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Offener Brief an die Grunpe der Radiosktiven bei der
Gauvereins-Tagung zu Tubingen.

Abgchrift

Physikalisches Institut

der Eidg. Technischen Hochachule Zirich, L. Des. 1930
Qirioh Cloriastrasse

ILiebe Radioaktive Damen und Herren

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhtren bitte, Ihnen des n&heren auseinandersetszen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li-6 Kerne, sowie
des kontinuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselsats® (1) der Statistik und den Energiesats
su retten. Nbimlich die Moglichkeit, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nennen will, in den Kernen existieren,
welghe den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘?heh von Lichtquanten musserdem noch dadurch unterscheiden, dass sie
mlit Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben (rossenordmuing wie die Elektronenmssse sein und

8 nicht grosser als 0,01 Protonemmasse.- Das kontimuierliche

Spektrum wire dann verstandlich unter der Annahme, dass beinm
boba-~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
wizd, derart, dass die Summe der Energien von Neutron und klektron
konstant ist.

. Nun handelt es sich weiter darum, welche Krifte auf die
Neutronen wirken. Das wahrscheinlichste Modell fiir das Neutron scheint
mir sus wellermechanischen Orfinden (n¥heres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magnetischer Dipol von einem gewissen Moment u ist. Die Experimente
verlincen wohl, dass die ionisierende Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines «Strahls und darf denn
A wohl nicht grosser sein als e « (107 om),

Ich traue mich vorliufig sber nicht, etwas iber diese Ides WO‘fgang Pau ‘I

gu publisieren und wende mich erst vertrauensvoll an Euch, liebe

Radiocakt!ve, mit der F‘ngy wie es um den experimentellen Nachweis

eines solchen Neutrons stande, wenn dieses ein ebensolches oder etaa

J0mal grosseres Durchdringungsvermogen besitsen wirde, wie ein

guwmn-Strahl. !
Ioh gebe zu, das= mein Ausweg vielleicht von vornherein

waig wahrscheinlich erschsinen wird, weil man die Neutronen, wemn

ghe existisren, wohl schon Ifngst gesehen hatte. Aber mur wer wagt,
und der Ernsgt der Situation beim kontimierliche beta-Spektrum

wird durch einen Aussprech mcines verehrten Vorg: in lmte,

Herrn Debye, beleuchtet, der mir Mirslieh in gesagt hats

"0, daren soll man am besten gar nicht denken, sowie an die neuen

Steuern." Darum soll man jeden Weg zur Rettung ermstlich diskutieren.-

Also; liebe Radicaktive, prifet, und richtet.- Leider kann ich nicht

personlich in Tibingen erscheinen, da gch infolge eines in der Naoht

vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabk&mmlich

bin.- Mit vielen Oriissen an Euch, sowie an Herm Baek, Buer

nntu'tnnigator Diw

gss. W, !mn
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Lisbe Radiocaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
ansuhdren bitte, Ihnen des ndheren auseinandersetszsen wird, bin ich
angesichts der "falschen" Statistik der Ne und Li.6 Kerne, sowie
des kontinmuierlichen beta-Spektrums auf cinen versweifelten Ausweg
verfallen um den "Wechselgats™ (1) der Statistik und den Energlesats
su retten. Nhmlich die Moglichkeit, es kbnnten elektrisch neutrale
Teilchen, die ich Neutronen nennen will, in den Kernen existieren,
welche den Spin 1/2 haben und das Ausschliessungsprinsip befolgen und
‘dheh von lichtquanten musserdem noch dadurch unterscheiden, dass sise
nit lichtgeschwindigkeit laufen. Die Masse der Neutronen
von derselben rossenordming wie die Elektronermssse sein und
8 nicht grosser als 0,01 Protonenmasse.- Das kontimiierliche
Spekctrum wire dann verstandlich unter der Annahme, dass beim
boba~Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
whird, derart, dass die Summe der Energien von Neutron und klektron

konstant ist,

| Nun handelt es sich weiter darum, welche Krifte auf die
Noanidwvarnarn wdwlraom he vehranhoadnld ahatsa Madall Nér Aae Narttrerr asabhalind




| Nun handelt es sich weiter darum, welche Krifte auf die
Neutronen wirken. Das wahrscheinlichste Modell fiir das Neutron scheint
mir sus wellenmechanischen Orfinden (n¥heres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein
magnetischer Dipol von einem gewissen Moment s ist. Die Experimente
verlineen wohl, dass die ilonisierende Wirkung eines solchen Neutrons
nicht grosser sein kann, sls die eines -Strahls und darf denn
/A wohl nicht grosser sein als e + (10’ om).

