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The neutrinos are one of the most mysterious 
elementary particles.

They only feel the weak force.

We do not know their properties 
under Lorentz transformations 
(whether Dirac or Majorana),          
nor their individual masses.  

Yet, they play an important role in 
cosmology and astrophysics, and 
perhaps in the unification of quantum 
mechanics and general relativity.  
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Pauli’s 1930 letter proposing the 
neutrino to save the conservation   
of energy in the beta-decay. 

The continuous beta spectrum 
would then become understandable 
by the assumption that in beta 
decay a neutron is emitted in 
addition to the electron such that 
the sum of the energies of the 
neutron and the electron is 
constant. 

I agree that my remedy could seem 
incredible …
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Pauli’s 1930 letter proposing the 
neutrino to save the conservation   
of energy in the beta-decay. 

The continuous beta spectrum 
would then become understandable 
by the assumption that in beta 
decay a neutron neutrino is emitted 
in addition to the electron such that 
the sum of the energies of the 
neutron neutrino and the electron is 
constant. 

I agree that my remedy could seem 
incredible …

5



In 1956, the first neutrino detection took place at 
the Savannah River Nuclear Reactor in South Carolina.

Thank you for message. 
Everything comes to the 
one who can wait.

Telex from Cowen and Reines to Pauli

Pauli’s reply 
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The New Yorker, 17 December 1960 

Cosmic Gall

Neutrinos, they are very small.
They have no charge and have no mass
And do not interact at all.
The earth is just a silly ball
To them, through which they simply pass,
Like dustmaids down a drafty hall
Or photons through a sheet of glass.
They snub the most exquisite gas,
Ignore the most substantial wall,
Cold-shoulder steel and sounding brass,
Insult the stallion in his stall,
And, scorning barriers of class,
Infiltrate you and me! Like tall
And painless guillotines, they fall
Down through our heads into the grass.
At night, they enter at Nepal
And pierce the lover and his lass
From underneath the bed—you call
It wonderful; I call it crass.

John Updike

7



Flavor Problems
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Who ordered that? 

When the muon, the first particle in 
the second generation, was identified, 
Isidor Rabi famously quipped: 
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Cabbibo-Kobayashi-Maskawa matrix for quark mixing

Pontecorvo-Maki-Nakagawa-Sakata matrix for neutrino mixing
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Two Nobel Prizes

CP violation by quark mixing
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Discovery of neutrino mixing

11



Status of Current Measurements
compiled by Mark Hartz at Kavli IPMU/TRIUMF

mixing angles measured 
to 5% precision or better

|sinθ13| |sinθ12| |sinθ23|

weak global preference 
for δCP ∼ 3π/2 or -π/2.  
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Status of Current Measurements
compiled by Mark Hartz at Kavli IPMU/TRIUMF

The ordering of masses 
remains an open question:     

Is m3 the heaviest? 
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The T2K Experiment

A 1 Gev neutrino has about 10      chance to interact with 100 m water.

Muon neutrino beam generated at J-PARC is detected after 295 km 
distance at Super-Kamiokande 50 K ton water Cherenkov detector.

While traveling from Tokai to Kamioka, muon neutrinos can oscillate 
into electron* neutrinos.         (*The beam energy is below the tau neutrino threshold.)     

- 10
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The T2K Experiment

In meanwhile, muon neutrinos can oscillate into electron neutrinos or 
tau neutrinos (not yet detected). 

Search for CP Violation 
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Neutrino interactions at Super-Kamiokande
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T2K results with data collected through 2018

Value of sinθ23 consistent 
with maximal mixing 

CP conservation hypothesis

Maximal CP violating hypothesis

Data disfavors CP conservation 
at 2 sigma 



On 29 August 2019, 
MEXT announced that they are 

requesting 1.8 billion yen 
in the fiscal year 2020 budget 

to begin construction of 
Hyper-Kamiokande.
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Hyper-Kamiokande will 
accumulate statistics                      

20 times faster than T2K
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Cabbibo-Kobayashi-Maskawa matrix for quark mixing

Pontecorvo-Maki-Nakagawa-Sakata matrix for neutrino mixing

Flavor Problems:
• Is there any pattern in masses and mixing?
• Is there a mechanism to generate a pattern?
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Let me open a parenthesis                                
for theoretical speculations.

21



The seesaw mechanism could relate smallness 
of neutrino masses to the large hierarchy of scales 
between the Standard Model of Particle Physics 
to one of Grand Unified Theories, which unifies 
electromagnetic, weak, and strong forces. 

P. Minkowski (1977); M. Gall-Mann, P. Ramond, R. Slansky (1979); T. Yanagida (1979). 

B  ≫ M

If one of the eigenvalues goes up, the other goes down.
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Can string theory 
solve the flavor 

problems?  
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It is often said that superstring theory predicts the vast 
landscape of vacua and that any effective field theory 

can be realized somewhere in the landscape.
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Or, does it?
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Gravity is different
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Swampland Question
Given an effective theory of gravity, how 
one can judge whether it is realized as a 
low energy approximation to a consistent 
quantum theory with ultraviolet completion, 
such as string theory?

Vafa: hep-th/0509212;
Vafa + HO: hep-th/0605264
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No global symmetry

… proof of concept of the Swampland
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Harlow + H.O.:1810.05337 (5 pages announcement)
1810.05338 (175 page complete proof)



No global symmetry

For over 50 years, many theorists 
have argued that a consistent 
quantum theory of gravity cannot 
have global symmetry. 

