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“Wimpy and Abundant”
Neutrinos are Everywhere

 They come from the Big Bang:
— When the Universe was hot, neutrinos were created
equally with any other particles
— They are still left over: ~300 neutrinos per cm?3

e They come from the Sun:
— Trillions of neutrinos going through your body every
second

* They are shy:
— If you want to stop them, you need to stack up lead shield
up to three light-years
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Neutrinos in the Standard Model



Puzzle with Beta Spectrum

F. A. Scott, Phys. Rev. 48, 391 (1935)

e Three-types of
radioactivity: o, {3, ¥y

e Both a, y discrete spectru
because

E, =E-E,

a, Y 3 12 I 20 x10%

e But f spectrum continuous V elecfron volte:

F1G. 5. Energy distribution curve of the beta-rays.

Bohr: At the present stage of atomic theory, however, we may say
that we have no argument, either empirical or theoretical, for
upholding the energy principle in the case of P-ray disintegrations
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Desperate Idea of Pauli

4th December 1930
Dear Radioactive Ladies and Gentlemen,

As the bearer of these lines, to whom I graciously ask you to listen, will
explain to you in more detail, how becausge of the "wrong" statistics of the N

6
and Li nuclei and the continuous beta spectrum, I 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 I wish to call neutrons, which have

spin 1/&8 and obey the exclusion principle and which further differ from light
quanta in that they do not travel with the velocity of light. The mass of the

neutrons should be of the same order of magnitude as the electron mass and
in any event not larger than 0.01 proton masses. 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...




Three Kinds of Neutrinos

e There are three e And no more

The Standard Model of
Particle Interactions

Three Generations of Matter

e & ALEPH
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Neutrinos are Left-handed

Helicity of Neutrinos®

M. GOLDHABER, L. GroDZINS, AND A. W. SUNYAR

Brookhaven National Laboratory, U pion, New York
(Received December 11, 1957)

COMBINED analysis of circular polarization and
resonant scattering of v rays following orbital
electron capture measures the helicity of the neutrino.
We have carried out such a measurement with Eu!?™
which decays by orbital electron capture. If we assume
the most plausible spin-parity assignment for this
isomer compatible with its decay scheme,! 0—, we find
that the neutrino is ‘‘left-handed,” 1.e., o,- %,,= —1
(negative helicity).




Neutrinos must be Massless

o All neutrinos left-handed = massless

 If they have mass, can’t go at speed of light.
v SN A AN
5666

you

YOU e

* Now neutrino right-handed??

= contradiction = can’t have a mass .



Anti-Neutrinos are Right-handed

e CPT theorem in

quantum field theory

— C: interchange particle
& anti-particles

— P: parity

— T: time-reversal

e State obtained by CP
from v, must exist: v,
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Other Particles?

 What about other particles? Electron, muon,
up-quark, down-quark, etc

* We say “weak force acts only on left-handed
particles” yet they are massive.

Isn’t this also a contradiction?
No, because we are swimming 1n a

Bose-Einstein condensate in Universe
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Universe is filled with Higgs

 “Empty” space filled with a BEC: cosmic superconductor
e Particles bump on it, but not photon because it is neutral.

e Can’t go at speed of light (massive), and right-handed and
left-handed particles mix = no contradiction

But neutrinos can’t bump because
there 1sn’t a right-handed one
=> stays massless

?

e €R
0.511 MeV/c2

AN A R A |
= —+ —(—im)— + = (—im)—m— + - -

105 MeV/c2 p—m p P y P p P
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Standard Model

e Therefore, neutrinos are strictly massless in
the Standard Model of particle physics

Finite mass of neutrinos imply the Standard
Model is incomplete!

e Not just incomplete but probably a lot more
profound
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Neutrinos are shy

e Order of magnitude of neutrino cross section on proton at rest:

2
* Very small, poorly measured , Gr m, B, ~ 10 beE ’;/
e
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Neutrinos
from backstage to center stage

Pauli bet a case of
champagne that noone
would discover neutrinos

Finally discovered by
Cowan and Reines using a
nuclear reactor in 1958

Massless Neutrinos in the
Standard Model (*60s)

Evidence for neutrino mass
from SuperK (1998) and
SNO (2002)

o First evidence that the
minimal Standard Model of
particle physics is
incomplete!