Ich traue mich vorliufig aber nicht, etwas iber diese Ides
gu publiszsieren und wende mich erst vertrauensvoll an Euch, liebe
Radioakt:ve, mit der F‘ug'a, wie es um den experimentellen Nachweis
eines solchen Neutrons stande, wenn dieses ein ebensolches oder etwa
domal grosseres Durchdringungsvermogen besitzen wurde, wie edn
wtﬂhlo

Ich gebe zu, dass mein Ausweg vielleicht von vormnherein
watig wahrscheinlich erscheinen wird, weil man die Neutronen, wemn
ghe existisren, wohl schon Irfngst gesehen hatte. Aber mur wer wagt,
gwfomt und der Ernst der Situation beim komtimuierliche beta-Spektrum
wird durch einen Aussprech mcines verehrten Vorg im Jmte,

Herrn Debye, beleuchtet, der mir Mifyslieh in gesagt hats

O, daren soll men am besten gar nicht denken, sowie an die neuen
Steuern." Darum soll man jeden Weg zur Rettung ermstlich diskutieren.-
Also, liebe Radiocaktive, prifet, und richtet.- Leider kann ich nicht
personlich in Tibingen erscheinen, da sch infolge eines in der Nacht
vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabk&mmlich
bin.- Mit vielen Orissen an Euch, sowie an Herrm Baek, Euer
untertanigster Diener |
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Poltergeist (1956)



Poltergeist (1956) Fred Reines, Clyde Cowan

Nobel Prize in Physics 1995 - P
“for the detection of the neutrino” * ‘
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Neutrino Elektron

Chlorine-37



Ray Davis

Neutrino Elektron
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Particle Physicists’ View of Neutrinos
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Particle Physicists’ View of Neutrinos

Standard Model of Elementary Particles
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Neutrinos in the Standard Model
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Neutrinos in the Standard Model

Mass Eigenstate
(well-defined energy)
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Neutrinos in the Standard Model

Mass Eigenstate
(well-defined energy)

Flavor Eigenstate
(well-defined coupling)
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Neutrinos in the Standard Model

e S meeteea
Eyes

Mass Eigenstate
(well-defined energy)

Flavor Eigenstate

(well-defined coupling) . Mixing Matrix
(nxn, unitary)
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Neutrinos in the Standard Model

Flavor Eigenstate
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Mass Eigenstate
(well-defined energy)

(well-defined coupling) . Mixing Matrix
(nxn, unitary)

3-flavor mixing matrix:
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Neutrinos in the Standard Model

Flavor Eigenstate
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Mass Eigenstate
(well-defined energy)

(well-defined coupling) “____ Mixing Matrix
(nxn, unitary)

3-flavor mixing matrix:
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close to maximal
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Neutrinos in the Standard Model
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Flavor Eigenstate
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(nxn, unitary)

3-flavor mixing matrix:
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Neutrinos in the Standard Model
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Flavor Eigenstate

(well-defined coupling) “w___ Mixing Matrix
(nxn, unitary)

3-flavor mixing matrix:
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Neutrinos in the Standard Model
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Neutrino Oscillations

Initial state

V) Z Vi)

Transition probablllty
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Neutrino Oscillations

Initial state

V) Z Vi)

Transition probablllty

1,k

Two-flavor approximation
cosf) sin6
U= (— sinf cos 9)
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Mixing angle
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Neutrino Oscillations

Initial state

Vo) Z ilvi)

Transition probablllty

4 E 2
ixing angle

* | * Y e _controls oscillation
Z U Uﬁ J UakUﬁ k CED [ ! (EJ Ek) T} amplitude

Two-flavor approximation
cosf) sin6
U= (— sinf cos 9)
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Mass squared difference
controls oscillation length




Neutrino Oscillations

cost
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https://sites.slac.stanford.edu/neutrino/research/neutrino-oscillations

Neutrino Oscillations

@ Y I1Q)

Image: Mark Thomson
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Resolving the Solar Neutrino Mystery
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Resolving the Solar Neutrino Mystery
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The Neutrino Mixing Matrix
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The Neutrino Mixing Matrix

3-flavor mixing matrix:
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The Neutrino Mixing Matrix

3-flavor mixing matrix:

Large
close to maximal
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The Neutrino Mixing Matrix

3-flavor mixing matrix:

Large
close to maximal

©
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Large
but non-maximal
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The Neutrino Mixing Matrix

3-flavor mixing matrix:

U = 1
20
Large | Small
close to maximal but non-negligible (~0.1)

©

Large
but non-maximal
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The Neutrino Mixing Matrix

3-flavor mixing matrix:
Unknown -

[] =
— 51+
Largé
close to maximal but non-negligible (~0.1)
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Large
but non-maximal
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Flavor Triangles
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Neutrino Sources
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Making a Neutrino Beam

@ Y1) B

Image: MINOS Collaboration
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Making a Neutrino Beam

Muon Monitors

Target Hall Evacuated Pipe Absorber
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Image: MINOS Collaboration

2 Y I R
\\_/ ‘ J Joachim Kopp — Neutrinos in the Lab and in the Cosmos

23



Long-Baseline Experiments

Far Detectors Near Detectors Neutrino source
(detect ve m» oscillations) (measure unoscillated vy, flux) (mostly vy)




Kamiokande
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Long-Baseline Experiments: Kamiokande

