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Offener Brief an die Grunpe der Radiocsktiven bei der
Cauvereins-Tagung zu TNibingen.

Abschrift

Physikalisches Institut

der Eidg. Technischen Hochschule Zirich, Lo Des. 1930
dirich Cloriastrasse

ILiebe Radioaktive Damen und Herren,

Wie der Ueberbringer dieser Zeilen, den ich huldvollst
snzsuhbren bitte, Ihnen des nZheren auseinandersetsen 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. MNimlich 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
m-it Lichtgeschwindigkeit laufen. Die Masse der Neutronen

von derselben Orossenordmung wie die Elektronenmesse sein und

s nicht grosser als 0,0 Protonenmasse.- Das kontimuierliche
Spektrum wire dann verstandlich unter der Annahme, dass beim
bota<Zerfall mit dem hlektron jeweils noch ein Neutron emittiert
misd, 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 flir das Neutron scheint
mir sus wellenmechanischen (rfinden (n¥heres weiss der Usberbringer
dieser Zeilen) dieses su sein, dass das ruhende Neutron ein —
magmetischer Dipol von einem gewissen Moment a ist. Die Experimente
verlineen wohl, dass die ionisierende Wirkung eines solchen Neutrons

S e e, o Gy s e Woltgang Paull

Ich traue mich vorliufig sber nicht, etwas tber diese Idee
su publizieren und wende mich erst vertrauensvoll an Euch, liebe
Radioakt:ve, mit der tho wie es um den experimentellen Nachweis
einee solchen Neutrons stande, wenn dieses ein ebensolches oder etaa
‘J0mal grosseres Durchdringungsvermogen besitsen wurde, wie ein
gwsn-Strahl. !

Ioh gebe zu, dass mein Ausweg vislleicht von vornhersin
waaig wahrscheinlich erscheinen wird, weil man die Neutronen, wemn
ohe existisren, wohl schon Irngst gesehen hatte. Aber mur wer wagt,

und der Ernst der Sitnation beim kaxtimiorlicho

durch einen Aussprech mcines verehrten Vorgs in lmte, .

Herrn Debye, beleuchtet, der mir Miyslieh in gesagt hats
"0, daren soll man am besten gar nicht denksn, sowie an die neuen
Steuern." Darum soll man jeden Weg sur Rettung ernstlich disimtieren.-
Also; liebe Radicaktive, priifet, und richtet.- Lelder kann ich nicht
personlich in Tihingen erscheinen, da sch infolge eines in der Nacht
3F vom 6. sum 7 Des. in Zirich stattfindenden Balles hier unabkmmlich

bin.- Mit vielen Oriissen an Euch, sowie an Herrm Baek, Buer
nntertlnigator Dlw

gos. W. Pauli
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First Detection of Neutrinos

Reines, Clyde Cowan
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First Detection of Neutrinos

Poltergeist (1956) Fred Reines, Clyde Cowan

MDCEC

Nobel Prize in Physics 1995 o o451
“for the detection of the neutrino” SeeL=y 7
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Neutrino
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Experiment
Raymond Davis

Nobel Prize in Physics 2002 . gIF AT
“for pioneering contributions + N Dc
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to astrophysics, B € Ay
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in particular for the detection &'
of cosmic neutrinos” '




Neutrino Elektron

Chlorine-37



Ray Davis
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Particle Physicist’s View of Neutrinos

Standard Model of Elementary Particles

three generations of matter

(fermions)
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N o
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o 0 V 0 V 0 v Ll
— 1 1/2 1/2 O
N el i Y O
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Neutrino Mixing

Vo) = Z ailVi)

J
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Neutrino Mixing

Flavor Eigéfhstate
(well-defined coupling)
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Neutrino Mixing

Flavor Eigéfhstate
(well-defined coupling)
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Mass Eigenstate
(well-defined energy)
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Neutrino Mixing

Mass Eigenstate
(well-defined energy)

Flavor Eigéhstate

(well-defined coupling) "% Mixing Matrix

(3x3, unitary)
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Neutrino Mixing

Mass Eigenstate
(well-defined energy)

