
Neutrino  
Sources

Stephen Parke 
Theoretical Physicist  

Fermilab

!1
Stephen Parke, Fermilab                                      Nu University                                                         6/26/2018                      



Neutrino  
Sources

Stephen Parke 
Theoretical Physicist  

Fermilab

!2
Stephen Parke, Fermilab                                      Nu University                                                         6/26/2018                      



!3Stephen Parke, Fermilab                                      Nu University                                                         6/26/2018                      

1
NASA Hubble Photo

Boris Kayser 
Fermilab n U
June 14, 2018       

Introduction to 
the Neutrinos



! 1930 – postulated by Wolfgang Pauli              
     (to solve energy crisis in radioactive decay)  

! 1933 – incorporated into theory of radioactive 
decay by Enrico Fermi who named the ``neutrino 

= little neutral one’’ 

! 1957 – first observed by Cowan and Reines using 

nuclear reactor as the source.  

Brief Early History  
 of the Neutrino
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1966

And yet the
nothing-particle 

is not a 
nothing at all
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Neutrino Interactions:
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SOLAR NEUTRINOS:
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SUN

Solar 
Nuclear 
Reactor

4 protons + 2 electrons

Helium Nucleus (2p2n) 
+ 

2 Neutrinos (2ν) 
+ 

Energy (26.7 MeV)

Using E=mc2

60,000,000,000 neutrinos 
            per square cm per sec

at the earth
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Day and Night!
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Neutrino Picture of the Sun

The Energy produced takes 1,000,000 yrs to get to the surface. 

The Neutrinos take 2 seconds to get to the surface.  
                                             
From the Sun to Earth takes 8 minutes.

Size of the Sun: 
about One pixel 

4 yr exposure, 
big “camera”
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1038 ⌫/sec

⌫2 dominate here !

CC: ⌫e + D ! p + p + e�

NC: ⌫x + D ! p + n + ⌫x

ES: ⌫e + e� ! ⌫e + e�

and ⌫µ/⌧ + e� ! ⌫µ/⌧ + e�

✓23 ?
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Geordi La Forge: 
in “The Enemy”

Star Trek: The Next Generation

The visor “sees” 
Neutrinos!!!



SuperKamiokande
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SuperKamiokande
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4 DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

Figure 1. The predicted solar neutrino energy spectrum. The figure shows the
energy spectrum of solar neutrinos predicted by the BP04 solar model [22].
For continuum sources, the neutrino fluxes are given in number of neutrinos
cm−2 s−1 MeV−1 at the Earth’s surface. For line sources, the units are number
of neutrinos cm−2 s−1. Total theoretical uncertainties tak en from column 2 of
table 1 are shown for each source. To avoid complication in the figure, we have
omitted the difficult-to-detect CNO neutrino fluxes (see table 1).

are rare; changes in their production cross-sections affect only the 8 B and hep fluxes respectively.
The 15% increase in the calculated 8 B neutrino flux, which is primarily due to a more accurate
cross-section for 7Be(p, γ)8 B, is the only significant change in the best-estimate fluxes.

The fluxes in column 6 were calculated using a refined equation of state, which includes
relativistic corrections and a more accurate treatment of molecules [27]. The equation of state
improvements between 1996 and 2001, although significant in some regions of parameter space,
change all the solar neutrino fluxes by <1%. Solar neutrino calculations are insensitive to the
present level of uncertainties in the equation of state.

The most important changes in the astronomical data from BP00 result from the new analyses
of the surface chemical composition of the Sun. The input chemical composition affects the
radiative opacity and hence the physical characteristics of the solar model, and to a lesser extent
the nuclear reaction rates. New values for C, N, O, Ne and Ar have been derived [24 ] using
three-dimensional rather than one-dimensional atmospheric models, including hydrodynamical
effects, and paying particular attention to uncertainties in atomic data and observational spectra.
New estimates of the abundance, together with the previous best estimates for other solar surface
abundances [28 ], imply a ratio of heavy elements to hydrogen by mass of Z/X = 0.0176, much

New Journal of Physics 6 (2004) 63 (http://www.njp.org/)
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Solar Spectrum:



Art McDonald and SNO
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⌫2 dominate here !

