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Neutrinos 2017,
A Theorist’s View
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Thanks to our host,
to the organizers, the staff,

the speakers, and the 
participants for a very 
interesting conference.



Stunning conclusion : 
neutrinos weigh as 

much as all the stars
of all the galaxies!

Francois Vannucci
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The Current Scene 
—What We

Have Learned
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The (Mass)2 Spectrum

Which way?

Are there more mass eigenstates?



Constraints On the Absolute Scale 
of Neutrino Mass
n3
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How far above zero 
is the whole pattern?

??
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åm(ni) < 0.17 eV
All i

Cosmology, under certain assumptions

Tritium beta decay 0.69m2 ν1( )+ 0.29m2 ν2( )+ 0.02m2 ν3( ) < 2 eV

Oscillation              Mass[Heaviest ni] > ÖDm2
big > 0.05 eV
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Leptonic Mixing

|na > = S U*ai |ni>  .
Neutrino of flavor  Neutrino of definite mass mi
a = e, µ, or t

i

Mixing means that —

Flavor-a fraction of ni = |Uai|2 .

Inversely, |ni > = S Uai |na > .
a

(if U is unitary)

Leptonic mixing matrix
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ne [|Uei|2] nµ[|Uµi|2] nt [|Uti|2]

Normal Inverted
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Experimentally, the flavor fractions are —
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Does not affect oscillation

Parametrization of the Mixing Matrix U
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The Oscillation Parameters
(Global fit of Esteban, et al.)

Leptonic mixing
angles are big.
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Conclusions

Carlo Giunti

(Esteban, et al.)



How Large Is θ13?
Current Tensions

13

Daya Bay

Measured by studying reactor νe oscillation
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sin22θ13 =0.119±0.016
Double CHOOZ
Matthieu Vivier

sin22θ13 =0.086±0.008
RENO

June Choi

sin22θ13 =0.0841±0.0033
Daya Bay 

Wenqiang Gu

sin22θ13 =0.0845±0.0026 Carlo Giunti
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Carlo Giunti
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Is θ23 maximal (45º)?

If so, there may well be a symmetry behind that. 

Simon Bienstock
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What We Would 
Like To Find Out
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•Is the physics behind the masses of neutrinos 
different from that behind the masses 

of all other known particles?
•Are neutrinos their own antiparticles?

•Is the spectrum like       or       ?

•What is the absolute scale 
of neutrino mass? 



•Do neutrino interactions 
violate CP? 

Is P(na ® nb) ¹ P(na ® nb) ?

19

•Is CP violation involving neutrinos 
the key to understanding the matter –

antimatter asymmetry of the universe?

Is θ23 maximal?
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•Are there “sterile” neutrinos
that don’t couple to the W or Z?

•Are there more than 3 mass eigenstates?

•Do neutrinos have Non-Standard-
Model interactions?

•What can neutrinos and the universe 
tell us about one another?

•Do the Big Bang neutrinos really exist?
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•Do neutrinos break the rules?

•Violation of Lorentz invariance?
•Violation of CPT invariance?
•Departures from quantum mechanics?

•Do neutrinos have anomalously
large dipole moments?



22

Simon Bienstock



Detector

e+

p–

Detector

e–µ+

p+

n

µ–

vs.

If these two CP-mirror-image processes 
have different rates, CP is violated. 

n
Anti-Detector

23

To confirm leptonic CP violation, compare 
two CP-mirror-image neutrino oscillations.

(LH)

(RH)
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Important Notice
To correct for our not using an 

anti-detector, we must know how 
the cross sections for left-handed and 

right-handed neutrinos to interact 
in a detector compare.

Experiments to determine these 
cross sections are very important.
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And it’s not just the interaction rates we have to know. 

of

Deborah Harris
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Evidence of Nuclear Effects
Lukas Koch
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Is the Origin of Neutrino 
Mass Different?