Hyper-Kamiokande

Kamiokande Super-Kamiokande

1983~1996 Aiming to start observation in 2027
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Long-Baseline Experiments: Kamiokande

Kamiokande Super-Kamiokande Hyper-Kamiokande

1983~1996 1996~Present Aiming to start observation in 2027

Water mass ( Fiducial mass)

4500 ton™ 50000 ton 260000 ton
(680~1040 ton) (22500 ton) (190000 ton)

*The waer mass in the tank(inner tank
and, upper and bottom outer tank) is 3000
ton

Photomultiplier Tubes
50cm diameter / 948 50cm diameter / 11146 50cm diameter / about 40000

Main and expected Results



Long-Baseline Experiments: Kamiokande

Kamiokande

1983~1996

World’s first observation of neutrinos from a
supernova explosion and observation of
solar neutrinos, leading to the creation of
neutrino astronomy

The Nobel Prize in Physics 2002
Masatoshi Koshiba

Super-Kamiokande

1996~Present

Main and expected Results

Discovery of neutrino oscillations, showing
that neutrinos have mass

Major awards

The Nobel Prize in Physics 2015
Takaaki Kajita

Hyper-Kamiokande

Aiming to start observation in 2027

1. Discovery of the difference between
neutrino and antineutrino oscillations
(CP violation) and precise
measurements to elucidate the origin of
matter in the universe

2. Further development of neutrino

astronomy

3. Proof of “unification of elementary

particles” and “unification of
electromagnetic, weak and strong force”
by the discovery of proton decay



p B2 T €0 €5 00 3wt Thaly VAR T TR R e
. e e Ko WS wo %o a’nn’rrfo R S A ..u%f..w...,. -

e W T W W el TV D TR . T ST

PR Tl e et B z.m.am Tk, ety .,.ﬁ,\ ig\
2 .. .'. . . . : . 0 -
CETLL LI TR

ke 0 *SAY\ ‘uv‘,.s * ‘.w J,.vl.‘.b... & | .... s
CeL UL e e e e © el T
L bl idh ol L

PR
o
fl

ft#tj

v

eanee
agas

CLLeeR
¢
¢

0 o

cecee

w
o
X
©

jG B e C 8T veoee ooyl )
G ECE O GO © OO 0 Obiibimbpahim il
EERLCEE COT L 6 00 CUE OO CONmbNy, i
GREARELUC oo cev oo oo oomplilinhad

f—»Q COC QOO OOMmp ’: ,.m..

®

-

S COO OO0 000 O 0w oballng it 8
REGREE LS CUC cie Coe Cee veo oommmby g
BRELECCLSC UHe Ceie 060 0 0 © 00 © ol Mtk i
BEECERHEEE D L e €00 G40 €U €60 C ottt
TEELELE CECEEE CECUEOC OO 000 © Oipmllimgin, s il

:
el
>y
i
.4
o

RO § W . St LTy
o R ey BRI o O i 1y

g ol i b _.u.{w, # !&f A (1g
i, - ... . iy .....\. . 1 -‘# .1.i._ .

o
:e
2
®
$
5 3
e

steits /s
i ih A R DAL
PROPERe S
e e e o o o i
OO 66 ¢ O G RN
et an:
COE G0 O iy

b o b b

o

5
;,
S9%

\
1

A
-

| hw ..4...‘. & ... "
ur.b.. ,* ‘ .%. V
\ { . N ;
A o
2 ._ 3 i ‘..... y

-n
-

-a
i

S0 050 O
A& AR

-

g

Anns

L OO CE0 O
OO 6600 6
@.Awﬁ.&.«ﬁv OO Aebu.: :
0O 000 OGO OO
COOOO OO0 O OGEE
L0600 000 o
LU OCO 00000

‘ 3

A
A

L Y

CLLCO OO0 60O OO
B S tte ¢ O COC OO0 GOt GO .
e te ept SO0 €06 060 6okt
MEE TGS Ctle ¢ L0 U066 66 €00 0 oipim i
, P te oS00 €00 060 oomn T
LTSN by f e O e COC GO0 66 ooimn
b et D006 666 O oMWy
L G O 6 6 6 i
A GmA; AJ,A,.AJ €6y £y &) gy 185
‘Shal POt bo0 o0 |
e D DE 6 666 0
g DO 66 6 DWW
Sy W W & & S

¥y = .

’ P 4 g *. L
AT N L £ 58 & n..d..ju._{.,.__. H..‘ 4
. ”ud M S !.tm’.??w...—t_ B
il R L. ..._,........,Ar...,.tq_ .
Yy gy s a0 I
" r‘l,,.a. ‘J ‘J.‘i ...?.w ld ‘..d ‘4..4 ...Wu..l....”‘. .4.’&4 A
iy ¥rEv s g s s 6 tq..t..ar... .

