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A letter from Wolfgang Pauli - 4 December, 1930

Offener Brief an die OGrunpe der Radicektiven bei der
Gauvereins-Tagung zu Tibingen.

Abgchrift

Physikelisches Institut

der Eidg. Technischen Hochschule Zixich,; Le Des. 1930
Zurich Cloriastrasse

ILiebe Radicaktive Damen und Herren,

Wie der Usberbringer disser Zeilen, den ich hmldvollgt
ansuhren bitte, Itmen des niheren suseinsndersetsen wird, bin ich
angesichts der "falschen" Statistilk der No und Li-6 Kerne, scwie
des kontimuierlichen beta-Spektrums auf oinen vermweifelten Aumsog
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkelt, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nemmen will; in den Kernen existieren,
welghe den Spin 1/2 haben und dns Ausschliessungsprinsip befolgen und
‘gheh von Ldchtquanten musserdsm noch dadurch unterscheidsn, dass sie
:‘nﬂ Lichtgescawindigkeit laufen. Die Magse dar Neutronem

ven derselben Gfossenordmng wie die Eleirtronenmsgse sein umd
:n.ua nicht groseer als 0,01 Protonenmasse.- Das kontimierliche

Spelctrum wire dann vergtindlich unter der Amalme, dass beim
belineoZorfall mit dem hlektron jeweils noch eim Neutron emittlert
Misd,; derart, dass die Summe der Energien vom Neutrom und kiektrom
konsgtant isbe

Letter addressed to Lise Meitner
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A letter from Wolfgang Pauli - 4 December, 1930
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Proposal of a new particle that

carries away E, p

(@)

(@)

(@)

Electrically neutral
Spin-Y2
Very hard to detect

Offener Brief an die OGrunpe der Radicektiven bei der
Gauvereins-Tagung zu Tibingen.

Abgchrift

Physikelisches Institut

der Eidg. Technischen Hochschule Zixich,; Le Des. 1930
Zurich Cloriastrasse

ILiebe Radicaktive Damen und Herren,

Wie der Usberbringer disser Zeilen, den ich hmldvollgt
ansuhren bitte, Itmen des niheren suseinsndersetsen wird, bin ich
angesichts der "falschen" Statistilk der No und Li-6 Kerne, scwie
des kontimuierlichen beta-Spektrums auf oinen vermweifelten Aumsog
verfallen um den "Wechselsats® (1) der Statistik und den Energlesats
su retten. MNimlich die Moglichkelt, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nemmen will; in den Kernen existieren,
welghe den Spin 1/2 haben und dns Ausschliessungsprinsip befolgen und
‘gheh von Ldchtquanten musserdsm noch dadurch unterscheidsn, dass sie
:‘nit Lichtgescawindigkeit laufen. Die Magse dar Neutronem

ven derselben Gfossenordmng wie die Eleirtronenmsgse sein umd
&n.ua nicht groseer als 0,01 Protonenmasse.- Das kontimierliche

Spelctrum wire dann vergtindlich unter der Amalme, dass beim
beliacZorfall mit dem hlekiron jeweils noch eim Newtron emitilert
Misd,; derart, dass die Summe der Energien vom Neutrom und kiektrom
kongtant iste

Letter addressed to Lise Meitner
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A letter from Wolfgang Pauli - 4 December, 1930

Proposal of a new particle that

carries away E, p

o Electrically neutral

o Spin-¥4

o Very hard to detect
Community initially skeptical
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Offener Brief an die OGrunpe der Radicektiven bei der
Gauvereins-Tagung zu Tibingen.
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A letter from Wolfgang Pauli - 4 December, 1930

e Proposal of a new particle that

carries away E, p
o Electrically neutral

o Spin-¥4
o Very hard to detect
e Community initially skeptical
e |ncorporated into theory of weak
interactions by Enrico Fermi and

renamed - neutrino

n—p+e +V,

DESY Summer School 2024: Neutrino Physics

Offener Brief an die (h:uope der Radicektiven bei der
CGauvereins-Tagung zu Tubingen.