2002 Nobel to pioneers:
Davis and Koshiba
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Lot of effort since ‘60s

Finally convincing
evidence for “neutrino
oscillation”

Neutrinos appear to
have tiny but finite mass

; > CHORUS ///3
NOMAD

<(

Sup
RENO 95%e@\MINOS ez NOVA
Daya Bay 95% ¢ e ,

Cl 95% all solar 95%. /

—/KamLAND
95%

\
Super-K
/\95%

All limits are at 90%CL
unless otherwise noted
Normal hierarchy assumed
whenever relevant




Typical Theorist’s View ca. 1990

Solar Neutrino Problem must be solved by
Small Angle MSW solution because it 1s so
beautiful Wrong!
Important scale for oscillation 1s Am2=10-100

e V2 because 1t 1s cosmologically relevant"? "ong
023 must be about 023=V.,=0.04  Wrong!
atmospheric neutrino anomaly must go away

because it requires large mixing angle  Wrong!
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Evidence for Neutrino Mass
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Super-Kamiokande (SuperK)

Kamioka Mine 1n
central Japan

~1000m
underground

50kt water

Inner Detector
— 11,200 PMTs

Outer Detector
— 2,000 PMTs
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SuperKamiokaNDE
Nucleon Decay Experiment

e p—etmV, K+v,etc e Cosmic rays 1sotropic
— So far not seen — Atmospheric neutrino
— Atmospheric neutrino up-down symmetric

main background

cosmic ray
proton

atmosphere

Earth Edetector




Atmospheric neutrinos

1988

* mu/e ratio
e problem w/ Water Ch?
* neutron BG?
e particle ID?
e proton decay?
| .4

1.2

-

{allowed)

S
104
=~ 0'8 1 o 0.2 0.4 0.8
S T sin®26
© 0.6 i FIG. 2. 90% C.L. limits on v, to v, oscillations from rate
© (A4) and stopping fraction {8). Dashed curves show limits from
IMB-1 [14], Frejus [3]1, and CERN-Dortmund-Heidelberg-
04 Saclay (CDHS) [15]. Dotted curve shows the allowed region
from Kamiokande [16]. The Frejus limit is 95% C.L.; others

02 are 90%.
0 IMB, PRL 69, 1010 (1992)
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FIG. 2. 90% C.L. limits on v, to v, oscillations from rate
(A4) and stopping fraction {8). Dashed curves show limits from
IMB-1 [14], Frejus [3]1, and CERN-Dortmund-Heidelberg-
Saclay (CDHS) [15]. Dotted curve shows the allowed region
from Kamiokande [16]. The Frejus limit is 95% C.L.; others

are 90%.
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MIT commencement 6/5/98

Just yesterday in Japan, physicists announced a discovery that tiny
neutrinos have mass. Now that may not mean much to most
Americans. But it may change our most fundamental theories, from
the nature of the smallest subatomic particles to how the universe
itself works, and indeed, how it expands. This discovery was made in
Japan, yes, but it had the support of the investment of the US
Department of Energy.

This discovery calls into question the decision made in Washington a
couple of years ago to disband the superconducting supercollider,
and 1t reaffirms the importance of the work now being done at the
Fermi National Accelerating Facility in Illinois.
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Neutrino’s clock

e Time-dilation: the clock
goes slower

2
At:AT\/1—”—

2

e At speed of light v=c,
clock stops

e But something seems to
happen to neutrinos on
their own

e Neutrinos’ clock 1s
going

e Neutrinos must be
slower than speed of
light

=>Neutrinos must have a
mass

30



The Hamiltonian

 The Hamiltonian of a freely-propagating
massive neutrino 1s simply

H = \/p* +m? ~ pH

m2

2F

e But in quantum mechanics, mass 1s a matrix
in general. 2x2 case:

M2:(m%1 m%z) MZ|1) = mi[1)

Dk 2
mio Moo WE 2) = m% 2)




Two-Neutrino Oscillation

e When produced (e.g., mt—>utv ), neutrino is

of a particular type

v, )=|1)cosf

2) sin @

e No longer 100% v, partly v_!

e “Survival probability” for v  atter 7

Paury = \(Vuluu,tﬂz — 1 — sin* 20 sin? (1.27

Am? GeV L
eV2 FE km

KV



Survival Probability

p=1 GeV/c, sin? 26=1
Am2=2.5%x10-3(eV/c?)2

< A
T

i

0.5 1
0
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Number of Events

Excellent Fit

Sub-GeV o-like
P < 40D MaV/c

300 W
- -+

200 ;-

400

100 F
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Sub-GeV p-like
P < 400 MeV/c

400

300 multi-rin
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Multi-GeV p-like