Flavor Eigéhstate

(well-defined coupling) __ Mixing Matrix

_ (3x3, unitary)
[ v run out of phase over time

> Interference patterns (neutrino oscillations)
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Neutrino Oscillations

CERN Neutrin
\) PLATFORM

A Initial state

Va) Z i)

lZTransition probability

7,k

lZTwo flavor approximation
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Neutrino Oscillations

A Initial state

Va) Z i)

lZTransition probability

Oscillation length ~ E/Am?Z2

L T—— P

lZTwo flavor approximation

- [ cosf  sind o . o AmAT
U = <_ Iy COSH) Py >~ sin” 20 sin Vs
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SNO (Sudbury Neutrino Observatory) Results

Pregliction
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SNO (Sudbury Neutrino Observatory) Results
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Neutrino Mixing

Mass Eigenstate
(well-defined energy)

Flavor Eigéhstate

(well-defined coupling) "% Mixing Matrix

(3x3, unitary)
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Neutrino Mixing

Mass Eigenstate
(well-defined energy)

Flavor Eigéhstate

(well-defined coupling) _Mixing Matrix

(3x3, unitary)

IZ Mixing Matrix:

U = Co3  S23 1 —S12 €12
—S523 (€23 —S513€ C13
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Neutrino Mixing

Mass Eigenstate
(well-defined energy)

Flavor Eigéhstate

(well-defined coupling) _Mixing Matrix

(3x3, unitary)

IZ Mixing Matrix:

1 —S12 €12

Large
close to maximal
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Neutrino Mixing

Flavor Eige{fhstate
(well-defined coupling)

IZ Mixing Matrix:

Large
close to maximal

Mass Eigenstate
(well-defined energy)

"%, Mixing Matrix
~ (3x3, unitary)

£

Large
but non-maximal
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Neutrino Mixing

Flavor Eige{fhstate
(well-defined coupling)

IZ Mixing Matrix:

Large
close to maximal
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Mass Eigenstate
(well-defined energy)

L ___ Mixing Matrix
~ (3x3, unitary)

C13 00 C12
1 —S519
10)
—813€" 13
Small
but non-negligible (~0.1) Large

but non-maximal
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Neutrino Mixing

Flavor Eige{fhstate
(well-defined coupling)

IZ Mixing Matrix:

Large
close to maximal

Mass Eigenstate
(well-defined energy)

"%, Mixing Matrix
(33, unitary)

Unknown -

€12
—512
_81
but non-negligible (~0.1) Large

but non-maximal
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The Known Unknowns

lZ |s B23 exactly maximal? (new symmetry?)
lz What is the value of &7 (leptogenesis?)
g What is the ordering of the v;? (Ov2B; constraints on models)

2

m? m?

A -V, R
—v,
-V
ms” m,>
3 e — Lm,
1 | solar~7x102eV?2 i
atmospheric —~-m,
~2x103eV?2 |
atmospheric
my’+- 2x103eV?2
mlz__ v __,"32
: )
0 . o  King Luhn 1301.1340
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https://arxiv.org/abs/1301.1340

Next-Generation Long-Baseline Experiments

Far Detectors Near Detectors Neutrino Source
measure oscillated spectrum  measure unoscillated spectrum  create focused pion beam,
(reduce flux & x-sec uncertainties) pions decay to neutrinos

NS

Neutrino .
\w ‘ ’ PLATFORM ‘ Joachim Kopp — Much Ado About v Beams



https://nus2surf.dunescience.org/2018/02/neutrino-experiment-factsheet/

Next-Generation Long-Baseline Experiments

Far Detectors Near Detectors MACARONI
measure oscillated spectrum  measure unoscillated spectrum  (Megawatt Accelerator for Creating
(reduce flux & x-sec uncertainties) Abundant Radiation Of Neutrinl)

NS

Neutrino .
\w ‘ ’ PLATFORM ‘ Joachim Kopp — Much Ado About v Beams



https://nus2surf.dunescience.org/2018/02/neutrino-experiment-factsheet/

Next-Generation Long-Baseline Experiments

Far Detectors ENTRECOTE MACARONI
measure oscillated spectrum (Experiments Needed for Tackling (Megawatt Accelerator for Creating
Reliably the Extreme Conundrum Abundant Radiation Of Neutrinl)