Abgchrift
Physikalis
der Eidg. lehy; Lie Des. 1930
Zirich ]2 { d / - d} ) iagtrasse
;Y U~ /u ]

e d ‘\:“’ ~ 1

Wie A “" _ lollgt
ansuhbren / - e id, bin ich
angesichts L ey sowie
des kentin 4, ra ton Augwog
verfallen W—« in Energlesats
su retten. \ ich neutrale
Teilchen, T incistieren,
welghe den Ve ) befolgen und
‘@@ von L llen, dass sle

rit M.ohtmdmindiﬂdt laufen. Die Magse dar MNeutronem
mdmelbm(h’oas enordmng wie die Eleittronenmsgse sein umd
s nicht grégseer als 0,01 Protonenmasse.- Das kontimierliche
mm dann vergtindlich unter der Asmalme, dass beim
beliacZorfall mit dem hlekiron jeweils noch eim Newtron emitilert
Misd,; derart, dass die Summe der Energien vom Neutrom und kiektrom
kengtant isbe

Letter addressed to Lise Meitner
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Crazy ideas inspire more crazy ideas...

Los Alamos proposal, 1940s

e Use nuclear bomb as an
intense source of neutrinos

e Suspend a neutrino detector in
a deep hole with vacuum

BURIED SIGNAL
LINE FOR
TRIGGERING RELEASE

7 7 N/ 7 [ 17

e Release detector when bomb ACK FILL \-"ﬁﬁﬂ‘é“
goes off
. SUSPENDED VACUUM
e Hope it lands softly... DETECTOR o
ACUUM
i |
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Discovery of the neutrino - 1956

Reines and Cowan - Project Poltergeist

e Use nuclear reactor as a neutrino
source

e Capture neutrinos through inverse
beta decay

V+p—oet+n
e

e Tank filled with water + cadmium

chloride, monitored by light sensors
o Promptsignal:e*+e —-y+y
o Delayed signal: 1*3Cd + n — 114Cd + y
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B+
decay

15



Neutrinos in the Standard Model
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Neutrinos in the Standard Model

Key properties:

3 known types

Leptons with spin Y2

No electric charge

Only experience weak interactions
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Neutrinos in the Standard Model

Key properties:

3 known types
Leptons with spin Y2
No electric charge

Only experience weak interactions
— W, Z bosons are heavy

m Short-range ~107¥m

m Suppresses interactions
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Neutrinos in the Standard Model

Key properties:

u c t g

3 known types
Leptons with spin Y2

No electric charge d S b Y H

Only experience weak interactions
— W, Z bosons are heavy

_10-18
m Short-range ~10®m e ” T W 80.4

m Suppresses interactions GeV/c?
—  Recall from SM lectures: weak interaction is /4
maximally parity-violating! e ~f
|
V.V V i/ o
e uo T GeV/c?
Leptons
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Neutrinos in the Standard Model

Key properties:

3 known types
Leptons with spin Y2
No electric charge

Only experience weak interactions
— W, Z bosons are heavy
m Short-range ~107¥m
m Suppresses interactions
—  Recall from SM Llectures: weak interaction is
maximally parity-violating!

Left- mir;r or Right-
handed p i p handed
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Neutrinos in the Standard Model

Key properties:

3 known types
Leptons with spin Y2
No electric charge

Only experience weak interactions
— W, Z bosons are heavy
m Short-range ~107¥m
m Suppresses interactions
—  Recall from SM Llectures: weak interaction is
maximally parity-violating!