CC: ⌫e + D ! p + p + e�

NC: ⌫x + D ! p + n + ⌫x

ES: ⌫e + e� ! ⌫e + e�

and ⌫µ/⌧ + e� ! ⌫µ/⌧ + e�
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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.

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.
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Atmospheric Neutrinos:

!17Stephen Parke, Fermilab                                      Nu University                                                         6/26/2018                      



!18
Stephen Parke, Fermilab                                      Nu University                                                         6/26/2018                      http://www-sk.icrr.u-tokyo.ac.jp/nu98/scan/

http://www-sk.icrr.u-tokyo.ac.jp/nu98/scan/

20+ years ago
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2015 Nobel Prize

Takaaki Kajita Art MacDonald



Lunch !!!
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312 mg / 100gm

Potassium: 0.01%  K^40 

485 mg / 100gm

beta decay 89% (Ca) and electron capture 11% (Ar)

358 mg / 100gm

1 million neutrinos/day
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Predicted geo-neutrino signal



SuperNova
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Supernova
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Mechanics of a Supernova

H Fe n,p

20 M 1.5 M 
core

1.5 M 
neutron  

star

10 km1000 km10,000,000 km

Energy Released   10    kilowatt-hours!!!
40

sun sun
sun

equivalent to  0.1 M sun
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Supernova Energy Budget  
= $100

! Blowing Star Apart      $1 =    1%
! Light show                    1c =  0.01%  

! Neutrinos                    $99 =  99% 

Neutrino tsunami lasts 10-20 seconds !!!

Light show lasts months
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1058 ⌫ + ⌫̄
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We are here
Large Magelanic Cloud 
170,000 light years away !

Supernova 1987a  - Feb 24

First time in over 300 yrs SN visible to naked eye
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8 IBM

12 Kamiokande

Neutrinos from SN 1987a

100,000 times brighter than our Sun in Neutrinos 
arrived 3 hours before the light?
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~ 500 
Supernova Neutrino Tsunamis 

are on their way  
from supernova in our galaxy!!!

Bigger Detectors,   More Detectors 
Rate ???        

 2 +/- 1 per century !
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Nobel Prize 
 2002

“….for the 
detection of 
cosmic 
neutrinos"

Davis,  
USA

solar

Koshiba, 
Japan

supernova
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Reactor Neutrinos
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1 watt reactor !
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6 ⌫̄e per fission (200 MeV)

• Neutrino Mass implies the Existence
of Physics Beyond the Standard Model

1. Additional fields, ⌫R’s

& need to impose L Number conservation

[for Dirac neutrinos (4 comp)]

Y⌫ ⇠ 10�12 not OK ! but is Ye ⇠ 10�6 OK ?

Imposing L Number conservation naturally ?

– Typeset by FoilTEX – 1

1058 ⌫ + ⌫̄

produced 1011 ⌫̄e per second
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Discovery of the Neutrino:
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! 1957 – first observed by Cowan and Reines using 

nuclear reactor as the source.  



Flux & Cross Section:
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Xsec

Flux

Total is 
2 x 10^20 /sec/GW-Th

1058 ⌫ + ⌫̄

produced 1011 ⌫̄e per second

produce 2 ⇥ 1020 ⌫̄e per GWth per second

100’s of MW into neutrinos !!!!

⌫̄e + p ! e+ + n

– Typeset by FoilTEX – 2



@"Yonggwang,"Korea 

@"Daya"Bay,"China 

@"Chooz,"France 

Reactor θ13 Experiments

Seon%Hee'Seo,'SNU' FPCP'2015'@'Nagoya' 10'

Double'Chooz'

RENO'

Daya'Bay'
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nu_e Disappearance
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Daya Bay
RENO

D-Chooz

JUNO
RENO 50
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Fraction of 5 MeV 
excess: 2.46 ± 0.27 