Originating from Theory Errors)

Neutrino . .
\w \ ’ PLATFORM : Joachim Kopp — Much Ado About v Beams
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Next-Generation Long-Baseline Experiments

GELATO ENTRECOTE MACARONI
(Ginormous Experiment at (Experiments Needed for Tackling (Megawatt Accelerator for Creating
Long-Baseline Aiming to Reliably the Extreme Conundrum Abundant Radiation Of Neutrinl)

Test Oscillations) Originating from Theory Errors)

Neutrino . .
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https://nus2surf.dunescience.org/2018/02/neutrino-experiment-factsheet/

Yes, but why?

[4 Precise knowledge of particle physics parameters is
indispensable for using neutrinos as messengers

[A Connection between leptonic CP violation and
nDaryogenesis

[4 Hints for the origin of flavor

A Multi-purpose detectors with lots of secondary

opportunities
(proton decay, supernova neutrinos, light dark sectors, ...)

[ Portal to new physics

™ ..
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Challenge 1
Understanding Neutrino Interactions
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Understanding Neutrino Interactions

IZ Large systematic / theoretical uncertainties in
Neutrino Interaction Cross Sections
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Free In|t|al Nuclear Extra Nuclear Final State
Nucleon State Effects Interactions (FSI)
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Understanding Neutrino Interactions
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Free In|t|al Nuclear Extra Nuclear Final State
Nucleon State Effects Interactions (FSI)

Joadina§epl re diiuad AtlorAbdlil ki Beams 21

Cﬁw Neutrino
\ \) PLATFORM
N4




Understanding Neutrino Interactions

M

Free
Nucleon
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Understanding Neutrino Interactions

M

Free
Nucleon
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Understanding Neutrino Interactions

M

Free
Nucleon
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Understanding Neutrino Interactions

M

Free
Nucleon
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Understanding Neutrino Interactions

M

Free
Nucleon

Joadiina§epO re dtuadb AdlorAbdl ki Beams
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Understanding Neutrino Interactions
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Free Initial Nuclear Extra Nuclear
Nucleon State Effects

hadrons
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Understanding Neutrino Interactions
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Understanding Neutrino Interactions

IZ Large systematic / theoretical uncertainties in
Neutrino Interaction Cross Sections

Experimental Mitigation

Theory Needs

A near detectors [ better modelling of
(on-axis and off-axis) neutrino interactions

[4 hadroproduction experiments A new strategies for optimally
(e.g. NAG1/SHINE) exploiting near detector data

(in particular DUNE-PRISM)
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Challenge 2
Neutrino Anomalies
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The MiniBooNE Anomaly
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https://arxiv.org/abs/2006.16883

The MiniBooNE Anomaly
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The MiniBooNE Anomaly

A Excess of vein v, beam (4.80)

g baseline too short for
standard oscillations

[ a 4th neutrino flavour
(“sterile neutrino”)?
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MiniBooNE Collaboration arXiv:2006.16883

Joachim Kopp — Much Ado About v Beams

27


https://arxiv.org/abs/2006.16883
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The MiniBooNE Anomaly
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Short-Baseline Anomalies
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| Best-fit
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Short-Baseline Anomalies

2 [ other
:j = + B oirt
o S
- % B ~° misia . .
! o [ v. from K°
; B, rom I I l I O O

[ ve from u
-

| Best-fit

iT

unresolved

Beam Excess

LSND
unresolved

= | resolved with new input data
w0 to flux calculation

7
7
v
7
7

S Nifvay | reactor spectra

S IR A s there really an anomaly?

E i /data . ]

4 % ******** T © gallium anomaly

T B % - unresolved, recently reinforced




Light Sterile Neutrinos?

lZAdd extra neutrino flavor, promote mixing matrix to 4x4

[ Oscillation channels are related:
Py v, = 1= 2[Ucsl*(1 — [Ueal?)
Py, v, 21 = 2{Uu"(1 = [Upal")
Pvu—w — 2\U€4\ ‘UM4|2

(for 4rE/Am3, < L < 4tE/Am3,)

A Models can be over-constrained.