L eft- mirror T
handed P *S = d
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Neutrinos interactions
Charged Current (CC)
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Neutral Current (CC)
q q

N

|
70 A
|
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Neutrinos interactions

Charged Current (CC)
U d

*NC interactions also categorized like this
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“Elastic”

Same particles in
and out

Different particles in
final state, but same

number infout

“Inelastic”

Energy transferred
to create new
particles
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Cross-section for CC elastic scattering of anti- v_+e

72 7 Recall, depends on:
e Particle energy and momentum
4 e Type of scattering process
e Phase space available for final state
e e 1 1
do = M|?d®
7 Upuialv/s ((27T)2> MP 2
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Cross-section for CC elastic scattering of anti- v_+e

72 7 Recall, depends on:
e Particle energy and momentum
4 e Type of scattering process
e Phase space available for final state
e e 1 1
do = M|?d®
7 Upuialv/s ((27T)2> MP 2

Using Feynman rules for scattering amplitude:
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Cross-section for CC elastic scattering of anti- v_+e

P, Ve ve| p, Recall, depends on:
e Particle energy and momentum
@, e Type of scattering process
e Phase space available for final state
p4 e e p1 ]_ 1
do = M|*d®
7 4|pmisaly/s ((27T)2> M[de,

Using Feynman rules for scattering amplitude:
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Cross-section for CC elastic scattering of anti- v_+e

P, Ve ve| p, Recall, depends on:
e Particle energy and momentum
@, e Type of scattering process
e Phase space available for final state
p4 e e p1 ]_ 1
do = M|*d®
" A pumial v/ ((27T)2> M[de,

Using Feynman rules for scattering amplitude:

M =

(—2%) @(ps)r* (1 = 7°)u(pa) -
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Cross-section for CC elastic scattering of anti- v_+e

Ps

Py

Using Feynman rules for scattering amplitude:

M =

Ve

€

Ze| P, Recall, depends on:
e Particle energy and momentum

@ e Type of scattering process
e Phase space available for final state
— p . 1
€ 1 2
do = M|*d®
’ 4|pinitial|\/§ ((271-)2) l | 2

(=

) @(p3)7" (1 — 7 )u(pa)| £ |
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Cross-section for CC elastic scattering of anti- v_+e

P, Ve ve| p, Recall, depends on:
e Particle energy and momentum
@, e Type of scattering process
e Phase space available for final state
p4 e e p1 ]_ 1
do = M|*d®
" A pumial v/ ((27T)2> M[de,

Using Feynman rules for scattering amplitude:

M =

g \ _ u_u._ig’“’-—iﬂ (1 — ~5)
(=355 ) st =t | 2 (2 ) (o) (1 =+t
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Cross-section for CC elastic scattering of anti- v_+e

P, Ve ve| p, Recall, depends on:
e Particle energy and momentum
@ e Type of scattering process
e Phase space available for final state
p4 e e~ p1 1 1
do = M|*d®
7 4| Pinitial[v/S ((271')2) M6,

Using Feynman rules for scattering amplitude:

g — 5 _igpu g - v 5
M=||-——"=)u F(1 —~°)u . N —-——=u 1—9)u
( 2\/5) (p3)7"( v’ )u(ps) qz_Mvzv ( 2\/5) (p1)7" ( 7’ )u(p2)
g
When g2 << Mvvz then M = _SMI?V - [matrix stuff]
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Cross-section for CC elastic scattering of anti- v_+e

P, Ve ve| p, Recall, depends on:
e Particle energy and momentum
@ e Type of scattering process
e Phase space available for final state
p4 e e~ p1 1 1
do = M|*d®
7 4| Pinitial[v/S ((271')2) M6,

Using Feynman rules for scattering amplitude:

g — 5 _igpu g - v 5
M=||-—=)u BT —~°)u : | ——= ) u 1—+°)u
(~3%5 ) s = putoo =% | (=15 ) o)y (= 7t
2
When g°<< M, ? ,then M = — 4 5 - [matrix stuff] ~ Such that, M « G IM|? ~10°10GeV4
8 My since... V2