(%)
Significance of the 5 
MeV excess:  ~9σ

• Compare the prompt energy 
spectrum to the Huber+Mueller
model

• 3σ discrepancy at the 
full energy range

• χ2/NDF = 48.1/24

• 4.4σ local significance 
at 4~6MeV

• χ2/NDF = 37.4/8

16

Absolute νe spectrum 621 days data

2.6σ and 4.0σ in P.R.L. 116, 
061801, respectively

• Compare the prompt energy 
spectrum to the Huber+Mueller
model

• 3σ discrepancy at the 
full energy range

• χ2/NDF = 48.1/24

• 4.4σ local significance 
at 4~6MeV

• χ2/NDF = 37.4/8

16

Absolute νe spectrum 621 days data

2.6σ and 4.0σ in P.R.L. 116, 
061801, respectively

Daya Bay RENO



!40Stephen Parke, Fermilab                                      Nu University                                                         6/26/2018                      

6

⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32 from Ref. [10] we found
sin2 2✓13 = 0.085± 0.006, with �2/NDF = 1.37/3.

The reconstructed positron energy spectrum observed in the
far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee|-sin2 2✓13 plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin2 2✓13 and
|�m2

ee| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓13 are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin2 2✓13 and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GWth-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2

ee| and sin2 2✓13.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,

13θ22sin
0 0.05 0.1 0.15

]2
 e

V
-3

| [
10

ee2
m

∆|

1.5

2

2.5

3

0 0.05 0.1 0.15

Daya Bay: 621 days

99.7% C.L.
95.5% C.L.
68.3% C.L.
Best fit

0 0.05 0.1 0.15

2 χ
∆ 5

10
15

2χ∆
5 10 15

0.0015

0.002

0.0025

0.003

5 10 15

MINOS

T2K

FIG. 4. Regions in the |�m2
ee|-sin2 2✓13 plane allowed at the 68.3%,

95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin2 2✓13 =
0.084 ± 0.005 and |�m2

ee| = (2.42 ± 0.11) ⇥ 10�3 eV2 (black
point). The adjoining panels show the dependence of ��2 on
sin2 2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin2 2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.

the Chinese Academy of Sciences, the CAS Center for
Excellence in Particle Physics, the National Natural Science
Foundation of China, the Guangdong provincial government,
the Shenzhen municipal government, the China General
Nuclear Power Group, Key Laboratory of Particle and
Radiation Imaging (Tsinghua University), the Ministry of
Education, Key Laboratory of Particle Physics and Particle
Irradiation (Shandong University), the Ministry of Education,
Shanghai Laboratory for Particle Physics and Cosmology,

from Daya Bay: arXiv:1505.03456
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H. Nunokawa, S. J. Parke and R. Zukanovich Funchal, Phys. Rev. D 72, 013009 (2005), hep-ph/0503283
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⌫̄µ disappearance [10, 11]. Using only the relative rates
between the detectors and �m2

32 from Ref. [10] we found
sin2 2✓13 = 0.085± 0.006, with �2/NDF = 1.37/3.

The reconstructed positron energy spectrum observed in the
far site is compared in Fig. 3 with the expectation based on
the near-site measurements. The 68.3%, 95.5% and 99.7%
C.L. allowed regions in the |�m2

ee|-sin2 2✓13 plane are shown
in Fig. 4. The spectral shape from all experimental halls
is compared in Fig. 5 to the electron antineutrino survival
probability assuming our best estimates of the oscillation
parameters. The total uncertainties of both sin2 2✓13 and
|�m2

ee| are dominated by statistics. The most significant
systematic uncertainties for sin2 2✓13 are due to the relative
detector efficiency, reactor power, relative energy scale and
9Li/8He background. The systematic uncertainty in |�m2

ee| is
dominated by uncertainty in the relative energy scale.
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FIG. 3. Upper: Background-subtracted reconstructed positron
energy spectrum observed in the far site (black points), as well as
the expectation derived from the near sites excluding (blue line) or
including (red line) our best estimate of oscillation. The spectra
were efficiency-corrected and normalized to one day of livetime.
Lower: Ratio of the spectra to the no-oscillation case. The error bars
show the statistical uncertainty of the far site data. The shaded area
includes the systematic and statistical uncertainties from the near site
measurements.

