogel, Phys. Rev. C65 (2002) 055501), uncertainty as-
sociated with neglect of real photons in SNO (0.7% for
CC), and theoretical cross section uncertainty (1%, S.
Nakamura et al., arXiv:nucl-th/0201062, (to be pub-
lished)).

[8] Z. Maki, N. Nakagawa, and S. Sakata, Prog. Theor. Phys.
28, 870 (1962).

[9] V. Gribov and B. Pontecorvo, Phys. Lett. B28, 493
(1969).

[10] S. Fukuda et al., Phys. Rev. Lett. 86, 5651 (2001).
[11] John N. Bahcall, M.H. Pinsonneault, and Sarbani Basu,

Astrophys. J. 555, 990 (2001).
[12] We note that this rate of neutron events also leads to a

lower bound on the proton lifetime for “invisible” modes
(based on the free neutron that would be left in deu-
terium (V.I. Tretyak and Yu.G. Zdesenko, Phys. Lett.
B505, 59 (2001) ) in excess of 1028 years, approximately

Experiment establishes neutrino flavor conversion

|⌫1i = cos ✓|⌫ei+ sin ✓|⌫µ,⌧ i|⌫ei

A. McDonald
Nobel prize 2015

⌫e d ! p p e�

⌫e,µ,⌧ d ! p n ⌫e,µ,⌧

⌫e,µ,⌧ e
� ! ⌫e,µ,⌧ e

�

charged current (CC):

neutral current (NC):

elastic scattering

confirms νe deficit

establishes 
neutrino flavor 
transformation



6

T. Kajita
Nobel prize 2015

Theory and experiment established atmospheric neutrino 
oscillation
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Discovery of neutrino oscillations 1623
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Figure 10. Zenith angle distributions for multi-GeV atmospheric neutrino events reported at the
Neutrino’98 conference based on 535 days exposure of the Super-Kamiokande detector. The left
and right panels show the distributions for e-like and µ-like events, respectively. ! shows the zenith
angle and cos ! = 1 and −1 represent events whose direction is vertically down going and up going,
respectively. Dots with error bars show data. Dashed and bar histograms show the predictions with
and without neutrino oscillations. The µ-like events, which are mostly charged-current interactions
of νµ, showed about 50% deficit of upward going events, while the e-like events, which are mostly
charged-current interactions of νe , showed no statistically significant up–down asymmetry.

The data were analysed assuming νµ → ντ neutrino oscillations. Figure 11 shows
the summary of the oscillation analysis from Super-Kamiokande as well as that from the
Kamiokande at the Neutrino’98 conference. Five contours of allowed neutrino oscillation
parameters obtained from the Super-Kamiokande and the Kamiokande overlapped, indicating
that the data were consistently explained by neutrino oscillations. This was the moment that
the ‘atmospheric neutrino anomaly’ was concluded to be due to neutrino oscillations. It was
10 years after the initial, serious hint for atmospheric neutrino oscillations in 1988.

There were two other experiments that observed atmospheric neutrinos at that time. One
was Soudan-2 which has been taking data since 1989. The data statistics were substantially
improved compared with those in the earlier publications. In addition, this detector was able
to determine the direction of the particles by several methods. Figure 12 shows an example
of the events observed in Soudan-2. This experiment confirmed the νµ deficit as a function
of the zenith angle of the event direction [22]. Another experiment was MACRO, which
was a large underground detector able to measure upward going muons as well as partially
contained neutrino events. Figure 13 shows the MACRO detector. The size of the detector was
12 m×77 m×10 m (height). This experiment also observed the zenith angle dependent deficit
of upward going muons and partially contained νµ events [23, 24]. The results from these
experiments were completely consistent with those from Super-Kamiokande, and therefore
neutrino oscillation was quickly accepted by physicists working in this field.