Downwards v ’s don’t disappear

0.5
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sin220=1

- x?/dof=839.7/755 (18%)
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0.5

0.6
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sin2(20)




Sub-GeV e-like 1d.e.* ] Sub-GeV e-like 0 d.e.* F' Sub-GeV u-like 1 d.e.* ] 400{ Up-u Stopping ]

3.4

Normal ordering, 90% C.L.
MINOS/MINOS+ 2020

¢ — — NOvA 2020

4= - --- T2K 2023

% — - — lceCube 2023

X —— Super-K
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[ Multi-GeV e-like v * ]
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Multi-Ring e-like v
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Implications of Neutrino Mass
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Mass Spectrum

fermion masses

de se@ Dpe

large angle MSW)

V-I ——@H QV2 ‘V3

What do we do now?
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Rare Effects from High-Energies

» Effects of physics beyond the SM as
effective operators 1

L= Lgy + \ﬁ \256

e Can be classified systematically (Weinberg)

Lo = (LH)(LH) — +(L(H))(L{H)) = m,vv

A
Le = QQQL,Lo"W,,He,
e WHWY WA (H'D,H)(H'D*H), - -




Unique Role of Neutrino Mass

of physics at short distances
Tiny effect (m /E, )?~(0.1eV/GeV)2=10-20]

Interferometry (i.e., Michaelson-Morley)
— Need coherent source
— Need interference (i.e., large mixing angles)
— Need long baseline

Nature was kind to provide all of them!

“neutrino interferometry” (a.k.a. neutrino oscillation) a
unique tool to study physics at very high scales

40



Power of Expedition

»-=» proton deay

>».--3» neutrino

>---» |epton flavor o o
>»--» quark flavor E o
e » dark matter S c
» LHC =
» Jevatron
>
102 10% |0é¢ |08 Q!0 [Q!2 Q!4 [Q'6 |OQ!8

experimental reach [GeV]
(with significant simplifying assumptions)

courtesy HM & Zoltan Ligeti 41



Neutrinos have mass

 They have mass. Can’t go at speed of light.

you

* What 1s this right-handed particle?
— New particle: right-handed neutrino (Dirac)
— OId anti-particle: right-handed anti-neutrino (

42



Iwo ways to go

(1) Dirac Neutrinos:

— There are new particles
right-handed neutrinos,
after all

— Why haven’t we seen
them?

— Right-handed neutrino
must be very very

weakly coupled
— Why?

43



Extra Dimension

All charged particles are on a 3-brane
Right-handed neutrinos SM gauge singlet
=> Can propagate in the “bulk”

Makes neutrino mass small

(Arkani-Hamed, Dimopoulos, Dvali, March-Russell;
Dienes, Dudas, Gherghetta; Grossman, Neubert;

Barbieri, Strumia)

Or SUSY breaking

(Arkani-Hamed, Hall, HM, Smith, Weiner;
Arkani-Hamed, Kaplan, HM, Nomura)
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Iwo ways to go

(2) Majorana Neutrinos:

— There are no new light
particles

— What if I pass a
neutrino and look back?

— Must be right-handed
anti-neutrinos

— No fundamental
distinction between
neutrinos and anti-
neutrinos!

45



Seesaw Mechanism

* Why 1s neutrino mass so small?

e Need right-handed neutrinos to generate
neutrino mass , but v, SM neutral

Mp\ (VL m

(VL VR =Y << M
mD M VR M D

e

W2, my~m, M;~1015GeV (GUT!)