» % WS s " ¢ A . b B
: : & ™
L P u“ Mdua i Ma. & b i P RRE

o e
b
(W







—




—




—




A SuperKamiokande Event
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Image: SuperKamiokande



SuperKamiokande Long-Baseline Results
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SuperKamiokande Long-Baseline Results
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https://arxiv.org/abs/2303.03222

Neutrino Interactions
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Image Credit: Callum Wilkinson
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Neutrino Interactions
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Neutrino Interactions
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Neutrino Interactions
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Neutrino Interactions
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Neutrino Interactions
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Neutrino Interactions
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Mitigation of Systematic Uncertainties

near detectors | better modelling of

(on-axis and off-axis) neutrino interactions
hadroproduction experiments new strategies for optimally
(NA61/SHINE, ENUBET) exploiting near detector data

(e.g. DUNE-PRISM)

D R

F ee In tal Nuclear Extra Nuclear Final State
uuuuu State Effects Interactions (FSI)

Joachim Kopp — Neutrinos in the Lab and in the Cosmos
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HyperK’s North American Competitor: DUNE
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Deep Underground Neutrino Experiment
One of four detector modules in South Dakota

Cryogenic systems

Detector electronics

INOIS

Neutrinos from
Fermilab in |l
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Long-Baseline Neutrino Facility

South Dakota Site Neutrinos from
Fermi National

Accelerator Laboratory
in lllinois

Ross Shaft
1.5 km to surface

Facility
and cryogenic
support systems

One of four

detector modules of the
Deep Underground
Neutrino Experiment

4850 Level of
Sanford Underground
Research Facility
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Yes, But Why?

Connection between leptonic CP violation and baryogenesis

Portal to new physics

Precise knowledge of particle physics is indispensable for using
neutrinos as astrophysical messengers

Hints for the origin of flavour

Multi-purpose detectors with lots of secondary opportunities
(supernova neutrinos, light dark sectors, proton decay, ...)
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Neutrinos as Astrophysical Messengers
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Neutrinos as Astrophysical Messengers

g ey supernova neutrinos
. -» < . x death throes
| ~ of massive stars
M - x nucleosynthesis
< T A0 sl % matter under
' X & extreme conditions
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Neutrinos as Astrophysical Messengers

~_« °* supernova neutrinos
. - <« x deaththroes
- = ofmassive stars
~ - nucleosynthesis
' . x matter under

extreme conditions

high-£ neutrinos N
* origin of cosmic rays I i
* AGNSs, blazars, MW i A AR
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Neutrinos as Astrophysical Messengers

~_« °* supernova neutrinos
. v <« x death throes
. of massive stars
‘ % nucleosynthesis
s % matter under
el extreme conditions

high-£ neutrinos

* Origin of cosmic rays
*» AGNSs, blazars, MW
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Neutrinos as Astrophysical Messengers

~_« °* supernova neutrinos
. v <« x death throes
% of massive stars
- nucleosynthesis
-~ * matter under
extreme conditions

high-£ neutrinos

* Origin of cosmic rays
*» AGNSs, blazars, MW

neutron stars
* COmMmMon-envelope
systems
* Mmuon decays

& cosmology
&y ~ carly Universe
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Neutrinos as Astrophysical Messengers
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Supernovae
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134.056 ms

SXS Collaboration, Christian Ott et al.


https://www.youtube.com/watch?v=oxGajNoPz8c

134.056 ms

SXS Collaboration, Christian Ott et al.


https://www.youtube.com/watch?v=oxGajNoPz8c

Core-Collapse Supernovae

explosion of massive star (z 8 Mo)

that has run out of fuel

® NO Mmore thermal pressure

e core collapses

® gigantic release of gravitational energy

brighter than an entire galaxy

~10% of the star's mass converted to energy
e (0.01% photons

e 1% Kinetic energy of gjecta

e O09% neutrinos

©
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Supernova Neutrinos
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Supernova Neutrinos

SN 1987A

e 5 neutrino events
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Supernova Neutrinos

SN 1987A

e 5 neutrino events

the next galactic supernova
¢ 10s of thousands of events

e (etalled spectra

e high-resolution “light” curves

e wealth of iInformation on collapse
dynamics, nucleosynthesis, ...

Cw
\
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©
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High Energy Neutrinos and Cosmic Rays
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High Energy Neutrinos and Cosmic Rays
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High Energy Neutrinos and Cosmic Rays
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discovered by Victor Hess in 1912
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High Energy Neutrinos and Cosmic Rays
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discovered by Victor Hess in 1912
origin still not fully understood today

neutrinos to the rescue!

e protons accelerated in astrophysical
magnetic fields

® some protons hit ambient hydrogen gas

e production of pions, which decay to
neutrinos

e |00k for these neutrinos!
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High Energy Neutrinos and Cosmic Rays
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discovered by Victor Hess in 1912
origin still not fully understood today
neutrinos to the rescue!

