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Liebe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhtren bitte, Ihnen des niéheren auseinandersetsen wird, bin ich
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boda~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
wird, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.
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Fermi function to
account for the
nuclear coulomb
interaction with the
emitted particle.

A

Distribution of
electron momentum

Fermi’s neutrino is
massless and feels only

Statistical factor
derived from the
density of final
states available
to the emitted
particles.

-
the weak force
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How to “See” a Neutrino

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

Charged
particles out

j’?

* 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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Only Weak Interactions

Strength ~ frequency of collisions

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

For a neutrino of the same
energy its ~1 light year!
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The First Detection
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The First Detection

Invisible Hydrogen

Alex Himmel

12



The First Detection

Invisible Hydrogen
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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?
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Discovery of Neutrino Flavor | 1962
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Discovery of Neutrino Flavor
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FIG. 1. Plan view of AGS neutrino experiment.

Stopped by
steel shielding

p+Be = 7

+ ...
ot

Alex Himmel

17



Discovery of Neutrino Flavor
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Solar Neutrinos

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

* Blessing of weak interactions -
carry information from deep inside
heavy objects.

* Rate of neutrinos from fusion is
extremely sensitive to the
temperature of the sun.
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Solar Neutrinos become a Problem 1969
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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 o N Atmospheric
Super-Kamiokande SRR Neutrinos
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Neutrino Oscillations

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

Source Detector €
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Neutrino Oscillations

e (Createinonef

avor (v,), but detect in anot

Detector €

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

Red 100%
Green 0%
Blue 0%
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A Colorful Analogy
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A Colorful Analogy
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A Colorful Analogy
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Neutrino Oscillations
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30



Neutrino Oscillations
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Neutrino Oscillations

Alex Himmel

sin 6

Vi

Vo

A

cos 6
—sinf cos H‘P
Phase o« (m)?L/E

I/Y

>

7

>

Phase « (m,)*L/E

32



Neutrino Oscillations

cosf sinf cosf sinf
—sinf cos H‘P —sinfd cosb
Phase o« (m)?L/E

V1 T/ > Vv,

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?2|L
4F

P(v,—v,) = 1-fsin° (2(9)‘ sin?

T A I T

P(Voq = Va)

N I I N B
L/E (A.U.)
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Three-flavor Neutrino Oscillations

= UpMNS

* Oscillations among the three
neutrino flavors depend on:

— The mixing matrix

Alex Himmel



Three-flavor Neutrino Oscillations

= R(023) - R(613,00p) - R(012)

* Oscillations among the three
neutrino flavors depend on:

— The mixing matrix
* 0,3, 013, 0cp 012
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Three-flavor Neutrino Oscillations

= R(023) - R(613,00p) - R(012)

* Oscillations among the three $
neutrino flavors depend on: a4

— The mixing matrix
* 0,3, 013, 0cp 012

— The mass differences
* Am?;,, Am?,,
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Solar Neutrinos
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Understanding oscillations: a world-wide effort

‘ *
d = R(023) - R(613,0cp) - R(012)
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Understanding oscillations: a world-wide effort

f *
‘ = R(623) - R(013,d¢cp) -
®

Alex Himmel
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Understanding oscillations: a world-wide effort

Accelerator and ¥
Atmospheric ’
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Understanding oscillations: a world-wide effort
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How to study oscillations: Disappearance

Sub-dominant term
due to small 643

Pv,—v,)~1-— (Sin2(26’13) sin®(fa3) +

2
L
cos*(613)|sin?(2023) ) sin? l%

.
= L 1 £
T T
3 L ] 3 One “dip” due to
& & the fixed baseline.
P R R R B N R B 1
L/E (A.U.) E (A.U))

Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”,
Prog.Part.Nucl.Phys. 60 (2008) 338-402.
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Designing an Accelerator v Experiment

Alex Himmel

Baseline ﬁ Energy

Detector Technology
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Designing an Accelerator v Experiment