The observation of non-zero neutrino mass was the first evidence of physics beyond the
standard model of elementary particle physics. The standard model of particle physics assumes
that neutrinos have zero mass. What will be the implications for physics beyond the standard
model? According to the see–saw model [25, 26] of the small neutrino masses, the masses of
neutrinos and the masses of quark and charged leptons are related simply by;

mν =
m2

q

mN

, (2)

where mν , mq and mN are the masses of neutrinos, quarks and yet unobserved super heavy
neutral particles, respectively. If we assume that the observed neutrino mass squared ($m2)

is approximately equal to the square of the heaviest mass, one can estimate the mass of the
super-heavy neutral particle. One finds that the mass could be as heavy as 1014 to 1015 GeV/c2.
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neutrino oscillation was quickly accepted by physicists working in this field.

The observation of non-zero neutrino mass was the first evidence of physics beyond the
standard model of elementary particle physics. The standard model of particle physics assumes
that neutrinos have zero mass. What will be the implications for physics beyond the standard
model? According to the see–saw model [25, 26] of the small neutrino masses, the masses of
neutrinos and the masses of quark and charged leptons are related simply by;

mν =
m2

q

mN

, (2)

where mν , mq and mN are the masses of neutrinos, quarks and yet unobserved super heavy
neutral particles, respectively. If we assume that the observed neutrino mass squared ($m2)

is approximately equal to the square of the heaviest mass, one can estimate the mass of the
super-heavy neutral particle. One finds that the mass could be as heavy as 1014 to 1015 GeV/c2.

@ Neutrino 1998 conference

calculated event rate 
(without oscillation)



6

T. Kajita
Nobel prize 2015

Theory and experiment established atmospheric neutrino 
oscillation

flux of νμ surviving at Earth

 flux of νμ produced in atmosphere >

Discovery of neutrino oscillations 1623

0

20

40

60

80

100

-1
cosΘ

nu
m

be
r 

of
 e

ve
nt

s (a)

0

50

100

150

200

-1
cosΘ

(b)

Figure 10. Zenith angle distributions for multi-GeV atmospheric neutrino events reported at the
Neutrino’98 conference based on 535 days exposure of the Super-Kamiokande detector. The left
and right panels show the distributions for e-like and µ-like events, respectively. ! shows the zenith
angle and cos ! = 1 and −1 represent events whose direction is vertically down going and up going,
respectively. Dots with error bars show data. Dashed and bar histograms show the predictions with
and without neutrino oscillations. The µ-like events, which are mostly charged-current interactions
of νµ, showed about 50% deficit of upward going events, while the e-like events, which are mostly
charged-current interactions of νe , showed no statistically significant up–down asymmetry.

The data were analysed assuming νµ → ντ neutrino oscillations. Figure 11 shows
the summary of the oscillation analysis from Super-Kamiokande as well as that from the
Kamiokande at the Neutrino’98 conference. Five contours of allowed neutrino oscillation
parameters obtained from the Super-Kamiokande and the Kamiokande overlapped, indicating
that the data were consistently explained by neutrino oscillations. This was the moment that
the ‘atmospheric neutrino anomaly’ was concluded to be due to neutrino oscillations. It was
10 years after the initial, serious hint for atmospheric neutrino oscillations in 1988.

There were two other experiments that observed atmospheric neutrinos at that time. One
was Soudan-2 which has been taking data since 1989. The data statistics were substantially
improved compared with those in the earlier publications. In addition, this detector was able
to determine the direction of the particles by several methods. Figure 12 shows an example
of the events observed in Soudan-2. This experiment confirmed the νµ deficit as a function
of the zenith angle of the event direction [22]. Another experiment was MACRO, which
was a large underground detector able to measure upward going muons as well as partially
contained neutrino events. Figure 13 shows the MACRO detector. The size of the detector was
12 m×77 m×10 m (height). This experiment also observed the zenith angle dependent deficit
of upward going muons and partially contained νµ events [23, 24]. The results from these
experiments were completely consistent with those from Super-Kamiokande, and therefore
neutrino oscillation was quickly accepted by physicists working in this field.

