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Theoretical proposal

» 1920s: f decay (thought to be n — p + e™), but experiments observed non-monochromatic E!!! (Also spin-non
conservation)
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to observe processes of this kind with the neutrinos created in nuclear transformations.

> 1 year 3-10’s
» 100 kg of water, N~ 5 - 1026
> The flux at the detector needs to be >1010 p/ (s-cm2)-
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Theoretical proposal

» 1920s: f decay (thought to be n — p + e™), but experiments observed non-monochromatic E!!! (Also spin-non
conservation)

» 1930: Pauli writes famous letter proposing a neutral particle (modern neutrino) with spin 1/2 involved in
decay, as a desperate solution.

» 1933: Fermi presents one of the most influential theory papers ever, describing beta decay involving neutrinos.
» Gets rejected by Nature journal — Moves to experimental physics.

> 1934: Bethe & Peierls calculate o < 10=44 cm? for E, & 2 MeV and state: It is therefore absolutely impossible
to observe processes of this kind with the neutrinos created in nuclear transformations.

> 1 year 3-10’s
» 100 kg of water, N~ 5 - 1026
> The flux at the detector needs to be >1010 p/ (s-cm2)-

It get's even worse:

» 1936: Muon is discovered.
» 1938: Muon is shown to decay.

» 1949: The outgoing electron in p decay is not monochromatic! And therefore y - e+ v+ v
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Instense neutrino fluxes

» 1939 Bethe shows that Sun’s energy might have its origin in thermonuclear reactions. (Nobel Prize 1967)

» The transition of Fermi to experimental physics starts another revolution.
» Studies how to induce radioactivity by neutron bombardment.
» Discovers how enhance neutron cross-section by using moderators (Nobel Prize 1938).
» Uses both concepts above to create first ever nuclear reactor in 1942.

Discovery

» 1954 Davies tries: 7, +?; Cl —>?g Ar + e™... without success ( > v # I ).

» 1956 Cowan & Reines try: U, +p — n+e* ... DISCOVERY!!! (Nobel Prize 1995). (200 kg water+Cd)
> 1960 Davies tries v, +37 Cl =37 Ar + ¢~...DETECTS SOLAR u!!! (Nobel Prize 2002). (250T chlorine)

» However... the detected rate is significantly lower than predictions from Bahcall.
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The early days of the SM

» 1956 Lee &Yang propose weak interactions violate parity. Demonstrated in 1957 by Wu. (Nobel Prize 1957)
» 1957 Feynman & Gell-Mann cast weak interactions in its modern V-A shape.
> 1962 Lederman, Schwartz and Steinberger discover that 1, # v, (Nobel Prize 1988).

» 1961 Glashow unifies electromagnetic & weak interactions. Salam + Weinberg add SSB (Nobel Prize 1979).

» The standard model is born (with 2 generations)!
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The early days of the SM

» 1956 Lee &Yang propose weak interactions violate parity. Demonstrated in 1957 by Wu. (Nobel Prize 1957)

» 1957 Feynman & Gell-Mann cast weak interactions in its modern V-A shape.
> 1962 Lederman, Schwartz and Steinberger discover that 1, # v, (Nobel Prize 1988).

» 1961 Glashow unifies electromagnetic & weak interactions. Salam + Weinberg add SSB (Nobel Prize 1979).

» The standard model is born (with 2 generations)!

The SM grows up

» 1973 Kobayashi & Maskawa extend the number of quarks from 4 to 6 to explain observed CP violation.
» 1974 7 lepton is discovered at SLAC — people immediately assumes v_ exists.

» 1977 discovery of bottom quark, 1995 discovery of top quark.

» 2000 discovery of v, by DONUT collaboration.

» 1990s-2000s Aleph collaboration shows number of neutrinos with mass below W boson mass is 3.

» 2012 ATLAS + CMS discover the Higgs boson.
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» 1950-60s Maki, Nakagawa, Sakata & 1967 Pontecorvo proposed neutrino flavor oscillations.
» 1978 Wolfenstein + 1985 Mikheyev & Smirnov describe ‘matter effects’, modern MSW effect.

Birth of astrophysics & further evidence of exotic physics

» 1985 KamiokaNDE is upgraded to study neutrinos: Kamiokande-Il (shift towards modern neutrino physics).
» 1987 Kamiokande (12 events) & IMB (5 events) detect SN1987A. (Koshiba, Nobel Prize 2002).

» 1990 Kamiokande demonstrates flux of neutrinos comes from the Sun (Koshiba+Davis, Nobel Prize 2002).

» 1990s Kamiokande finds a deficit in solar neutrinos AND in atmospheric neutrinos.

» 1990s GALLEX/GNO and SAGE confirms this deficits with lower detection thresholds.
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Neutrino oscillations & astrophysics

Theory

» 1950-60s Maki, Nakagawa, Sakata & 1967 Pontecorvo proposed neutrino flavor oscillations.
» 1978 Wolfenstein + 1985 Mikheyev & Smirnov describe ‘matter effects’, modern MSW effect.