To obtain m;~(Am2_



Grand Unification

e clectromagnetic, weak,
and strong forces have
very different strengths

. _ SU(2) Weak
e But their strengths become [ ——
16 : SU(3)
the same at 1016 GeV if ,_ strong
Supersymmetry T TORT T 10‘2} 1{)/'2 10 10 10"
. p (GeV)
* To obtain
my~(Am2, )2, mp~m, Neutrino mass may be
= M,~1015GeV! probing unification:

Einstein’s dream
47



Solar Neutrinos

48



How the Sun burns

* The Sun emits light because nuclear fusion
produces a lot of energy

2L5un 1

— 2

b, = =7 % 10"sec™"
25 MeV 4n(1AU)Z ' 0 %0 o

49



pt+ pto2H + et + ve} Sl L {p*‘ +e + pt-2H + v,

1029

15,08 %

{ 3He + *He —» "Be + y } Lol

99,9 %
7Be+e‘—>7Li+ve} { Be + pt =28 +p J

“He ~+ <He —+4He + 2p* { L + p*— “He + *He [ °B — SBe* + & 4+

{ 8Be* — 4He + *He

50
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o Neutron Gamma ray Y
= Positron Neutrino V



16 14. Neutrino Masses, Mixing, and Oscillations

1
SFII-GS98 + ecCNO
Solar Neutrino Spectra (+=10)

pp[*£0.6%]

— 10 7Be[lt7%]
> q10° "Be[+7%] |
2 8 I pep[+1.2%]
o 10 I
= 2F ®N[+x14%] . --41- " . -1° S -
= 10K _---"7 4177 : \| “\‘
I T O | o] teN[=14%]
F= -Ed S B VP | . 's: . o
g 105 _______ I 1 \l I I eo+eF[i15/0] SB[i14%]
] -7 100 l .

10° Lo

10° : !

10' Lo

I I
| / Ll I

0.1 0.2 0.5 1.0 2.0 5.0 10.0 20.0
Neutrino Energy in MeV

Figure 14.1: Spectrum of solar neutrino fluxes predicted by SSM calculation in [41]. In addition
to standard fluxes, ecCNO neutrinos have been added based on [42]. Electron capture fluxes are
given in cm 25!, Taken from [43].
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Homestake Experiment

The first solar neutrino
experiment 1970-98

600t dry cleaning fluid
CL,C=CC(l,

v, 3Cl (24%)—>e- 37Ar
Makes ~0.5atom/day

Extract them by He bubbling
every ~2wks

Count 37Ar decay in a

proportional counter
T,,=35.04 days

2.56+x0.23 SNU vs 7.6+1.3-1.1 predicted

1 SNU = 10-36 captures/atom/sec

95



Ga Experiments

v,71Ga (40%)—e-71Ge
Low threshold

E >0.23MeV, sensitive
to pp V’s

Radiochemical

GALLEX 1n Gran Sasso,
SAGE in Baksan

Capture cross section
calibrated by 51Cr source

(>60 PBq)!

74+4+7-8 (GALLEX) 75+8-7 (SAGE) SNU
cf. 1284+9-7 predicted

56



We don’t get enough

. Experiment
Bahcall-Pinsonneault 2000

e Neutrino
7 oscillation?

e Something wrong
with our
understanding of

0.48+0.02 | the Sun?

2.06+0.23
A
7

GALLEX
+
Kamioka GNO

H,0 G

Theory ™ "Be m P~P. P€P Experiments pm 57
8

N (O



Confusing data

-#sunspot

Homestake

L
o
=l
ey
m
-
=]
=}
o]
O
o
gﬂ

———- %Ar counts {moving average}\
\

sunspots (inverted and scaled)t

76 78
calendar year

#Democrates 300

in the House
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NEUTRINO MOMENTS, MASSES AND CUSTODIAL SU(2) SYMMETRY *

Howard GEORGI and Michael LUKE
Lyman Laboratory of Physics, Harvard University, Cambridge, MA 02138, USA

Received 17 April 1990

We identify and exemplify a new mechanism which leads to a nonzero magnetic moment for
a neutrino, while suppressing the neutrino’s mass. The mechanism requires that the contribution
to the neutrino mass of the new particles that are responsible for its magnetic moment is
approximately canceled by a contribution from neutral particles, related by a custodial SU(2)
symmetry.

1. The problem

Most likely, the solar neutrino problem [1] has nothing whatever to do with
particle physics. It is a great triumph that astrophysicists are able to predict the
number of B® neutrinos coming from the sun as well as they do, to within a factor
of 2 or 3 [2]. However, one aspect of the solar neutrino data, the apparent
modulation of the flux of solar neutrinos with the sun-spot cycle, is certainly
intriguing [3]. It is, of course, possible that this is an astrophysical problem rather
than a particle physics problem. But that would require a synchronization of cycles
of the interior of the sun with those of the convective layer. both in frequency and
in phase. Thus it seems particularly interesting that there may be a particle physics
explanation of this effect [4], involving a magnetic moment of the electron neutrino
of the order of 10 'y 5.