2 = 4\/2Gp M
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Cross-section for CC elastic scattering of anti- v_+e

P, Ve ve| p, Recall, depends on:
e Particle energy and momentum
@ e Type of scattering process
e Phase space available for final state
p4 e e~ p1 1 1
do = M|*d®
7 4| Pinitial|[v/$ ((271')2) M

Using Feynman rules for scattering amplitude:

Important!
- icks out
g \ - 5 19y 9 \or 5. pic
M=||—=)1u (1 —42)u % ——= | u -
( 2ﬁ> (p3)7" (1 —7”)u(pas) - ME ( 2ﬁ> (p1)7 (p2)|  left-handed

fields

2
o ]%2 : [matrix StUﬁ:] Such that, M x _& |./\/t|2 ~10—10 Gev-4
Sl since... V2

When g°<<M, ? ,then M =
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Cross-section for CC elastic scattering of anti- v_+e

Figure adapted from: Formagaqio, Zeller

o For sake of time, have to skip afew z™E
steps in the calculations EW =
—  Excellent review with details can be ?, wﬂé
found here: g::ﬁ;
https://arxiv.org/abs/1305.7513 © E
e Key points: -~
=
10”55
1o”§E

0B 000

10*  10? 1 102 10* 10° 10° 10" 10 10" 10" 10"
Neutrino Energy (eV)

For reference, o(y) ~ 1-10° barn
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Cross-section for CC elastic scattering of anti- v_+e

Figure adapted from: Formagaqio, Zeller

— atlow energies, O ~ GFzs/n (linear) o8
and o(v-bar) / o(v) ~ 1/2 (due to spin)

e [or sake of time, have to skip afew z"E
. . EwE

steps in the calculations s E

= 107

—  Excellent review with details can be ‘§1o-'° —
found here: §wm -
https://arxiv.org/abs/1305.7513 ° .E

e Key points: - -

-t
S

2
1

' Y Y 4 Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y Y
10*  10? 1 102 10* 10° 10° 10" 10 10" 10" 10"
Neutrino Energy (eV)

For reference, o(y) ~ 1-10° barn
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Cross-section for CC elastic scattering of anti- v_+e

Figure adapted from: Formagaqio, Zeller

e F[or sake of time, have to skip afew z ™
. . 510"
steps in the calculations §
5 107
—  Excellent review with details can be ‘§1o-'°
found here: gww
https://arxiv.org/abs/1305.7513 ©
e Key points: -

— atlow energies, O ~ GFzs/n (linear) o8
and o(v-bar) / o(v) ~ 1/2 (due to spin)

B
T T e

10%
—  As energy grows, propagator matters 102
) : E/ ¢ 31
(TS.\(.?=5.53>< 1D7-3¢ sz( “—)°, LU il - (Y (Y 0 (Y Y MY Y (L A My LY IR MY (Y (Y Gy Ty Ay (Y G [
) 1 GeV 10* 10 1 10> 10* 10° 10° 10" 10 10" 10" 10"
r 7 : > ; Neutrino Energy (eV)
o =2.31 x 10736 01112(—1 Gl V)“, o~ 0.363. 9
e

For reference, o(y) ~ 1-10° barn
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Cross-section for CC elastic scattering of anti- v_+e

Figure adapted from: Formagaqio, Zeller

8

B
T T e

e For sake of time, have to skip afew =z
. . 510"
steps in the calculations §
5 107
—  Excellent review with details can be ‘§1o-'°
found here: gww
https://arxiv.org/abs/1305.7513 ©
e Key points: -

— atlow energies, O ~ GFzs/n (linear) o8 E(Ve) - MZW/Zme

and o(v-bar) / o(v) ~ 1/2 (due to spin)