Joachim Kopp — Much Ado About v Beams
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Global Fit in 3+1 Model

CE/RW
.

N4

99% Ol e
2 dof

=), (=) (=) ]
VelVu— Ve

( Fixed Fluxes)]

MINOS/ s
MINOS+

-1L o ..
10 - v, —disapp DC+SK
' combined +IC
1072 1071

| (],114|2

Dentler Hernandez JK Machado Maltoni Martinez Schwetz, 1803.10661

see also works by Collin Arguelles Conrad Shaevitz, 1607.00011
| Gariazzo Giunti Laveder Li, 1703.00860

Neutrino
‘ ) PLATFORM
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Global Fit in 3+1 Model

99%CL, ;EE::‘.. S |
I 2 d()f — T . (,\j\\b

=), (=) (=) ]
ve/v =V,

N ( leed Fluxes)’

severe tension (p < 104

dISa -----
| Q pp .
107 = :

- v, —disapp DC+SK
' combined n IC
1072 107!
| U,u4 |2

Dentler Hernandez JK Machado Maltoni Martinez Schwetz, 1803.10661
see also works by Collin Arguelles Conrad Shaevitz, 1607.00011

Gariazzo Giunti Laveder Li, 1703.00860
C\Ef“‘)l ‘ @ BEATESRM ‘ e;rc ‘
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Sterile Neutrinos in Cosmology

Problems don’t end here.
An extra neutrino species Is in severe tension with cosmology.

Standard picture: vs production via oscillation at T = MeV

Nett = 3.38 4 >my =0.23eV 4

JG ‘ U Joachim Kopp — Much Ado About v Beams

C@ Neutrino
\ ‘) PLATFORM
N4

31



Sterile Neutrinos in Cosmology

Problems don’t end here.
An extra neutrino species Is in severe tension with cosmology.

Standard picture: vs production via oscillation at T = MeV

Smy=023eV 4

measure for the
energy density In relativistic particles
extra neutrino species would imply Nes ~ 4

Joachim Kopp — Much Ado About v Beams
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Sterile Neutrinos in Cosmology

Problems don’t end here.
An extra neutrino species 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 Nes# ~ 4 sterile neutrino compatible with anomalies

would imply >my ~ 1 eV

Joachim Kopp — Much Ado About v Beams 31

EN ‘ ) ‘ e;rc ‘ JG|u



Other Proposals (1)

\

Cﬁw Neutrino
‘) PLATFORM
N4

A Decay of O(keV) sterile neutrinos to active neutrinos
Dentler Esteban JK Machado 1911.01427

de Gouvea Peres Prakash Stenico 1911.01447
Hostert Pospelov 2008.11851

IZ New resonance matter effects from neutrinophilic Higgs
Asaadi Church Guenette Jones Szelc 1712.08019

[F Altered dispersion relations Déring Pas Sicking Weiler 1808.07460
Barenboim Martinez-Mirave Ternes Tortola 1911.02329

[A Sterile v + non-standard interactions

Liao Marfatia Whisnant 1810.01000

A Mixed O(1 eV) vs oscillation and O(100 MeV) vs decay
Vergani Kamp Diaz ArgUelles Conrad Shaevitz Uchida 2105.06470

Joachim Kopp — Much Ado About v Beams
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https://arxiv.org/abs/1712.08019
https://arxiv.org/abs/2105.06470
https://arxiv.org/abs/1808.07460
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Other Proposals (2)

IZ Decay of heavy vs produced in beam

Palomares-Ruiz Pascoli Schwetz hep-ph/0505216
Gninenko 1101.4004

Bai Lu Lu Salvado Stefanek 1512.05357
Hernandez-Cabezudo Schwetz 1909.09561
Magill Plestid Pospelov Tsai 1803.03262

[F Decay of vs or new scalars produced in the detector

Alvarez-Ruso Saul-Sala 1705.00353

Bertuzzo Jana Machado Zukanovich-Funchal 180/7.09877
Abdullahi Hostert Pascoli 2007.11813

