Neutrino Physics — a theoretical Perspective

Manfred Lindner
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Neutrino Sources
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v’s as Messangers: Two Pictures of the Sun

Surface:6000° K \

Energy—> surface:
< 170.000 years >

Neutrinos = surface:
2.3 seconds

M. Lindner, MPIK

The Sun
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=> Important contributions to the
understanding of the sun (a star)



SOHO Surprise: Rapidly Rotating Solar Core

North Pole

Chromosphere

Photosphere
Convection zone
Radiative zone

Core

SOHO - g-mode pressure waves:

Differential rotation grows
inside the sun: factor ~4

Will have impact on Standard Solar Model:
- energy transport
- metallicity (may resolve problems or make them bigger)

M. Lindner, MPIK
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Neutrino Astronomy
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: t IceCube: exciting results

no identified point sources yet — maybe soon...

see talks by E. Resconi and K. Mannheim




Neutrino Picture of the Earth

RPN U= K e

geo-neutrinos — an interesting subject, but no time
reactor-neutrinos — later in the talk

M. Lindner, MPIK . 6



Bottom-up: Add Neutrino Masses to the SM
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Simplest and suggestive possibility: add 3 right handed singlets (1,)

C
0 m,\v;

m, Mr)\v,

:

VL 8N VR VR __ VR
: —X— 9 —
X Majorana (V
<¢p>=v Y
like quarks and charged +9+ new ingredients: = SM+
leptons =» Dirac mass terms | | 1) Majorana mass = scales
(including NMS mixing) 2) lepton number violation

6x6 block mass matrix
block diagonalization
Mg heavy =» 3 light v’s

M. Lindner, MPIK
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add scalar triplets (3;) or add fermionic (1,) or (3,)

=>left-handed Majorana VL i3 VL Vi f 13 1V
mass term: : : :
M, LL¢ X X
X X

Both v, and new singlets / triplets:

=> see-saw type IL III m =M, - mDMR'lmDT

Higher dimensional operators: d=5, ...

& Luass = k- T5v, T
\ > M, LIS




Radiative neutrino mass generation

......
,,,,,,,,,,,,

Add: more neutrinos, SUSY, extra dimensions, ...

=> huge number of papers on neutrino masses...
... but we know only two Am>... (plus mass & unitarity bounds)

=> neutrino masses can/may solve two of the SM problems:
- leptogenesis as explanation of BAU
- keV sterile neutrinos as excellent warm dark matter candidate

even for v BSM physics
often connections to LFV, LHC, DM

M. Lindner, MPIK



3 Light massive Neutrinos (...assumed)

Mass & mixing parameters: m, , Am?,;, |Am?;,|, sign(Am?;,)

)

C12€13 | 812€13 . S;3e .
U= | —sioc2 — c1os3513€”  cracos — s1as;asize™  s;ci3 diag(e', e'f,1)
812823 — 012023813.€us —C12523 — 812023813625 C23€C13
Known: Ve Vi Vg
° ° 2 2
- two Am?, three mixing angles T — +™
solar~5x107eV2 |
- bounds on m, - Lm,
«  ye. g atmospheric
- weak indications for 6., and MH 1036V |
questions: ; atmospheric
. : M)+ ~3x107%V?
= Dirac ~SM / Majorana = BSM )
- el solar~3x10~eV .2
=> mass scale: m, LT 2.
° ° 2
=> mass ordering: sgn(Am?;,) ?
=> is 6,; maximal? " .
= CP violation normal inverted

M. Lindner, MPIK

hierarchical or degenerate
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See e.g. Esteban, Gonzalez-Garcia, Maltoni, Martinez-Soler, Schwetz

Normal Ordering (best fit) Inverted Ordering (Ax? = 0.83) Any Ordering
bfp 1o 30 range bfp £1o 30 range 30 range

sin? 612 0.30610015 0.271 — 0.345 0.30670015 0.271 — 0.345 0.271 — 0.345
612/° 33.567077 31.38 — 35.99 33.567077 31.38 — 35.99 31.38 — 35.99
sin? fa3 0.44173:0%7 0.385 — 0.635 0.58770 0%a 0.393 — 0.640 0.385 — 0.638
623/° 41.671°5 38.4 — 52.8 50.071% 38.8 — 53.1 38.4 — 53.0
sin” 613 0.0216670 0007 0.01934 — 0.02392 | 0.02179700007  0.01953 — 0.02408 | 0.01934 — 0.02397
613/° 8.4670 12 7.99 — 8.90 8.4970-1° 8.03 — 8.93 7.99 — 8.91
écp/° 26173] 0 — 360 277158 145 — 391 0 — 360