The observation of non-zero neutrino mass was the first evidence of physics beyond the
standard model of elementary particle physics. The standard model of particle physics assumes
that neutrinos have zero mass. What will be the implications for physics beyond the standard
model? According to the see–saw model [25, 26] of the small neutrino masses, the masses of
neutrinos and the masses of quark and charged leptons are related simply by;

mν =
m2

q

mN

, (2)

where mν , mq and mN are the masses of neutrinos, quarks and yet unobserved super heavy
neutral particles, respectively. If we assume that the observed neutrino mass squared ($m2)

is approximately equal to the square of the heaviest mass, one can estimate the mass of the
super-heavy neutral particle. One finds that the mass could be as heavy as 1014 to 1015 GeV/c2.

@ Neutrino 1998 conference
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Figure 10. Zenith angle distributions for multi-GeV atmospheric neutrino events reported at the
Neutrino’98 conference based on 535 days exposure of the Super-Kamiokande detector. The left
and right panels show the distributions for e-like and µ-like events, respectively. ! shows the zenith
angle and cos ! = 1 and −1 represent events whose direction is vertically down going and up going,
respectively. Dots with error bars show data. Dashed and bar histograms show the predictions with
and without neutrino oscillations. The µ-like events, which are mostly charged-current interactions
of νµ, showed about 50% deficit of upward going events, while the e-like events, which are mostly
charged-current interactions of νe , showed no statistically significant up–down asymmetry.

The data were analysed assuming νµ → ντ neutrino oscillations. Figure 11 shows
the summary of the oscillation analysis from Super-Kamiokande as well as that from the
Kamiokande at the Neutrino’98 conference. Five contours of allowed neutrino oscillation
parameters obtained from the Super-Kamiokande and the Kamiokande overlapped, indicating
that the data were consistently explained by neutrino oscillations. This was the moment that
the ‘atmospheric neutrino anomaly’ was concluded to be due to neutrino oscillations. It was
10 years after the initial, serious hint for atmospheric neutrino oscillations in 1988.

There were two other experiments that observed atmospheric neutrinos at that time. One
was Soudan-2 which has been taking data since 1989. The data statistics were substantially
improved compared with those in the earlier publications. In addition, this detector was able
to determine the direction of the particles by several methods. Figure 12 shows an example
of the events observed in Soudan-2. This experiment confirmed the νµ deficit as a function
of the zenith angle of the event direction [22]. Another experiment was MACRO, which
was a large underground detector able to measure upward going muons as well as partially
contained neutrino events. Figure 13 shows the MACRO detector. The size of the detector was
12 m×77 m×10 m (height). This experiment also observed the zenith angle dependent deficit
of upward going muons and partially contained νµ events [23, 24]. The results from these
experiments were completely consistent with those from Super-Kamiokande, and therefore
neutrino oscillation was quickly accepted by physicists working in this field.

The observation of non-zero neutrino mass was the first evidence of physics beyond the
standard model of elementary particle physics. The standard model of particle physics assumes
that neutrinos have zero mass. What will be the implications for physics beyond the standard
model? According to the see–saw model [25, 26] of the small neutrino masses, the masses of
neutrinos and the masses of quark and charged leptons are related simply by;

mν =
m2

q

mN

, (2)

where mν , mq and mN are the masses of neutrinos, quarks and yet unobserved super heavy
neutral particles, respectively. If we assume that the observed neutrino mass squared ($m2)

is approximately equal to the square of the heaviest mass, one can estimate the mass of the
super-heavy neutral particle. One finds that the mass could be as heavy as 1014 to 1015 GeV/c2.

observed event rate
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Manmade neutrino sources have confirmed the basic picture

Kamland 2002

Daya Bay 2012
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FIG. 5: Upper panel: Expected reactor ν̄e energy spectrum
with contributions of ν̄geo (model Ia of [6]) and accidental
backround. Lower panel: Energy spectrum of the observed
prompt events (solid circles with error bars), along with the
expected no oscillation spectrum (upper histogram, with ν̄geo

and accidentals shown) and best fit (lower histogram) includ-
ing neutrino oscillations. The shaded band indicates the sys-
tematic error in the best-fit spectrum. The vertical dashed
line corresponds to the analysis threshold at 2.6 MeV.