In summary, enhanced measurements of sin2 2✓13 and
|�m2

ee| have been obtained by studying the energy-
dependent disappearance of the electron antineutrino inter-
actions recorded in a 6.9⇥105 GWth-ton-days exposure.
Improvements in calibration, background estimation, as well
as increased statistics allow this study to provide the most
precise estimates to date of the neutrino mass and mixing
parameters |�m2

ee| and sin2 2✓13.
Daya Bay is supported in part by the Ministry of Science

and Technology of China, the U.S. Department of Energy,
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FIG. 4. Regions in the |�m2
ee|-sin2 2✓13 plane allowed at the 68.3%,

95.5% and 99.7% confidence levels by the near-far comparison of
⌫e rate and energy spectra. The best estimates were sin2 2✓13 =
0.084 ± 0.005 and |�m2

ee| = (2.42 ± 0.11) ⇥ 10�3 eV2 (black
point). The adjoining panels show the dependence of ��2 on
sin2 2✓13 (top) and |�m2

ee| (right). The |�m2
ee| allowed region

(shaded band, 68.3% C.L.) was consistent with measurements of
|�m2

32| using muon disappearance by the MINOS [10] and T2K [11]
experiments, converted to |�m2

ee| assuming the normal (solid) and
inverted (dashed) mass hierarchy.
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FIG. 5. Electron antineutrino survival probability versus effective
propagation distance Le↵ divided by the average antineutrino energy
hE⌫i. The data points represent the ratios of the observed
antineutrino spectra to the expectation assuming no oscillation. The
solid line represents the expectation using the best estimates of
sin2 2✓13 and |�m2

ee|. The error bars are statistical only. hE⌫i
was calculated for each bin using the estimated detector response,
and Le↵ was obtained by equating the actual flux to an effective
antineutrino flux using a single baseline.

the Chinese Academy of Sciences, the CAS Center for
Excellence in Particle Physics, the National Natural Science
Foundation of China, the Guangdong provincial government,
the Shenzhen municipal government, the China General
Nuclear Power Group, Key Laboratory of Particle and
Radiation Imaging (Tsinghua University), the Ministry of
Education, Key Laboratory of Particle Physics and Particle
Irradiation (Shandong University), the Ministry of Education,
Shanghai Laboratory for Particle Physics and Cosmology,
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FIG. 4. Allowed regions of 68.3, 95.5, and 99.7% C.L. in the
|�m2

ee| vs. sin2 2✓13 plane. The best-fit values are given by
the black dot. The ��2 distributions for sin2 2✓13 (top) and
|�m2

ee| (right) are also shown with an 1� band. The rate-
only result for sin2 2✓13 is shown by the cross. The results
from Daya Bay [10] and Double Chooz [24] are also shown for
comparison.
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FIG. 5. Measured reactor ⌫e survival probability as a func-
tion of Le↵/E⌫ . The curve is a predicted survival probability,
obtained from the observed probability in the near detector,
for the best-fit values of |�m2

ee| and sin2 2✓13. The Le↵/E⌫

value of each data point is given by the average of the counts
in each bin.

In summary, RENO has observed clear energy-
dependent disappearance of reactor ⌫e using two iden-
tical detectors, and obtains sin2 2✓13 = 0.082±0.010 and
|�m

2
ee| = (2.62+0.24

�0.26)⇥ 10�3 eV2 based on the measured
periodic disappearance expected from neutrino oscilla-
tions. Several improvements in energy calibration and
background estimation have been made to reduce the sys-
tematic error of sin2 2✓13 from 0.019 [1] to 0.006. With
the 500 day data sample together, RENO has produced
a precise measurement of the mixing angle ✓13. It would
provide an important information on determination of

the leptonic CP phase if combined with a result of an
accelerator neutrino beam experiment [6].
The RENO experiment is supported by the National

Research Foundation of Korea (NRF) grant No. 2009-
0083526 funded by the Korea Ministry of Science, ICT
& Future Planning. Some of us have been supported by a
fund from the BK21 of NRF. We gratefully acknowledge
the cooperation of the Hanbit Nuclear Power Site and
the Korea Hydro & Nuclear Power Co., Ltd. (KHNP).
We thank KISTI for providing computing and network
resources through GSDC, and all the technical and ad-
ministrative people who greatly helped in making this
experiment possible.
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As neutrino propagates it’s the relative change

in phase between the mass eigenstates that

produces neutrino flavor oscillations !
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• Is a simple combination of fundamental parameters and is
independent of L/E for all values of L/E.