10%
—  As energy grows, propagator matters 102
) : E/ ¢ 31
(TS.\(.?=5.53>< 1D7-3¢ sz( “—)°, LU il - (Y (Y 0 (Y Y MY Y (L A My LY IR MY (Y (Y Gy Ty Ay (Y G [
) 1 GeV 10* 10 1 10> 10* 10° 10° 10" 10 10" 10" 10"
r 7 : > ; Neutrino Energy (eV)
o =2.31 x 10736 01112(—1 Gl V)“, o~ 0.363. 9
e

_1.106
,  Glashow resonance ~ 6 PeV For reference, a(y) ~ 1-10° barn
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Flux predictions from natural sources

=~1024
>
= 107
5100
:V"']ol?.
S0
z
2100
1
104
10
1012
10—16
‘IO 20
10724

‘IO 28

Cosmological v

Solar v
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

Terrestrial anti-v

Atmosphericv

Astrophysical v

Cosmogenic

10 10 1 10° 10 10° 10" 10" 108
peV. meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
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Flux predictions from natural sources

=10
L L
s107°
= 3 Cosmological v
10|
:U\ 10]2 12
S |
x L
o 10 F

Solar v
Supernova burst (1987A)

/ Reactor anti-v

Background from old supernovae

‘I -
10 4 L
10 b Terrestrial anti-v

102} Atmosphericv

10—16 -
L Astrophysical v
'lo 2041

10-24} Cosmaogenic

102}

10 10 1 10° 10 10° 10" 10" 108
peV. meV eV keV MeV GeV TeV PeV EeV
Neutrino energy
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Flux predictions from natural sources

=102
>
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- Cosmological v
=10
vy

;.,, 1072 Solarv
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/ Reactor anti-v

Background from old supernovae
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3
210°

1
10

10°¢ Terrestrial anti-v
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Astrophysical v
'lo 20
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Flux predictions from natural sources
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Flux predictions from natural sources
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Flux predictions from natural sources
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Solar Neutrinos

e Fusion reactions in the sun
generate anti-v_through several

mechanisms
e Dominant reaction is through

proton-proton (pp) chain (99%)

DESY Summer School 2024: Neutrino Physics

S. Blot

Image credit: Sarang
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Solar Neutrinos

e [usion reactions in the sun
generate anti-v_through several
mechanisms

e Dominant reaction is through
proton-proton (pp) chain (99%)

e Carbon-Nitrogen-Oxygen (CNO)

cycle is a subdominant process
—  More important for heavier, hotter stars

DESY Summer School 2024: Neutrino Physics S. Blot
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Review of Solar Neutrino Physics

Solar Neutrinos

e Fusion reactions in the sun 1010 |-— Lo "Be
generate anti-v_through several
mechanisms

e Dominant reaction is through
proton-proton (pp) chain (99%)

e Carbon-Nitrogen-Oxygen (CNO)

cycle is a subdominant process

pep

Flux [cm 25! (100keV)™}]

—  More important for heavier, hotter stars

102 107 10*
e Standard Solar Model provides Neutrino Energy [keV]

estimates of neutrino fluxes

DESY Summer School 2024: Neutrino Physics S. Blot
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https://www.sciencedirect.com/science/article/pii/S0146641023000248

The Solar Neutrino Problem - another crisis?

e First solar model developed in
1960s by John Bahcall
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The Solar Neutrino Problem - another crisis?

e First solar model developed in
1960s by John Bahcall

e Prediction of anti-v_flux higher
than experimental measurements
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The Solar Neutrino Problem - another crisis?

e First solar model developed in
1960s by John Bahcall

e Prediction of anti-v_flux higher
than experimental measurements

e Confirmed by several targets
—  Unlikely to be a cross-section error
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The Solar Neutrino Problem - another crisis?

e First solar model developed in
1960s by John Bahcall
e Prediction of anti-ve flux higher

than experimental measurements

e Confirmed by several targets
—  Unlikely to be a cross-section error

Once again, neutrinos are
causing trouble...
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The solution: massive neutrinos!