the present sample before the energy cuts are applied
is shown in Fig. 3. A clear cluster of events from the
2.2 MeV capture γ’s is observed. One event with delayed
energy around 5 MeV is consistent with a thermal neu-
tron capture γ on 12C. The space-time correlation of the
prompt and delayed events is in good agreement with ex-
pectations, and the observed mean neutron capture time
is 188± 23 µsec. After applying the prompt and delayed
energy cuts, 54 events remain as the final sample. The
ratio of the number of observed reactor ν̄e events to that
expected in the absence of neutrino oscillations is

Nobs − NBG

Nexpected
= 0.611± 0.085(stat)± 0.041(syst).

The probability that the KamLAND result is consistent
with the no disappearance hypothesis is less than 0.05%.
Fig. 4 shows the ratio of measured to expected flux for
KamLAND as well as previous reactor experiments as a
function of the average distance from the source.

The observed prompt energy spectrum is shown in
Fig. 5. The expected positron spectrum with no oscilla-
tions and the best fit with two-flavor neutrino oscillations
above the 2.6 MeV threshold are shown. A clear deficit
of events is observed. The measured spectrum is consis-
tent (93% confidence) with a distorted spectrum shape as
expected from neutrino oscillations, but a renormalized

no-oscillation shape is also consistent at 53% confidence.
The neutrino oscillation parameter region for two-

neutrino mixing is shown in Fig. 6. The dark shaded
area is the LMA region at 95% C.L. derived from [13].
The shaded region outside the solid line is excluded at
95% C.L. from the rate analysis with ∆χ2 ≥ 3.84 and

χ2 =
(0.611 − R(sin2 2θ, ∆m2))2

0.0852 + 0.0412
.

Here, R(sin2 2θ, ∆m2) is the expected ratio with the os-
cillation parameters.

The spectrum of the final event sample is then ana-
lyzed with a maximum likelihood method to obtain the
optimum set of oscillation parameters with the following
χ2 definition:

χ2 = χ2
rate(sin

2 2θ, ∆m2, NBG1∼2, α1∼4)

−2 logLshape(sin
2 2θ, ∆m2, NBG1∼2, α1∼4)

+χ2
BG(NBG1∼2) + χ2

distortion(α1∼4),

where Lshape is the likelihood function of the spectrum in-
cluding deformations from various parameters. NBG1∼2

are the estimated number of 9Li and 8He backgrounds
and α1∼4 are the parameters for the shape deformation
coming from energy scale, resolution, ν̄e spectrum and
fiducial volume. These parameters are varied to mini-
mize the χ2 at each pair of

!

∆m2, sin2 θ
"

with a bound
from χ2

BG(NBG1∼2) and χ2
distortion(α1∼4). The best fit

to the KamLAND data in the physical region yields
sin2 2θ = 1.0 and ∆m2 = 6.9×10−5 eV2 while the global
minimum occurs slightly outside of the physical region at
sin2 2θ = 1.01 with the same ∆m2. These numbers can
be compared to the best fit LMA values of sin2 2θ = 0.833
and ∆m2 = 5.5 × 10−5 eV2 from [13]. The 95% C.L.
allowed regions from the spectrum shape analysis are
shown in Fig. 6. The allowed regions displayed for Kam-
LAND correspond to 0 < θ < π