Neutrino Properties and Leptogenesis

Hitoshi Murayama (Berkeley)
July 15,2024
N3AS Summer School, UCSC
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Matter Effect in Solar Neutrinos
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Figure 14.3: Electron neutrino survival probability as a function of neutrino energy. The points
represent, from left to right, the Borexino pp, "Be, pep, and ®B data (red points) and the SNO+SK
8B data (black point). The three Borexino 8B data points correspond, from left to right, to the low-
energy (LE) range, LE+HE range, and the high-energy (HE) range. The electron neutrino survival
probabilities from experimental points are determined using a high metallicity SSM from [55]. The
error bars represent the +10 experimental 4+ theoretical uncertainties. The curve corresponds to
the +10 prediction of the MSW-LMA solution using the parameter values given in [64]. This figure
is provided by A. Ianni.



% [  Sudbury Neutrino
Observatory

nsa_m':v;:obn,z_ ; 2km
Granite ' '
Gabbro |
s e
tg;m'.l%ts'n.} 2075 m (5000 £1) :“ - ‘I lﬁ \(stlu Stre’ s
A 553 m 0815 1) EA R —fI
\ﬂ“{;
1000 tonnes D,O "
Support Structure
for 9500 PMTs,

60% coverage

12 m Diameter
Acrylic Vessel

1700 tonnes Inner
Shielding H,O

5300 tonnes Outer
Shield H,O

Urylon Liner and
Radon Seal




SNO comes to the rescue

e Charged Current:v,
O = (1.72 £ 0.05 £ 0.11)cm %5~}
* Neutral Current: vV +V +V_
Oy’ = (5.25 £0.167013)cm ™ ?s ™!

=V, . are coming from the Sun!

compared to theory prediction

GUPS0ES) — (5.88 +0.65)cm s~
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Wrong Neutrinos

e Only v, produced in the Sun

o Wrong Neutrinos V. are

BSOS

Peery 68% C.L.

SSM

coming from the Sun!
e Somehow some of v, were
converted to V. On their way

0N 68%,95%,99% C.L.

Ths

=
»
(‘I 1
&
)
o
~
—
-~
X
X
<

from the Sun’s core to the
detector

F I o 68%CL.

=> neutrino flavor B o 65% L
. I ¢p° 68% C.L.
transformation! — R,

- A —
25 (? 35
¢, (x 10" cm2 s
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Nobel Prizes & laureates About Stories Educational Events & museums

The Nobel Prize in
Physics 2015

Laureates

Takaaki Kajita
Arthur B. McDonald

Prize announcement
Press release
Advanced information

Popular information

Award ceremony video

Award ceremony speech

Share this

@ X 0 &

Takaaki Kaiita

The Nobel Prize in Physics 2015 was awarded

jointly to Takaaki Kajita and Arthur B. McDonald

"for the discovery of neutrino oscillations, which
obelprize.org/prizes/physics/2015/mcdonald/facts/” in a new tab shows that neutrinos have mass"




Terrestrial “Solar Neutrino”

. . > KamLAND
e Can we convincingly verify 4 Crane
oscillation with man-made =\
neutrinos?

Am?2 MeV L
Py = 1 —sin?20sin? [ 1.27
sin sin ( [0-5aV2 E 100km>
e Hard for low Am?2

e To probe Am2~10-5¢V?2, need
L~100km, E ~MeV

e Need high @

e Use neutrinos from nuclear
reactors and detector ~kt




Location, Location, Location

Map of Japanese Reactors

HEQEFNREN
DDRRE

'.ﬂ'_'
e T

T —par= I - _
R -

“~
Al
. SR

Hamaoka

68.5 GW reactor
at
(175 +35) km




Detection Principle

Y 511keV

V22 Me\t/’,

-— = =

c

Reactor v,

Y511keV

spectrum

Coincidence signal: detect
Prompt
Delayed

180 us capture time
b, =E+ + 72




KamlLAND

neutrinos do oscillate!

o KamLAND data
- Neutrino oscillation with real reactor distribution

=
)

- previous .
[ reactor experiments

. I~
—
: E =
:-S L =
8 0.8 T
o ® ILL +
d: 06 F B Goesgen o
= A Savannah River T &
a ¥ Palo Verde i
2 04 I o cHooz
% O Bugey T