e Neutrinos flavour states are a superposition of mass states

Vo) = E Ui i) a = e, U, T(weak eigenstates)
- =1, 2,3 (mass eigenstates)
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The solution: massive neutrinos!

e Neutrinos flavour states are a superposition of mass states

Vo) = E Ui i) a = e, U, T(weak eigenstates)
- =1, 2,3 (mass eigenstates)

(?+
T vi
W
U Prop(v;)
Source
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The solution: massive neutrinos!

e Neutrinos flavour states are a superposition of mass states
|,/a> — E Um. ‘Vz> a=e, U, T (weak eigenstates)
- =1, 2,3 (mass eigenstates)
o

Connected by 3x3 matrix - up to 9 x 2 = 18 parameters (real + imaginary)

Uel Ue2 Ue3 ]
U= |Un Usp U
_ UT]. U7'2 U T3
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The solution: massive neutrinos!

e Neutrinos flavour states are a superposition of mass states
|,/a> — E Um. ‘Vz> a=e, U, T (weak eigenstates)
- =1, 2,3 (mass eigenstates)
o

Connected by 3x3 matrix - up to 9 x 2 = 18 parameters (real + imaginary)
e Unitarity constraints reduce dimensionality:

Uel Ue2 Ue3 -
UU=1-U.-U=6.andU".-U" =90,
U = U,ul U,u2 U’u3 IS I B
Un U Us e, U P+HU, PHU 1P =1
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The Pontecorvo-Maki-Nakagawa-Sakata matrix

e PMNS matrix is most widely used parameterization

U,g U, Ugs Where cij = cosBij and sij = cos0ij
U= gf‘i Z“z g“;” Free parameters: 6_,,6,,8,,, 8., (maybe a,& a,)
i 1 0 0 C13 0 S13 6_i5 C192 S19 0 eial /2 0 0
=10 C23 S93 0 1 0 —S19 c12 O 0 ela2/2 0
_O —893 (23 —81367;5 0 C13 0 0 1 0 0 1
“atmospheric” “reactor” “solar”
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The Pontecorvo-Maki-Nakagawa-Sakata matrix

e PMNS matrix is most widely used parameterization

Ua Us U Where cij = cosBij and sij = cosBij

U= gf‘l Z“z g“?’ Free parameters: 8 ,,6.,,0,,, 0, (maybe a, & a,)
| Un1 2 3

i 1 0 0 C13 0 S13 6_i5 C19 S$19 0 eial /2 0 0

=10 C23 S93 0 1 0 —S19 c12 O 0 ela2/2 0

|0 —s93 co3 | [—s13¢” 0 cp3 0 0 1 0 0 1

[ C12C13 $12€13 size 0| [ et/? 0 0

— | —S12€23 — C12523 813€i5 C12C23 — 812823 813€i5 $23C13 0 ei2/2 ()

| S12823 — C12023513€°  —Ci2823 — S12C23813€  Ccosc3 0 0 1
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Neutrino oscillations in vacuum

e To understand how this helps answer the Solar neutrino problem, we
apply Schrodinger's equation and get a plane wave solution

- =

b)) = e (B75%) 140))
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Neutrino oscillations in vacuum

e To understand how this helps answer the Solar neutrino problem, we
apply Schrodinger's equation and get a plane wave solution

b)) = e (B75%) 140))

e Ultra-relativistic limit: . |B;| = pj > m; E;j=,/pl+m? ~p;+ jv ~ E +
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Neutrino oscillations in vacuum

e To understand how this helps answer the Solar neutrino problem, we
apply Schrodinger's equation and get a plane wave solution

b)) = e (B75%) 140))

o Ultra-relativistic limit: 'ﬁj| =Pj >M;  Ei=,/pl+m} ~p;+ ~ E+
e Substituting this, with t ~ L (distance)

m2.L
J

,,,j(m:e‘i( ) 5(0))
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Neutrino oscillations in vacuum

e To understand how this helps answer the Solar neutrino problem, we

apply Schrodinger's equation and get a plane wave solution

- =

b)) = e (B75%) 140))

e Ultra-relativistic limit: - '5j| =Pj >mMj Ej=./pt+m? ~p+—

J 2p;
e Substituting this, with t ~ L (distance) ’
p ( m? L ) Transition probability for a — 3 )
2 F
vi(L)) = e %(0)) Posg = | (vg| va(L)) |
m2 L
e
= |D_UsUge 28
J
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Vacuum oscillation probability