• Has a direct, simple, physical interpretation:
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• Can be used in short baseline reactor experiments, L/E < 1
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which is accurate to better than one part in 10
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Neutrino Beam:

!42Stephen Parke, Fermilab                                      Nu University                                                         6/26/2018                      

protons target focusing horn

⇡+ ! µ+ + ⌫µ
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protons target focusing horn

⇡+ ! µ+ + ⌫µ

– Typeset by FoilTEX – 3

decay volume

Also muon storage ring !



H. Gallagher 

Tufts University 

Neutrino 2008 

May 27, 2008 
Neutrinos at the Main Injector (NuMI) 

Alex Sousa - Oxford University 

Beam energy spectrum can be tuned by varying 

the relative positions of target and horns. 

In the LE configuration, interactions are: 

Performance (Week of 5/12): 
–!  10µs spill of 120 GeV protons every 2.2s 

–!  Intensity: 3.0!1013 POT/spill    
–!  0.275 MW beam power 

–!  1018 POT /day 

! 

92.9% " µ , 5.8% " µ , 1.3% "
e

+ " 
e



Fermilab Neutrino BeamLines
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Booster Short Baseline Neutrino Beam !

•  Short Baseline Neutrino 
Program built on well 
established existing beamline!
–  Robust target and horn system!
–  BNB neutrino fluxes well 

understood due to dedicated 
hadron production data (HARP 
experiment @ CERN) and 10+ 
years of study by MiniBooNE and 
SciBooNE!

–  MicroBooNE detector nearing 
completion!

–  Beam near surface (~10m) => 
modest civil construction cost!

7/24/14!Peter Wilson | Fermilab SBN Program Status and Planning!3!

MicroBooNE

-10m

Booster Neutrino  
Beamline (BNB) 10 kW

MINOS ND 
Minerva 
NOvA ND

-100m

MINOS+ 
735km

NOvA 
810km

NuMI (ME tune) 
300  -> 500 -> 700 kW

MINOS and Minerva have 
been running for years 

Near Term: 

NOvA  construction 
completed 8/2014: 
now data taking, first 
physics by end of 2014  

MicroBooNE completed 
by early 2015
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Neutrinos from the BIG BANG

300 ν from Big Bang 
(more than 100x solar)

1 cm3

30,000,000 inside YOU!!!

Neutrinos are Everywhere 
Abundant but Elusive



Neutrinos are Everywhere !
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John	Beacom,	The	Ohio	State	University Neutrino	University	Seminar,	Fermilab,	July	2017 13

Energetic	and	Luminous	Gamma	Sources	Exist

Gammas	do	point,	but	they	do	attenuate,	don’t	reveal	parents

Wide	variety	of	point	and
diffuse	sources,	high	fluxes	

Energies	up	to	~ 100	TeV

from Big Bang 300 nus / cm^3
2 or more v/c <<1

SuperNovae
> 10^58

Sun’s
~ 10^38 nu/sec

Neutrinos are Forever !!!
(except for the highest energy neutrino’s)

Daya Bay
3 x 10^21 nu/sec

using � ⌘ �m2L/4E

. therefore in the Universe: @N⌫
@t > 0 .
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Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.
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Neutrino Mixing Matrix: PMNS
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André de Gouvêa Northwestern

Phenomenological Understanding of Neutrino Masses & Mixing

(The Standard Massive Neutrino Paradigm)
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Definition of neutrino mass eigenstates (who are ⇥1, ⇥2, ⇥3?):

• m2
1 < m2

2 �m2
13 < 0 – Inverted Mass Hierarchy

• m2
2 �m2

1 ⇤ |m2
3 �m2

1,2| �m2
13 > 0 – Normal Mass Hierarchy

tan2 �12 ⇥ |Ue2|2
|Ue1|2 ; tan2 �23 ⇥ |Uµ3|2

|U⇥3|2 ; Ue3 ⇥ sin �13e�i�

June 12, 2012 � Theory

SNO CC
KamLAND

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings

At 2⌅ we have the following limits:
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Atm Nus/LBL

Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

|Ue2|2

|Ue3|2(1 � |Ue3|2)

|Uµ3|2(1 � |Uµ3|2)

Masses and Mixings
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smaller ⇥e

content

sin2 �12 � 1
3

sin2 �23 � 1
2

sin2 �13 � 0.02
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The Neutrino Masses:
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Less than
4% �e

in the 3 state!