Amg1 +0.19 +0.19
T 7.5070-19 7.03 — 8.09 7.5073:19 7.03 — 8.09 7.03 — 8.09

Amgg +0.039 40.038 +2.407 — +2.643
Toosovz | T2524I00N 42407 +2.643 | 25141008 —2.635 5 2399 | | Toto0 0o 0

Absolute mass limits:

Tritium decay: Mainz and Troitsk experiments: m; <2.2 eV
Limits from cosmology: 0.17-0.25 eV

Future:

KATRIN =» will start measurements soon = 0.2eV

ECHO, Projects, ...

] 4 6 8 ‘I) 12

Upper limit on m,




Precision oscillation physics now and in the next years
Now: Reactors: Double Chooz, Daya Bay, RENO + Beams: T2K, NOvA

CPV@T2K 2016 CPV@T2K 2026 (1:1)
12 i R A \ S P
1709.10252
Sr Rodejohann, ML, Xu
1
4o
10 3o
2(" \_‘\
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35 40 45 50 55 35 40 45 50 55

055 (°) 05y (°)
=> global fits...: better 0;; and certain significance for 8., (no mass hierarchy)

Future: JUNO, T2HK, DUNE, PINGU, ORCA, ...

Precision €= how much do we learn about flavour, fermion masses, ...?
Depends on obtained precision and values: E.g. 8.p=0+1° or 8.p=76+1°




) . 1 0.2 0.004
* Remember: Many theoretical options... Vexul~| 02 1 004
0.008 0.04 1

* Precise measurements test mass models

e.g. based on flavour symmetries Upnins| ~ ( 05 06 0.7

<-> many models... 0.3 0.6 0.7

0.8 0.5 0.1 )
exclude some or learn something generic?

* Majorana masses €-> leptogenesis = explanation of BAU
<> related to heavy Majorana CP phases
<> detection of 5, phase makes this more plausible
BUT: Don‘t forget it is only the light Dirac-like phase
AND: Leptogenesis works also for Dirac neutrinos

* Neutrinos are a 0.6% HDM component
<> cosmological structure formation €-> DM in the universe

* Precision may open the door for more new physics
<> test of 3 flavour unitarity, over-constraining, ...



3x3 matrix - N per se arbitrary
... N 3xN NxN - M, my,, My, could have
l almost any form / values:

o - zeros (symmetries)
— M. m vV, - 0 + tiny corrections
R - scales: My, My ---

=» diagonalization: 3+N EV

data: 3x3 PMNS matrix

M, =0, mp=0(GeV) Mg singular M;=My =0 almost unitary (few %)
Mg=high: see-saw singular-SS  Dirac UPMNS ~

3\ 0
[

m, Mkr Vi

/08 05 0.1 [

0.5 0.6 0.7 O(e)
\ 0.3 06 0.7 )\

[ 0f) \[ o(1)

S \ /

Antusch, Fischer




=» at most small admixtures of sterile neutrinos

Weak indications for sterile neutrinos:

Particle Physics: LSND,Gallium, MiniBooNE, reactor anomaly,...

BBN: Extra v’s possible: N, ~ 3.7 + 1
E. Aver, K. Olive, E. Skillman, Y. lzotov, T. Thuan, ...

Astrophysics: keV-ish sterile neutrinos could explain pulsar Kicks

Kusenko, Segre, Mocioiu, Pascoli, Fuller et al., Biermann & Kusenko, Stasielak et
al., Loewenstein et al., Dodelson, Widrow, Dolgoy, ...

BUT: Tensions with cosmology... | Nz = 3.32 + 0.27 (68%CL)

How to compare 2c in cosmology with 2c

in particle physics? > m, < 0.28 eV (95%CL)

Certainly not all evidences true, but one would be enough:
VERY IMPORTANT = experiments see talk by T. Lasserre

M. Lindner, MPIK . 15



Searches for new Physics: NSI’s

NSI’s €-> new physics at high scales ” ’
which is integrated out z'

9
Z’, new scalars, ... = &; ; f

Lnst~ eqs2V2G (VL v via)(fLrefL)

2
GM (1 37) x { [0t +2e8Y +e%) + N(gh + et +2e2)]"+

_E [Z(Ze"v + &%) + N(¥¥ + Zedv)] }

do
ﬁ(Em T) =

Barranco et al. 2005

M2 > tests high energy scales: € =0.01 €2 TeV

- M2 Grossman, Bergmann+Grossman, Ota+Sato, Honda et al., Friedland+
N S| Lunardini, Blennlow+Ohlsson+Skrotzki, Huber+Valle, Huber+Schwetz+
Valle, Campanelli+Romanino, Bueno et al., Kopp+ML+Ota, ...

