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The Big Picture

| am aware that the audience is a mixture of
particle physicists and non-specialists.

We have been encouraged to be creative and
controversial ...

| will start in a general mode and then present
some technical discussion in the later slides.

“School of Athens” by Raphael



We have a wonderful theory called the
“standard model” of particle physics.

It describes how the known elementary particles interact under the
strong, weak and electromagnetic forces.

The famous “Higgs mechanism” (Nobel Prize 2013) explains how these
particles gain mass (Wed. morning session).

But the SM is known to be
incomplete.

Our goal is to discover what the
bigger, better theory is.

Artist: Peter Kennedy
Title: Light rain — and everything we know about the universe (except gravity)
Image credit: National Gallery of Victoria, Australia




How do we know?

Empirical proofs: Nonzero neutrino masses.
Dark matter (next session).

Empirical Cosmological matter-antimatter
near-proofs: asymmetry.

Fine-tuned cosmology.

Strong CP problem.

Dark energy (cosmology session).

Theoretical shortcomings:

Proliferation of parameters, replicated quark-lepton families,
no gravity, “naturalness” concerns, ...



Controversial statement #1:

The best motivations for “beyond standard model”
physics are empirical, not theoretical.



Brief (and very incomplete)
history of the neutrinos.



Dear Radioactive Ladies and Gentlemen,
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will explain to you in more detail, how because of the "wrong" statistics
of the N and Lif nuclei and the continuous beta spectrum, | have hit
upon a desperate remedy to save the "exchange theorem" of statistics
and the law of conservation of energy. Namely, the possibility that there
could exist in the nuclei electrically neutral particles, that | wish to call
neutrons, which have spin 1/2 and obey the exclusion principle and which further differ
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‘1956: Discovery ‘
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1962: There’s more than one! ‘

n—p+e +v. M —€ +Ue
neutron decay muon decay

: different, though similar,
pion decay

particle
Lederman, Schwartz, Steinberger: Nobel Prize 1988

We now know that there are 3 types or “flavours™ Ve, UV, UVr
They are paired with: €, [, T

Also, we have quarks: U, C, L

d, s, b
Uncontroversial statement #1:

We (the theorists) have been banging our heads against the wall
for decades trying to find a reason for the existence of these three
families!



LEPTONS
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1970-present: Neutrinos oscillate!

A glorious experimental triumph that the next set of speakers will discuss.

Nobel Prize 2002: Ray Davis and Masatoshi Koshiba
Nobel Prize 2015: Takaaki Kajita and Art McDonald (of Canada!).
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Neutrino oscillations prove
three things:

neutrinos have mass

« the masses are different
* Ve, . are not states of definite

mass themselves - they are

quantal superpositions of
mass eigenstatesv, , ;

Talk by T. Kajita at Neutrino 1998, Takayama, Japan



Why are neutrinos
important?



Beta decay radioactivity:

This is where the story began! Fission reactors produce copious
electron antineutrinos from neutron decay (used for experiments).

Thermonuclear fusion in the sun:
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Core-collapse supernovae:

When nuclear fuel is used up, some stars collapse to form neutron stars.
They shed gravitational binding energy in light and neutrinos.

Neutrinos carry away 99% of this energy!!

Core-Collapse Supernovae:
Explosions of

The famous optical
display is just a
sideshow.

© Anglo-Australian Observatory Supernova 1987A
Large Magellanic Cloud
Progenitor:
BSG Sanduleak-69° 220a, =18 M,
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Neutrinos also help drive the expansion of the
universe during big bang nucleosynthesis.



Neutrinos are special!



Neutrinos have zero electric charge - only
interact via the weak force.

Neutrinos may be the only fermions (matter
particles) that are their own antiparticles
(Majorana fermions).

Neutrinos are very long lived. The lowest mass
eigenstate is probably completely stable.

Neutrino mass is tiny: 0.05eV<m,6<0.25 eV
Compare electron mass m_,=0.511 x 10° eV.



The neutrino mass
puzzle.



Origin of elementary particle masses.

Quarks, charged leptons, W and Z bosons:

mass = coupling strength x 174 GeV

dimensionless Higgs “vacuum
number expectation value”

top quark coupling = 1
electron coupling = 3x10¢ (not proven)

m, ~ 0.1 eV = neutrino coupling = 6x102 2??

Considered unsatisfactory. Finding a deep reason for
the tiny neutrino masses dominates the research.
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The next several slides will be technical.



Recent global fits to neutrino flavour-transformation data:

Esteban+ 1611.01514, JHEP 1701 (2017) 087
Capozzi+ 1601.07777, NPB 908 (2016) 218
Forero+ 1405.7540, PRD90 (2014) 093006

Definition of PMNS matrix:

Ve Ui Uez Ues V1 Y1,2,3
_ mass Am?2,, = solar
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From the recent global fit by Esteban+:

| NUFIT 3.0 (2016) | NUFIT 3.0 (2016) |
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Interesting preference for 6= 270°.