Ballett Pascoli Ross-Lonergan 1808.02915

Dutta Ghosh Li 2006.01319

Abdallah Gandhi Roy 2010.06159

A Decay of axion-like particles
Chang Chen Ho Tseng 2102.05012

Brdar Fischer Smirnov 2007.14411

l_7_f A model-independent approach

‘iE\/RN]’ ‘ \‘,} S ‘ erc ‘ JG|u
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Challenge 3:
Collective Oscillations
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Summa Janka Melson Marek
arxXiv:1708.04154


https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/movies/

Summa Janka Melson Marek
arxXiv:1708.04154


https://wwwmpa.mpa-garching.mpg.de/ccsnarchive/movies/

Collective Neutrino Oscillations

[A flavor evolution described by von Neumann equation

z(@t + U - 67?),077, — [Hvac -+ HMSW T HVV? "“ap}

Joachim Kopp — Much Ado About v Beams 36
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Collective Neutrino Oscillations

density matrix

[ flavor evolution descritsed . in flavour space jnn™

CE/RW
.

N4

equation

Joachim Kopp — Much Ado About v Beams
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Collective Neutrino Oscillations

density matrix

[ flavor evolution descritsed . in flavour space jnn™

vacuum oscillations

1 2
Hyoe = 5= Upnins MUy ins

CE/RW
.

N4

equation

Joachim Kopp — Much Ado About v Beams
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Collective Neutrino Oscillations

density matrix

[ flavor evolution descritsed . in flavour space jnn™

vacuum oscillations matter effects

1
Hae = ﬁUPMNSMQUgMNS Hysw = \/§GF77J6( 0 o)

Cﬁw Neutrino
\ ‘) PLATFORM
N4

equation

Joachim Kopp — Much Ado About v Beams
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Collective Neutrino Oscillations

- density matrix

4sed  in flavour space jnn™

[ flavor evolution descr equation

vacuum oscillations matter effects self-interactions

3
1 2 1 d°q _
Hvac = ﬁUPMNSM UPT’MNS HMSW = \/§GF77J€( 0 O) H,/V — \/iGF / (27T)3 (1 — COS Hﬁq’)(p;@— P7,.q
CERN eutrino
\j ‘ ‘ )' PLATFORM Joachim Kopp — Much Ado About v Beams 36




Collective Neutrino Oscillations

density matrix

[ flavor evolution descritsed . in flavour space jnn~equation

vacuum oscillations matter effects self-interactions

1 a3 B
Hvac = %UPMNSM2UPT>MNS HMSW = \/§GF77J€( 0 O) H,/V — \/iGF/(271§3 (1 — COS Hﬁq’)(pff’,(j’_ P7,.q

IZ at large ny:

O same equation for all energies ™ synchronization
O non-trivial angular dependence

[A non-linear equation = all kinds of instabilities

CE/RW
.

N4

Joachim Kopp — Much Ado About v Beams 36




Collective Neutrino Oscillations

* pure Standard Model problem
% solution will be crucial for the next

* the neutrinos are already on their way

C@ Neutrino
\ \) PLATFORM
N4

JG ‘ U Joachim Kopp — Much Ado About v Beams
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Challenge 4:
New v Physics
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Example: New Neutrino Interaction

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

Cﬁw Neutrino
\ \) PLATFORM
NS
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https://arxiv.org/abs/0907.0097

Example: New Neutrino Interaction

[ EFT below the electroweak scale

[:NSI,NC — Z 2\/§GF€£§(DQWMPLV5)(f7“Pf) —+ h.c.

f)aaﬁ
/,P B —
Lastee = Y. 2V2Grpel " (U Prls)(fy"Pf) + hoc.
o8
Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097
C\E\/R_Dl ‘ “,) PLATFORM e;r o2 Joachim Kopp — Much Ado About v Beams 39
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Example: New Neutrino Interaction
dim-6 operators

4] EFT below the electroweak scale /

LNSINC = Z ZﬂGpei’BavuPLu/g)(fv“P 2 h.c.
f,Oé,B — R /

LNs1.cc = Z 2f2GFe£§’ (TayuPrls)(f'¥"Pf) + h.c.
a8

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

CE/RW
.