M. Lindner, MPIK 16



the “golden” oscillation channel NSI contributions to the “golden” channel
+ -
/ Oscillation ¢ No Oscillation
? V) 3
> " NSI
s
g At
d U Y
(2)
Vi
NSl " NSIf——
r o
d u U

interference in oscillations ~¢ €= FCNC effects ~&2




T2K / Double Chooz

Redundant measurements:
Double Chooz + T2K
*=assumed ‘true’ values of 0,

i
P—

o
=)
O

scatter-plot: € values random
- below existing bounds
- random phases

<
=
1o

NSIs can lead to:

- offset
- mismatch

Sin?26,5 (D—Chooz)

-
-]
P—

= redundancy
=» interesting potential

001 002 005 O
Sin?26,5 (T2K)

Kopp, ML, Ota



If neutrinos have Majorana masses
= Lepton Number Violation
=» Neutrinoless Double Beta Decay

BUT: Be careful about the inverted reasoning!




Double -Decay & Mass Parabolas

A
Special nuclei: _ _
Q * single B decay nergeticallyforbidden O GHUE even-even
757n * double B decay allowed "SRb
= GG-nuclei: Ge, ... B :
P °Ga
) T Ky !.'
; 7SBr_»"EC

T6 A

Qpp= 2039 keV

3.0 31 32 33 34 35 36 37 Z

Important: Isotopes with forbidden single B decay
6Ge: Only double B decay = SM: 2v+2e” *OR* 2e"

Further double beta isotopes...
M. Lindner, MPIK
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2vBP decay seen for diff. isotopes (Kirsten,...)
T2 =0(10'3-10* years) =» up to 1011 ® T

Universe

SM
Ovpp decay :
=
Majorana £ | 2vBp decay*
mass
0 0.5 1.0 1.5 2.0
Kinetic energy, MeV
12 25 '
T>0010%y) * observe 2vf3f3
* look for Ovpf signal at Qg
— 2 2 . i
1/t = G(Q,Z) IMnucII <m.> large amount of OvBP nuclei
* extreme low backgrounds!
NMEs have =» signal = Majorana mass
uncertainties...




|mee | [eV]

m_: The Effective Neutrino Mass

Mee — |me}e)| + |m((3<23)| z<I>2 + |m<(ze)|

1 2
mge) — U ell M1
2 2
mge) = |U.» \/m% + Ams3,
m((;é) = |U.5 2\/m% + Am3,
hierarchical cancellation quasi-degenerate
1 (only normal)
v/ Am3 ¢35 cos 261
My
N
0 1 I / V A"\"f\cfli
001 | { """""""""""""" " \z
o
A I
0001 | ml(fucz
y; 15
0.0001 "
0.0001 0 001 0.01 0.1 1

|Tn£e lnor > I'me |nor m [CV]

|mc )Inor > |mCC |nor

N
Im

Comments:
e cosmology: m < 0.2-0.3 eV
* 0vBp: m,, <0.1-0.3 eV
 NMEs=>» unavoidable theory errors
« known Am? from oscillations

=» yellow/blue areas

= improved sensitivity is

very promising!

e warnings:
- assumes no *other* AL=2 physics
- assumes no sterile neutrinos, ...
22



SM

BSM

T1/2 >

0(10%5y

Intensity

2vBP decay:

[mee | [€V]

...interpretation changes:

0.1

001 ¢

0.001

0.0001
0

exp. search unchanged...