Birth of astrophysics & further evidence of exotic physics

» 1985 KamiokaNDE is upgraded to study neutrinos: Kamiokande-Il (shift towards modern neutrino physics).
» 1987 Kamiokande (12 events) & IMB (5 events) detect SN1987A. (Koshiba, Nobel Prize 2002).

» 1990 Kamiokande demonstrates flux of neutrinos comes from the Sun (Koshiba+Davis, Nobel Prize 2002).
» 1990s Kamiokande finds a deficit in solar neutrinos AND in atmospheric neutrinos.

» 1990s GALLEX/GNO and SAGE confirms this deficits with lower detection thresholds.

Discovery of oscillations

» 1998 Super-Kamiokande reports evidence of oscillations in atmospheric neutrinos. (Kajita, Nobel Prize 2015)

» 2002 SNO demonstrates solar neutrino deficit is due to MSW effect. (McDonald, Nobel Prize, 2015)



Contemporary history

The discovery of neutrino oscillations ignites a revolution

» Neutrinos have mass... (3 d.o.f)... but it is difficult to accommodate in SM. (Dirac - Majorana)

» Neutrinos mix (4 d.o.f.) — effectively violate lepton number conservation.
» The SM shifts from a theory with 19 d.o.f to 26 d.o.f | + possible extensions.
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The discovery of neutrino oscillations ignites a revolution

» Neutrinos have mass... (3 d.o.f)... but it is difficult to accommodate in SM. (Dirac - Majorana)

» Neutrinos mix (4 d.o.f.) — effectively violate lepton number conservation.
» The SM shifts from a theory with 19 d.o.f to 26 d.o.f | + possible extensions.

Many experiments are built since 2000s to fill the voids of knowledge
Proliferation of data quantity, quality & diversity over years

Start of precision neutrino physics
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Modern v physics phenomenology

Neutrinos interact as weak states (v, 1,,7,) , but propagate as mass states (1, 1, 3).
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Modern v physics phenomenology

Neutrinos interact as weak states (v,,7,,7,) , but propagate as mass states (v, 15, 13).
(v,\ (1 0 0 ( C13 0 s13e_i5€1’\ (¢, s, 0) (v
Ll=10 3 sul- o 1 0 ||-s, ¢, O] -|®2
\“7) \O —353 O3 k—s13e"5€f’ 0 cy ) L O 0 1, V3

¢j=cost; s;=sin6;

Flavor eigenstates evolve in time cyclically, with a frequency that depends on E.

Two neutrino approximation
1.0r

0.8

( AmzL Ami?L 2o
PCV —>vﬂ)— aﬁ—42d sin? + 2 % sin z
l 2E, E
2 04
Amlj = m2 — mjz CP conserving _ CP violating 02
vorv '
00°3 1000 2000 3000 4000
L/E (km /GeV)
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Modern v physics phenomenology if:

Neutrinos interact as weak states (v, 1,,7,) , but propagate as mass states (1, 1, 3).

(v,\ (1 0 0 ( C13 0 S13€_i5CP\ (¢, s 0) (v
yﬂ — O C23 S23 ' O 1 O N B Sl ) Cl ) O ' I‘/2
\“7) \O —353 O3 k—SBe"‘SCP 0 cz ) L0 0 1) *
C;j = €OS 91']' S; = sin 91.].
2 2
Accelerator Solar

Different experiments have different typical L/E, allowing to explore different sets of parameters
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absolute value. We need one extra constrain.
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Intensity (count rate, arbitrary units)

Modern v mass experiments

Neutrino oscillations inform us about the relative mass differences:

absolute value. We need one extra constrain.

Direct mass searches (KATRIN)
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Intensity (count rate, arbitrary units)
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Modern v mass experiments P

Neutrino oscillations inform us about the relative mass differences: Amijz. = ml.2 — mjz, but not about

absolute value. We need one extra constrain.

Direct mass searches (KATRIN) Cosmological Probes

e\)\‘\“

R- decay

3He q

8-10""

6-10 "
+ e + U
. B Y R Neutrino energy density affects history of the
m,=03eV —— : : : : .
i o Universe, leaving numerous imprints:

» CMB

AE=1.0eV

4| 11081 ] ) )
210 \ » distribution of galaxy clusters
100 =
0100 S » Lyman-alpha forest.
0-10° A : — : ‘
0 2 4 6 8 10 12 14 16 18

Energy [keV]
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Modern v Knowledge

Mass scale

Y U, 1> m?< 0.8 eV (90%C.L)

l

D m, < 0.111 eV (90%C.L)

Would imply  mjeqast < 0.05eV.