NS
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Example: New Neutrino Interaction
dim-6 operators

[ EFT below the electroweak scale )

dimensionless coefficients

(strength of new interactions
relative to SM weak interactions)

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

NS

G
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Example: New Neutrino Interaction
dim-6 operators

[ EFT below the electroweak scale )

dimensionless coefficients

(strength of new interactions
relative to SM weak interactions)

[F NC: non-standard matter effects

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

CE/RW
.

NS
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Example: New Neutrino Interaction
dim-6 operators

[ EFT below the electroweak scale )

dimensionless coefficients

(strength of new interactions
relative to SM weak interactions)

[F NC: non-standard matter effects

[A CC: anomalous production and detection
(near detectors!)

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

CE/RW
.

NS

Joachim Kopp — Much Ado About v Beams 39
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Example: New Neutrino Interacti
not covered by EFT:

[ EFT below the electroweak scale 2 li9ht sterlle neutrinos
M magnetic moments

LNSING = Z 2\/§GF5£’5P (Ve PLvs) M “secret” interactions

f.ouf M neutrino—DM interactions
LNSI,CC = Z 2\/§GF8(];2 ’P(Da’YIuPLég ol
f)f/aaaﬁ S ——

[F NC: non-standard matter effects

[A CC: anomalous production and detection
(near detectors!)

Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
Biggio Blennow Fernandez-Martinez arXiv:0907.0097

J G ‘ U Joachim Kopp — Much Ado About v Beams 39
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New Physics at Near Detectors

Joachim Kopp — Much Ado About v Beams
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New Physics at Near Detectors

Liquid Argon TPC (“ND-LA(") J

Joachim Kopp — Much Ado About v Beams 40
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New Physics at Near Detectors

HP Gas TPC + ECal (“ND—GAr”)) Liquid Argon TPC (“ND-LAr") J

-
CERN eutrino .-':::::':'::"
\j ‘ ‘ )' PLATFORM ‘ erc ‘ ]G ‘ U Joachim Kopp — Much Ado About v Beams 40




New Physics at Near Detectors

| On-Axis Beam Monitor ("SAND") )

HP Gas TPC + ECal (‘ND-GAr") | Liquid Argon TPC (‘ND-LAr)
Y, . Y,

Joachim Kopp — Much Ado About v Beams 40
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New Physics at Near Detectors

| On-Axis Beam Monitor ("SAND") J

HP Gas TPC + ECal (‘ND-GAr") | Liquid Argon TPC (‘ND-LA™)
J . J

C\@ ‘ \‘,} N R ‘ erc ‘
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New Physics at Near Detectors

HP Gas TPC + ECal (“SEASIDE”) Liquid Argon TPC (“LAGOON?”)
(System of Evaporated Argon for Systematics, (Liguid Argon Gadget for
Interactions, and Detailed Event Topologies) On-axis and Off-axis Neutrinos

- / _ /
Cw Neutrino
\ \) PLATFORM
N4
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Anomalous Neutral Currents in Oscillations

----LMA-D —— OSC+COH Total Rate —— OSC+COH Our Fit t+E Chicago
— LMA —— OSC+COH Data Release t+E =~ —— OSC+COH Ouir Fit t+E Duke
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Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109
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Anomalous Neutral Currents in Oscillations

—— OSC+COH Total Rate —— OSC+COH Our Fit t+E Chicago
—— OSC+COH Data Release t+E =~ —— OSC+COH Our Fit t+E Duke
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Coloma Esteban Gonzalez-Garcia Maltoni arXiv:1911.09109

sensitivity to interactions
similar in strength to
SM weak interactions

Cﬁw Neutrino
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Anomalous Charged Currents

[ Interesting new opportunity: FASERv at the LHC

FASER main detector FASERv
Lo * i
lori : ino d ATLAS IP
EM calorimeter = Magnetic spectrometer neutrino detector ,
F ! magnet FASER -4m \
_FASER center I._LWEN:__Q_SEH_T ~FASER -2m ,

[ E— — ' f 1/ TN\

e e mom

/ .
/ / ' . \_ Trench gradient breakpoint
- i / (to follow the gradient of the tunnel from this point)

f l
SLAB Second phase/ SLAB First phase/ WATERPROOFING MEMBRANE| LEAN CONCRETE,
THK=50cm THK=25¢cm Width=100cm (each 7.2 meters) THK=20cm

https://faser.web.cern.ch/about-the-experiment/detector-design/fasernu

Joachim Kopp — Much Ado About v Beams
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Example: Neutrino Magnetic Moments

CE/RW
.