Ovf3p decay:

Kinetic energy, MeV

quasi—degenerate

\/Amicfs cos 2612

m? +mistycl

|mg3)|nor = |mg)|nor |mg’é)|nor > |mg)|nor



Other Double Beta Decay Processes
Standard Model°

—I— J\”W =» 2 electrons + 2 neutrinos
2vBP

3 decay

(8~ decay |
Majorana v-masses or other AL=2 physics: =» 2 electrons

d u -
——— . 0Ovpp

w e Ao
|
e,__ w y u
VL —_-— G [ 3 I )
vy 5—— é
e ' u
w .
w e Vi
]
- - -~} -
de UL d; > > up d© e~
} SM + Higgs triplet SUSY
Majorana | g5 trp |
neutrino masses

<= Dirac? important connections to LHC and LFV ...
sub eV Majorana mass €-> TeV scale physics

M. Lindner, MPIK 24



Im
m8
|mi| Re |m.| Re
m,, from Majorana neutrinos only m, from other AL=2 physics
and no other AL=2 physics with Dirac neutrino masses

and anything in-between



observed effective Majorana mass |m3}35ﬂﬂ| [eV]

10°

|me| =0 Ime| = 10~3eV
10- | : p
1072 | , i /
10—3 / /// /
Wl
f
10—4 ' 1 1
|me| = 10~2eV 0
OO0
10-! L A ; 0/ \\\\\\\\\\\\_\.\_\»“_;;::;:;930;0:0:;:::0:0:0:.:,3;;
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\\\\\“‘0‘0’0’0’0""’ S\
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’//// / | h
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3 \ o
| i
w K
104 /] i

1074 107% 1072 100! 107* 10°* 1072 107! 10°

lightest neutrino mass m;, [eV]

best fit norm. ordering
30 norm. ordering

best fit inv. ordering
30 inv. ordering

Im

Re

interferences

growing m_ for fixed Ovff
- shifts of masses,
mixings and CP phases
-> destroys ability to
extract Majorana phases
-> sensitivity to TeV




* Schechter-Valle Theorem =» is misleading

Any AL=2 operator which mediates the decay induces via loops
Majorana mass terms = unavoidable: Majorana neutrinos...!?

OvBp=>» some AL=2 operator ) i) e Wit

u(ky +q1) u(kg + g2)

> - >
v“(p) e’(p+ k1) e(p — k2) v(p)

Durr, ML, Merle
4 loops = enforce dm, = 102> eV = very tiny (academic interest)
=» cannot explain observed v masses and splitting's

Extreme possibility:
- OvBp = L violation = other BSM physics
- neutrino masses = Dirac (plus very tiny Majorana corrections)
+ Dirac leptogenesis, + ...



New Ideas for Electro-Weak Symmetry Breaking
=>» SM is a renormalizable QFT like QED w/o hierarchy problem

=> Cutoff “A” has no meaning = triviality, vacuum stability

126 GeV <my <174 GeV

SM does not exist w/o embeding
- U(1) copling , Higgs self-coupling

}\,A

500

400

= ' Landau
g °%° ' pole
EI triviality :

allowed

vacuum stavility

126 GeV is here!

| > A(M,) ~ 0 In(p) A
- EW-SB radiative = RGE arguments seem to work
VL <86 ;- log cancellations = we need some embedding
0 . .1 - gauge/fermion/scalar € =» no BSM physics observed!
0 100 o (‘Zc;’;v) just a SM Higgs...

M. Lindner, MPIK . 28



Holthausen, ML, Lim (2011) Buttazzo, Degrassi, Giardino, Giudice, Sala, Salvio, Strumia
180

178

difference
1->2 loop
S\ - -
8 176
S E
2 a,, error S
£ g 174
= -
)
& NS
E § 172 i
| metastable 1707 '-_'.'.:_‘.."" ; ~To
|
lm 2 2 : 2 2 |
172.5 173.0 | 173.5 174.0 168
T (GeV) 120 122 124 126 128 130 132
Op mass . .
NOteS: P Higgs pole mass M;, in GeV

- remarkable relation between weak scale, m,, couplings and My, €= precision
- strong cancellations between Higgs and top loops
- very sensitive to exact value and error of my m, o, = 0.1184(7) = currently 1.8c in m,
- other physics: DM, m,, ... axions, ...Planck scale thresholds... SM+ €=> A =0
=> top mass errors: data €= LO-MC =» translation of m;,, > MS bar
=> be cautious about claiming that metastability is established
=>» and we need to include DM, neutrino masses, ...



* MMpjaper) ~ 0?7 =P flat potential at M,
=» flat Mexican hat (<1%) at the Planck scale — why?
Unrelated: M M, cac gauge, Higgs and Yukawa couplings

/

planck?