States 1 and 2 are �e rich.

E = mc2
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Masses
Label the Neutrino mass eigenstates such that:

⇤e component of ⇤1 > ⇤e component of ⇤2 > ⇤e component of ⇤3

i.e. |Ue1|2 > |Ue2|2 > |Ue3|2

Masses and Mixings

At 2⌅ we have the following limits:

sin2 ⇥13 < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥12 �
1
3

| < 0.04 ⇥
�

�m2
21

�m2
31

⇥1

| sin2 ⇥23 �
1
2

| < 0.12 ⇥
�

�m2
21

�m2
31

⇥0.6

Close to Tri-Bi-Maximal: Accident or Symmetry ?
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Matter effect

CP violation

Eµ = 20 GeV

Solar LMA

sin2 2θ13 = 0.04

|δm2
32| = 0.002 eV2 ν1

ν3

ν2

ν3

ν2ν1

δm2 < 0

δm2 > 0

Wrong-Sign Muon Measurements

Stat. error for

1020 decays

Neutrino Factory: 

 Only way to get to very small values of 

|⇤sin �⌅T 2K
true � ⇤sin �⌅NO�A

true | ⇥ 0

|⇤sin �⌅T 2K
fake � ⇤sin �⌅NO�A

fake | ⇥ 1.0

�
sin2 2⇥13

0.05

if the measurement uncertainty on sin �

� ±0.2

then the two fake solutions are well separated down to

sin2 2⇥13 � 0.01
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�m2
sol = +7.6� 10�5 eV 2

|�m2
atm| = 2.4� 10�3 eV 2

|�m2
sol|/|�m2

atm| ⇧ 0.03
⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

sin2 ⇥12 ⌅ 1/3

sin2 ⇥23 ⌅ 1/2

sin2 ⇥13 < 3%

0 ⇤ � < 2⇤
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�m2
sol = +7.6� 10�5 eV 2

|�m2
atm| = 2.4� 10�3 eV 2

|�m2
atm| ⌅ 30 ⇥ |�m2

sol|
⇥

�m2
atm = 0.05 eV <

�
m�i < 0.5 eV = 10�6 ⇥me

�
m�i =

f1 ⇤ cos2 ⇥⇥ ⌅ 68%

f2 ⇤ sin2 ⇥⇥ ⌅ 32%
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�m2
sol

Fermion Mass
(Neutrino Mass)

Mass is a coupling between the
RIGHT and the LEFT

components of the Fermion Field.

P 2 = M2, S2 = �1, and P · S = 0

then (P ± MS)2 = 0

Dirac spinor:

U(P, S) = (1+�5)
2 U(P+MS

2 ) + ei� (1��5)
2 U(P �MS

2 )

Right massless spinor Left massless spinor

for massless particles chirality and helicity are the identical
– Typeset by FoilTEX – 2
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SK & OPERA Tau’s
|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2
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KamLAND wiggles|U⌧3|2

|Ue1|2

|Ue2|2 + |Uµ2|2 + |U⌧2|2
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Neutrino Masses, Mixing and CPV circa 2016 Concha Gonzalez-Garcia

The New Minimal Standard Model

• Minimal extension to introduce Lα violation ⇒ give Mass to the Neutrino:

∗ Introduce νR AND impose L conservation ⇒ Dirac ν ≠ νc:

L = LSM −MννLνR + h.c.

∗ NOT impose L conservation ⇒ Majorana ν = νc

L = LSM − 1
2MννLνCL + h.c.

• The charged current interactions of leptons are not diagonal (same as quarks)

g√
2
W+

µ

∑

ij

(

U ij
LEP ℓi γµ L νj + U ij

CKM U i γµ LDj
)

+ h.c.
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l
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Neutrino Standard Model:
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accuracy:
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Neutrinos are Everywhere, 
Abundant but Elusive

Asimov:   The Neutrino
http://www.pbs.org/wgbh/nova/neutrino/

yet Fascinating  
and 

maybe Responsible for  
our Existence in Universe.

http://www.pbs.org/wgbh/nova/neutrino/