02 F A Rovno i -

¢ Krasnoyarsk T
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107 107 10" 1 10 20 30 40 50 60 70 80

L,/E (km/MeV) ~Proper time t

L,=(175%35) km




KamLAND
Control Room



Matter Effect

e CC interaction in the e Neutrino Hamiltonian

presence of non- )
C e L B my NoTe 1 0
relativistic electron H=p+ o7 +V2Grne | o
GF _ _ Am? [ —cos20 sin26
L=— \/ie'hb(l — '75)Ve Vefyu(l - 75)6 T AE ( sin20  cos 20 >

Electron neutrino energy higher in the Sun

16



Electron Number Density

log(n,/N,) vs. R/Rg Neaﬂy
exponential

for most of the
Sun’s interior
=> oscillation
probability can
be solved
analytically

Am? =75 x 107° eV? EECRy

10 MeV

10712 eV
e B,

ne(0) ~ 100N gcm >

Nne (1) &~ ne(0)e ™"/ | with Whittaker
ro ~ R/10 ~ 7 x 10*km function

76



Propagation of v,

e Use “instantaneous” e For the LMA region,
eigenstates v, and v_ the dynamics is
adiabatic: there 1s no

hopping between states
P.yrvy = cos? 6 cos? 0, + sin® #sin® 6,,

- sin@,,, = sin 6

Am2 =75 x 10 %eV?
E, =10 MeV
sin® 6 = 0.001

1 .
Poye =1 — 5 sin? 26

sinf,, =1
2
sury — S1I 0




b= H 3
0.9F =
0.8 =
0.7 PP =

a® 0.5; { B —i
04F H =
0.3F -
0.2F =
0.1 =

0:| 1 1 1 1 1 111 | 1 1 1 1 1 111 | I:

10" 1 10

B Neutrino Energy [MeV]

1.0/

0.8 . . Am? = 7.5 x 10" °eV?
-sinf,,, = sin6 ,
Psurv:1—181H229 sin® ¢ = 0.13

0.6 i 2

PSLII'V :

0.4 -

: sinf,, =1
0.2 Piyry = sin® 0
OO 7 | . . . [ . . . [

0.1 0.5 1 5 10

E,[MeV]



Super-K
RENO 95% OS ﬁ-_, NOvVA |

| Daya Bay 95%

March 2002

April 2002

with SNO

Dec 2002
W]th Kaml. AND 10—9 ...........................

All limits are at 90%CL
| unless otherwise noted
Normal hierarchy assumed

whenever relevant
12 l 1

10°* 1072

10"
2
tan“0
http://hitoshi.berkeley.edu/neutrino




The Borexino
detector (@ LNGS

Active volume:
280 tons of liquid
scintillator.

Detection principle
v.+e—> v +e

Elastic scattering off the
electrons of the scintillator.
Threshold at ~ 60 keV

(electron energy)

(e

\ B\ /AN Nylon Vessels

\




id.of. = 172.3/147

‘ — } (free — 210Pg: 583 1 2 (free)
| — 7Bes 462:21(constramed) e 1403 398 + 0.9 (constrained)
| = pep v: 2.8 (fixed) Pile-up: 321 + 7 (constrained)
' CNO v: 5.36 (fixed) e 210Bj: 27 + 8 (free)

. L 214pPb: 0.06 (fixed) e B5Kr: 1 2 O (free)

Synthetic
pile-up

214
10’4;' oY A

: : I : : ! | A | 1 | : A ) : : :
350 400 450 500 550
Energy (keV)

105{’.:'[.»_0"!1..'1..!:
150 200 250 300




Masses and Mixings

82



,,,,,,,,,,,,,, SRt aya B CZ"“}?

ty detectors: moved to underground
"""" i R ) halls through access tunnel.
Filled detectors: swapped between

underground halls via horizontal tunnels.
(s \ T e

ng Ao Near'

ng Ao- II NP :
" (under consf ) L

6 8
Prompt energy [MeV]




m? m2
A - v, A
-,
-V
m32__ ] __m22
A —Say2
solar~7.5x107eV 5
: : —+-m,
2 atmospheric
‘U f7;| ~2.5x1073eV2 ,
atmospheric
Myl e — ~2.5%107%eV?
5 solar~7.5x1072eV? v 5
m~— I /713
? I ?
0 0
Ve Uel Ue2 Ue3 V1
VM = Uﬂl UMQ UM'?’ V2
Vr UTl U7'2 U7'3 V3

0
sin @23

0 —sinfy3 cosbos

0.15¢%
0.66
0.73

0.82
—0.41
0.37

0.95
0.62
—0.56

cos 019
— sin 019

0

sin 012
cos 019
0




Seven Questions

Dirac or Majorana?
Absolute mass scale?
Mass ordering?
CP Violation?