N4

LD
2#

vroty

&
Vit

Joachim Kopp — Much Ado About v Beams
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Example: Neutrino Magnetic Moments

electromagnetic
field strength tensor

Joachim Kopp — Much Ado About v Beams 44
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Example: Neutrino Magnetic Moments

Couples LH and RH neutrinos

electromagnetic
field strength tensor

Joachim Kopp — Much Ado About v Beams 44
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Example: Neutrino Magnetic Moments

107 2

1078
CHARM-I1

Stellar
cooling

L-OWE'D
EX cr, UDE’D

10710 5

.
.
-

10~ 11 - ......

Neutrino magnetic moment [up]

1077 107" 10° 10 10 10°
Right-handed neutrino mass My [MeV]

Coloma Machado Martinez-Soler Shoemaker 1707.08573, Magill Plestid Pospelov Tsai 1803.03262
Shoemaker Wyenberg 1811.12435, Brdar Greljo JK Opferkuch arXiv:2007.15563, Greljo Stangl Thomsen 2103.13991

W , -
\/w/ 0 ) PLATFORM ‘ ]G ‘ U
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Example: Neutrino Magnetic Moments

constraints from accelerator experiments

A}

BV,

—
3
[09)

CHARM-I1

Stellar
cooling

—

=
Ne)
|

- 0] WED
EX CL U DE'D

.
.
-

—_

B
—
=

Neutrino magnetic moment [up]
p—
T
=
|

—_

B
—
\)

1077 107" 10° 10 10 10°
Right-handed neutrino mass My [MeV]

Coloma Machado Martinez-Soler Shoemaker 1707.08573, 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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Example: Neutrino Magnetic Moments

constraints from accelerator experiments

BV,

A}

—
3
[09)

CHARM-I1

Stellar
cooling

—

=
Ne)
|

. Jeptoquark model, inspired by
flavor anomalies

—_

B
—
=

Neutrino magnetic moment [up]
p—
T
=

SS

—_

B
—
\)

1077 107" 10° 10 10 7
Right-handed neutrino mass My [MeV]

T ——

Coloma Machado Martinez-Soler Shoemaker 1707.08573, 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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Example: Neutrino Magnetic Moments

constraints from accelerator experiments

19U

Al

—
3
[09)

CHARM-I1

Stellar
cooling

—

=
Ne)
|

. Jeptoquark model, inspired by
N flavor anomalies

—

-

I
—
=

Neutrino magnetic moment [up]
p—
T
=

—_
-
I

—

\)

can explain

o - R(D") and g2 anomalies =

Right-handed neutrino mass ™

Coloma Machado Martinez-Soler Shoemaker 1707.08573, Magill Plestid Pospelov i 1803.03262
Shoemaker Wyenberg 1811.12435, Brdar Greljo JK Opferkuch arXiv:2007.15563, Greljo Stangl Thomsen 2103.13991
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Summary
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CERN Neutrin
‘) PLATFORM

IZ Neutrino physics has come a long way
O well-established 3-flavor picture
O tremendous experimental & theoretical progress

IZ But some serious dents remain in this picture
O neutrino interactions poorly understood
O unresolved anomalies
O neutrinos In extreme environments
O physics beyond the Standard Model?

Joachim Kopp — Much Ado About v Beams
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Beyond this Talk

A Neutrino Cosmology

(crucial role in evolution of the Universe, probe of new physics)

A Neutrino Astrophysics
(learn about neutrinos by looking at the stars,
learn about the stars by looking for neutrinos)

IZ Neutrinoless Double Beta Decay

(are neutrinos Dirac or Majorana particles?)

M Absolute Neutrino Masses

(from terrestrial experiments and/or from cosmology)

™ ..

Joachim Kopp — Much Ado About v Beams
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