NS accelerated in astrophysical

magr

etic flelds

® some protons hit ambient hydrogen gas
e production of pions, which decay to

neutr

N0S

e |00k for these neutrinos!

e neutr
e neutr

advantages:

NOS are not absorbed
NOS are Nnot deflected

m pOINt back to the source
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The IceCube Detector at the South Pole
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https://arxiv.org/abs/2202.00694

The IceCube Detector at the South Pole
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detection via Cerenkov effect

4D event information

(PMT locations + timing)

main event categories:

e showers: near-spherical blob (ve, Vi, NC)

e fracks: elongated energy deposit (V)
(contained tracks, starting tracks, throughgoing tracks)
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Neutrino Point Sources

Blazar TXS 0506+065 Active Galactic Nucleus of M7 7
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Diffuse Astrophysical Neutrinos

Track histogram Cascade histogram
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Neutron Stars
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Common-Envelope Evolution

Accreting envelope @ T ~ 10°-10°K

T ~ 101K ~ 1 MeV

Neutron Star

D Y1) BB

neutron star enters companion star

gigantic accretion rates
(up to 0.1 Me/yr for several months)

only cooling channel Is via neutrinos
- New type of neutrino source

N addition: de-protonization
rate < core collapse SN rate

Beacom Esteban JK in preparation
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Common-Envelope Evolution

Super-K —|— low Gd (present)

10% - | — neutron star enters companion star
' e 1O gigantic accretion rates
‘ (up to 0.1 Me/yr for several months)
- Common envelope , . |
2 10 i only cooling channel is via neutrinos
= a - New type of neutrino source
Q. A . . L
» L in addition: de-protonization
~ [
é; . N ) rate < core collapse SN rate
€ |
[
Background T Beacom Esteban JK in preparation
3 months
Db
10 15

E" [MeV]
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Common-Envelope Evolution

Fraction of stars

Fraction of stars

1072 |

3o sensitivity (Normal Ordering)

e Ve on p (statistics)
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{1t Super-K (low GGd) |
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neutron star enters companion star

gigantic accretion rates
(up to 0.1 Me/yr for several months)

only cooling channel is via neutrinos
- New type of neutrino source

N addition: de-protonization
rate < core collapse SN rate

Beacom Esteban JK in preparation
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Neutrinos from Neutron Stars

Vo L

1 Ps
n - -
N P2 Ps N
thermal flux

from “Urca” processes

low energy
undetectable after ~10 sec

2o Y I1Q) [
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Neutrinos from Neutron Stars

V, neutron stars evolve:
“ spin-down / spin-up
D = p accretion
expulsion of B-fields
N P2 Ps N ' t|da sl 8 atIOﬂ {
thermal flux ‘ 1 "liv*
from “Urca” processes __ » 4
low energy | Result:

undetectable after ~10 sec

enhanced out-of-
equilibrium Urca processes
extra neutrinos

JK Opferkuch in preparation
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Muons in Neutron Stars

Schaffner-Bielich 2008
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neutron stars harbor
abundant quantities of muons
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Muons in Neutron Stars
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N the core: u decay Pauli-blocked

drop In core density may
reduce equilibrium y abundance
at t =z 104 yrs, Urca interactions

too slow to maintain equilibrium
muons diffuse outward and decay
- Neutrinos!

observable signal requires
©(0.001) change in y abundance

Major caveat

equilibrium p abundance typically
INncreases over time
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Neutrinos in Cosmology

Dark Energy
Accelerated Expansion
Afterglow Light
Pattern Dark Ages Development of
380,000 yrs. Galaxies, Planets, etc.
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Zero neutrino mass NON-Zero neutrino mass



Neutrinos are abundantly

produced during the Big Bang
e today: T ~1.95K, n~336/cms3
e CMB: T~2.73K,n~411/cm3

direct detection impossible so far
due to the low energy

INndirect evidence from
e formation of large-scale structure
e cxpansion rate of the Universe

structure formation Is sensitive to

neutrino masses

e cxpect first measurement of the
absolute neutrino mass scale
IN ~the next decade
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Neutrino Physics Beyond the Standard Model
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Neutrino Physics Beyond the Standard Model

e.g. heutrino magnetic moments

e.g. sterile neutrinos e.g. hon-standard interactions

D YIQ R
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Sterile Neutrinos

new, uncharged fermions

@ Y I1Q)
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Sterile Neutrinos

new, uncharged fermions

Standard Model of Elementary Particles

three generations of matter
(fermions)

mass = x2.4 MeV/c? ~1.275 GeV/c? ~172.44 GeV/c? 0 ~125.09 GeV/c?

charge | 2/3 2/3 2/3 0 0
spin §1/2 lJ/ 1/2 C/ 1/2 t/ 1 a 0 H

up w charm w top ' gluon Higgs

~4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c’ 0
-1/3 -1/3 -1/3 0
@ |- @ |- @ || @
down w strange bottom ' photon