~2.5x1073eV?

Is 623 maximal? atmospheric
2 ~2.5x1073eV?

atmospheric

Sterile neutrino(s)?

Baryon asymmetry?




Seven Questions

Dirac or Majorana? = neutrino less double 3 decay
Absolute mass scale? = cosmology, Project 8
Mass ordering? = JUNO, DUNE

CP Violation? = Hyper-K, DUNE

Is 0,; maximal? = DUNE, Hyper-K

Sterile neutrino(s)? = SBN program @ Fermilab

Baryon asymmetry? = Leptogenesis
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Neutrinoless Double-beta Decay

The only known practical approach ’
to discriminate Majorana vs Dirac
neutrinos
¢

O\/Bﬁ nn %ppe e- with nn
Inverted ordering
neutrinos

Matrix element « <m >=>m U, 2

Ivi el

Current Iimit

l<m,>| < about 0.€Normal ordering

Next goal is to exclude inverted
hierarchy

<m,>=2m U, 62<0.10 eV

Vi el
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Lab vs Universe

inverted ordering
T
my>L dm? _
solar~7.5x102eV?2 ) 2
atmospheric T -~ 0.01
~2.5%x103eV? . £
atmospheric deri
m22__ ~2.5x103eV?2 (o] erlng
5 solar~7.5x102eV?2 )
my - E— /13
I ? I ? 30 Range - Prior mmmm
o Posterior
0 0 0.001 - :
0.1
Z; m; [eV]

Shao-Feng Ge and Werner Rodejohann arXiv:1507.05514
88



https://arxiv.org/abs/1507.05514

mass ordering

Jiangmen Underground Neutrino

Observatory (JUNO)
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Hall, HM, Weiner

Anarchy

023

Kolmogorov-Smirnov test (de Gouvéa, HM)

nature has 47% chance to choose this kind of numbers 9



Haba, HM

Anarchy and Hierarchy
e Consider a simple generation | 3rd | 2nd | 1st
U(1) flavor Q.ut,e” | +0 | 41 | +2
trv broken b L,d° +1 | +1 | +1
symmetry broken by N SRS
e(—1)
et g3 g2 1 1 1
M, ~ g3 g2 gl M, ~ ¢? 1 1 1
g2 el 1 1 1 1
g3 g3 g3
Mg~ M~ | &2 &2 &2

E E E 93



large angle MSW)

V~| —@H .Vz ‘V3




Prefers maximal CPV

0
-1 -0.75 -05 -025 O 025 05 0.7 1

Sin 0



Leptogenests

96



® a scientist at CERN
created 0.25g of
antimatter without the

knowledge of DG

® it will fall into the hands
of an evil guy

a billion billion dollars




BASED ON THE BEST-SELLING NOVEL
BY THE AUTHOR OF

ki THE DAVINCI CODE



¥ 2008 Nobel Prize

CP Violation

e [s anti-matter the exact mirror
of matter?
1964 discovery of CP violation
* But only one system, hard to
tell what is going on.
2001, 2002 Two new CP-violating
phenomena
e But CP violation observed so
far 1s too small by a factor of
10-16to explain the absence of
anti-matter
e doesn’t look like quarks are 5 -5 25 0 25 5 75
important here (LHCDb, Belle2) -GAt(ps)
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End of Inflation

matter anti-matter

100



Reheating

1,000,000,000

matter anti-matter

101



Empty Universe?

matter anti-matter

102



Beginning of Universe

1,000,000,001

matter anti-matter
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fraction of second later