>k

+2 3" T { Uz, Up Uk U }sin<

Jek

where Ajkmz — m? — mz
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Ajkm2 L
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jkmz L)

.. 9 A
Pog=0dag—4 Y Re{ Uz; Up; Unk U, b sin -
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a =3 “appearance” or “survival”

Vacuum oscillation probability a # B “disappearance”

Agpm? L
Pa—>,3 — 5aﬂ —4 Z Re{ U;j Uﬁj Uak ng } Sin2 ( d )

g5k 4k
| Ajkmz L |
+2 Y 7,{ Uz, Upi Uat Uy, | sm( =)
>k | |
where Ajkmz = m? = m% : Phases determined by squared mass splittings

Am212 ~ 107° eV? Amz_,,2 ~ 1073 eV?
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a =3 “appearance” or “survival”

Vacuum oscillation probability a # B “disappearance”

Agm? L
Posp = 0ap — 4 Z Re{ Uai Usi Uak Ug, } = ( JIZLE )
>k |

Agm?L
+2 Y 7,{ Uz, Upi Uat Uy, | sin( J’;E ) ,

j5k
where Ajkm2 = m? — m% . Phases determined by squared mass splittings
Am? ,~ 107 eV? Am?, ~ 107
eV?

J}m&
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Vacuum oscillation probability - electron neutrino

Oscillation probabilities for an initial electron neutrino Oscillation probabilities for an initial electron neutrino

08" 08
)
Z 06 £ 06 H
& 04 £ 04
0.27 | 0.2~ (\H
N e O Y LA
0 1000 2000 3000 4000 0 5000 10000 15000 20000 25000 30000 35000
L/E (km /GeV) L/E (km /GeV)

Am?  ~ 105 eV?

DESY Summer School 2024: Neutrino Physics S. Blot

63



Vacuum oscillation probability - muon neutrino

n neutrino
] >
.4—3
] = 0.
a5
)
S o

H
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Solving the solar neutrino problem

e Solar neutrino detectors
were only sensitive to anti-
ve

e Low anti-ve survival
probability when reaching
Earth

e The SNO experiment was
designed to measure both
anti-ve and NC (all)

— NC rates match

0.35+0.02

Theory ™ "Be mm P~P. P€p Experiments mm
. . pERb:
expectatlon! B W CNO Uncertainties
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Neutrino mixing vs Quark mixing

e Quarks also mix in weak interactions, governed by the CKM matrix
e How is the situation different for neutrinos?
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Neutrino mixing vs Quark mixing

e Quarks also mix in weak interactions, governed by the CKM matrix
e How is the situation different for neutrinos?

. . . Quark Mixing Elements Lepton Mixing Elements
Neutrino oscillations are a
propagation effect ‘ ‘

Mixing in lepton sector is large o ' .

with very different structure

|s there some new symmetry .:
at play?
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Key takeaways from today
e Neutrinos are Standard Model odd-balls
e Extremely low interaction rates

e Naturally produced in abundance by
many sources

e Unexpectedly massive
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mass -
charge -

name -

Quarks

Leptons

2.4 MeV 1.27 GeV 171.2 GeV
U BEC |
up charm top
4.8 MeV 104 MeV 4.2 GeV
*d
down
0evV
N
(&
electrpn
neutrino
0.511 MeV 105.7 MeV 1.777 GeV
e L |
electron muon tau
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