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1930

... Wolfgang Pauli.

60 0 . -
Co—"Ni+ex?

Physikalisches Institut
der Eidg. Technischen Hochschule Zirich, Lo Des. 1930
Zirich Cloriastrasse

Iiebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhdren bitte, Ihnen des niheren auseinandersetzen wird, bin ich
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boda~Zerfall mit dem Alektron jeweils noch ein Neutron emittiert
wird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist,

Alex Himmel



q_". Letron

B?_hu DP.LDE\a

N

T\

N
60 60 A7 -
Co—"Ni+e+v
Fermi’s neutrino is
massless and feels only
the weak force
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Only Weak Interactions

Strength ~ frequency of collisions

Interaction length for a high-
energy photon in carbon is
~20 cm.

Paper  Glass

For a neutrino of the same
energy its ~1 light year!
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How to “See” a Neutrino

VA
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* Neutrinos, being neutral, do not interact with photons.
They are literally invisible.
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How to “See” a Neutrino

Charged
particles out

Vi

Y
-
--4’

* Neutrinos, being neutral, do not interact with photons.
They are literally invisible.

 When the neutrino collides with an atom, it produces
charged particles.

* They are visible and seem to appear out of nowhere.
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The First Detection

Invisible
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The First Detection

Invisible Hydrogen
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The First Detection

Invisible Hydrogen
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Produce light
in Scintillator

Scintillator
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The First Detection Produce light

Invisible Hydrogen in Scintillator
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Where do neutrinos come from?

Reactors

Nuclear
Bombs

https://what-if.xkcd.com/73/
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Where do neutrinos come from?

Reactors

Test-Beam e a1
Fixod-Target Beamiines =— X\
-

<+
T ~

Nuclear
Bombs

https://what-if.xkcd.com/73/
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Discovery of Neutrino Flavor
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Discovery of Neutrino Flavor

_| 1962
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FIG. 1. Plan view of AGS neutrino experiment.
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Discovery of Neutrino Flavor | | 1962
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Discovery of Neutrino Flavor ] 1962
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Solar Neutrinos

Blessing of weak interactions -
carry information from deep inside
heavy objects.
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Solar Neutrinos
H% *H

ﬁv
* Blessing of weak interactions -

carry information from deep inside
heavy objects. H@ @'H

1
'H
*He

* Rate of neutrinos from fusion is Y @ oo
extremely sensitive to the | s ay e‘ @ revor
temperature of the sun. v teuno .
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Solar Neutrinos become a Problem
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Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]
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The Solution: Neutrino Oscillations 1998

Discovered in 1998 by | i | Atmospheric
Super-Kamiokande | Neutrinos
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Neutrino Oscillations

Create in one flavor (v,), but detect in another (v,)

Source Detector €

Alex Himmel
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Neutrino Oscillations

e (Createinonef

avor (v,), but detect in another (v,)

Detector €

* Each flavor (e, u) is a superposition of different masses (1, 2)

Ve
Y
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A Colorful Analogy

Red 100%
Green 0%
Blue 0%
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A Colorful Analogy

wm

Red 100%
Green 0% Magenta 84%
Blue 0%

Black 1%
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A Colorful Analogy

Green
Blue

Alex Himmel
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A Colorful Analogy

s m

Red 100%
Green 0%
Blue 0%

Black
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Neutrino Oscillations

Alex Himmel
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Neutrino Oscillations

cosf sinb
< —sinf cos 6’2

Vi
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Neutrino Oscillations

Alex Himmel
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Neutrino Oscillations

cosf sinb cosf sinb
—sinf cos 6’? —sinf cos@
Phase « (m)*L/E

Vy o >| v

v, 'V >| V)

Phase « (m,)?L/E

Neutrino oscillations
require that neutrinos
have mass!
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Neutrino Oscillations
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Neutrino Oscillations

* With only 2 neutrinos, the oscillation formula is simple:

Am?|L
Pv,—v,) = 1—sin2(26’)lsinz< ZE )

AT

P(Vg — Vg)

N IR R
L/E (A.U.)
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Three-flavor Neutrino Oscillations

= UpmNs

* Oscillations among the three
neutrino flavors depend on:

— The mixing matrix
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Three-flavor Neutrino Oscillations

= R(023) - R(613,0cp) - R(b12)

* Oscillations among the three
neutrino flavors depend on:

— The mixing matrix
* 053, 013 0¢p 017

Alex Himmel 40



Three-flavor Neutrino Oscillations

= R(023) - R(613,0cp) - R(b12)

* Oscillations among the three
neutrino flavors depend on:

>

— The mixing matrix 2
* 053,013 0cp 01 AmSQ
— The mass differences v
* Am?3;, Am?y, @ A 9
o | A3
@
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Solar Neutrinos

T

Total Rates: Standard Model vs. Experiment
Bahcall-Serenelli 2005 [BS05(0P)]
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* The definitive solution came from the N WL
SNO experiment, which measured Takaaki Kaita, Znd
both the ve and all-v fluxes together. Aibnr B, MeDanald
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Understanding oscillations: a world-wide effort

D¢
— R(6’23) - R(613,0¢cp) - R<912)

&0

@
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Understanding oscillations: a world-wide effort

Alex Himmel

*
— R(6’23) . R(6137 5C’P) )

Am3z, Y

Amgl Yo v
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Understanding oscillations: a world-wide effort

DEEP UNDERGROUND i
= NEUTRINO EXPERIMENT

Alex Himmel 46




Understanding oscillations: a world-wide effort

Atmospheric

Accelerator and m

A

Alex Himmel

% K
R(023) - R(013,0cp) - R(012)
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How to study oscillations: Disappearance

Sub-dominant term
due to small 645

Py, —v,)~1-— (Sin2(2913) sin®(fa3) +

cos” (f13)|sin" (2023) ) sin® (@L)

1K

T A | T
/-g —_—
Sor 1 5
T T
g r ] 3 One.dlp due.to “
e A the fixed baseline. ]
| | | | | | | | | | | | i i i i i 1 I 1 'l 1 I [ 'l 1 I L L L
L/E (A.U.) E (A.U.)
. Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”,
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Designing an Accelerator v Experiment

Alex Himmel

Baseline

Energy

Detector Technology
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Designing an Accelerator v Experiment

Past
K2K

MINOS
ICARUS

Opera
T2K
NOVA

Hyper-K
DUNE

Future
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Designing an Accelerator v Experiment

Past
K2K

MINQOS
ICARUS

Opera
T2K
NOVA

Hyper-K
DUNE

Future
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J——

Designing an Accelerator v Experiment

K2K I I
MINOS I I
ICARUS O I I

Opera O I I
T2k |
NOvVA I I
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DUNE I I

1 10 100 1000 10000

L/E (km/GeV)
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How to study oscillations: Disappearance

Compare the
measured
spectrum to the
unoscillated
prediction...

(o)}
o

Events /0.1 GeV
N
o

N
o

OII|H_|_I_|_|JIIII|IIII;IIII
0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)
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How to study oscillations: Disappearance

NOVA Simulation
IIIIIIIIIIII|IIII|IIII |||||||||IIII||||||||||
i Compare the R But there are large
i measured X uncertainties from
spectrum to the 151 the neutrino flux and
60 unoscillated : cross-section.
prediction... i 1 ]

Events /0.1 GeV
N
o

N
o

OIIIH—I—I—I_IJlllllllll;IIII Ollmi:!lll'
0 1 2 3 4 5 0 1 2 3 4 5

Reconstructed Neutrino Energy (GeV)  Reconstructed Neutrino Energy (GeV)
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How to study oscillations: Disappearance

NOVA Simulation
IIIIIIIIIIII|IIII|IIII |||||||I|IIII|I||||||||
Compare the i .
measured i Control those systematics
spectrum to the 151 with measurements at a
60 unoscillated i Near Detector.
prediction... i i

] B —I_ i

Events /0.1 GeV
N
o

N
o

OIIIH—I—I—I_IJlllllllll;IIII Ollmiillll'

0 1 2 3 4 5 0 1 2 3 4 5
Reconstructed Neutrino Energy (GeV)  Reconstructed Neutrino Energy (GeV)
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NOVA: L=810 km

How to study oscillations: Appearance
I L | L | L | L | L |
I Still start from the 81
unoscillated v, i
I prediction based * 6
60} on ND f i
% - measurements. 5 4;
S | * =
S 401 o = 05
o | 1
c
o | 1
>
mw | 1
20 %
7 * 2
B 1 C
l—l | 2
0 L h Ll | I | L1 >
0 1 2 3 4 5 t

Reconstructed Neutrino Energy (GeV)

T T T T T

| L

| L |

v, = Vv, oscillations
are sub-dominant

(a few %)

4 5

VA W -
Neutrpo energy (GeV)
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50__IIIIII"""I"'I||||.__
- Need ND ]
40 measurements to |
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* Depends on every oscillation

How to study oscillations: Appearance

parameter.
— All angles must be non-0.

— We didn’t know we could do

this until 201 2!

All the unanswered
(oscillation) questions
depend on v, appearance.

...but they’re unanswered
because it’s really hard!