The Gran Sasso Lab in Italy
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Majorana Masses

Majorana neutrino masses cannot arise from
the SM Brout – Englert – Higgs mechanism,
as the quark and charged lepton masses do. 

Majorana neutrino masses are from 
physics way outside the Standard Model. 

Because, unlike the quarks and charged leptons,
the neutrinos are electrically neutral,

they can have Majorana masses
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Possible (Weak-Isospin-Conserving) progenitors 
of Majorana masses:

€ 

HSMHSM νL
cνL , HIW =1νL

cνL , mRνR
cνR

Not renormalizable This Higgs 
not in SM

No Higgs

The Brout – Englert – Higgs mechanism 
for Dirac quark masses

SM Higgs field

LSM

vev

Coupling constant

– = yHSMqRqL ⇒ y HSM qRqL ≡mqqRqL
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To Determine Whether
Majorana Masses
Occur in Nature,

So That ν = ν
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The Promising Approach — Seek
Neutrinoless Double Beta Decay [0nbb]

e– e–

Nucl Nucl’

Observation at any non-zero level would imply —

ØLepton number L is not conserved (ΔL = 2)
ØNeutrinos have Majorana masses
ØNeutrinos are Majorana particles (self-conjugate)
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If the dominant mechanism is —

Then —

nini

W– W–

e– e–

Nuclear ProcessNucl Nucl’

Uei Uei

SM vertex

å
i

Mixing matrix

Mass (ni)

Amp[0nbb] µ ½å miUei
2½º mbb
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(From Steve Elliott)

m
ββ

(m
eV

)

Present bounds: mββ < (150 – 330) meV
mββ < (61 – 165) meV. (KamLAND-Zen)

GERDA; Ann-Kathrin Schutz

Possible ranges of mββ

Target of the 
coming round
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What are the absolute masses
of the neutrinos?

Alan Poon

Measurement of energy of β from 3H decay, by MAC-E filter
or perhaps cyclotron frequency, or study of 163Ho à 163Dy* + ν
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Is the mass ordering normal or inverted?

(Mass)2 or

Normal Inverted
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Walter Winter
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Are    There

Sterile Neutrinos?



Are There ~ 1eV-Mass Sterile Neutrinos?
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Probability Oscillation( )∝ sin2 1.27Δm2 eV2( ) L m( )
E MeV( )

#

$
%
%
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At least 1 sterile neutrino

Γ Z→νν( ) Exp
Γ Z→One νν Flavor( ) SM

= 2.984± 0.009Then

At least 4 mass eigenstates

At least 4 flavors

These a Dm2 ~ 1 eV2, bigger 
than the two established splittings. 

There are several hints of oscillation with L(m)/E(MeV) ~ 1: 

� 1eV2



The Hints of eV2-Scale Δm2
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νµ →νe

νµ →νe

Possible Oscillation

νµ →νe

νe →Not νe

νe →Not νe

MiniBooNE

LSND

Reactor Exps.

51Cr and 37Ar 
Source Exps.

Experiment

MiniBooNE

Comment
Interesting

Low energy excess?

Flux uncertain and 
time dependent 

(Daya Bay)

Detection efficiency?

Low energy excess?

Not consistent with 
LSND (Carlo Giunti)
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Negative experimental results are tightening the 
constraints on possible 1eV scale sterile neutrinos.

IceCube

Carlos Arguelles
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MINOS &
MINOS+

Justin Evans
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NEOS
Hyunsoo

Kim
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So far, there has been no clear observation of the wiggles
with L/E that are characteristic

of oscillatory flavor change.

To probe whether oscillation is really taking place, 
one would like to look specifically for these wiggles. 

Bryce Littlejohn

If they are real, the ~ 1 eV sterile neutrinos would be 
a major discovery, and would affect the interpretation 

of Long Baseline neutrino oscillation experiments.

Numerous experiments are, or will be,
probing whether these sterile neutrinos are real. 