~0.511 MeV/c? ~105.67 MeV/c? ~1.7768 GeV/c? ~91.19 GeV/c?
-1 -1 -1 0

U
1/2 e 1/2 u 1/2 T 1 a =
electron muon tau Z boson 8
N O
- <2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? ~80.39 GeV/c? )
— 0 0 0 +1 LIJ
g 1/2 Ve 1/2 Vl..l 1/2 V’[ 1 ” O
P‘u electron muon tau W boson 2
5 neutrino neutrino neutrino G
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Sterile Neutrinos

new, uncharged fermions

Standard Model of Elementary Particles

three generations of matter

(fermions)
I 1 11
mass = x2.4 MeV/c? ~1.275 GeV/c? ~172.44 GeV/c? 0 ~125.09 GeV/c?
charge | 2/3 2/3 2/3 0 0
spin | 1/2 lJ/ 1/2 C/ 1/2 t/ 1 a 0 H

up w charm W top I gluon Higgs

~4.8 MeV/c? =95 MeV/c? ~4.18 GeV/c’ 0
-1/3 -1/3 -1/3 0
@ |- @ |- @ || @
down strange W bottom l photon

~0.511 MeV/c? ~105.67 MeV/c? ~1.7768 GeV/c? ~91.19 GeV/c?

-1 -1 -1 0 -
U
1/2 S 1/2 l’l 1/2 T ! a =
electron muon tau Z boson 8
N O
<2.2 eV/c? - <2.2 eV/c? <1.7 MeV/c? <15.5 MeV/c? ~80.39 GeV/c? 0
0 ~ 0 0 0 +1 Ll
1/2 VS 8 1/2 Ve 1/2 Vl.l 1/2 VT 1 w O
sterile & electron muon tau W boson ,?:
neutrino 5 neutrino neutrino neutrino C)
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Sterile Neutrinos

new, uncharged fermions

Very generic extension of SM

O |eftovers of extended gauge multiplets
in Grand Unified Theories?

Useful phenomenological tool

O neutrino Mmasses
(seesaw mechanism, m ~ TeV...Mp))

O cosmic baryon asymmetry
(thermal leptogenesis at m>100 GeV,
ARS leptogenesis at m<100 GeV)

o dark matter (m ~ keV)
O mediator to a dark sector (any mass)
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Sterile Neutrinos = new, uncharged fermions
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Sterile Neutrinos

new, uncharged fermions

SM Higgs doublet

SM lepton doublet )

SM singlet fermion
(heavy neutral lepton (HNL)

@ Y I1Q)

= sterile v = right-handed v)
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Sterile Neutrinos = new, uncharged fermions
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Sterile Neutrino Oscillations

Use intense flux of v, from pion decay
INn accelerator experiment or In the upper atmosphere

Look for “missing” v, at distances
too short for standard oscillations

Muon Monitors

Target Hall Evacuated Pipe Absorber
i P,
Target i SR g
g muon (") "
\\ pion(n')% -------------- | =N | N v
Protons from — — 4 =1
—_—— -2 | L &= B o) Co—--1F w \
Main Injector : ' _ — i | +
Horn 1 Horn 2 B .\ _ _ _ L |
B 10 m = e g "
30m 675 m
5m

. 12 m 18 m 300 m
Hadron Monitor u )

~
Rock
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Sterile Neutrino Oscillations

Use intense flux ¢
IN accelerator ex

Look for “missing
too short for star _—

Amy, [eV~
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Sterile Neutrino Oscillations

Use intense flux ¢
IN accelerator ex

Look for “missing
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Sterile Neutrino Oscillations
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Sterile Neutrinos and Cosmology

An extra light neutrino species with sizeable mixing
IS In severe tension with cosmology.

Standard picture: vs production via oscillation at T = MeV

Net = 3.38 4 >my=0.23eV %

... but there may be ways out in non-minimal models
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Sterile Neutrinos and Cosmology

An extra light neutrino species with sizeable mixing
IS In severe tension with cosmology.

Standard picture: vs production via oscillation at T = MeV

W—"

Smy=023eV 4

Net = 3.38 4

measure for the
energy density in relativistic particles
extra neutrino species would imply Nef ~ 4

... but there may be ways out in non-minimal models
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Sterile Neutrinos and Cosmology

An extra light neutrino species with sizeable mixing
IS In severe tension with cosmology.

Standard picture: vs production via oscillation at T = MeV

- measure for the sum of neutrino masses

energy density In relativistic particles affects structure formation
extra neutrino species would Imply Nesf ~ 4 sterile neutrino compatible with anomalies
would imply >2my ~ 1 eV

... but there may be ways out in non-minimal models

(CERNi
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Heavier Sterile Neutrinos - “Heavy Neutral Leptons”

yaﬁiaﬁNﬁ

leads to mixing between v and
- gany process that makes v
in the SM can also make N
(suppressed by a mixing angle)
 meson decays
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Heavier Sterile Neutrinos - “Heavy Neutral Leptons”
g::
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Heavier Sterile Neutrinos - “Heavy Neutral Leptons”
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Heavier Sterile Neutrinos - “Heavy Neutral Leptons”

x
BN
branching ratio

0 200 400 600 800 1000 1200 1400 1600 1800
HNL mass [MeV]
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The DUNE Beam

Near Detector

Service Building
(LBNF-40)
' Muon Shielding
ROCK

Absorber Hall
Service Building
(LBNF-30)

v }

J

Apex of Embankment
Max. Height = 60" +

Elevation 800+

Target Hall Complex
(LBNF-20)

Main Injector

MI-10 Point of Extraction —

Primary Beam

Service Building
(LBNF-5)

jI

ROCK

— Beamline




The DUNE Near Detectors




The DUNE Near Detectors

Liquid Argon TPC (“N
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HP Gas TPC + ECal ("N
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The DUNE Near Detectors

HP Gas TPC + ECal ("N

RISM?)