The standard argument makes 
use of the Hawking radiation and 
the Bekenstein-Hawking formula 
for the black hole entropy.
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No global symmetry

Our new proof (Harlow + H.O., 2018) makes use of 
the recently discovered relation between the holography 
of quantum gravity and quantum error correcting codes 

in quantum information theory.
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No global symmetry

Assuming that our theorem holds in the flat spacetime limit, 
the B - L symmetry of the Standard Model of Particle Physics 
must be violated and the proton must decay. 

We have also proven the completeness hypothesis which 
says that all possible charges for long range gauge symmetry 
must be realized. 

Assuming this completeness theorem holds in the flat 
spacetime limit, it predicts magnetic monopoles. 
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Our no global symmetry theorem states that any symmetry
in quantum gravity is either broken or gauged. 

How is global symmetry broken/gauged?

Our completeness theorem states that every finite dimensional 
unitary representation of gauge symmetry must appear.

Can we bound the mass of the lightest charged particle? 

The weak gravity conjecture 
attempts to quantify these. 
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Weak Gravity Conjecture

In any low energy theory described by the 
Einstein gravity + Maxwell field + finite 
number of matters, if it has an UV completion 
as a consistent quantum theory, there must 
be a particle with charge Q and mass m,  
such that:  

Arkani-Hamed, Motl, Nicolis, Vafa: hep-th/0601001 33



Weak Gravity Conjecture

Motivated by:

1. Black hole physics
2. True in all constructions 

from string theory
3. Connection to the cosmic 

censorship hypothesis
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Weak Gravity Conjecture

What if

Vafa + H.O.: 1610.1533

 It implies that anti-de Sitter space is unstable  
without supersymmetry.

 The neutrinos should be Majorana and their 
averaged mass-squared should be constrained as:

(neutrino mass)   <  (dark energy)4

?
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Ibanez, Martin-Lozano, Valenzuela: 1706.05392,1707.05811; 
Hamada, Shiu:  1707.06326; Gonzalo, Herraez, Ibanez: 1803.08455



Neutrinos as a Window to the Unification

 The seesaw mechanism could relate smallness of 
neutrino masses to the energy scale at the Grand 
Unification. 

 The Swampland conditions could require neutrino 
to be Majorana.

 The Swampland conditions could relate the dark 
energy density to the neutrino masses. 
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End of Theoretical Speculation
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Neutrinos 
and 

Our Universe
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Supernova Neutrinos
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The Birth of Neutrino Astronomy

23 – 27 March 1987 

Monday: Supernova
Friday: Last Lecture
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The Birth of Neutrino Astronomy

23 – 27 March 1987 

Monday: Supernova
Friday: Last Lecture
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There are thousands of supernova explosions 
per hour in the universe as a whole. 

These produce the as-yet unobserved 
diffuse supernova neutrino background, with 
information on the evolution of the universe

and the physics of supernova explosions.
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In 2004, Mark Vagins with John Beacom proposed 
loading large water Cherenkov detectors with 
gadolinium to enhance their ability to detect 
supernova neutrinos.

;.

After a decade of R&D at EGADS 
supported by Kavli IPMU & ICRR, 
Super-K collaboration (2015) 
and T2K collaboration (2016) 
approved gadolinium addition
to Super-Kamiokande. 
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2017       2018       2019        2020       2021      2022 

Schedule approved

In-tank upgrade

Install new water systems, 
computing, calibration

Pure water running

Running with 0.01% Gd at 50% efficiency

Up to 0.1% Gd at 90% efficiency

Expected to have collected the world’s first 
diffuse supernova neutrinos before 2022

Expected timeline for SK-Gd
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Origin of 
Matter-Antimatter 

Asymmetry
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How has the observed matter-antimatter
asymmetry been produced? 

Sakharov Conditions (1967)

 Baryon number violation
 C and CP violations
 Interactions out of thermal equilibrium

Successful synthesis of the light elements in the first few minutes of the 
universe requires that there be an imbalance in the number of baryons 
and antibaryons to one part in a billion. The asymmetry can also be seen 
in fluctuations of the cosmic microwave background radiation.
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Sakharov Conditions (1967)

 Baryon number violation
 Interactions out of thermal equilibrium

We need to understand CP violation mechanism.

Quark sector: too small 
Strong Interaction: mystery 
Lepton sector:     promising 
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Neutrino Masses
and 

Structure Formation
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One of the first IPMU papers,
submitted on 25 December 2007.
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The neutrinos were produced at the Big Bang

The neutrino distribution by solving the 
Boltzmann equation on K-Supercomputer

dark matter neutrinos
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113ν/cm3/species



Neutrino masses and damping effect 
The smooth neutrino distribution effectively 
damps the clustering of matter and galaxies. 
The damping effect is sensitive to neutrino masses.
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blue = dark matter    orange = neutrinos

𝜈𝜈+CDM N-body simulations
Planck 

+ Subaru HSC
+ PFS (2025 forecast)

Since neutrinos cannot cluster on small scales, 
they slow down structure formation.
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z 〜1100

Now

Neutrino masses and lensing B-mode

B modes are produced while 
E modes travel through the 
large scale structure which is 
sensitive to neutrino masses.

CMB experiments such as 
Simons Array/Observatory, 
and LiteBIRD measure 
B-mode polarization.

Σmν = 0 eV = 0.05eV
= 0.10eV

Primordial
gravitational 

wave B-
m

od
e 

po
w

er

multiple moment
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Subaru HSC  +  PFS (2025 forecast)
+  LiteBIRD

PFS LiteBIRD
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Summary
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57

Neutral particles



58

With J-PARC and with Super-K/Hyper-K, 
we will have a lot of fun finding out 

“Big Things” about neutrinos and 
our universe in the coming decade. 



Happy 10th

Anniversary
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