1,000,000,002

matter anti-matter

104



Universe Now

us

matter anti-matter

105



Sakharov’s Three Conditions

e If you take inflation seriously, asymmetry
cannot be the initial condition

e microphysical mechanism is needed
(1) baryon number violation

(2) C and CP violation
(3) departure from equilibrium

106



¥ 2008 Nobel Prize

CP Violation

e [s anti-matter the exact mirror
of matter?
1964 discovery of CP violation
* But only one system, hard to
tell what is going on.
2001, 2002 Two new CP-violating
phenomena
e But CP violation observed so
far 1s too small by a factor of
10-16to explain the absence of
anti-matter
e doesn’t look like quarks are 5 -5 25 0 25 5 75
important here “SfAt(ps)

g O O

c
L
-
©
S
£
=,
®)
<
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Anomaly!

e W and Z bosons massless at
high temperature

e W field fluctuates just like in
thermal plasma

e solve Dirac equation in the

presence of the fluctuating W
field

Ag=Ag=Ag=AB=AL




Leptogenests

Fukugita Yanagida

* both neutrinos and anti-neutrinos have
charge =0, can reshuffle matter & antimatter

e saved us from complete annihilation?

109



aﬂu’f presents A PIXAR s

V,
IHE lvCREDIBLES

NOW PLAYING




Leptogenests

successful
region

. . e 111,
M. di Bari. Plumacher Buchmuller




no direct connection to CP violation in oscillation
but a plau5|b|I|ty test

lllll llllllllllllllllllllllll l llllllll
o -

0.5F — Wlthout Cut 2

: — With Cut ]
0.4 . . ;
; Hierarchical m_ ;
03¢ N=0 unitD=30 -
02 _ random mass matrices __
: N1(+2), Na(+1}, N3(0)

01| Ly(+1), Lo(+1) L5 (+1)

e(—1) =~ 01

-5-2-1 0 1 2 3 4 56
Ig(ng/10™)

Xiaochuan Lu, Murayama



* X %

X i # ¥

MEXT

MINISTRY OF EDUCATION,
CULTURE, SPORTS,

build a 104 GeV collider




how do we test it?

® possible three
circumstantial evidences

—OvBp SN

— CP violation in neutrino ?‘
oscillation D

— other impacts e.g. LFV
(requires new partlcles/
interactions < 100 TeV) §

® archeology
® any more circumstantial
evidences?



Mp;

Natural to think M is induced from symmetry breaking
e.g. L=-y(p)N N

successful
region

. ot
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.
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. .
.t
Y
.

.
Q ot
.....

- e

Phase Transition Gravitational Waves?



U(l)s-L

Consider <¢p>#0
— Mg from <¢@>VgVg Or <@2>VrVr/Mp;

U(1) breaking produces cosmic strings because
m(U(1))=Z

nearly scale invariant spectrum
simplification of the network produces gravitational waves

stochastic gravitational wave background

116



https://www ligo.org/science/Publication-S5S6CosmicStrings/index.php

~cosmic Strings

GN]l ~ v2/Mp)? 117
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J. Dror, T. Hiramatsu, K. Kohri, HM, G. White, arXiv:1908.03227
covers pretty much the entire range for leptogenesis!
caveat: particle emission from cosmic strings



SO(10)

It is natural to embed U(1)z_z etc into SO(10)

However, SO(10)—SU3)xSU(2)xU(1) doesn’t lead to cosmic
strings because i (SO(10)/SUB)xSU2)xU(1))=0

SO(10)—=SU3)xSU2)xU(1)xU(1)p_z produces monopoles

— SO(10) scale is presumably V~1016GeV>v

— need inflation below this scale
SUB)xSUR)xU(1)xU(1)p-—=SU(3)xSU(2)xU(1) produces strings

— strings can be cut by monopole-anti-monopole pairs through a
tunneling process



e
F’ [ monopoles

e string from U(1)p-; breaking is basically Abrikosov flux in
a superconductor

— For the Higgs ¢p(xQ)
— magnetic flux h/(g Q) x integer (0=1, 2, ...)

— minimum monopole charge h/g

— If O=1, monopole can saturate the flux and cut the
string

— If O0=2, the minimum string cannot be cut by monopoles
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SNeutrino Inflaton

Superpartner of a heavy neutrino

displaced from the minimum at V((P)
the beginning ¢ + 3¢ = V'(¢)

rolls down slowly: inflation |¢| < |¢| = V()
quantum tluctuation source of g2 _ 8 V.
later structure 3 Mg,
decays into both matter and anti- P

matter, but with a slight
preference to matter

decay products contain
supersymmetry and hence Dark

Matter Iog RB
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HM, Suzuki, Yanagida, Yokoyama 50 100 150 200 250 200 350
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