« if in addition p>=0 = V(Mp,,) ~ 0?
(Remember: p is the only single scale of the SM)

* note also that A(Mp,,,.,) ~ 0 implies big log cancellations
conformal (or shift) symmetry as solution to the HP

=> combined conformal & EW symmetry breaking

=» realizations = implications for neutrino masses and DM



Conformal Symmetry & Neutrino Masses
ML, Schmidt and J .Smirnov

No explicit scale = no explicit (Dirac or Majorana) mass term
= only Yukawa couplings ® generic scales

this links two very special features of SM: one scale — L. number

Enlarge the Standard Model field spectrum
like in 0706.1829 - Foot, Kobakhidze, McDonald, Volkas

Consider direct product groups: SM ® HS

Important consequence for fermion mass terms:

=» spectrum of Yukawa couplings ® TeV or EW scale

=» interesting consequences € > Majorana mass terms are no
longer expected at the generic L-breaking scale > anywhere

M. Lindner, MPIK



Examples
Yukawa seesaw:

M — 0 YD <H ) SM + v, + singlet

yp(H)  ym(9) (9) ~ TeV
(H) =~ 1/4TeV

=> generically expect a TeV seesaw
BUT: y,; might be tiny

=» wide range of sterile masses = including pseudo-Dirac case
=>» suppressed Ovpf

The punch line:

Radiative masses all usual neutrino mass
(Ha1) () terms can be generated
Hy )y 1\ ,_{ 0 M = mry, or —-> suitable scalars
P 4 &

, \ - no explicit masses
1 fr \

Y L ( 141 YD <H>) all via Yukawa couplings
Y

L

- different numerical

= pseudo-Dirac case expectations

M. Lindner, MPIK



A new Tool: Coherent Neutrino Scattering

The Standard Model has six different interactions of neutrinos with matter:

. 5 have already been detected

VI\/I v\/v V\/p v\/v V\/p
-n-O
. /\Ve . /\e n/\p n/<n o /éhadrons
inverse muon (tau) elastic electron (quasi) - elastic nuclear excitation and Deep inelastic scattering
decay scattering nucleon scattering resonant production and jet production
. 1 has so far not been detected:
Vi Vi ] ]
N~ Coherent neutrino-nucleus scattering: CvS
A/\A = conceptually important
= useful method to test new physics

A. Drukier, Leo Stodolsky, Phys.Rev. D30 (1984) 2295 (1984), DOI: 10.1103/PhysRevD.30.2295

M. Lindner, MPIK 33



Z-exchange of a neutrino with nucleus
=» nucleus recoils as a whole

=> coherent up to E~ 50 MeV

Qw =N — (1 —4sin*6,)Z

neutrino

neutrino
do(E,,T) G7 , MT 2\2 2
- o OuM (1- 35 | F(QY ~ N

N~40=> N2=1600 =» detector mass 10t = few kg

Important: Coherence length ~ 1/E

-> need neutrinos below O(50) MeV for typical nuclei
= low energy E, €= lower cross sections €-> flux!




Accelerators:

n-decay-at-rest (DAR) v source
Different flavors produced
relatively high recoil energies
=>» close to de-coherence

Reactors:

Lower v energies than accelerators
Lower cross section

Different flavor content

0.035 -

0.030
-*g 0.025
£ 0020
< 0015
= 0.010°

0.005

0000 —

implications for probes of new physics

Anti-neutrinos per MeV
[ g [y
S S
%) —

[y
e
[

[y
o
[N

Neutrino Energy (MeV)

Vogel et al. 1981, Kopeikin 2012 .




First Observation of CvS

COHERENT experiment (stopped ® beam 30-50 MeV neutrinos)

» 4 different detector technologies
- 14 kg of Csl scintillating crystals

- 35 kg single phase LAr detector First COHERENT result July 2017
- 185 kg Nal scintillating crystal .
« 15 month of live-time accumulated
- 10 kg HPGe PPC detectors with Csl[Na]
« SNS source with v flux of 4.3 - 107 « 6.7 o significance for excess in
v/icmz/s @ 20m events, with 1 o consistency with
the SM prediction

30t Be:;lm OFF '

15 + + + + + )

ety l++++ Hhe bt

5 15 25 35 45 5 15 25 35 45
Number of photoelectrons (PE) o akmov et al, science 10.1126/5cience.aa00990 (2017)