= R(023) - R(013,5cp) - R(012)

P(v,>Ve) %

NOVA: L=810 km

No mattér effects —
sin°20,,=0.085

IAMZ,|=2.44x10°e V2]
sinf0,,=0.5 )

— NH =0

Events

‘1”

2 3 4 5
Neutr\no energy (GeV)
NOVA Simulation
1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1

B0FT T T 1

40

30

20

10

Need ND
measurements to
constrain both
signal and
background.

OO

L 1 1 1 Il 2 3 4 5
Reconstructed neutrino energy (GeV) 57



Open questions in neutrino oscillations

1. Do neutrino oscillations violate
CP symmetry directly via §.p? R(923) ' R(913 |0cP) - R(012)

f}.m_':::
i “« ” » I -, > v I
2. Is the mass hierarchy “normal v Am3, 2 Am?,
or “inverted? h _ h |
Ams,
v 1 B
vy [

. 't ) ?
3. What is the “octant” of 63 v, [T N

— Oris the mixing “maximal”

(e.g. B3 = 45°)? vy T e
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Aside — what is CP symmetry?

 We are very interested in symmetries and
broken symmetries since they are deeply
related to fundamental laws.

* C = charge, which means particle-
antiparticle symmetry

* P = parity, which means symmetry under Emmy Noether
mirror reflections

* Large violations of C and P symmetry are

common, but violations of C & P together
are very rare.

* Important: more CP violation is needed to
explain why the universe is made of matter!
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1. Is the mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,57

@)
-
—
o+
-
Q
k=
)
C
<

Vacuum and no CP

1| violation: neutrinos

and antineutrinos
are the same

4 6

HQV e ) %

Neutrino
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1. Is the mass hierarchy “normal” or “inverted?
2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,57

8_— | -
o B ] CP-violation
= ! : through 6 creates
5 : \ ] .
Z - - | opposite effects
= I | | in neutrinos and
< B i antineutrinos
:o =0 e d=n/2 ]
i [ N AT T A N T SN R A S B ]
O 2 4 & 8

P(v,—=ve) %

Neutrino 61




1. Is the mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,57

@)
-
—
o+
-
Q
k=
)
C
<

6;— <~

RN

CP-violation
through 6 creates
opposite effects
in neutrinos and
antineutrinos

|0 0=0 e d=n/2

_D|6=|JT| .|6=|3n|/2| | T R N E S R

0 2 4 6
P(v,—=ve) %

Neutrino
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1.

[s the mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,57

Matter effects also
introduce opposite
neutrino-
antineutrino
effects.

8_ &\O\ 7]
i & ]
i & ]
i 66 _
<
@) 6_ bo )
- - Q .
e L O |
a &
k= T Y
c Ry @
< I ao®
2 O(de 7
i \
e
-00=0 e3=n/2 (\O
~0d=rt md=3n1/2 il
O PR R R AR SR ST S NN S A N A S N
0 2 4 6 8

P(v,—ve) %

Neutrino
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1. Is the mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,57

@)
-
—
o+
-
Q
k=
)
C
<

72
2 04‘9 o)
- G
L 06=0 e 5=n/2 $o‘

-0 0=m l|8=37t/2 |

The octant creates
the same effect in
neutrinos and
antineutrinos.

0 > 4 6
P(vu—we)%

Neutrino
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So, what do we know?

Alex Himmel
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So, what do we know?

Alex Himmel

) R(615) | @
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So, what do we know?

= R(023) - R(013,0cp) - R(012) | &5
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So, what do we know?

Alex Himmel

— R(@Qg) . R((9137 5C’P) . R(6)12)

parameter best fit + 1o 30 range

Am2, [1075eV7] 7557032 6.98-8.19
Am2,| [1073eV?] (NO 25170052 2.43 2.58
| 1 0.03

|Am3, | [1073eV?] (10) 2417005 2.34-2.49

sin? 015 /1071 3.04%0.16  2.57-3.55
sin® 05 /10" (NO) 564101 4.236.04
sin? 0,4, /10~" (10) 564015 4.27-6.03
sin 015/10~2 (NO) 2.20100°  2.03-2.38
sin? #15/1072 (10) 2201007 2.04-2.38

relative 1o uncert

2.7 %

1.0 %

5.4%

3-4%

2.6%

From M. Torotola at NEUTRINO2024

2
Amszy

2
21
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What are we still trying to learn?

* The neutrino mass
— ...and why it’s so small

— But oscillations can’t
answer those questions.

* The ordering of the
neutrino masses.

— Are they like the rest of the

particles or not?

e Whether neutrinos violate
CP symmetry.

* Why neutrino mixing is so
different from quark
mixing.
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