Past

K2k [ Baseline <mmmm) Energy
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ICARUS Detector Technology
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Baseline (km)
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Designing an Accelerator v Experiment
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Designing an Accelerator v Experiment
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How to study oscillations: Disappearance
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How to study oscillations: Disappearance
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How to study oscillations: Disappearance

- Compare the i .
measured i Coptrol those systematics
I spectrum to the 15l with measurements at a
60 unoscillated | Near Detector.
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How to study oscillations: Appearance

) 2
P (v ve) ~ [V Prame ™ Bo2490) 1 /Py

~ Pyt + Psol + 2\/Pathsol (cos Aszg cos dcp F sin Az sin dop)

/
Patm — sin(023) Sin(2913)

SiH(Agl — CLL)
Agl —alL

Az

* Depends some on every oscillation parameter.

* Benefit: can answer more questions.

 Drawback: degeneracies make things difficult. $
3

I «5 {’) Am2, — 0(1073eV?)
& | = R(02) - R(013,0crp) - R(012) | &P

¢Am21 — 0(10%eV?)
L2 P @

Nunokawa, Parke, Valle, in “CP Violation and Neutrino Oscillations”,
Prog.Part.Nucl.Phys. 60 (2008) 338-402.
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Open questions in neutrino oscillations

1. Do neutrino oscillations violate
CP symmetry directly via ¢p? R(023) - R(013,0cp) - R(012)

v; .
Amd,
2. Is the mass hierarchy “normal” v — o, —
or “inverted? v EEET—— y, T
v Il B Ams

v; (I

3. What is the “octant” of 6,3 v, [T N

— Or is the mixing “maximal”

(e.g. Oz3 = 45°)? 1SR ||
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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. Isthe mass hierarchy “normal” or “inverted?

2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,5?
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Vacuum and no CP

|l violation: neutrinos

and antineutrinos
are the same

4 6

u Ve ) %

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

3. Whatis the “octant” of 6,5?

E : CP-violation

! | [ through 6 creates

i ™S | | opposite effects

i | | in neutrinos and
antineutrinos
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1. Isthe mass hierarchy “normal” or “inverted?
2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,5?

8_— | i
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< i ) antineutrinos
0520 5=n/2
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0 2 4 6 8
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1.

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

2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,5?
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Matter effects also
introduce opposite
neutrino-
antineutrino
effects.
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1.

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

2. Do neutrino oscillations violate CP symmetry?

3. Whatis the “octant” of 6,5?
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So, what do we know?

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

‘ = R(023) - R(013,0cp) - R(612)

2
Amgz,

o .
ﬂfb_ giAm%

relative 1o uncert

parameter best fit £ 10 30 range
Am32, [1075eV?] 7.55%03  6.98-8.19 7g

AmZ, | [1073eV?] (NO ABIELSE 2:43-9.58
31

|AmZ,| [1073eV?] (IO) 241700 2.34-249 0%

sin? 015 /1071 3.04%0.16  2.57-3.55 5.4%
sin? f3/10~ (NO) 5641015 4.23-6.04

sin? f3/10~* (10) 5.64191%  427-6.03 B4%
sin? 613/1072 (NO) 2208052 2:03-2.38 7
sin? 013/1072 (10) 2201007 2,04-2.38

From M. Torotola at NEUTRINO2024 last week
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What are we still trying to learn?

e The neutrino mass

. neutrinos de se hHe
— ...and why it's so small —
—_ Uure cCo re
— But oscillations can’t
h tions | | | \e * | HI.J \Tl.\ | T R
answer those ques : 5 o % = o -
. < <
* The ordering of the < < =
neutrino masses. CKM PMNS
. d S b
— Are they like the rest of the R n
particles or not? u - Ve H -
« Whether neutrinos violate < © - w b B
CP symmetry. c v 0 B
 Why neutrino mixing is so Pos (ICHEP2012) 033
different from quark
mixing.
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