4
consistent with the solar

LMA solution, but for KamLAND the allowed regions in
π
4

< θ < π
2

are identical [14].
Another spectral shape analysis is performed with a

lower prompt energy threshold of 0.9 MeV in order to
check the stability of the above result and study the
sensitivity to ν̄geo. With this threshold, the total back-
ground is estimated to be 2.91 ± 1.12 events, most of
which come from accidental and spallation events. The
systematic error is 6.0%, which is smaller than that for
the final event sample due to the absence of an energy
threshold effect. When the maximum likelihood is cal-
culated, the ν̄geo fluxes from 238U and 232Th are treated
as free parameters. The best fit in this analysis yields
sin2 2θ = 0.91 and ∆m2 = 6.9 × 10−5eV2. These results
and the allowed region of the oscillation parameters are
in good agreement with the results obtained above. The
numbers of ν̄geo events for the best fit are 4 for 238U and 5
for 232Th, which corresponds to ∼40 TW radiogenic heat
generation according to model Ia in [6]. However, for the
same model, ν̄geo production powers from 0 to 110 TW

and established the magnitude of mixing between three different flavors
6

uncertainties were not included in the analysis; the absolute
normalization ε was determined from the fit to the data. The
best-fit value is

sin2 2θ13 = 0.092± 0.016(stat)± 0.005(syst)

with a χ2/NDF of 4.26/4. All best estimates of pull parameters
are within its one standard deviation based on the correspond-
ing systematic uncertainties. The no-oscillation hypothesis is
excluded at 5.2 standard deviations.

The accidental backgrounds were uncorrelated while the
Am-C and (alpha,n) backgrounds were correlated among
ADs. The fast-neutron and 9Li/8He backgrounds were site-
wide correlated. In the worst case where they were correlated
in the same hall and uncorrelated among different halls, we
found the best-fit value unchanged while the systematic un-
certainty increased by 0.001.

Fig. 4 shows the measured numbers of events in each de-
tector, relative to those expected assuming no oscillation. The
6.0% rate deficit is obvious for EH3 in comparison with the
other EHs, providing clear evidence of a non-zero θ13. The
oscillation survival probability at the best-fit values is given
by the smooth curve. The χ2 versus sin22θ13 is shown in the
inset.
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FIG. 4. Ratio of measured versus expected signal in each detector,
assuming no oscillation. The error bar is the uncorrelated uncertainty
of each AD, including statistical, detector-related, and background-
related uncertainties. The expected signal is corrected with the best-
fit normalization parameter. Reactor and survey data were used to
compute the flux-weighted average baselines. The oscillation sur-
vival probability at the best-fit value is given by the smooth curve.
The AD4 and AD6 data points are displaced by -30 and +30 m for
visual clarity. The χ2 versus sin2 2θ13 is shown in the inset.

The observed νe spectrum in the far hall is compared to
a prediction based on the near hall measurements in Fig. 5.
The disagreement of the spectra provides further evidence of
neutrino oscillation. The ratio of the spectra is consistent with
the best-fit oscillation solution of sin2 2θ13 = 0.092 obtained
from the rate-only analysis [31].
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FIG. 5. Top: Measured prompt energy spectrum of the far hall (sum
of three ADs) compared with the no-oscillation prediction from the
measurements of the two near halls. Spectra were background sub-
tracted. Uncertainties are statistical only. Bottom: The ratio of mea-
sured and predicted no-oscillation spectra. The red curve is the best-
fit solution with sin2 2θ13 = 0.092 obtained from the rate-only anal-
ysis. The dashed line is the no-oscillation prediction.

In summary, with a 43,000 ton-GWth-day livetime expo-
sure, 10,416 reactor antineutrinos were observed at the far
hall. Comparing with the prediction based on the near-hall
measurements, a deficit of 6.0% was found. A rate-only anal-
ysis yielded sin2 2θ13 = 0.092± 0.016(stat) ± 0.005(syst).
The neutrino mixing angle θ13 is non-zero with a significance
of 5.2 standard deviations.
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• historical recap

• neutrino transformation firmly established 

• important interplay between theory and experiment

- theory: predicts flux in absence of oscillation (solar, atmospheric, 
reactor)

- experiment: observes flux different from prediction

theory enters again, providing interaction cross sections to 
translate event rate to flux

• same interplay for current and next generation experiments 
exploring this physics beyond the standard model
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in modern understanding, renormalizability is a strange 
concept ( = infinite cutoff energy ) 

Having established neutrino mass, revisit the assumptions 
that caused us to predict its absence

• modern theory framework

1) renormalizability

2) absence of “sterile” neutrinos

Violating either of these amounts to physics beyond the 
standard model.   For (1), and in general also for (2), find lepton 
number violation 

A lot of unanswered questions…
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#1 is lepton number really violated?  