<
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Y U, 1> m?< 0.8 eV (90%C.L)

D m, < 0.111 eV (90%C.L)

612 : 4.6% [14%)],
Am3, : 5.5% [16%),

Mixing

013 : 2.9% [9.0%],
|Am3,| : 2.2% [6.7%],

Would imply  mjeqast < 0.05eV.

Bas : 5.1% [27%),
Scp : 39%[100%) .
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Modern v Knowledge

Mass scale

Y U, 1> m?< 0.8 eV (90%C.L)
]

D m, < 0.111 eV (90%C.L)

Would imply  mjeqast < 0.05eV.

Mixing

012 : 4.6% [14%], 013
Am2, : 5.5%[16%],  |AmZ|

What we don’t know?

» Neutrino mass scale.

» Neutrino mass ordering.
» (3 octant.

» CP violation.

: 2.9% [9.0%), 023 : 5.1% [27%),
1 2.2%[6.7%],  dcp : 39%[100%) .

7 d.o.f, still 4 unknowns.

<
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Why do we care, |

® Why are masses so small?
ueV meV eV keV MeV GeV TeV
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Dirac mass terms are allowed, but imply 3 right handed neutrinos, not explain mass smallness.
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® Why are masses so small?

Generation
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Dirac mass terms are allowed, but imply 3 right handed neutrinos, not explain mass smallness.

® Are neutrinos Majorana particles?

u u
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2. e~
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d u
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® Why are masses so small?
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Dirac mass terms are allowed, but imply 3 right handed neutrinos, not explain mass smallness.

® Are neutrinos Majorana particles? ® What is the mass ordering? o If 10: why???
u X u u X u ve- V/l VT-
d i d d i d
d ’ u d ’ u sin’ 653 sin’6,
s 7 31 E— o —
N N 7 ) 2 2
e Sin 9|3 AInsnl
e Am,, | .
e _
Ve e sin2€)|2 y
e S 2 [I— A
A\ N Amz. )
d u d u sol sin“ 63
d i d d i d | . 31 .
u u u u si112 613
7 7 NORMAL i INVERTED
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Why do we care, i

GUTs: 3 generations... pairs of quarks, pairs of leptons... leptoquarks?

» Wait, what is this??7?
1% d S b

e‘QQ u
@ O -
: ‘QQ t

The ‘democratic’ PMNS pattern contrasts with the ‘hierarchical’ structure of the CKM matrix.

The value of 0,5 is very close to 45deg. Important for model building.

By determining PMNS with precision, we can uncover BSM physics: similar to modern LHC searches.

14



Why do we care, Il

The Big Bang

~ 100 s after the Big Bang
Primordial Nucleosynthesis

~ (0.1 s after the Big Bang
Neutrinos Decouple

~ 400 kyr after the Big Bang
Relic Photons (CMB) are free

=

» Still not clear why we have such a large
matter-antimatter imbalance.

» Leptogenesis? — requires 6.p # {0,7}

» Measuring v masses from HEP &
cosmology would bring major insight.

<
r
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Why do we care, Il

The Big Bang

~ 100 s after the Big Bang
Primordial Nucleosynthesis _
» Still not clear why we have such a large

matter-antimatter imbalance.
» Leptogenesis? — requires 6.p # {0,7}

» Measuring v masses from HEP &

cosmology would bring major insight.
~ (0.1 s after the Big Bang

Neutrinos Decouple

~ 400 kyr after the Big Bang
Relic Photons (CMB) are free

BONUS: CvB would allow us to look directly into the very early Universe

Wait... £, ~ 100 peV...

Nothing exists that is remotely similar to what is needed to attempt this.

15



Let’'s do some measurement
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® Discovery of 0,3 > 0.

® First hints of o-p # {0,7}
® Leading sensitivity to Am3s, 0h3, Scp.

Anindication ofmatter-antimatter
synimetry violationinnéutrinos
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Oscillation probability Neutrino flux
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Expected event rate Interaction cross-section Detector efficiency
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T, K™
INGRID 0° on-axis muon focussing horns
E ~ 1.1 GeV on-axis monitors decay volume P )
) |e” - 30 GeV/c
WAGASCI 1.5° on-axis ' nt, K" |(| LA protons

E, ~ 0.9 GeV

off-axis

ND280 2.5° on-axis
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Cross-sections £, ~ 1 GeV
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Massive effort in T2K
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The future of T2K

Beam upgrade: TDR (2019):

e-Print: 1908.05141
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My work:

» Develop software & hardware to make possible this upgrade.
» Large project with >100 collaborators.
» First data taking in 2023.
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Hyper Kamiokande (accelerator program) iP
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Hyper Kamiokande
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Core-collapse SNv: constrain SN profile models
Diffuse SuperNova v background
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Conclusions

» Over 90 years of study of neutrinos: much has been learnt, much still to be discovered.
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Conclusions

» Over 90 years of study of neutrinos: much has been learnt, much still to be discovered.

Start of precision neutrino physics

The unknown, awaiting for us to uncover it!
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