Are There ~ keV-Mass Sterile Neutrinos?
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These are candidates for the Dark Matter. A possible 3.5 
keV X-ray emission line could be from their EM decays.

X-ray sounding rockets will probe whether the center 
of our galaxy is a source of such a line.

Antonia Hubbard

Francois Vannucci pointed out that if the Dark Matter 
is ~ 10 keV neutrinos, there would be 4 x 10–3 as many 
of them per cm3 today as there are electron neutrinos.

He also pointed out that this ratio is very reasonable if the 10 
keV neutrinos were created via mixing in the early universe.  
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Are There Still Heavier
Sterile Neutrinos?

These are predicted by the See Saw explanation of why 
the masses of the known light neutrinos are so small. 

Naively, they are far too heavy to be produced at 
accelerators. But there are variations in which they, 

or at least some of them, are within range
of existing accelerators.

Their physics can also explain the Baryon Asymmetry
of the Universe (BAU) via Leptogenesis.

Takehiko Asaka
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Generically, the BAU and CPV among neutrinos are related.

Takehiko Asaka

whose phases drive Leptogensis

Drives CPV in ν oscillation
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Electromagnetic
Properties
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The Standard Model, extended to include neutrino 
masses, predicts that a neutrino of mass mν has

a magnetic dipole moment μν given by —

µν =3×10−19 mν

1eV
⎛

⎝⎜
⎞

⎠⎟
µB

This is invisibly small, so the observation of a dipole 
moment would be evidence of non-Standard Model physics.

One way to look for a dipole moment is to study
ν + e à ν + e at very low q2, looking for —

ν

ν

e

e

γμν
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But in practice the target electron is bound in an atom,
so the actual process is neutrino-induced ionization:

Binding effects are important, 
and can be calculated reliably. 

Cheng-Pang Liu

ν + A e−( )→ν + A+ +e−
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NASA Hubble Photo

Astrophysical 
Neutrinos and 
Dark Matter
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Proposal to use nuclear emulsions.

Svetlana Vasina

in Dark Matter detection 
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High-Energy Neutrinos From the Sun
(10 GeV to more than 1 TeV)

Dark Matter annihilation, χχàνν, in the sun can 
produce high-energy neutrinos coming from the sun.

But cosmic rays striking the solar atmosphere can 
produce them too, creating a serious background. 

Carlos Arguelles

If χχàνν and nothing else, and the DM particles 
are ~ at rest, the neutrinos will be monoenergetic.

Will this help?
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Kate Scholberg

Supernova
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Neutrino Astronomy

Carlos Arguelles
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Implications: The neutrino — cosmic ray connection

Tom Gaisser

No point source has been identified yet. 
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Multi-Messenger Astronomy

Anrtoine Kouchner
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DUNE

The Future

HyperKamiokande
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DUNE and T2HK will seek CP violation in neutrino 
oscillation, proton decay, and other phenomena.

Numerous searches for neutrinoless double beta decay, 
employing quite different techniques, will seek to 

show that the origin of neutrino mass is not the same 
as the origin of the masses of everything else, 
and that neutrinos are their own antiparticles.

Tritium beta decay and other experiments will try
to determine the absolute scale of neutrino mass. 

Various approaches to determining the mass ordering 
will be pursued.
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The Short Baseline Neutrino program at Fermilab,
a number of reactor experiments, radioactive source 
experiments, and other experiments will attempt to 
determine whether ~ 1eV sterile neutrinos are real.

Experiments will try to observe coherent neutrino –
nucleus scattering, confirming the SM prediction

or finding evidence for NSI. 

Neutrino astronomy will give us a
widening new window on the universe

The EM properties of neutrinos will be explored.

Charged lepton flavor violation will be sought.
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We must be alert to the unexpected. 

Neutrino cross section measurements will be crucial 
to the neutrino oscillation experiments.
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The future promises to be 
very interesting. 