The unique first order perturbation to the Standard Model: 

L =
1

⇤
LLHH

lepton doublet

Higgs field

L =

✓
⌫
`

◆
H =

✓
0
v

◆

• Majorana mass term for neutrino

• Lepton number violating

• Nonrenormalizable, mass scale Λ~ 1016 GeV (!!!)

• unresolved questions for neutrinos
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• unresolved questions for neutrinos

#2 how are neutrino masses arranged: are they about equal, or 
hierarchical, and in what order?

• determines observability of lepton number violation, #1 
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• unresolved questions for neutrinos

#3 how many sterile neutrinos are there? 

• with 3, can form lepton-number conserving mass terms 
for 3 neutrino states

• with more than 3, find new mass splitting and oscillation 
lengths

• some intriguing hints, and new experimental probes
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• unresolved questions for neutrinos

#4 is CP symmetry violated?

• do neutrinos behave differently from anti-neutrinos?

• CP violation a necessary ingredient to generate the 
baryon asymmetry of the universe.  

• known sources of CP violation (quark mixing) cannot 
account for observed baryon asymmetry 
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#1 is lepton number really violated?  

#2 how are neutrino masses arranged?

#3 how many sterile neutrinos are there? 

#4 is CP symmetry violated?

}

}

neutrinoless 
double beta decay

focus on accelerator 
based oscillation 

searches 

• experimental probes of the open questions

see talks of: B. Jamieson

H. Tanaka

A. Kanaka

active efforts also with atmospheric, reactor, supernova neutrinos
see talks of: D. Grant

P. de Perio

and theoretical interpretation
see talk of: N. Giasson

C. Bruulsema



16

• 0νββ experimental searches

11 candidate nuclei with observed double beta decay 
(single beta decay forbidden):

48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 128Te, 130Te, 136Xe, 150Nd, 238U

experimental rate theoretical matrix element

fundamental physics

(T 0⌫
1
2
)�1 / |M0⌫ |2 hm��i2 hm��i2 =

��
X

i

U2
eim⌫i

��2

• theory is critical to translate event rate to neutrino mass parameter

• O(1-10) uncertainty on matrix element, intense theory effort underway 
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13. Neutrino mixing 49
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Figure 13.10: The effective Majorana mass |<m>| (including a 2σ uncertainty),
as a function of min(mj) for sin2 θ13 = 0.0236 ±0.0042 [26] and δ = 0. The figure
is obtained using also the best fit values and 1σ errors of ∆m2

21, sin2 θ12, and
|∆m2

31| ∼= |∆m2
32| from Ref. 140 (given in Table 13.7). For sin2 θ12 the results found

with the “old” reactor ν̄e fluxes [35] were employed. The phases α21,31 are varied in
the interval [0,π]. The predictions for the NH, IH and QD spectra are indicated.
The red regions correspond to at least one of the phases α21,31 and (α31 − α21)
having a CP violating value, while the blue and green areas correspond to α21,31
possessing CP conserving values. (Update by S. Pascoli of a figure from the last
article quoted in Ref. 160.)

(A, Z) → (A, Z + 2) + e− + e− (see e.g., Ref. 157). The observation of (ββ)0ν -decay
and the measurement of the corresponding half-life with sufficient accuracy, would not
only be a proof that the total lepton charge is not conserved, but might also provide
unique information on the i) type of neutrino mass spectrum (see, e.g., Ref. 158), ii)
Majorana phases in U [144,159] and iii) the absolute scale of neutrino masses (for details
see Ref. 157 to Ref. 160 and references quoted therein).