Beam ON -

Res. counts / 2 PE

-15

M. Lindner, MPIK 36
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CONUS @MPIK

Coherent v scattering: improvements ol = 22

1) The world‘s most intense neutrino source: =< m @
3.9GW,, reactor (Brokdorf, Germany) @ d=17m m .
= v flux: 1014/cm?/s €= ca. 200 KkW/m? in neutrinos o ’.j'f/,ﬁf;j;’j”' .

very high duty cycle; access during operation y// / /
on-site PTB measurements of n flux (Bonner spheres)

2) GIOVE-type active shielding = ,,virtual depth*

shield + reactor (more concrete, water)
=» corresponds effectively to few hundred m.w.e. ﬂ ‘

3) Newest low backgd. low threshold Ge detectors V
BEGe R&D @MPIK: Asterix & Obelix.... A
4x kg-size SAGe, PT-cooler, pulsar resol. 70-85 eV, E,, ~240 eV

= E, up to 8 MeV — fully coherent

=> 4kg detector with ~ 300 eV threshold
data taking 2017 =» high event rate

M. Lindner, MPIK




DM connection:
1) DM experiments assume coherent DM scattering - test of CvS
2) Neutrino floor of direct DM experiments *IS* due to CvS

perCOMS Soudan COMS-ite
SuperCOME Soudan Low Threchold
ON 10 S2 (2013)

1073 1073
1071 l10-4
5 —-41 | -5
Ng 10 10 é
= 107%} 110-¢ =
5§ b 8
} 31 -43 -7 9Q
g 1077 1107 g
g 107+ {1078 §
9 3 ]
= 10 oo 2
2 1074} ] lo-log
= R |
l N e o L
= —471 (Green ovals metric ‘ . Ve o 1 0-11 S
> 10 :\Gnoietovall) :\::gyr::ﬂc:)MDM INUR / - 10 =
= ue oval a dimensions —

L N - 1071

#® MSSM: Bino-stop coannihilation
* MSSM: Bino-squark coannihilation ) ) LO_I 4

| 10 100 1000

_ WIMP Mass [GeV/c?] -

10~



Why is CvS interesting

Upscaling 4kg = 100kg (not that big or more complicated...)

3) neutrino magnetic moments - BSM: SUSY, extra dimensions, ...
4) sterile neutrino searches

S) nuclear form factors

6) NSI‘s — 100kg, Sy operation @ 4GW ML, Rodejohann, Xu

<>

<>
<a» v—Ge,cons.
-

v—Ge . opti.

latest bound

I < o DUNE
l=ge1 | I <
el I R

10~ 1073 10—2 10! 10°
~10 TeV ~TeV

7) nuclear sateguarding and reactor monitiring (v technology)

M. Lindner, MPIK . 39



Clean SM prediction for the rate =» measure sin26, eff ;
deviation probes

G?‘E ’ .2 2 new physics
o~ (N — (1 —45sin” 0w )2)
41
e
0.242 rXiv: .
Qweak-l- other PVES arXiv: 1411.4088
0.24
v-DIS
0.238
S
.9
.50.236
0.234
0232 BSMsens =
023 Mggar z= 150 MeV SLAC 10-3 =» Asin?0,, = 0.006
et it et 1074 > Asin?0y,= 0.0006
_ . 10° 10° 10 10°
Example: hypothetical MeV
dark Z mediator CEVNS sensitivity is @ low Q;
(explanation for g-2 need sub-percent precision to compete w/
anomaly) electron scattering & APV, but new channel

slide adopted from K. Scholberg



Summary

From Pauli (will never be seen...) to today (high statistics exp.)
=» neutrino physics was and is a very hot field!

CP-Violation in Neutrino Oscillations*

- 3 active neutrinos
—> routine - precision—=> mass hierachy and CPV

* Further exciting fundamental topics
- absolute neutrino mass

ep-ph/9903308v3 17 Sep 1999
g
g
g
3

- L violation and 0vf3

- very new physics & interesting connections to other physics: LHC, LFV
- do sterile neutrinos exist?

- keV v’s as warm dark matter, eV evidences, TeV & EW fits, ...
- connections to EW symmetry breaking, DM

- Higgs portals, ...

* Neutrinos are unique probes into many sources

Neutrinos are always good for BSM surprises...!
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Congratulations from all your colleagues at the

Max-Planck-Institut fur Kernphysik in Heidelberg
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