Liquid Argon TPC (“N

D-LAr)




The DUNE Near Detectors

RISM?)

J

HP Gas TPC + ECal (“SEAS]

D

)

)

(System of Evaporated Argon for Systematics,
Interactions, and Detailed Event Topologies)

Liquid Argon TPC (“LAGOON?”)

(Liquid Argon Gadget for
On-axis and Off-axis Neutrinos




New Experiments at ECN3

O Y I1Q)

EHN1
1185 (P42)
1183 (P4)
TCC2:
T2/ T4/ T6/ TAX
&
TDC2: TT20 splitters ,\’,\
' /
Transfer Tunnel (TT) 20
SPS LSS2 CCC

Joachim Kopp — Neutrinos in the Lab and in the Cosmos

ECN3

EHN2

RP sensitive area:
ECN3 Bridge

TCC8: T10/ TAX
— K12

TDC83

RP sensitive area:
EHN1 Ramp
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New Experiments at ECN3
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W P42 beam

Saleve side

Target station

Magnetized Iron Blocks

A New Experiment at ECN3

Jura side

Downtream shields

SHADOWS

90
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Heavy Neutral Leptons at Colliders

*rememlber: sterile neutrino = heavy neutral lepton = right-handed neutrino

Joachim Kopp — Neutrinos in the Lab and in the Cosmos o1



Neutrino Physics Beyond the Standard Model

e.g. heutrino magnetic moments

e.g. sterile neutrinos e.g. hon-standard interactions
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Neutrino Magnetic Moments
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Neutrino Magnetic Moments

Petcov 1977
Fujikawa Shrock 1980
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Neutrino Magnetic Moments

Magnetic moment operator

1
LD z,uo‘ﬁ Yoty Fuv

Petcov 1977
Fujikawa Shrock 1980
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Neutrino Magnetic Moments

M a on etic n Couples LH and RH neutrinos

Petcov 1977
Fujikawa Shrock 1980
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Neutrino Magnetic Moments

M a on etic n Couples LH and RH neutrinos

electromagnetic
field strength tensor

Petcov 1977
Fujikawa Shrock 1980
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Neutrino Magnetic Moments

1

Magnetic moment operator

VgFW

i
S
)

In the SM: generated by lo

Y

o 4

@ Y1) B

Petcov 1977
Fujikawa Shrock 1980

op diagrams
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Neutrino Magnetic Moments

Magnetic moment operator

1 (87 O{ |4
LD oMo B oot VgFW

~
—
—
—
—
~
o~ 4
—

Numerically tiny: 10-19 ug

Petcov 1977
Fujikawa Shrock 1980

@) Y IQ)

In the SM: generated by loop diagrams
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Neutrino Magnetic Moments

Magnetic moment operator

1
£ L vo i E,,

In the SM: generated by loop diagrams

> Y >
N "\.
T rd
\\
/ //
™ N
g 4 ~ /‘( N\ 4
€ ,—"'_- A-'\\\\ *6 I ‘ - l—\\ N ‘: \-" b |V | - ..' ‘ ‘
{ // \\ (_’n._' L —E' )
/ \ )’ )
f | S S
- /\I'\ /S 3 \\ / \\ /'/ \\ S '/\\ J"/ \\ //\\ < > = < <
% W I % 14 I/

Numerically tiny: 10-19 ug

Petcov 1977
Fujikawa Shrock 1980

Can be significantly enhanced
in extensions of the SM

leptoquark model, inspired by
B physics anomalies

Brdar Greljo JK Opferkuch
2007.15563
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Neutrino Magnetic Moments: Constraints

10~ 7

/ (v, C(:)upling only]l |
/— (Some) TeV-scale new physics models

/A 0
CHARM-II . \‘
’ # -
(/ y
1";?

p—
Ny
00

p—t
~
O

S
~
S
N

”————___ \" ;,c‘

10~

Neutrino magnetic moment |ug]
p—
=
=

\\
\\
S

ek
-
I

[

(\V)

\\\
~

\\
~
~
\\
~

/
——

107" 10° 10" 10° 10°
Right-handed neutrino mass My [MeV]

R

Coloma Machado Martinez-Soler Shoemaker 1/707.08573, Magill Plestid Pospelov Tsai 1803.03262
Shoemaker Wyenberg 1811.12435, Brdar Greljo JK Opferkuch arXiv:2007.15563, Greljo Stangl Thomsen 2103.13991
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LSND
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LSND - Liquid Scintillator Neutrino Detector (~1998)