Under the assumptions of 3-ν mixing, of massive neutrinos νj being Majorana
particles, and of (ββ)0ν -decay generated only by the (V-A) charged current weak
interaction via the exchange of the three Majorana neutrinos νj having masses mj !
few MeV, the (ββ)0ν -decay amplitude has the form (see, e.g., Ref. 39 and Ref. 157):
A(ββ)0ν

∼= <m> M , where M is the corresponding nuclear matrix element which does

June 18, 2012 16:19
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• interplay of particle, nuclear, astro physics

inverted hierarchy
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~degenerate
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particles, and of (ββ)0ν -decay generated only by the (V-A) charged current weak
interaction via the exchange of the three Majorana neutrinos νj having masses mj !
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only be a proof that the total lepton charge is not conserved, but might also provide
unique information on the i) type of neutrino mass spectrum (see, e.g., Ref. 158), ii)
Majorana phases in U [144,159] and iii) the absolute scale of neutrino masses (for details
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Under the assumptions of 3-ν mixing, of massive neutrinos νj being Majorana
particles, and of (ββ)0ν -decay generated only by the (V-A) charged current weak
interaction via the exchange of the three Majorana neutrinos νj having masses mj !
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The “Brute Force”!
Approach!

   !

The “Peak-Squeezer” 
Approach!

!
!

The “Final-State 
Judgement”!

Approach!
!
!

General NLDBD experiment strategies 

+more future ideas... 

KamLAND-Zen 
  (136Xe) 

SNO+ 
  (130Te) 

CUORICINO/ 
CUORE 
  (130Te) 

MAJORANA 
  (76Ge) 

GERDA 
  (76Ge) 

EXO/nEXO 
  (136Xe) 

NEMO/ 
SuperNEMO 
(various/82Se) 

NEXT 
(136Xe) 

Talks by T. Bode, D. Chiesa, L. Segul, M. Martinez 

K. Scholberg

• 0νββ experimental searches

see talks of: 
C. Kraus
J. Rumleskie

T. Brunner
Y. Lan

R. Ford
E. Cudmore
E. Caden

R. Gornea
F. Retiere
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• long baseline neutrino oscillations

two important aspects: 

1) long baseline to probe matter effect

2) broad energy range to disentangle ordering, CP violation

• νμ produced by accelerator beams

• Appearance of νe as a function of neutrino energy and oscillation 
length probes underlying neutrino parameters

H =
X

i

q
m2

i + p2|⌫iih⌫i|+ V (r)|⌫eih⌫e|

p
2GFNe
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ν μ→ν e  O S C I L L AT I O N  P R O B A B I L I T Y
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2) broad energy range to disentangle ordering, CP violation
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86 4 Neutrino Mixing, Mass Hierarchy, and CP Violation

baseline, there is no degeneracy between matter and CP asymmetries at the first oscillation node
where the LBNE neutrino beam spectrum peaks. The wide coverage of the oscillation patterns
enables the search for physics beyond the three-flavor model because new physics effects may
interfere with the standard oscillations and induce a distortion in the oscillation patterns. As a
next-generation neutrino oscillation experiment, LBNE aims to study in detail the spectral shape
of neutrino mixing over the range of energies where the mixing effects are largest. This is crucial
for advancing the science beyond the current generation of experiments, which depend primarily
on rate asymmetries.
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Figure 4.1: The simulated unoscillated spectrum of ‹µ events from the LBNE beam (black histogram)
overlaid with the ‹µ æ ‹e oscillation probabilities (colored curves) for different values of ”CP and normal
hierarchy.

The LBNE reconfiguration study [25] determined that the far detector location at the Sanford
Underground Research Facility provides an optimal baseline for precision measurement of neutrino
oscillations using a conventional neutrino beam from Fermilab. The 1,300≠km baseline optimizes
sensitivity to CP violation and is long enough to resolve the MH with a high level of confidence,
as shown in Figure 2.7.