Controversial statement #2:

The neutrino theory community matured when it had
a dominant theoretical prejudice --
small mixing angles due to “unification” with quarks
-- falsified by data.

The general BSM community is perhaps beginning a
similar process with the lack of evidence for
supersymmetry at the LHC.



A selection of what we don’t know about neutrinos:

 Dirac or Majorana?

 The value of absolute neutrino mass scale.

 Leptonic CP violation not quite confirmed.

* Normal or inverted ordering?

* 0,3 <m/4or>n/4?

*  Whether or not the LSND/MiniBooNE, reactor and
gallium anomalies are due to eV-scale sterile neutrinos.

 The origin of the neutrino mass scale.

 Are the mixing parameters and mass splittings free
parameters, or is there a flavour symmetry or some other
deep dynamics?

 |Islepton mass/mixing connected to quark mass/mixing?

* Is neutrino mass tree-level or radiative?

« What role does the 126 GeV Higgs play in neutrino mass?

 Are there other as-yet undiscovered particles that play a
role in neutrino mass generation?

 |Is dark matter a 10 keV-scale sterile neutrino?

 Did leptogenesis seed baryogenesis?

- And so on.



Sometimes you hear the view:
“We always expected neutrinos to have mass, so what’s the big deal?”

As you all know, the original SM has no RH neutrinos, no Y=2 Higgs
triplet, and nothing else that breaks L, , or L., so neutrinos are
exactly massless.’

Massive neutrinos may be Dirac or Majorana.

If neutrinos are Majorana, they are the first such states to be
discovered: new physics.

If neutrinos are Dirac, then the gauge-invariant RH neutrino Majorana
mass terms must be omitted. This means a global symmetry — U(1), -
must be imposed: a new principle, hence new physics.

Also: RH neutrinos are new dofs, like any new particles: new physics.
Majorana mass generation requires RH neutrinos or a Y=2 Higgs triplet,
or any of a bunch of other new particles: new physics.

1.Sphalerons do not generate neutrino masses.



Models of light Majorana neutrinos

AL=2 SM effective operators can be used to systematically study
a large class of models of Majorana neutrino mass generation.

These operators have mass dimensiond =5,7,9, ...

At d =5, there is only the Weinberg operator: (1/M) LLHH
M is the scale of new physics.

It gives neutrino mass directly, via the see-saw formula m ~ <H>2/M

Underlying renormalisable theories yielding LLHH are constructed
by “opening up” the operator. The type-1,2,3 see-saw models are
the minimal, tree-level ways to open up LLHH.

OtherAL=2 SM effective operators require external legs
(quarks, additional leptons) to be closed off in loops to give
neutrino mass: radiative neutrino mass generation.

The effective operator is minimally opened up at tree-level or
non-minimally at loop-level.



Type-1,2,3 seesaw models:
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Radiative neutrino mass models:

At d=7, there are 7 operators: Oy =LLHH(HH)
Oy = LLLe“H Os=LLQd°H(2) O,=LLQu°H(2) Og= Le‘a°d°H

Opening O, at tree-level produces the original 1-loop v mass Zee model.

There are many d=9 and d=11 operators. Here is a well-known d=9 case:

Zee-Babu model: Singly-charged Doubly-charged
scalarh -~ T =~ _scalark
e e’ h/ | \h
/ \
[ / + : \
| | | \
L ! L oL . ol
1 T L T ST 1 1
. . 4 }
X X
H H
Og = LLLe Le° Opening it up 2-loop nu mass diagram

Effective op

The exotics (k, h in this case) can be searched for at the LHC.



Effective operators containing quarks can feature leptoquarks as
members of their “completons”.

Leptoquarks are being studied intensively as possible ways to
resolve some very intriguing flavour anomalies:
(flavour session tomorrow)
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Among the completions of d=7 operators, appear these two LQs:

(3,1)(-1/3) and (3,3)(-1/3) where Q =, + Y.

(3,1)(-1/3) does b - c transitions at tree-level.
(3,3)(-1/3) does b > s and b - c transitions at tree-level.

There is potentially a strong connection between radiative neutrino
mass models and the flavour anomalies.

Controversial statement #3:

Flavour experiments provide the most hope for the
discovery of New Physics in the relatively near future.



Final remarks

The discovery of neutrino masses is the discovery of new physics.
The smallness of neutrino masses remains a principle concern.
The tree-level seesaw mechanisms are viable and interesting.

Radiative models are more testable and have intriguing links to
the flavour physics anomalies.

The theoretical and experimental study of neutrinos will remain
important for a long time. On the experimental side, both precision
and energy-frontier experiments are relevant.