Beam Stop
A
4 N\
4 N\
/
— s R W PR —_— P e p -
A 0 S
A // ) ater Plu
7.5 i
6.4 5.8 /81
iz
/
7
Y Y Y Y | 98
|
< 30 m > | 10m

Ve @appearance search in v, beam
source—detector distance ~ 30 m (too short for standard oscillations)
v, — Ve OScillations mediated by sterile neutrino?
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LSND - Liquid Scintillator Neutrino Detector (~1998)

Beam Stop %))
N I
X § 17.5 ® PBeam Excess
7 Lg 15 XY pv,—V,e)n
? 55 3 : 0 pE,.e")n
/ @ 7125
| i 528 other
—a VA - - - _ _L______ _ 10 |
Z -~ _ A 131 — T
A e - - - 7.5 B
2 | -
7.5 . Detector S ——
6.4 5.8 20/ | | o
/ ’ B
?(i 251
—o—
// '
Y Y Y Y | S Of I

04 06 08 1 12 14
- — > L/E, (meters/MeV)
LSND Collaboration, hep-ex/0104049

Ve @appearance search in v, beam
source—detector distance ~ 30 m (too short for standard oscillations)
v, — Ve OScillations mediated by sterile neutrino?
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https://arxiv.org/abs/hep-ex/0104049
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MiniBooNE

i b s s | B | R
Booster e
: AR -
Maghetic Decay
: . 450 m
focusing horn region Absorber _ Detector
dirt
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MiniBooNE

Ve €XCESS IN vy beam &2 F
(4.80 significance) L%’ S00F
source—detector 350
distance ~ 1 km 300F
(too short for standard = /_
oscillations) 250 Ve from K
— v, from p*"
200 u [ :: Best-fit
150: —@- Data
100F
501
o- 200 400 600 800 1000 1200
E," [MeV]
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Neutrino Interactions are complicated

U 9 ®
o @ " e
i ~ @ @ - X o i
@ e é
e, + o +
@ W ?

’,
v | g W ?
u n
é O
Free Initial Nuclear Extra Nuclear Fina_l State
Nucleon State Effects Interactions (FSI)
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Example:A—->N+y

400

Events

350

300

250

200

‘ i ,' E :: Best-fit

_'_é" —@- Data

150

100

50

200 400 600 800 1000 1200
Ey" [MeV]
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Example:A—->N+y

) r
e
<1C> 400 =
> -
L] ~
350 —
300—
250 —
200 — ——
- N _: Best-fit
150 :_ —&@- Data
100 -
50 — %5, )
0 200 400 600 300 1000 1200
Ey" [MeV]
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Example:A—->N+y

Neutral current neutrino interaction:

§ wb "
v+ N—= v+ A(1232) ooE .
- + -n°m|3|d
A(1232) mostly decays to m+ N 300;—%;ﬂ~+ B o
: 250— [ - - v, from K
But a rare decay existsto y + N 3 ‘
MiniBooNE cannot distinguish aof
y from e- 100~
50 —
0 : 200 400 600 800 1000 1 C2"90
E, [MeV]
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Example:A—->N+y

/\ production rate can be estimated 3
from A=+ N @355_
Pions may be absorbed 004
on thelr way out of the nucleus e
may excite another A resonance M
w A — N+yenhanced by ~factor 2 100
or may be absorbed “F

w control region suppressed by ~factor 2 = 2 s e

This factor 2 has been taken into account
by MiniBooNE
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The Gallium Anomaly
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The Gallium Anomaly | Cooling system

Experiments with intense

radioactive sources Outer target | | | 2
n . " » i : -
Neutrino detection via | 7 |
- @

TGa+v. — TGe+e™

> 50 deficit L
seen by three experiments Lo |
Ve disappearance into sterile state? L

would require very large mixing

(conflict with reactor observations) Giunti Laveder 1006.3244

BEST arXiv:2109.11482
Barinov Gorbunov arXiv:2109.14654
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Summary

CE/RW Neutrino QUANTUM JG ‘ U
\ ‘ ) PLATFORM TECHNOLOGY
- INITIATIVE jonannes GUTENBERG

UNIVERSITAT MAINZ



A = = - ~~ == ‘&2____
— ‘ _ -~ - = _-—_&A?V :“\ — N
== ﬂl I -
~ e ~ =
~
.

>~

N

¢/~ Astrophysics N\

) \

)
B

\, & Cosmology /

o= _ — e = — = e
— e = _&-e — - - - =T — = - o -
— — — -~ - B
i =
— = >
—~— -

2 M N
- —
=

A\
W\

C Neutrino Oscillations ). Seyond the

\ )
e Standard Model 4
N 4

- —- . - /

(d

S~ - A
~ < Dl — — e
~ - = =
—_— — — —
e ==
g Pl e R,
— - = — " -
— — -
// ‘.7\\

=

—

= e — - )
R e - — . _ _ e
-~ - T T o~ —— e ———
= _ =
RS e — _— =

Joachim Kopp — Neutrinos in the Lab and in the Cosmos 112



Thank You!
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