Table 4.1 lists the beam neutrino interaction rates for all three known species of neutrinos as ex-
pected at the LBNE far detector. This table shows only the raw interaction rates using the neutrino
flux from the Geant4 simulations of the LBNE beamline and the default interaction cross sections
included in the GLoBeS package [130] with no detector effects included. A tunable LBNE beam
spectrum, obtained by varying the distance between the target and the first focusing horn (Horn 1),
is assumed. The higher-energy tunes are chosen to enhance the ‹· appearance signal and improve
the oscillation fits to the three-flavor paradigm. To estimate the NC event rates based on visible
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Cross section uncertainties can mimic the effects of CP violation:
14
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FIG. 8. Free nucleon CCQE cross section computed
from Eqs. (31), (32) and (33), for neutrino-neutron (top)
and antineutrino-proton (bottom) scattering. Also shown
are results using dipole axial form factor with axial mass
mA = 1.014(14) GeV [54].

energies, the cross sections and uncertainties shown in
Fig. 8 are

�⌫n!µp(E⌫ = 1GeV) = 10.1(0.9)⇥ 10�39 cm2 ,

�⌫n!µp(E⌫ = 3GeV) = 9.6(0.9)⇥ 10�39 cm2 , (38)

for neutrinos and

�⌫̄p!µn(E⌫ = 1GeV) = 3.83(23)⇥ 10�39 cm2 ,

�⌫̄p!µn(E⌫ = 3GeV) = 6.47(47)⇥ 10�39 cm2 , (39)

for antineutrinos.
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FIG. 9. Cross section for charged-current quasielastic events
from the MINERvA experiment [55] as a function of re-
constructed Q2, compared with prediction using relativistic
Fermi gas nuclear model with z expansion axial form factor
extracted from deuterium data. MINERvA data uses an up-
dated flux prediction from [81]. Also shown are results using
the same nuclear model but dipole form factor with axial mass
mA = 1.014(14) GeV [54].

C. Neutrino nucleus cross sections

Connecting nucleon-level information to experimen-
tally observed neutrino-nucleus scattering cross sections
requires data-driven modeling of nuclear e↵ects. Our
description of the axial form factor and uncertainty in
Eqs. (31), (32), and (33) can be readily implemented
in neutrino event generators that interface with nuclear
models.15

A multitude of studies and comparisons are possible.
As illustration, consider MINERvA quasielastic data on
carbon [55]. Figure 9 shows a comparison of the Q2 dis-
tribution of measured events with the predictions from
our FA(q2), using a relativistic Fermi gas nuclear model
in the default configuration of the GENIE v2.8 neutrino
event generator [6]. For comparison, we display the result
obtained using a dipole FA with axial mass central value
and error as quoted in the world average of Ref. [54]. The
central curves di↵er in their kinematic dependence, and
the dipole result severely underestimates the uncertainty
propagated from deuterium data.
The z expansion implementation within GENIE in-

15 The z expansion will be available in GENIE production release
v2.12.0. The code will also be available in the GENIE trunk
prior to its o�cial release. The module provides full generality
of the z expansion, and supports reweighting and error analysis
with correlated parameters.

Meyer, Betancourt, Gran, Hill 2016

previous world average

• careful analysis of previous elementary target (deuterium) data 
reveals hadronic uncertainty.   Future improvement from lattice QCD.

• intense theoretical effort underway 
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QCD in many regimes critical to extracting fundamental physics in the 
neutrino sector

ν

Perturbative 
QFT

Nuclear 
physics

Event generation and 
detector modeling

Precision 
hadron
physics

CP violation

mass hierarchy

sterile ν

proton decay

…

Lattice QCD

supernova ν

An intense, interdisciplinary effort
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• neutrino mass is physics beyond the 
standard model

• compelling questions remain unanswered

• next generation experiments are poised for 
discovery

• theory has a critical role to play

Summary

• exciting interplay between particle and 
astrophysics 


